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Preface 

 

The functionalization of C–H bonds, in particular by catalytic means, is starting 

to emerge as a synthetic strategy to build in functionality into complex 

molecules
1
 and to construct extended molecular frame works through e.g. C–C 

bond formation.
2
 Where the C–H bond has traditionally been considered as an 

inert moiety from a synthetic point of view, C–H bonds start to be treated as 

‘functional groups’ in themselves.
3
 This notion now allows synthetic chemistry 

to draw up synthetic schemes in which C–H bonds are directly converted into 

other (more traditional) functional groups. The advantage of this approach is 

obvious, as it avoids the use of multi-step synthetic approaches that start from 

the (aromatic) hydrocarbon fragment to arrive at a particular functional group. 

Not only are a large number of synthetic steps involved in these approaches, in 

most cases the initial step(s) often require harsh reaction conditions and 

hazardous chemicals. 

Focussing in on aromatic C–H bond activation, the functionalization of these 

bonds is a fundamentally important aspect of organic synthesis due to the 

ubiquitous existence of aromatic functionalities in natural and synthetic 

molecules. The ability to directly functionalize an aromatic C–H bond would 

significantly shorten synthetic routes to arrive at such functionalities. Most 

catalytic routes that are currently available towards the activation of aromatic 

C–H bonds rely on the use of a 2
nd

 or 3
rd

 row transition metal catalyst and make 

use of a directing group appended to the arene to guide the aromatic 

functionalization. These directing groups typically comprise a hetero-atomic 

fragment that directs the reaction of the transition metal involved in the 

reaction towards the C–H bond located in the ortho-position with respect to the 

directing group. 

Oi and co-workers were the first to report on the use of a Rh-catalyst 
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(RhCl(PPh3)3) for the direct arylation of the ortho-position of pyridyl-

substituted aromatic compounds.
4
 Later Miura,

5
 Kakiuchi,

6
 and Bedford

7
 

reported on aromatic C–H activation via carbonyl and phenol directing groups 

using palladium, ruthenium and rhodium-based catalysts. Other reports make 

use of Co, Cu, Ru and Pd-derived catalyst to accomplish aromatic arylation.
8-15

 

In all these reports, an appropriate directing group is required to be adjacent to 

the activated C–H bond and arylation of unactivated aromatics was not 

accomplished. 

In 2004, Fujita and Yamaguchi were the first to report on the direct arylation of 

unactivated benzene with aryl iodides to form biaryls.
16

 This reaction is 

catalyzed by a noble metal (Ir) catalyst in the presence of KO
t
Bu as a base. The 

reported yields were fairly low and a radical intermediate was proposed. Later 

on, Fagnou,
17

 Lu,
18

 and Kempe
19

 reported on other noble metal-based catalysts 

(Pd, Rh) for the direct arylation of benzene with aryl halides. 

It was not until 2009 that the possible case of using non-noble metals to 

catalyze the direct arylation of an unactivated arene (benzene) was reported. 

Yamakawa first reported that Ni complexes can catalyze this kind of reaction 

and showed that the presence of KO
t
Bu and a catalytic amount of BEt3 is vital 

for the arylation.
20

 In 2010, Charette and Lei both reported on the iron-

catalyzed direct arylation of unactivated arenes using bathophenanthroline and 

DMEDA as ligands and aryl iodides and aryl bromides as substrates, 

respectively.
21,22

 Charette’s reaction system is similar to Fujita’s and 

Yamakawa’s, which use KO
t
Bu as a base. However, in Lei’s system KO

t
Bu 

works better than LiHMDS with aryl iodides and vice versa with aryl bromides 

as the substrates. One year later, Shi tested most of the transition metals for this 

kind of reaction.
23

 In the report, Fe(OAc)2 in combination with 1,10-

phenanthroline (phen) as ligand in a 1:3 molar ratio gave the biaryl product in 

82% GC yield in the direct arylation with aryl bromides. In contrast, Fe(III) 

species (FeCl3, Fe(acac)3) in combination with phen in a 1:3 molar ratio 
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showed no catalytic activity in this reaction. 

To the best of our knowledge, the reports by Lei, Charette and Shi are the only 

three reports on iron-catalyzed direct arylation of unactivated arenes at the start 

of the work described in this thesis. Despite the different iron salts and ligands 

that these reports use, the overall reactions have in common that strictly dried 

and distilled solvents and inert conditions are used. In addition, in each of these 

synthetic protocols the iron salts and the ligands are simply added into the 

reaction mixture. 

In this thesis, investigations were carried out aiming to develop a preformed, 

air-stable iron-based catalytic system and to apply this in catalytic direct 

arylations of unactivated arenes in air. Attempts at understanding the nature of 

the catalytic systems in such reactions, improving the catalytic reactivity, and 

broadening the application of such systems were also performed. 

Chapter 1 of this thesis provides an overview of the state of the art of direct 

arylation reactions of aromatic C–H bonds catalyzed by non-precious metals. 

Reports on Fe, Co, Ni, and Cu catalyzed direct arylation reactions up to April 

2015 are summarized. Examples on other non-precious metal 

catalyzed/mediated direct arylation reactions are also presented in this chapter, 

such as those based on Mn, Mo, and Cr. 

In Chapter 2 a novel air stable iron phenanthroline catalytic system is 

investigated. The preparation of this system is quite convenient – simply 

mixing of FeCl3 and 1,10-phenanrthroline in ethanol in a 1:2 molar ratio  

(designated as FP2E).  FP2E is applied in direct arylation reactions of aryl 

iodides and bromides with unactivated arenes (benzene, anisole, toluene, etc) 

under mild conditions (100 
o
C) in air with non-distilled solvent. The chapter 

includes a preliminary study towards the understanding of the mechanism of 

this reaction. 

Chapter 3 aims to solve the structure of the FP2E system and study the fate of 

iron species during the direct arylation reaction catalyzed by FP2E in air. IR, 
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UV-Vis and XAS (XANES and EXAFS) as well as elemental analysis and 

ICP-OES techniques are employed in this investigation. For comparison, some 

well-defined iron phenanthroline complexes are included in the analysis. The 

conditions for the preparation of catalytic FP2E systems are invesigated, aiming 

at the development of improved catalysts.  

Further invesigations of FP2E system are described in Chapter 4, with a focus 

on mechanistic understanding. Kinetic studies on the FP2E catalyzed direct 

arylation between 4-iodoanisole and benzene are carried out and the reaction 

profile data fitted to different kinetic models. Besides, an attempt is made to 

tune the reactivity of the catalytic system through ligand modification.  

Based on the information of Chapter 2 that the FP2E system is able to 

transform an aryl halide into an aryl radical intermediate, FP2E is employed in 

the Heck-type reaction between aryl halide and styrene in air with non-distilled 

solvent. In Chapter 5, the initial findings in this investigation showed that the 

reaction can be catalyzed with the mere combination of KO
t
Bu and ethanol. 

Thus, Chapter 5 mainly describes a study aimed at understanding of this 

KO
t
Bu-ethanol catalytic system in the Heck-type reaction carried out in air. 

The effects of base, alcohol additive, and solvent on the air tolerance of this 

kind of reaction are investigated. 
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Chapter 1 Direct Arylation of Aromatic 

C–H bonds with non-precious metals 

 

 

Abstract 

 

Bi(hetero)aryls are ubiquitous in both natural and synthetic compounds and 

have a huge potential and wide application in pharmaceutical and industrial 

chemistry. Due to their essentiality, bi(hetero)aryl motifs have attracted 

synthetic chemists to develop numerous protocols for the construction of 

(hetero)aryl-(hetero)aryl bonds. However, most of these methods employ 

precious metals and activated aryl reagents, and suffer on atom economy, 

catalyst availability, and hazardous waste formation. Therefore, 

environmentally benign and atom economical strategies for bi(hetero)aryl 

synthesis, in terms of overall minimization of the formation of by-products and 

the simplification of overall synthesis processes, are required. The direct 

arylation of aromatic C–H bonds is an ideal alternative. In recent years, the 

field of direct arylation has made a huge progress and many reports have been 

published. Some nice reviews illustrate the achievements in this field, yet they 

are mainly focused on noble metal-catalyzed direct arylation reactions. This 

chapter provides an overview on the direct arylation of aromatic C–H bonds 

without the use of precious metals. Reports on the direct arylation of 

(hetero)arenes by non-precious metal catalysts will be discussed in detail in this 

chapter. 

 



Chapter 1 

8 
 

1.1 Introduction 

 

Bi(hetero)aryls are ubiquitous in both natural and synthetic compounds and 

have a huge potential and wide application in pharmaceutical and industrial 

chemistry.
1
 A number of examples of aryl-aryl motifs found in important 

compounds ranging from natural products, medicines, agrochemicals, ligands 

in transition metal catalysis to liquid crystals are shown in Figure 1.  

 

 

 

Figure 1 Examples of bi(hetero)aryl motifs 

 

Due to their essentiality, bi(hetero)aryl motifs have attracted synthetic chemists 

for more than a century,
2
 and numerous protocols have since been developed 

for the construction of (hetero)aryl-(hetero)aryl bonds by employing transition 

metal catalysts.
3-5

 Among them, the Negishi, Kumada, and Suzuki reactions are 

so successful that they have already become routine practices in synthetic 

laboratories. However, the aforementioned methods have several drawbacks. 
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Firstly, they are catalyzed by expensive and scarce noble metals, such as Pd. 

Secondly, they need preactivation of both coupling partners, which leads to 

suffering on atom economy in terms of preparation of these activated reagents 

and subsequent disposal of the activation agents (Scheme 1). Thirdly, toxic 

heavy metal wastes are generated during these precious metal-catalyzed 

coupling reactions.  

 

 

 

Scheme 1 Conventional catalytic arylation reactions for bi(hetero)aryl synthesis 

 

Therefore, the direct arylation of aromatic C–H bonds represents an 

environmental benign and atom economical strategy for bi(hetero)aryl 

synthesis, in terms of overall minimization on the formation of by-products and 

simplification of the overall synthesis process.
6
 Basically there are three 

strategies for direct arylation reactions, which can be classified into two types, 

1) oxidative arylation, and 2) direct arylation with (hetero)arene electrphiles 

bearing a leaving group for the coupling. The oxidative arylation of 

(hetero)arenes can be achieved by reactions with either organometallic reagents 

(Scheme 2 A) or non-functionalized (hetero)arenes (Scheme 2 C). A sacrificial 

oxidant is required in this type of reaction to accept the electrons in the process 

of coupling of two nucleophiles. Dehydrogenative arylation is more appealing 

compared to the strategy of employing organometallic reagents as no formation 

of stoichiometric and undesired by-products occurs, especially when oxygen is 

used as the oxidant. A downside of this method is the problem to achieve 

regioselectivity in intermolecular arylation reactions. On the other hand, 
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regioselectivity is easy to achieve when using readily available and cheap 

electrophilic aryl (pseudo)halides (Scheme 2B) and, therefore, this method has 

made more impact on bi(hetero)aryl synthesis.  

 

 

Scheme 2 Direct arylation strategies for bi(hetero)aryl synthesis 

 

Many excellent and comprehensive reviews have been published on the direct 

arylation for bi(hetero)aryl synthesis in recent years,
7-16

 however these have 

mainly focused on noble metal-catalyzed direct arylation reactions, involving 

metals like Pd, Ru, Rh, etc. These precious metal-catalyzed direct arylation 

reactions only tackle one aforementioned problem (avoiding preactivation of 

reactant) of traditional cross-coupling reactions in bi(hetero)aryl synthesis, as 

they still use scarce and expensive noble metals and produce toxic metal waste. 

In Figure 2, we can sense how unsustainable these noble metal-based catalysts 

are, as most of them are actually in danger of exploiting in the near future.
17

 

Even though such an analysis of elements availability will never be 100% 

accurate due to, e.g., the discovery of new mineral seams and changing 

demands of certain elements, we still can see great potential of the use of first 

row transition metals in bi(hetero)aryl synthesis (even when only taking their 

low prices into consideration). Therefore, this chapter focuses on direct 

arylations of aromatic C–H bonds without the use of precious metals (reports 

on transition-metal-free aromatic C–C bond formation are well summarized in 

two detailed reviews by Shi
18

 and Kwong
19

 and thus will not be covered in this 
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chapter). Reports on direct arylations by non-precious metal catalysts, such as 

those derived from Fe, Co, Ni, Cu, etc. will be discussed in detail. 

 
 
Figure 2 The periodic table depicting the anticipated sustainable use of elements17 

 

1.2 Direct arylations catalyzed by Fe 

Iron is the most abundant transition metal in the earth crust with a 

concentration of 56,300 g/ton.
20

 It is also considered as a non-toxic metal. 

Therefore, iron is an ideal candidate for the development of environmentally 

benign catalysts for sustainable catalysis.
21

 This section describes the 

development of iron-catalyzed direct arylation reactions of aromatic C–H 

bonds in recent years. 

1.2.1 Iron-catalyzed oxidative direct arylation reactions 

Most work on iron-catalyzed direct arylations with organometallic reagents has 

been carried out by the group of Nakamura, following their initial report on the 
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first iron-catalyzed direct arylation of aryl C–H bonds with in situ formed 

organozinc compounds as arylating reagents in 2008.
22

 The catalytic system 

consisting of Fe(acac)3 and 1,10-phenanthroline with TMEDA (N,N,N’,N’-

tetramethylenediamine) and 1,2-dichloroisobutane (DCIB) as additives can 

catalyze the arylation reaction with good to excellent yield (Scheme 3). The 

additives TMEDA and DCIB are pivotal to the successes of the reaction as 

TMEDA could chelate and thereby stabilize the newly formed phenylzinc 

reagent
23,24

 and DCIB plays the role of oxidant in this oxidative cross-coupling 

reaction.
25

 

 

 
 
Scheme 3 Iron-catalyzed direct arylation reaction of arenes with an N-contained anchoring group 

 

Later, Nakamura et al. extended their study to the chemoselective direct ortho-

arylation of general aryl imines.
26

 Similar to the former report, in situ generated 

phenylzinc compounds were used as the arylating reagents. However, in this 

case 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy) proved to be the best ligand 

instead of the previously established 1,10-phenanthroline. The reaction requires 

a low reaction temperature (0 
o
C) as no catalytic activity was observed at 

higher temperatures. During the isolation the imine products underwent 

hydrolysis and the corresponding carbonyl compounds were obtained. A 

variety of aryl imines can be arylated by employing this protocol and the 

coupling products were obtained in good yields (Scheme 4). Imines derived 

from ketones gave only monoarylated products), however the aldehyde-derived 

counterparts afforded mixtures of diarylated and monoarylated products. 

Functional group such as triflate, chloride and bromide are tolerated in this 

reaction.  
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Scheme 4 Iron-catalyzed direct arylation of aryl imines with arylmagnesium bromides 

 

In their 2010 report, Nakamura et al. replaced Fe(acac)3 with FeCl3 for the 

direct arylation of ortho C–H bonds of aryl pyridines or imines with an arylzinc 

reagent.
27

 This method uses oxygen as the oxidant instead of the previously 

employed and expensive organodichloride DCIB. The reaction with 2-

arylpyridines went smoothly under oxygen atmosphere (oxygen was introduced 

by diffusion through a syringe needle at intervals of 12 hours) and gave biaryl 

products in moderate to good yield (Scheme 5). Substrates bearing an electron-

donating group (OMe) reacted faster and gave mono- and diarylated products 

in moderate yield, however substrates bearing electron-deficient groups (F, 

CO2Et) reacted much more sluggishly with lower yields. The 2-arylpyridine 

substrate bearing a methyl group on the benzene ring exclusively converted to 

the monophenylated product.  

 

 
 

Scheme 5 Iron-catalyzed ortho C–H direct arylation of 2-arylpyridine derivatives 

 

The scope of iron-catalyzed direct arylation reactions was extended to couple 

benzamides with aromatic magnesium halides.
28

 This method affords moderate 

to good yields and provides only monophenylated products (Scheme 6). Bulky 

N-isopropylcarboxamide and N-phenylcarboxamide substrates showed no 
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reaction due to steric and electronic effects. The lack of reactivity of N, N-

dimethylcarboxamide implies that the deprotonated amide functions as a 

directing group. 

 

 
Scheme 6 Iron-catalyzed ortho-monoarylation of benzamide derivatives with organozinc 

reagents 

The Nakamura group made further developments in direct arylation reactions 

of arylpyridines and imines by employing an aryl bromide and magnesium 

metal instead of the in situ formed organozinc reagent (Scheme 7).
29

 This novel 

catalytic system consists of an iron catalyst, metallic magnesium, a diamine 

ligand and an organic dihalide oxidant in a 1:1 mixture of THF and 1,4-dioxane 

and affords biaryl products in excellent yields. This system has a wider 

substrate scope compared to the former system, which uses a separately 

prepared Grignard reagent, and proceeds with lower catalyst loading (Scheme 

7).  

 

 
 
Scheme 7 Iron-catalyzed direct arylation of arylpyridines and imines using aryl bromides 

 

A plausible mechanism for the iron-catalyzed direct arylation of arylpyridines 

and imines with arylzinc reagents, as proposed by Nakamura, is shown in 

Scheme 8.
30

 For aryliron species I and II, a reversible coordination of the 

pyridyl group of the substrate to the iron center is followed by an irreversible 
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metalation of the ortho position with concerted elimination of an arene 

molecule. The ortho-ferrated intermediate III goes through a reductive 

elimination with oxidation by 1,2-dichloro-2-methylpropane, which affords 

isobutene, the ortho-arylated product, and dichloroiron species IV. The active 

species I is regenerated by the transmetalation of IV and the Grignard reagent. 

The direct reaction of species I and the dichloroalkane will produce the 

undesirable homocoupling product of the Grignard reagent. It was speculated 

that the low-valent iron species is stabilized by the aromatic solvent, and that 

the slow addition of arylzinc reagents is necessary for controlled formation of 

the reactive iron species. 

 

 
 
Scheme 8 Proposed mechanism for the iron-catalyzed direct arylation of arylpyridines 

 

A number of other groups have also contributed to the development to these 

direct arylation reactions catalyzed by Fe-complexes. Ghosh et al. reported on 

an iron pincer complex that is able to catalyze the direct arylation reaction 

between furan and phenylmagnesium chloride with moderate yield (42 %).
31

 

There is no directing group used in this single example of the direct arylation of 

a heteroarene. Concerning the use of directing groups, in the examples from the 

Nakamura group monodentate directing groups were employed only. Very 
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recently, Ackermann et al. reported on an iron-catalyzed direct C–H arylation 

reaction with excellent chemo- and diastereo-selectivities using a triazole-based 

bidentate TAM (triazolyldimethylmethyl) auxiliary.
32

 The reactions using a 

combination of FeCl3 and 1,2-bis(diphenylphosphino)ethane (dppe) as the 

catalyst were performed under quite mild conditions and the auxiliary could be 

easily removed (Scheme 9). The acidic, free NH functional group is vital for 

the reaction as the tertiary amide failed to undergo C–H arylation. Accordingly, 

for substrates lacking a bidentate directing group the reaction failed. 

 

 
 
Scheme 9 Iron-catalyzed direct arylation reaction using the bidentate TAM auxiliary 

 

Though the utility of iron-catalyzed direct arylation reactions is apparent, not 

too much effort has so far been made in broadening the scope of such reactions 

towards the arylation of heterocycles, which could be of benefit for the 

pharmaceutical industry. The DeBoef group reported on a nice example of an 

iron-based catalytic system for the directed C–H arylation of heterocyclic 

substrates (such as furans, pyridines and thiophenes; Scheme 10).
33

 In the 

report, it was claimed that the addition of the Grignard reagent, the stirring rate 

of the reaction, and the size of the reaction vessel are pivotal for the success of 

the reaction. The overall catalytic system is based on the system of Nakamura 

but does not use zinc as a transmetalation agent. KF was used to suppress the 

Grignard homocoupling. 

 

 
Scheme 10 Iron-catalyzed direct arylations of heteroarenes 
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Besides organometallic reagents, boronic acids have also been applied as 

arylating reagents in iron-catalyzed direct arylation reactions. In fact, in the 

same year as Nakamura’s first discovery of the iron-catalyzed direct arylation 

with organozinc reagents, Yu et al. reported the first iron-mediated direct 

arylation of unactivated arenes with phenylboronic acids.
34

 Unactivated arenes 

can be effectively coupled with arylboronic acids in the presence of 

stoichiometric amounts of commercially available Fe2(SO4)3∙7H2O (1 equiv.), 

the  cyclen (1,4,7,10-tetraazacyclododecane) ligand, and an excess of K3PO4 as 

base (Scheme 11). According to the author, pyrazole is a vital additive for the 

success of the reaction; however its role is not clear yet. The employment of 

arylboronic acids provides good functional group compatibility and the chance 

of carrying out aryl-aryl coupling of polyfunctional systems. Kinetic isotope 

experiments showed a small KIE of 1.5, which made the authors to suggest that 

C–H bond cleavage is the rate determining step. Addition of the radical 

scavenger TEMPO (2,2,6,6-tetramethyl-1-piperidinlyoxy) to the reaction 

mixture had no effect on the yield, which suggested that no radical process was 

involved in the reaction. 

 

 
Scheme 11 Iron-mediated direct arylation reactions with aryl boronic acid 

Later on, the same group reported an iron-catalyzed direct Suzuki−Miyaura 

reaction between N-heterocyclic arenes and aryl boronic acids. This time, 

catalytic amounts of iron were used in the reaction and a macrocyclic pyridine-

based polyamine was used as the ligand.
35

 When air was introduced as terminal 

oxidant, the amounts of Fe-complex could be reduced to 20 mol %. Various 

aryl boronic acids and pyrroles could be coupled smoothly under the optimized 

conditions (Scheme 12). It should be noted that the arylation happened 
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exclusively at the C2 position of the pyrrole substrates and that no diarylation 

was observed. 

 

 
 
Scheme 12 Iron-catalyzed arylation of pyrrols with arylboronic acids 

 

A mechanistic study of the iron-catalyzed direct Suzuki-Miyaura reaction of 

pyridine and phenylboronic acid was also performed by Yu et al.
36

 DFT 

calculations showed that the overall reaction is composed of C−H activation, 

transmetalation, and reductive elimination steps. The rate-determining step is 

proposed to be the transmetalation step. The regioselectivity is proposed to 

originate from C−H activation of different positions on pyridine. Both the C−H 

activation and the transmetalation steps favor the regioselective formation of 

the ortho product. An oxoiron complex is proposed to be the active species 

which attacks heteroarene reactants, which was confirmed by ESI-MS 

experiment results. 

Very recently, Nakamura et al. reported an iron-catalyzed direct arylation 

reaction using aryl boronate esters as arylating reagents.
37

 The catalytic system 

consists of Fe(acac)3, dppen ((Z)-1,2-bis(diphenylphos-phino)ethene), and 

ZnBr2∙TMEDA with DICB as oxidant and catalyzes the direct arylation of 

benzamides with good to excellent yields (Scheme 13). An organoiron(III) 

intermediate was proposed to be responsible for the C–H bond-activation 

process. The zinc salt is supposed to be crucial for the transfer of the aryl group 

from the boron atom to the iron atom. 
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Scheme 13 Iron-catalyzed direct arylation of arene carboxamides with aryl boronates 

 

Zhang et al. have developed a mixed Fe/Cu system to catalyze the direct 

arylation of azoles with arylboronic acids.
38

 Here, Fe2O3 and CuI were used as 

catalyst and 1,10-phenanthroline as the ligand. Di-tert-butyl peroxide (DTBP) 

was employed as the oxidant in the reaction. A radical scavenger experiment 

showed that radical species are not involved in the reaction. 

To the best of our knowledge, there is only one publication describing an iron-

catalyzed dehydrogenative direct arylation reaction. The method developed by 

Zhang et al. uses FeCl3 as catalyst and molecular oxygen as oxidant for the 

homo-coupling of indoles (Scheme 14).
39

 

 

 
 
Scheme 14 Iron-catalyzed oxidative homo-coupling of indoles via C–H cleavage 

 

1.2.2 Iron-catalyzed direct arylation involving radical pathways 

 

Many novel iron-based catalytic systems have emerged in recent years which 

are believed to involve radical intermediates during the catalytic process. Such 

systems have used aryl halides, aryl boronic acids, or aryldiazonium salts as 

arylating reagent. 
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In 2010, Lei and Charette independently reported their successes on iron-

catalyzed direct arylations of unactivated arenes with aryl halides, which was a 

significant improvement in both C−H activation and iron chemistry.
40,41

 

Charette’s catalytic system, comprized of Fe(OAc)2 as catalyst, bathophen (4,7-

diphenyl-1,10-phenanthroline) as ligand and KO
t
Bu as a strong base, can 

catalyze the direct arylation reaction of various aryl iodides, including 

heteroaryl iodides to afford moderate to excellent yields (Scheme 15). However, 

when aryl bromides were used as substrates, lower yields were obtained. Lei’s 

system uses LiHMDS (lithium bis(trimethylsilyl)amide) as base and DMEDA 

(N,N’-dimethylethylenediamine) as ligand and works well with aryl bromide 

substrates (Scheme 15). With aryl iodide substrates, KO
t
Bu turns out to be a 

better base than LiHMDS. In both cases, simple arenes were used both as 

substrate and solvent, and substituted arene substrates lead to moderate yields 

and low chemoselectivities, i.e. mixtures of arylated products. Charette 

performed radical scavenger experiments and showed that these shut down the 

reactions, which indicates the involvement of radical species. 

 

 

 

Scheme 15 Iron-catalyzed direct arylation of (hetero)aryl halides and unactivated arenes 

 

Fensterbank et al. reported on direct arylation reactions between aryl halides 

and unactivated arenes catalyzed by a low-valent bis(imino)pyridine-iron (II) 
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complex.
42

 The whole reaction system is quite similar to that of Lei as 

LiHMDS was used as base too.
40 

In Lei's case the reaction is proposed to 

involve radicals originating from the substrates, while in Fensterbank's system 

it was found to involve ligand-centered radicals due to the non-innocent 

properties of the bisiminopyridine ligand. Based on spectroscopic and 

reactivity studies, in conjunction with DFT calculations, the authors proposed 

that the reaction could proceed through an inner-sphere C–H activation 

pathway. 

In 2011, Hayashi et al. reported on the Fe(OTf)3 catalyzed direct arylation of 

benzene derivatives with arylboronic acids using di-tert-butyl peroxide (DTBP) 

as the oxidant and a substituted phenanthroline as the ligand. The reaction 

proceeds through homolytic aromatic substitution with aryl radicals generated 

from a arylboronic acid and a tert-butoxy radical.
43

 A variety of 

(hetero)arylboronic acids underwent the coupling with benzene and other 

simple (hetero)arenes in moderate to good yields (Scheme 16).  

 

 

Scheme 16 Iron-catalyzed oxidative coupling of arylboronic acids with benzene via a radical 

pathway 

 

A plausible mechanism was proposed for this reaction, which is shown in 

Scheme 17. In the presence of Fe(III), the cleavage of the C–O bond of t-

BuOOt-Bu affords Fe(III)–OOt-Bu, which undergoes homolysis at the O–O 

bond in the presence of a proton to give an Fe(IV)-hydroxide species and a free 

t-BuO radical. This radical then oxidizes the arylboronic acid to generate an 

aryl radical, which then attacks benzene. Finally, the resulting cyclohexadienyl 
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radical can be oxidized by the Fe(IV)-hydroxide to afford the coupling product 

and regenerate Fe(III). 

 

 

Scheme 17 Reaction mechanism proposed by Hayashi et al.  

 

Yu and co-workers reported an iron-mediated direct arylation of pyridine 

derivatives with arylboronic acids.
44

 Stoichiometric amounts of FeS and 

K2S2O8 are employed to catalyze the direct arylation reaction of electron-

deficient heterocycles smoothly with arylboronic acids to afford the desired 

coupling products in moderate to excellent yields (Scheme 18). A similar 

reaction was reported by Vishwakarma and co-workers, and in this case 

Fe(acac)2 was used.
45

 The methodology developed by Vishwakarma has been 

successfully utilized for the synthesis of botryllazine, a marine-derived natural 

product.  

The Wang and Takaki research groups also reported their studies on Fe(II)-

catalyzed direct arylation of heteroarenes with arylboronic acids in the presence 

of K2S2O8. In Wang’s report, stoichiometric amounts of FeC2O4∙2H2O were 

used, while Takaki et al. used catalytic amounts of FeSO4 as catalyst.
46,47

  

Both Yu and Vishwakarma performed radical scavenger experiments. The 

results indicate a radical mechanism. The mechanism proposed by Yu is shown 

in Scheme 19. In this mechanism, Fe(II) salts react with potassium persulfate to 
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afford a sulfate radical anion A and Fe(III)-sulfate B. Radical anion A then 

oxidizes the arylboronic acid to generate an aryl radical which further adds to 

pyridine and generates radical intermediate C. In the end, C can be oxidized by 

B to give the coupling product and regenerate Fe(II).  

 

 

Scheme 18 Iron-mediated direct arylation of pyridines with arylboronic acids 

 

 

Scheme 19 Proposed mechanism of the iron-mediated direct arylation of pyridines with 

arylboronic acids 

 

Fe(III) salts can also mediate these types of transformation. Maiti et al. 

reported an Fe(NO3)3 catalyzed direct arylation of heteroarenes using boronic 

acids as arylating agents (Scheme 20).
48

 Radical scavenger experiments result 

confirmed the involvement of radical species in the catalytic cycle. 

 

 

Scheme 20 Iron-catalyzed direct arylation of heteroarenes with boronic acid 
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Aryldiazonium salts have also been used as arylating agents in radical-

mediated direct arylation reactions catalyzed by iron. In 2015 Dehaen et al. 

reported a radical C–H arylation of BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-

s-indacenes) with aryldizaonium salts (Scheme 21).
49

 Ferrocene was used to 

mediate such transformation in a continuous addition fashion. Interestingly, the 

reaction system employed no base or oxidant. 

 

 

Scheme 21 Radical C–H diarylation of BODIPY dyes catalyzed by iron  

 

1.3 Direct arylation in the presence of Co  

Cobalt is an essential element as it exists in many metalloenzymes which relate 

to various chemical transformations in living organisms.
50

 Recently, cobalt 

catalyzed direct arylation reactions have emerged as environmental friendly 

and economical alternatives to traditional arylation methods which are 

catalyzed by noble metals. In this section recent progress on cobalt catalyzed 

direct arylation reactions of (hetero)arenes is shown in detail. 

 

1.3.1 Cobalt catalyzed direct arylation reaction with aryl halides 

 
In 2011, Lei et al. reported cobalt catalyzed direct arylations of unactivated 

arenes with aryl halides under relatively mild conditions.
51

 Good to excellent 

yields can be obtained with Co(acac)3 as catalyst and LiHMDS as the base 

(Scheme 22). Electron rich aryl halides performed better than electron poor aryl 

halides. The catalytic system was less efficient for aryl chlorides, but when 

CoBr2/DMEDA was employed as the catalyst, moderate yields (35%-57%) 

were achieved. Radical scavenger experiment results combined with a KIE 
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value of 1.0 suggests the reaction might involve radical intermediates. A 

similar reaction was reported by Shi et al. with Co(acac)3 as catalyst, DMEDA 

as ligand and KO
t
Bu as base in the direct arylation of unactivated arenes with 

aryl bromides.
52

  

 

 

Scheme 22 Cobalt catalyzed direct arylation of aryl halides and unactivated arenes  

 

The Chan group carried out a number of studies on the use of cobalt porphyrin 

complexes in the direct arylation of unactivated arenes with aryl halides.
53-56

 

Cobalt porphyrin complexes such as Co(tap) (tap = tetrakis-4-

anisylporphyrinato dianion) and Co(t4-OMepp) (t4-OMepp = tetrakis-4-

methoxyphenylporphyrinato dianion) were found to successfully catalyze the 

direct arylation of benzene with aryl halides, pyrrole and furan (Scheme 23). 

The combination of KOH and 
t
BuOH is vital for the success of the reaction; 

most probably to form KO
t
Bu via an equilibrium. The newly formed base is 

responsible for the formation of radicals. 

 

 
 

Scheme 23 Cobalt porphyrin complexes catalyzed direct arylation reactions  

 

In these reactions the formal halide atom abstraction was considered as the 

rate-determining step of the direct arylation reaction (Scheme 24). Mechanistic 

studies confirmed this proposal and suggested that the cleavage of the aryl–
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halide bond involves a halogen atom transfer mechanism, which is different 

from the aryl–halogen bond cleavage mechanism through radical ipso-

substitution with other group 9 metalloporphyrins.  

 

 
 

Scheme 24 Formal iodine atom abstraction as the rate-determining step  

 

It is worth to note that the aforementioned Co based catalytic systems all 

encountered problems in product regioselectivity. In 2012 Yoshikai et al. 

reported on the cobalt catalyzed ortho C–H arylation of acetophenone imine 

with chlorobenzene (Scheme 25).
57

 The catalytic system consists of an 

equimolar mixture of CoBr2 and IMes∙HCl (1,3-bis(2,4,6-

trimethylphenyl)imidazolium chloride) and 
t
BuCH2MgBr as a base and can be 

run at room temperature. The authors propose that a Co-NHC complex forms 

under the reaction conditions and that 
t
BuCH2MgBr helps to regenerate the 

catalytic species via transmetalation. PEt3 can be used as an alternative ligand 

at a higher temperature.  

 

 
 
Scheme 25 Cobalt catalyzed direct ortho-arylation of aryl ketimines with aryl chlorides  

 

A similar Cobalt–IMes catalytic system using CyMgCl as base and DMPU as 

solvent was developed by Ackermann et al. for the ortho C–H arylation of 2-

arylpyridines and N-pyri(mi)dylindoles with aryl sulfamates, aryl carbamates, 

and aryl chlorides (Scheme 26).
58,59
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Scheme 26 Cobalt catalyzed direct arylation reactions  

 

The same group also reported a novel strategy for cobalt catalyzed synthesis of 

biaryl tetrazoles via the same catalytic system.
60

 Mechanistic study results 

imply a reversible C–H cobaltation and a rate-determining reductive 

elimination.  

1.3.2 Miscellaneous direct arylation reactions catalyzed by cobalt 

Shi and co-workers reported the first application of cobalt catalysis in direct 

arylation of benzo[h]quinoline with aryl-Grignard reagents in 2011.
61

 The 

novel Co(III) based catalytic system uses TMEDA as ligand and DCB as 

oxidant and can afford arylation products in low to high yields (26–92%) at 

room temperature (Scheme 27). 

 

 
 

Scheme 27 Cobalt catalyzed direct arylation of 2-arylpyridines  

 

Recently, Zou et al. reported on the CoPc (cobalt phthalocyanine) catalyzed 

selective direct arylation of anilines with arylhydrazines.
62

 The reaction 

operates under mild conditions in air and affords 2-aminobiaryls in up to 80% 

yield (Scheme 28). As this reaction proceeds through a cobalt-catalyzed radical 

process using oxygen as the terminal oxidant, there is no need to add oxidants 

and additives. 
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Scheme 28 CoPc catalyzed direct arylation reaction of anilines  

 

1.4 Direct arylation in the presence of Ni  

 
Nickel's application in cross-coupling catalysis can be traced back to the 1970s 

when Kumada, Tamao and Corriu independently discovered that nickel 

complexes can catalyze the cross-coupling of Grignard reagents with aryl 

halides.
63,64

 However, it was until in the year 2009 that nickel based direct C–H 

arylation has been reported.
65,66

 In this section, recently progress in the nickel 

catalyzed direct arylation of (hetero)arenes is shown in detail. 

 

1.4.1 Nickel catalyzed direct arylation reactions with aryl halides 

 

The Itami and Miura research groups independently reported the first nickel 

catalyzed direct arylation of azoles with aryl halides in 2009.
65,66

 In Itami's 

report, the Ni based catalyst can catalyze the direct arylation of heteroarenes 

with aryl halides/triflates in the presence of stoichiometric amount of LiO
t
Bu in 

1,4-dioxane with moderate to good yields (Scheme 29). Interestingly, a 

diamine (bipy, 2,2'-bipyridine) or diphosphine ligand (dppf, 1,1'-

bis(diphenylphosphino)ferrocene) can be used as the ligand in these reactions. 

 

 
 

Scheme 29 Nickel catalyzed direct arylation of heteroarenes with aryl halides/triflates  
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Miura reported on similar conditions for the direct arylation of 1,3-

(benzo)azoles with aryl bromides using NiBr2 in combination with a 

(substituted) phenanthroline ligand (Scheme 30). The catalytic system can 

catalyze the direct arylation of (benzo)azoles with aryl bromides with moderate 

to good yields. The addition of Zn powder increased the yield effectively in the 

reaction of benzoxazoles due to the possible function as a reductant to 

regenerate an active Ni(0) species. 

 

 
 
Scheme 30 Miura’s catalytic system for nickel-catalyzed heterobiaryl synthesis via direct 

arylation  

 

These two pioneering works clearly showed the potential of nickel catalysis in 

direct aryltions to form a range of 2-arylazoles. However, both catalytic 

systems require the employment of LiO
t
Bu to operate the reaction. In 2011, 

Itami's group discovered a new protocol using Mg(O
t
Bu)2 in DMF as a milder 

and less expensive alternative to LiO
t
Bu (Scheme 31).

67
 This novel 

methodology has been successfully applied to the syntheses of febuxostat, 

tafamidis and texaline. 

 

 

Scheme 31 Direct arylation of benzothiazole by the Ni(OAc)2/bipy/Mg(OtBu)2/DMF system  
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The mechanisms of these nickel catalyzed arylations of azoles with aryl halides 

is not clear, but mechanistic experiments support the proposal of a possible 

Ni
0
/Ni

II
 catalytic cycle (Scheme 32). The proposed Ni

0
/Ni

II
 redox cycle consists 

of three steps, namely 1) the oxidative addition of in situ formed Ni
0
 species to 

Ar–X; 2) azole nickelation to produce Ar–Ni–Het; and 3) reductive elimination 

of Ar–Ni–Het to form the arylation product and regenerate the Ni
0
 catalyst. 

LiO
t
Bu and Mg(O

t
Bu)2 most likely play a vital role in the azole nickelation 

step and are probably involved both in the product generation step and in the 

formation of the active Ni
0
 species from Ni(OAc)2. 

 

 

Scheme 32 Proposed mechanism for nickel catalyzed heterobiaryl synthesis via direct arylation  

 

Yamakawa and Mao independently reported on Ni(II) catalyzed direct 

arylations   of simple arenes with aryl halides using KO
t
Bu as the base (Scheme 

33).
68,69

 Yamakawa used Cp2Ni as a catalyst precursor and BEt3 or Ph3P as an 

additive, while Mao employed a combination of Ni(OAc)2·4H2O and 1,10-

phenanthroline. Simple arenes play the dual role of substrate and solvent. The 

mechanism of these transformations is suggested to involve a radical pathway.  
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Scheme 33 Nickel catalyzed direct arylation of simple arenes with aryl halides 

 

The Langer group intensively studied the direct arylation of heteroarenes. In 

2012 they reported on direct arylations for the synthesis of arylated 3H-

imidazo[4,5-b]pyridines using the nickel catalyst [NiCl2(PPh3)2] in combination 

with the mild base K2CO3 in DMF at 110 
o
C.

70
 Later on, application of the 

same catalyst in combination with CuI and pivalic acid as additives was 

reported for the direct arylation of 4-nitropyrazoles.
71,72

 These direct arylations 

afforded low to moderate product yields (Scheme 34). This protocol was 

recently used in the regioselective direct arylation of fused 3-nitropyridines.
68

  

 

 
 
Scheme 34 [NiCl2(PPh3)2] catalyzed direct arylation of 4-nitropyrazoles  

 

Chatani et al. reported on nickel(II) catalyzed direct arylations of aromatic 

amides with an 8-aminoquinoline moiety as the directing group.
73

 The reaction 

is highly compatible with functional groups and has a good regioselectivity 

(Scheme 35). 

 

Scheme 35 Nickel catalyzed direct arylation of aromatic amides bearing a directing group  
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1.4.2 Nickel catalyzed direct arylation reactions with Ar-M (M = Mg, 

Zn, B, Si) 

 
Nickel catalyzed direct arylation reactions using organometallic reagents as 

arylating agents have also been reported recently. Qu and Guo et al. reported a 

novel protocol for nickel catalyzed direct arylations of purines using Grignard 

reagents as the coupling partner.
74

 The reaction can proceed efficiently at room 

temperature in short time (5 h) with moderate to excellent yields using 

[Ni(dppp)Cl2] (dppp = 1,2-bis(diphenylphosphino)propane) as the catalyst and 

without further additives (Scheme 36). 

 

 
 
Scheme 36 Nickel catalyzed direct arylation of purines with aryl Grignards 

 

Chatani and Tobisu et al. reported the nickel-catalyzed direct arylation of 

electron-deficient N-aromatic heterocycles with diarylzinc reagents.
75

 With the 

use of Ni(cod)2/PCy3 as the catalyst and diarylzinc as an aryl nucleophile, 

various azines such as pyridines, pyrazines, quinolines and phenanthridines can 

be arylated selectively at the C2 position with good to excellent yields (Scheme 

37). 

 

 

 

Scheme 37 Nickel catalyzed direct arylation of azines with diarylzinc 
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The same catalytic system was also successfully applied in the direct C2 

arylation of pyridines and quinolones using diphenylzinc reagents with good 

tolerance to functional groups (Cl, MeO, etc).
76

 

A plausible mechanism for this reaction was proposed as shown in Scheme 38. 

Ni(0) species A reacts with diphenylzinc–pyridine adduct B to form 

azanickelacyclopropane C. An intramolecular transmetalation between nickel 

and zinc affords the dinuclear phenylnickel/phenylzinc species D, with 

subsequently reductively eliminates of D to regenerate A and to form 

phenylzinc intermediate E. E then undergoes a rapid oxidative rearomatization 

to afford the coupling product. 

 

Scheme 38 Proposed mechanism for nickel catalyzed direct arylation of pyridines with 

diphenylzinc 

 

In 2010, Miura et al. reported the nickel-catalyzed direct arylation of azoles 

with arylboronic acids using air as the oxidant.
77

 The catalytic system based on 

NiBr2 in combination with an aromatic diamine ligand (phen or bipy) and a 

base (K3PO4 or NaO
t
Bu) can afford the coupling products in moderate to good 

yields in DMAc (N,N-dimethylacetamide) (Scheme 39). 

 

 

Scheme 39 Nickel catalyzed direct arylation of azoles with boronic acids  
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The proposed mechanism for these reactions is shown in Scheme 40. 

Transmetalation of Ni(II) with arylboronic acid could afford an arylnickel 

intermediate. Subsequent base-assisted nickelation of the azole substrates, 

followed by reductive elimination could afford the arylation product along with 

a Ni(0) species, which will regenerate Ni(II) after reoxidation with molecular 

oxygen.  

 

 

Scheme 40 Proposed mechanism for nickel catalyzed direct arylations of azoles with aryl boronic 

acids  

 

Miura’s group also carried out some pioneering work on nickel catalyzed direct 

arylations of heteroarenes with organosilicon reagents.
78

 The catalytic system 

developed for these reactions consisting of NiBr2·diglyme/bipy, CsF and CuF2 

can catalyze the direct arylation of various 1,3-azoles with trimethoxy and 

triethoxy arylsilanes in moderate to good yields . 

1.4.3 Miscellaneous direct arylation reactions catalyzed by nickel 

In 2012, the Itami research group reported the first nickel catalyzed direct 

arylation of azoles with phenol derivatives.
79

 The novel Ni(cod)2/dcype (dcype 

= 1,2-bis(dicyclohexylphosphino)ethane) catalytic system is active for the 

coupling of various phenol derivatives, such as tert-butyl esters and triflates in 

combination with Cs2CO3 as a mild base (Scheme 41). Reactions using more 

complex phenol derivatives such as estrone and quinine triflates are also 

possible with this catalytic system to afford biologically active alkaloids. 
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Scheme 41 Nickel catalyzed direct arylation of azoles with phenol derivatives  

 

Using this catalyst system, Kayani et al. reported on nickel catalyzed 

intramolecular direct arylations using aryl pivalates as electrophiles (Scheme 

42).
80

 These transformations are efficient for the synthesis of a diverse set of 

differentiated dibenzofurans. Additionally, the method could be expanded 

toward the synthesis of carbazoles. 

        

 
Scheme 42 Dibenzofuran synthesis through nickel catalyzed intramolecular direct arylation 

 

1.5 Direct arylation in the presence of Cu 

Even though copper has been employed as catalyst in Ullman cross-coupling 

for aryl-aryl bond formation for more than a century, its application in direct 

arylations for biaryl synthesis was not common until recently.
2
 In this section, 

the progress in copper catalyzed direct arylation reactions of aromatic C–H 

bond is discussed. 

1.5.1 Copper catalyzed direct arylation reactions with aryl halides 

In 2007, Daugulis et al. reported the first application of a copper based catalyst 

in the direct arylation of heteroarenes.
81

 The catalytic system consisting of a 

combination of CuI and LiO
t
Bu in DMF can catalyze the direct arylation of 

heterocycles with aryl iodides in moderate to good yields (Scheme 43). 

Preliminary mechanistic study results reject the involvement of a benzyne 
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intermediate. Instead, an organocopper species is proposed to react with the 

aryl iodide to afford the arylation product. The organocopper species is 

generated through the transmetallation of a lithium-heterocycle species which 

result from the deprotonation of the heteroarene by LiO
t
Bu. 

 

Scheme 43 Copper catalyzed direct arylation of heterocycles with aryl iodides 

Later on, the same group published on the copper catalyzed direct arylation of 

polyfluoroarenes with aryl bromides.
82

 In this case the catalytic system 

consisting of CuI, 1,10-phenanthroline and K3PO4 is able to catalyze the 

arylation of polyfluoroarenes with good to excellent yields (Scheme 44). 

 

Scheme 44 Example of a copper catalyzed direct arylation of polyfluoroarenes with an aryl 

bromide 

In the same year, the Daugulis research group reported a general method for 

Cu(I) catalyzed direct arylations of sp
2
 C−H bonds with pKas below 35 

(Scheme 45).
83

 The protocol employs an aryl halide as the arylating agent, a 

lithium alkoxide or K3PO4 as base, and DMF, DMPU, or mixed DMF/xylenes 

as solvent and can catalyze the direct arylation reaction for a range of electron-

rich and electron-poor heterocycles such as azoles, caffeine, thiophenes, 

benzofuran, pyridine oxides, pyridazine, and pyrimidine. 

 

Scheme 45 Copper catalyzed direct arylation  
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Later on, similar Cu(II)-based catalytic systems were reported to catalyze the 

direct arylation reaction of various heteroarenes bearing C−H bonds with a pKa 

below 35. The scope of these reactions is summarized in Table 1 and Table 2. 

One-pot, multi-component coupling by cascade reactions can be accomplished 

with this type of Cu(I) catalytic system as reported by Ackermann et al. and 

Verma et al. (Scheme 46). 
84-86

 In the example shown in Scheme 46, the 

catalytic system consisting of CuI, DMEDA, and LiO
t
Bu catalyzes the 

sequential four-component coupling of an alkyne, a sodium azide, and two aryl 

halides to afford N-aryltriazoles. 

 

Scheme 46 Copper catalyzed sequential synthesis of triazoles  
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Table 1 Cu (I) catalyzed direct arylation reaction of heteroarenes and aryl halides 

Entry Heteroarene Aryl halide Copper salt Ligand Base Solvent 

187 

  

CuI PPh3 
Na2CO3/

K3PO4 

DMF/  

DMSO 

2 

 

Ar–I 
CuI84/CuCl8

8 
- LiOtBu DMF 

389 

 

Ar–I CuI - LiOtBu DMF 

490 

 

Ar–I CuI 
phen/PP

h3 

M2CO3 

(M = Na, 

K, Cs) 

DMSO 

591 
 

 

CuI PPh3 Na2CO3 DMF 

692 

 

 

CuI phen K3PO4 
DMF/ 

xylene 

793 
  

CuI phen LiOtBu DMPU 

894 

 

Ar–I CuCl - LiOtBu DMA 

995 

 

Ar–X CuI phen KOtBu DMF 

1085 

 

- CuI - LiOtBu DMF 
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Table 2 Cu (II) catalyzed direct arylation reaction of heteroarenes and aryl halides 

Entry Heteroarene Aryl halide Copper 

salt 

Ligand Base Solvent 

196 

 

Ar–I Cu(acac)2 - LiOtBu DMF/xylene 

297 

  

CuCl2 phen Cs2CO3 
DMPU/      

m-xylene 

398 

 

Ar–I CuCl2 PPh3 LiOtBu DMA/xylene 

498 

 

Ar–I CuCl2 PPh3 LiOtBu DMA/xylene 

 

Lin et al. carried out DFT studies on copper catalyzed direct arylations of 

aromatic C–H bonds using the density functional B3LYP.
99

 Neutral and anionic 

catalytic cycles have been examined by considering the neutral (phen)Cu–OMe 

and anionic [MeO–Cu–OMe]
−
 complexes  as the active species. Overall energy 

barriers in the neutral and anionic catalytic cycles pointed out that both cycles 

are favored but for different substrates. For the benzoxazole, oxazole, 

benzothiazole, thiazole, benzothiophene, thiophene, benzofuran, 

pentafluorobenzene, 1,2,4,5-tetrafluorobenzene, 1,2,3,5-tetrafluorobenzene, 

phenylacetylene, and N-methylpyrrole substrates, the anionic cycles is favored. 

For substrates such as caffeine, N-methylindole, N-methylpyrazole, furan, and 

pyridazine, the anionic and neutral catalytic cycles are competitive. For 

substrates such as N-benzimidazole, N-methylimidazole, 1-methyl-1,2,4-

triazole, pyrimidine, and 1,4-difluorobenzen, the anionic catalytic cycle is 

favored. It was also found that in the neutral cycle the less rigid DMEDA and 

N-methylpyrrolidine-2-carboxamide ligands are advantageous in the coupling 

reactions over the more rigid phenanthroline ligand. 
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1.5.2 Copper catalyzed oxidative direct arylation reactions 

In 2008, Itami et al. discovered that unfunctionalized electron-rich arenes can 

be coupled with aryl boronic acids to afford the direct arylation product in the 

presence of Cu(TFA)2 and trifluoro acetic acid (TFA) (Scheme 47).
100

 The 

reactions are carried out under air in the presence of the organic oxidant 1,2-

dichloroethane (DCE). No homo-coupling products of the substrates or aryl 

boronic acids were observed according to the aurthors, instead exhaustive 

arylation can take place. 

 

 
 

Scheme 47 Cu(TFA)2 catalyzed direct arylation of nitrogen heterocycles with aryl boronic acids  

 

Instead of using DCE as oxidant, Wang and Xu et al. developed a new protocol 

using dioxygen as the sole oxidant for copper catalyzed direct arylation of 

heteroarenes with aryl boronic esters under mild conditions with high yields 

(Scheme 48).
101

 In this case CuCl was used as the sole catalyst component. 

 

 

Scheme 48 CuCl catalyzed direct arylation of heteroarenes with boronic esters using O2 as 

oxidant  
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Wu and Chen et al. reported the first examples of copper catalyzed direct C–H 

arylation of pyridine N-oxides with arylboronic esters.
102

 This catalytic system 

uses Cu(acac)2 as catalyst, KO
t
Bu as base and air as oxidant and can catalyze 

the one-pot synthesis of a wide range of 2-arylpyridines in moderate to good 

yields without an additional reductant (Scheme 49). 

 

 
 
Scheme 49 Cu(acac)2 catalyzed one-pot synthesis of 2-arylpyridines via direct arylation  

 

Daugulis et al. reported the first copper catalyzed dehydrogenative direct 

arylation.
103

 The protocol uses CuCl2 as catalyst, dioxygen as terminal oxidant 

and can catalyze the homo-coupling of electron-poor arenes as well as electron-

poor and electron-rich heteroarenes. The method has good tolerance to many 

function groups, such as nitro, cyano, and ester groups. Later on, the same 

group developed a general method for dehydrogenative hetero-coupling direct 

arylation catalyzed by a CuI/1,10-phenanthroline catalytic system (Scheme 

50).
104

 This method uses iodine as an oxidant and the authors suggested the 

involvement of an initial iodination of one arene followed by arylation of the 

most acidic C–H bond of the other coupling partner. The reaction runs quite 

smoothly with electron-rich arenes, electron-poor arenes, and five- and six-

membered heterocycles.  

 

 
 

Scheme 50 CuI catalyzed cross-dimerization of unfunctionalized arenes 
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Bao et al. reported on the Cu(OAc)2/air mediated oxidative homo-coupling of 

azoles at the C2 position with good to excellent product yields.
105

 These 

reactions use 20 mol % of copper and are carried out in air. 

Using an excess of copper, Yu et al. reported the Cu(II) mediated 

dehydrogenative cross-coupling of heteroarenes (Scheme 51).
106

 In this case, 

reactions are carried out under an argon atmosphere. The authors proposed a 

mechanism involving a formal Cu(II) to Cu(0) route by disproportionation, 

which is supported by the observation of copper mirror formation during the 

reaction. Similar coupling reactions were reported by You and Lan et al. using 

Cu(OAc)2 (20 mol %), pyridine (1.0 equiv.) and excess Ag2CO3 in air.
107

 

 

 
 

Scheme 51 Cu(OAc)2 mediated dehydrogenative direct arylation of heteroarenes 

 

The Miura research group intensively studied copper catalyzed 

dehydrogenative direct arylation reactions. In 2011 they reported a copper-

mediated dehydrogenative direct coupling of arylazines and azoles using 

Cu(OAc)2 and pivalic acid (Scheme 52).
108

 

 

 
 
Scheme 52 Copper mediated direct arylation of arylazines and azoles  

 

Later on, the same group developed copper-mediated dehydrogenative direct 

arylation reactions of benzoic acid derivatives and 1,3-azoles.
109

 An easy to 

remove 8-aminoquinoline directing group is vital for the success of the reaction 
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(Scheme 53). Kinetic study results suggest that C–H bond cleavage on the 

benzoic acid derivative is the rate-determining step. 

 

 
 

Scheme 53 Copper mediated dehydrogenative direct arylation of benzoic acid derivatives and 

1,3-azoles  

 

Very recently, the Miura group extended their methodology to a C6-selective 

dehydrogenative direct arylation of 2-pyridones with 1,3-azoles.
110

 The 

directing group on the pyridone ring is responsible for the site selectivity 

(Scheme 54). According to the authors, in some cases catalytic turnover of the 

copper salt was possible under aerobic conditions. 

 

 
 
Scheme 54 Copper mediated dehydrogenative direct arylation of 2-pyridones with 1,3-azoles  

 

1.5.3 Copper catalyzed direct arylation with diaryliodonium salts 

Gaunt et al. developed the first copper catalyzed direct arylation reaction of 

indoles at the C2 or C3 position with diaryliodonium salts as arylation 

agents.
111

 The catalytic system uses Cu(OTf)2 as the catalyst and dtbpy as the 

ligand. The reaction has a broad substrate scope and good tolerance to various 

functional groups on both the indole and the diaryliodonium salts. Free (NH)– 

and N–alkyl indoles react at the C3 position, while N–acetylindoles afford the 

C2 isomer (Scheme 55). A mechanism involving a Cu(III)−aryl species which 
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undergoes electrophilic addition at the C3 position of the indole was proposed. 

The site of indole arylation is proposed to be related to the group connected to 

the nitrogen atom, which is responsible of the migration of the Cu(III)−aryl 

group from C3 to C2.  

 

 
 
Scheme 55 Cu(OTf)2 catalyzed direct arylation using diaryliodonium salts as arylation reagent  

 

Later on, the same group reported the first meta-selective copper catalyzed  

direct arylation of anilides.
112

 Cu(OTf)2 solely acts as the catalyst in the 

reaction. This simple protocol operates under mild conditions and forms 

unexpected meta-arylated products for a broad scope of substrates. The meta 

selectivity violates the conventional understanding that anilides favor 

electrophilic aromatic substitution at the ortho or para position (Scheme 56). 

Moreover, for m-methoxypivanilide the regioselectivity can be switched to 

give the ortho-arylated product. The authors proposed an anti-oxycupration 

mechanism involving a Cu(III)–aryl species to explain the regioselectivity for 

the meta position.  

 

 
 
Scheme 56 Cu(II)-catalyzed meta-selective direct arylation of anilides 

 

Later on, Wu and Li carried out DFT calculations and experimental 

investigations to understand the unexpected meta selectivity of the Gaunt 

system.
113

 A Cu(I)/Cu(III) cycle is proposed for the transformation (Scheme 
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57). Reduction of Cu(II) by the nucleophile or the disproportionation of Cu(II) 

generates the active Cu(I) species. Following oxidative addition of the 

diaryliodonium salt to the Cu(I) species affords a Cu(III)–aryl species which 

transfers the aryl group to the anilide and regenerates the Cu(I) species. Based 

on the catalytic cycle, DFT calculations were performed and the results suggest 

that meta-arylated products are formed via a Heck-like four-membered-ring 

transition state through a Cu(III)–Ph intermediate. 

 

 
 
Scheme 57 Proposed catalytic cycle for Cu(OTf)2 catalyzed meta direct arylation 

  

Gaunt et al. also reported the first Cu(II) catalyzed para-selective direct 

arylation of aniline and phenol derivatives.
114

 The combination of a Cu(OTf)2 

catalyst, DCE as oxidant and solvent, and diaryliodonium salts as arylation 

reagents can catalyze these transformations smoothly and with good tolerance 

to various function groups (Scheme 58). In some cases, dtbpy was employed as 

the ligand to achieve satisfying yields. The absence of regioisomeric mixtures 

of the biaryl products and radical scavenger experiment results reject a SET 

(single electron transfer) mechanism. The authors have proposed a Friedel-

Crafts arylation mechanism for these reactions. 
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Scheme 58 Copper catalyzed para-selective direct arylation of aniline and phenol derivatives 

 

The same group has extended these copper-catalyzed direct arylations to a 

meta-selective direct arylation of α-aryl carbonyl compounds.
115

 The acetamide 

moiety of the substrate is functioning as a directing group. In this protocol 

elusive meta-products were formed even with the existence of strongly para-

directing functionalities (Scheme 59). Quite interestingly, the arylation process 

can also proceed under metal-free conditions. 

 

 
 
Scheme 59 Copper catalyzed meta-selective direct arylation of α-aryl carbonyl compounds  

 

Very recently, Kumar et al. reported the copper catalyzed direct arylation of 

azaheterocycles with diaryliodonium salts.
116

 The reaction can proceed 

smoothly with oxadiazoles, thiadiazoles, benzoxazoles and benzothiazoles in 

moderate to good yields (Scheme 60), and uses catalytic amounts of CuBr or 

CuI in combination with LiO
t
Bu at ambient temperature or microwave heating. 
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Scheme 60 Copper catalyzed direct arylation of azaheterocycles with diaryliodonium salts  

 

You et al. reported the copper catalyzed C2 arylation of indole derivatives with 

diaryliodonium salts.
117

 The reaction uses Cu(OTf)2 solely as the catalyst and 

can proceed under ambient temperature with good to excellent yields (Scheme 

61). 

 

 
 
Scheme 61 Copper catalyzed C2 arylation of indole derivatives with diaryliodonium salts 

 

Very recently, Greaney et al. developed an atom economic transformation of 

diaryliodonium salts by a CuI-catalyzed tandem direct C–H and N–H arylation 

of indoles.
118

 Both symmetric and unsymmetrical diaryliodoium salts can be 

used for the direct arylation of indoles with moderate yields (Scheme 62). 

 

 
 
Scheme 62 Copper catalyzed tandem direct C–H arylation and N-H arylation of indoles 

  

1.5.4 Miscellaneous direct arylation reactions catalyzed by copper 

Besides diaryliodonium salts, aryldiazonium salts have also been employed in 

direct arylation reactions with copper. In 2013, Su et al. reported the 
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application of arenediazonium tetrafluoroborates in the direct arylation of 

polyfluoroarenes by copper catalysis (Scheme 63).
119

 The catalytic system 

consisting of CuI as catalyst, phenanthroline as ligand, TBAI (tetra-n-

butylammonium iodide) as additive and K3PO4 as base can catalyze the direct 

arylation reaction with moderate to excellent yield. According to the authors, 

the reaction also can be performed in a one-pot fashion directly from anilines 

without the isolation of arenediazonium tetrafluoroborates. 

 

 
 
Scheme 63 Copper catalyzed direct arylation of polyfuloroarenes with aryldiaoznium salts 

 

A copper-catalyzed direct arylation reaction possibly involving radical 

intermediates was reported quite recently by Felpin et al.
120

 This protocol uses 

Cu(OAc)2∙H2O as the catalyst and CaCO3 as base and can carry out the direct 

arylation reaction of pyrroles with anilines in the presence of methanesulfonic 

acid (MeSO3H) quite smoothly at room temperature under neutral conditions 

with good regioselectivity (Scheme 64). When TEMPO was added to the 

reaction system, the coupling product was not formed and the O–aryl–TEMPO 

adduct was detected using mass spectroscopy. Therefore the authors proposed a 

radical pathway for the reaction. In the proposed mechanism, MeSO3H reacts 

with aniline to form a diazonium salt, which is transformed into an aryl radical 

by the copper catalyst. 

 

 
 
Scheme 64 Copper catalyzed direct arylation of anilines and pyrroles 
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1.5.5 Other non-precious metals catalyzed/mediated direct 

arylation reactions 

Besides Fe, Co, Ni, and Cu, many other non-precious metals have been 

successfully applied in the direct arylation of aromatic C–H bonds. To illustrate 

these developments, a selected number of examples is presented in this section. 

The Demir research group has explored the study of manganese mediated 

direct arylation reactions of benzene with phenylhydrazines in 2001.
121

 

Stoichiometric amounts of Mn(OAc)3∙2H2O were employed in the reaction and 

benzene was used both as the substrate and the solvent. The reaction can 

achieve moderate to good yields (69 % – 83 %). Later on, the same group 

applied the catalytic system in the direct arylation of furan and thiophene in 

low to moderate yields (up to 68 %).
122

 Both reactions possibly involve an aryl 

radical intermediate derived from arylhydrazine. 

Demir et al. also successfully applied aryl boronic acids as arylation reagents 

and the radical source in direct arylation reactions with manganese.
123

 

Mn(OAc)3∙2H2O was solely used to mediate the direct arylation of benzene, 

furan and thiophene with aryl boronic acids under refluxing. Moderate to 

excellent yields can be obtained for this kind of reaction (up to 95 %). The 

catalytic system was later on improved under microwave irradiation by the 

same group using thiophene and benzene as substrate.
124

 Microwaves were 

used for the in situ generation of Mn(OAc)3 from KMnO4 and acetic acid. 

Guchhait et al. also reported on the same Mn(OAc)3 based catalytic system for 

the direct arylation of heteroarenes and benzene with aryl boronic acids under 

microwave irradiation.
125

 It is worth to note that both studies used only a slight 

excess of heteroarene or benzene for the transformation. 
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Molybdenum mediated dehydrogenative direct arylation reactions were 

summarized by Waldvogel et al. (Scheme 65).
126

 Various labile groups such as 

iodo, tert-alkyl etc. are well tolerated if the reaction is performed within a very 

short time. Long exposure to the MoCl5 reagent mixture leads to a complete 

oxidative degradation due to the outstanding oxidative power of MoCl5, which 

is the major disadvantage of this protocol. 

 

Scheme 65 MoCl5 mediated oxidative direct arylation  

The overoxidation problem was solved by using di-μ-chlorido-bis[dichlorido-

trans-bis(1,1,1,3,3,3-hexafluoroisopropanolato)molybdenum(V)], which is 

successfully applied in the oxidative direct homo-coupling of arenes.
127

  

Very recently, Knochel et al. reported a CrCl2 catalyzed oxidative direct 

arylation of various pyridines, aryl oxazolines, and aryl imines using Grignard 

reagents as arylation reagent and DCB as oxidant without ligand under room 

temperature (Scheme 66).
128

 

 

Scheme 66 CrCl2 catalyzed one-pot synthesis of bis-arylated aldehyde via cross-coupling and 

direct arylation  

Tanaka et al. reported the first samarium(II) mediated intramolecular direct 

arylation of N-methylbenzamide derivatives (Scheme 67). This transformation 

was proposed to involve a radical pathway.
129
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Scheme 67 Samarium mediated intramolecular direct arylation 

 

1.6 Conclusion 

 
At the dawn of the 21

st
 century, the demand for green and sustainable 

chemistry has stimulated studies on the development of more environmental 

benign synthesis protocols. Among them, the accomplishment of direct 

arylation reactions targeting C–H bonds is important due to the essentiality of 

bi(hetero)aryl motifs. In this chapter, the progress in the development of direct 

C(sp
2
)–H bond arylation of (hetero)arenes by non-precious metals is described. 

Most of the methods developed so far employ first row transition metals, such 

as Fe, Co, Ni and Cu. Among them, some of the methods belong to the 

oxidative direct arylation regime with organometallic reagents, organo-boranes, 

or even organosilicon agents as arylation reagents. A few examples of non-

precious metal catalyzed dehydrogenative arylation are also reported. Other 

reports employ aryl (pseudo) halides as coupling agents instead. Beside them, a 

new methodology using radical pathways emerged quite recently; here the rate-

determining factor is no longer the oxidative addition step, but rather radical 

generation. A broad variety of aromatic derivatives can be used to generate the 

aryl radical. However the regioselectivity of these radical reactions is still a 

problem which needs to be solved. Even though direct arylation by non-

precious metals is in its infancy, some of the methodologies have already been 

applied in the synthesis of natural products as shown in this chapter. It is 

reasonable to believe that with more understanding of the mechanisms that are 

operated in non-precious metal catalyzed direct arylation reactions chemists 
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will achieve further breakthroughs in this field and provide more exciting 

discoveries. 
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Chapter 2 FP2E catalyzed direct 

arylation of unactivated arenes under air 

 

 

Abstract 

Biaryls are a common motif in both natural and synthetic chemicals. Several 

methods have recently been reported for the preparation of these compounds 

using direct arylation catalyzed by iron, other base metals, or transition-metal-

free systems. To date, these methods all required inert and/or forcing 

conditions, which limited their application in routine organic synthesis. In this 

chapter we report a protocol for direct arylation using a convenient FeCl3/1,10-

phenanthroline system as precatalyst (designated as FP2E). The reaction 

proceeds under mild conditions (100 
o
C), under air, and with non-distilled 

solvent. 

 

 

 

 

 

This chapter has been published as: 

Y. Huang, M.-E. Moret, R.J.M. Klein Gebbink, Eur. J. Org. Chem. 2014, 

3788-3793. 
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2.1 Introduction 

Efficient routes for the synthesis of biaryl compounds are targets of prime 

importance for organic chemists due to the ubiquity of these moieties in both 

natural and synthetic chemicals.
1
 The last decades have witnessed the 

development of a plethora of strategies for biaryl synthesis relying for the most 

part on the cross-coupling of aryl halides with various aromatic nucleophiles 

catalyzed by transition metals.
2
 Following an effort to minimize environmental 

impact in terms of waste generation and toxic metal consumption, catalytic 

direct arylation of unactivated arenes has emerged as an environmentally 

benign alternative toward the synthesis of biaryls. So far, most of the successful 

applications of these reactions still rely on precious metals.
3-6

 Very recently, 

promising alternative systems combining a chelating N-donor ligand, a strong 

base, and a source of iron have been reported.
7-9

 While the mechanism of these 

reactions is not yet fully understood, most of the experimental evidences point 

to a radical pathway involving the attack of an aryl radical on benzene (or 

another non-functionalized arene) as the key step. The utility of iron and other 

transition metals for this class of reactions is currently under scrutiny: related 

systems that do not use a transition metal have been found to effectively 

mediate the direct arylation of arenes.
10

 Shi and Hayashi both reported 

arylation of benzene with aryl halides in the presence of alkali metal tert-

butoxide (KO
t
Bu or NaO

t
Bu) and catalytic amounts of 1,10-phenanthroline and 

its derivatives. Lei instead, was capable to perform the arylation reaction with 

N,N’-dimethylethane-1,2-diamine and KO
t
Bu.

11-13
 

In this chapter, we reinvestigated the iron-catalyzed procedures aiming at the 

development of operationally simple and efficient protocols and found a 

catalytic system based on FeCl3, 1,10-phenanthroline, and KO
t
Bu, that 

mediates the direct arylation of benzene with a range of aryl halides. The 

reaction proceeds under mild conditions under air and uses non-distilled 
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solvents as the reaction medium, whereas the previously reported systems 

generally require strictly inert and/or forcing conditions.
10

 Importantly, air 

tolerance is lost in the absence of iron, demonstrating a practical advantage of 

iron catalysis. 

2.2 Results and Discussion 

2.2.1 Screening of iron based catalytic systems for direct arylation 

reaction in air 

Inspired by the report by Charette that Fe(OAc)2 and bathophenanthroline 

constitute an efficient catalytic system for the direct arylation with iodoarenes,
7
 

we reasoned that a more practical system could be achieved by using a non-air-

sensitive iron(III) source such as FeCl3 combined with simple 1,10-

phenanthroline as a ligand. The direct arylation of benzene with 4-iodoanisole 

was chosen as the model reaction in this study (Table 1). In a first set of 

experiments (entries 1-4), we investigated the activity of catalytic systems 

generated in situ from FeCl3, 1,10-phenanthroline, and KO
t
Bu. The reactions 

were performed under ambient atmosphere in a closed vessel and with non-

distilled benzene both as substrate and solvent. Encouragingly, some activity 

was observed for the FeCl3/1,10-phenanthroline systems. Elevating the 

temperature and the ligand:metal ratio was found to lead to higher product 

yields, with a maximal yield of 32% for a 3:1 ligand:metal ratio at 100 °C 

We hypothesized that the rather low activity found in these in situ runs might 

be attributed to the low solubility of FeCl3 in benzene hampering complex 

formation. Therefore, we opted to perform the complexation reaction in a 

different solvent prior to catalysis. Mixing ethanolic solutions of FeCl3 with 

1,10-phenanthroline (2 equiv.) yielded an orange precipitate that was isolated 

by filtration and dried in vacuo. Elemental analysis (C, 50.85; H, 4.11; N, 8.73) 

and ICP-OES analysis (Fe, 11.03) of this solid could not be reduced to a simple 
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stoichiometry, but the N/Fe molar ratio of 3.2 indicates an approximate 

phenanthroline/Fe ratio of 1.6. This material will be designated by “FP2E” in 

the rest of the thesis (F stands for iron, P stands for phen, E stands for ethanol). 

 Gratifyingly, we found out that FP2E is an excellent precatalyst for the direct 

arylation of benzene with 4-iodoanisole with, affording a GC product yield of 

96%, outperforming the well-defined complexes Fe(tpa)Cl3 (tpa = 

tris(picolyl)amine) (84 % yield) and [Fe(bipy)2Cl2]Cl (bipy = 2,2’-bipyridine) 

(< 1% yield).
14,15

  

Table 1 Screening of several iron-based catalysts in the direct arylation of benzene with 

4-iodoanisole
[a] 

 

entry [Fe](mol%) ligand (mol%) yield(%)[b] 

1[c] FeCl3 (10) phen (20) 16 

2[c] FeCl3 (10) phen (20) 27 

3 FeCl3 (10) phen (20) 25 

4 FeCl3 (10) phen (20) 32 

5 [Fe(bipy)2Cl2]Cl (10) - <1 

6 FP2E (10)[d,e] - 96(95)[f](64)[g] 

7 Fe(tpa)Cl3 (10) - 84 

8 Fe(OAc)2 (5) bathophen (10) <1(91)[h] 

[a] General conditions: 0.5 mmol of 4-iodoanisole, 1.5 mmol of KOtBu, 50 mmol of benzene, catalyst, 

100 °C, 24 h. [b] Yields were determined by GC analysis using pentadecane as internal standard. [c] 

Reactions were carried out at 80 °C. [d] FP2E designates the precipitate isolated after mixing ethanolic 

solutions of FeCl3 and 1,10-phenanthroline in a 1:2 ratio (F stands for iron, P stands for phen, E stands for 

ethanol). [e] Catalyst loading based on Fe. [f] Reaction carried out under refluxing for 30 h. [g] Reaction 

carried out in water saturated benzene (water content 790 ppm). [h] Reaction was carried out in distilled 

benzene under N2 for 20 h.  
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The FP2E system displays good tolerance towards air and moisture, but 

requires neither oxygen nor water: performing the reaction under inert 

conditions afforded an identical yield of 96%. To verify that the apparent air 

tolerance does not originate from initial consumption of the finite amount of 

oxygen contained in a closed vessel, the reaction was also performed in an 

open vessel under refluxing condition. The reaction time is longer as expected 

from the lower temperature, but a yield of 95% is obtained after 30 h. For 

practical reasons we have carried out further reactions in closed pressure tubes 

(unless stated otherwise). In water-saturated benzene (790 ppm), the yield is 

somewhat decreased (64%), and the remaining organic fraction contains only 

starting material (39% by GC), suggesting that the low yield is due to catalyst 

deactivation rather than side reactions involving water. For comparison, we 

reproduced the results of Charette using the Fe(OAc)2/bathophenanthroline 

system under inert conditions (91% GC yield ) but found no activity with this 

system in non-distilled benzene under air. 

 

2.2.2 Substrates scoping of FP2E on direct arylation of unactivated 

arenes with aryl halides 

With the optimized conditions in hand, we explored the scope of our method 

using a range of aryl iodides as substrates for the direct arylation reaction of 

benzene. The results are summarized in Table 2. Yields obtained for 

iodobenzene as well as for aryl iodides bearing electron-rich substituents were 

good (entries 1-3, 8, 10) to moderate (entries 4, 5, 7, 12). The lower yields 

observed for 2-iodotoluene and 2-iodo-1,3-dimethylbenzene are tentatively 

attributed to the effects of steric hindrance (entries 4, 6), but the reason for the 

moderate yields of entries 5 and 7 is not yet fully understood. Interestingly, 

although being regarded as sterically hindered, 2-iodoanisole afforded 77% 

isolated yield compared to 30% of 2-iodotoluene (entries 10 vs. 4). This can be 
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rationalized by the fact that a methoxy group is less hindered and more 

electron-donating than a methyl group. For 3-iodoanisole, both cross-coupling 

and etherification products (1-methoxy-3-phenyl-benzene, 1-tert-butoxy-3-

methoxy-benzene and 1-tert-butoxy-4-methoxy-benzene) were obtained in 

irreproducible ratios, in contrast to Charette’s observation of a clean cross-

coupling reaction for this substrate (entry 9).7 The etherification products are 

likely resulting from a competing benzyne pathway.16,17 Despite the fact that 

the amino group is a strongly electron-donating group, 4-iodoaniline afforded 

an isolated yield of only 7% (entry13); and N,N-dimethyl-4-iodoanisole gave 

25% of isolated yield (entry 14). Possible explanations for this observation 

include coordination of the amino moiety to iron to generate low-activity 

species and/or the existence of competitive pathways involving N-centered 

radicals. 

Table 2. Substrate scope: aryl iodides
[a]
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Entry aryl halide product 

yield 

(%) 
entry aryl halide product 

yield 
(%) 

 

1 
       

1a 
     

3a 87 12     
1l 3l 

59 

 
2     

1b 3b 
91 13 

1m 
   

3m 
7 

 

3           

1c 
       

3c 

86 14 
 

1n 
     

3o 25 

 

4 
       

1d 
       

3d 

30 15   
1o 

     
3o 

50 

 

5 
         

1e 

      

3e 

58 16    

1p 

      

3p 
66 

 

6 
         

1f 

       
3f 

trace 17 
1q 3q 

71 

 

7 1g 3g 55 18 
1r 

    
3r 

0 

 
8 

1h 3h 
87 19 

1s 
    

3s 
12 

 

9    

1i 3i 
-[b] 20 

    

1t 
       

3t 
67 

 

10 
         

1j 
       

3j 

77 21         

1u 

            

3u 
59 

 

11 
     

1k 

      

3k 

48 22          

1v 

             
3v 

60 



Chapter 2 

66 
 

 [a] Reaction conditions: 0.5 mmol of 1, 1.5 mmol of KOtBu, 50 mmol of benzene, FP2E (10 mol % Fe), 

100 °C, 24 h. Reported yields are isolated yields. [b] Product yields for this reaction were irreproducible (see 

text). 

The reaction was less efficient for electron-deficient substrates, but still 

afforded moderate yields for 4-iodobenzonitrile, 4’-iodoacetophenone, ethyl 4-

iodobenzoate, and 1-chloro-4-iodobenzene (entries 15, 16, 17, 20). For the two 

latter substrates, byproducts were detected: 4’-iodoacetophenone yielded small 

amounts of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) that were 

detected by GC-MS and identified by comparison with a sample isolated from 

the reaction of 4’-bromoacetophenone with benzene (vide infra), and 1-chloro-

4-iodobenzene yielded 14% of 1,4-diphenylbenzene (3t’). The mechanistic 

implications of these byproducts are discussed further below. 1-

(Trifluoromethyl)-4-iodobenzene afforded 12% of 4-(trifluoromethyl)biphenyl 

(entry 19). 1-iodo-4-nitrobenzene was fully consumed during the reaction but 

provided an intractable mixture of products (entry 18). This can be attributed to 

the susceptibility of the nitro group to attack by radical intermediates.
18

 1-

iodonaphthalene yielded 48% of the arylated product (entry 11) while 2-

iodonaphthalene afforded an isolated yield of 59% (entry 12). Finally, 2-

iodopyridine and 3-iodopyridine afforded 59% and 60% of isolated yields, 

respectively (entries 21, 22). 

To further explore the scope of our catalytic system, we investigated the 

reactivity of other aryl halides and arenes (Table 3).  Next to benzene, three 

substituted arenes were tested as coupling partners for aryl iodides. The 

reaction of toluene and anisole with 4-iodoanisole and 4-iodotoluene, 

respectively, yielded a mixture of regioisomers with a slight preference for 

ortho-substitution, as is commonly observed in related radical reactions (entries 

1, 2).
7, 13

 The amenability of chloroarenes to coupling was tested in the reaction 

of 4-iodoanisole with 4-chlorotoluene, which afforded a moderate yield (32%) 

of a ca. 1:1 mixture of regioisomers (entry 3). 
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The coupling of aryl bromides with benzene proceeded at a higher temperature 

(120 °C) and longer reaction time (48 h) than that of aryl iodides, while no 

activity was found for aryl chlorides (entry 8), as expected from the 

corresponding Ar-X bond dissociation energies.
19

 

Table 3 Substrate scope:  aryl halides and arenes scope
[a]

 

 

entry aryl halide arene product yield (%) 

1 
          

1h 

      

2b 
       

3w 

56 

(o:m:p=1.7:1.0:0.6) 

2                 
1b 

   
2c 

        

3x 

65 

(o:m:p=2.3:1.0 :0.6) 

3 
          

1h 2d 
           

3y 

32[b] 

(o:m=1:1) 

4                   
1w 

             
2a 

                
3a 

76 

5 
               

1x 

            
2a 

              
3b 

89 

6 
          

1y 

             
2a 

        
3h 

-[c] 

7           

1z 

             
2a 

            

3p 
26 

8       
1aa 

            
2a 

         
3h 

0 
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[a] Reaction conditions: 0.5 mmol of 1, 1.5 mmol of KOtBu, 50 mmol of 2, FP2E (10 mol % Fe), 100 °C, 24 h 

for aryl iodides; or 120 °C, 48 h for aryl bromides and aryl chloride. Reported yields are isolated yields. [b] 

NMR yield with 1,4-dioxane as internal standard. [c] Product yields for this reaction were irreproducible (see 

text).  

The isolated yield of coupling product is good for 4-bromotoluene (89%) and 

slightly lower for bromobenzene (76%) (entries 4, 5); for the latter, small 

amounts of phenyl tert-butyl ether are observed by GC-MS suggesting that the 

reduced yield is due to a competing benzyne pathway becoming accessible at 

120 °C. This pathway is even more prevalent in the case of 4-bromoanisole 

(entry 6), for which we observed the cross-coupling and etherification products 

(1-methoxy-3-phenyl-benzene, 1-tert-butoxy-3-methoxy-benzene and 1-tert-

butoxy-4-methoxy-benzene) in irreproducible ratios like in the case of 3-

iodoanisole. A lower yield (26%) is also obtained in the coupling of 4-

bromoacetophenone with benzene (entry 7), for which a byproduct was isolated 

in 11% yield and identified as 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone 

(3p’, Scheme 2; vide infra) by NMR, mass spectrometry and IR (see appendix 

I). 

2.2.3 Mechanistic study of FP2E catalyzed direct arylations 

A series of control experiments were performed to provide a first insight into 

the mechanism of the reaction (Table 4). Importantly, no reaction was observed 

in the absence of FeCl3, 1,10-phenanthroline, or both (entries 1-3), ruling out a 

metal-free pathway under our conditions.
12,20

 In addition, KO
t
Bu was found to 

be critical for the reaction and weaker inorganic bases such as K3PO4, K2CO3, 

and KOH were found to be ineffective (entries 4-6). Other bases which are 

employed in other catalytic systems to catalyze direct arylation, such as 

NaO
t
Bu, LiHMDS, also proved to be ineffective in our system (entires 7-9).

8,13
 

This strongly indicates that the combination of iron, base, and ligand is 

essential for the arylation under our reaction conditions. 
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Recently, Bolm and Buchwald reported that catalytic reactions involving FeCl3 

might be affected by trace amounts of other metals such as Pd or Cu.
21

 ICP-

OES analysis of FP2E prepared in our laboratories revealed the presence of ca 

12 ppm Cu while no Pd was detected. To exclude the possibility that our 

reaction might be catalyzed by trace amounts of copper, we performed control 

experiments with Cu salts (Table 5). Copper salts alone were ineffective to 

catalyze the arylation (entries 1, 2), and the combination of Fe and Cu proved 

to be detrimental with 1% and 7% yields for CuCl2 and CuCl, respectively 

(entries 3, 4). 

Table 4 Control experiments
[a] 

 

entry [Fe] ligand base yield (%)[b] 

1 - phen KOtBu <1 

2 FeCl3 - KOtBu <1 

3 - - KOtBu <1 

4 FeCl3 phen K3PO4 <1 

5 FeCl3 phen KOH <1 

6 FeCl3 phen K2CO3 <1 

7 FP2E - NaOtBu 0 

8 FP2E - LiHMDS 7 

9 FP2E - KHMDS 0 

 

[a] Reaction conditions: 0.5 mmol of 4-iodoanisole, 1.5 mmol of base, 50 mmol of benzene, 0.05 mmol of 

FeCl3, 0.1 mmol of 1,10-phenanthroline if used; or 0.05 mmol of FP2E, 100 °C, 24 h. [b] Yield determined 

by GC using pentadecane as internal standard. HMDS = hexamethyldisilazane. 
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Table 5. Control experiments with Cu salts
[a]

  

 

 

entry salt Yield (%)[b] 

1 CuCl2 9 

2 CuCl 2 

3 FeCl3 + CuCl2 1 

4 FeCl3 + CuCl 7 

 

[a] Reaction conditions: 0.5 mmol of 4-iodoanisole, 1.5 mmol of KOtBu, 50 mmol of benzene, 0.05 mmol of 

salt(s), 0.1 mmol of 1,10-phenanthroline, 100 °C, 24 h. [b] Yield determined by GC using pentadecane as 

internal standard. 

Radical scavengers such as Galvinoxyl or TEMPO were found to completely 

shut down the arylation of 4-iodoanisole with benzene. In addition, a 

competition experiment with C6H6 and C6D6 afforded only a small kinetic 

isotope effect of 1.12. Monitoring the direct arylation between 4-iodoanisole 

and benzene reveals a long induction period of ca. 7 h after which the reaction 

is rapid (See Appendix I). The irreproducible branching ratio between the 

arylation and benzyne pathways in the reaction of 3-iodoanisole and 4-

bromoanisole, in addition to the long induction period, suggests complex 

kinetics that are typical for radical chain reactions.
22-24

 

These observations are consistent with the radical chain mechanism depicted in 

Scheme 1. The fact that the reaction requires both FeCl3 and the phenanthroline 

ligand suggests that the whole reaction is initiated by an inner-sphere electron 

transfer between an iron complex and the aryl halide, in which the iron catalyst 

abstracts a halogen atom from the substrate to give an aryl radical. The C–C 

bond-forming step then consists of the attack of the aryl radical on the arene to 

form an intermediate cyclohexadienyl radical, as earlier proposed by Charette, 
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Lei, and Shi.
7-9

 Two additional propagation steps follow: proton transfer to 

KO
t
Bu to form a biphenyl radical anion, followed by electron-transfer to the 

aryl halide to yield the arylated product and generate a short-lived radical anion, 

which fragments into a new aryl radical and a halide anion.
26

 

 

Scheme 1 Possible radical chain mechanism for FP2E-mediated direct arylation reaction 

The proposed mechanism is also consistent with the byproducts that have been 

observed in some of the reactions. The formation of 3p’ from the reaction of 4-

haloacetophenones with benzene likely arises from the competing reaction of 

the 4-acetylphenyl radical intermediate with the enolate A derived from the 

substrates 1p or 1z to generate a transient ketyl radical B, as has been 

postulated as the key propagation step in SRN1 substitution of aryl halides with 

enolates (Scheme 2).
16

 Intermediate B subsequently loses a halide ion to form 

the aryl radical C en route to 3p’. 
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Scheme 2 Proposed mechanism of the formation of 1-(4-phenylphenyl)-2-(4-

acetylphenyl)ethanone 

In addition, the reaction of 1-chloro-4-iodobenzene with benzene yields 14% of 

1,4-diphenylbenzene (3t’) next to the major product 4-chlorobiphenyl (3t, 

67%). This observation provides evidence for the involvement of a radical 

anion intermediate in the propagation steps (Scheme 3).
25

 Previously reported 

iron-based and transition-metal-free catalytic systems have also been shown to 

afford 3t’ in varying amounts,
8,11-13

 suggesting that the biaryl radical anion is a 

common intermediate to this family of reactions,
26

 and that the rate of its 

oxidation can be tuned by modifying the system.  These interesting 

observations intrigue us to further investigate the mechanism of the present 

catalytic system and the nature of the precatalyst. These investigations are the 

subject of later chapters in this thesis. 
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Scheme 3 Competition of intermolecular electron transfer and halide extrusion 

2.3 Conclusion 

In summary, we have demonstrated that a preformed FP2E system catalyzes the 

direct C–H arylation of arenes with aryl halides. This precatalyst can be 

conveniently prepared on a large scale from a cheap and readily available iron 

source (FeCl3) and ligand (1,10-phenanthroline) and can be stored on the bench 

without particular precautions: no decrease in activity was observed after 6 

months. Its use alleviates the requirement for dry solvents and inert atmosphere 

of previously reported iron-based and metal-free systems, resulting in a broadly 

applicable, environmentally benign protocol for benzene C–H arylation. 

 

2.4 Experimental section 

General:  

All reagents were purchased from commercial suppliers and used without 

further purification. The 
1
H NMR (400 MHz) chemical shifts were measured 

relative to CDCl3 as the internal reference (CDCl3: δ = 7.24 ppm). The 
13

C 

NMR (100 MHz) chemical shifts were given using CDCl3 as the internal 
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standard (CDCl3: δ = 77.0 ppm). The following abbreviations were used to 

designate the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = 

multiplet. GC analyses were performed using pentadecane as internal standard. 

High resolution mass spectroscopy (HRMS) has been performed on a Waters 

LCT Premier XE Micromass instrument using the electrospray ionization (ESI) 

technique. GC analysis was carried out using a Perkin Elmer Clarus 500 GC 

equipped with an Alltech Econo-Cap EC-5 column. IR spectra were recorded 

on a Perkin Elmer Spectrum Two Infra-Red spectrophotometer. ICP-OES was 

measured in Geolab, Utrecht University. Benzene were dried and distilled 

following known protocols.
27 

 

Procedure for the preparation of FP2E:  

A solution of FeCl3 (0.418 g, 2.50 mmol) in ethanol (30 mL) was added 

dropwise to a stirred solution of 1,10-phenanthroline (0.913 g, 5.00 mmol) in 

the same solvent (60 mL) under an N2 atmosphere. During the addition, the 

solution turned into an orange-yellow suspension that was subsequently stirred 

for 1 h. The resulting solid was collected through centrifugation, and dried 

under vacuum for 20 min, to yield a yellowish powder. Anal. Found: C, 50.85; 

H, 4.11; N, 8.73. ICP-OES (Inductively coupled plasma optical emission 

spectrometry): Fe, 11.03%; Cu, 12.39 ppm; Pd, lower than the detection limit 

(<0.0162 ppm). FT-IR (ATR) 3048, 1586, 1516, 1425, 1341, 1223, 1146, 1105, 

1050, 852, 782, 723, 647 cm
-1

. 

General procedure for the synthesis of biaryl products:  

In a glove box under nitrogen atmosphere, KO
t
Bu (1.5 mmol, 3 equiv.) was 

added to a 15 mL Ace pressure tube equipped with a stir bar. The tube was 

transferred out of the glove box and the cap was unscrewed. To the open tube, 

aryl iodide (0.5 mmol, 1 equiv.) and FP2E (10 mol% based on Fe) were added. 

After that, reagent grade benzene was added to the tube (50 mmol, 100 equiv.), 
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the screw cap of the tube was closed, and the reaction mixture was stirred 

vigorously at room temperature for 5 min to form a dark grey suspension. The 

reaction was then heated at 100 °C for 24 h under stirring. Different work up 

procedures was used for aryl iodides and aryl bromides, respectively.  

For aryl iodides, following cooling, the solution was filtered through a silica 

pad. The pad was then rinsed with 100 mL of DCM/hexanes (1:1, v/v). The 

combined solution was concentrated and the crude mixture was purified via 

column chromatography to afford the biaryl products. For aryl bromides, 

following cooling, the reaction was quenched with water and extracted by 15 

mL of DCM for 3 times. The combined solution was concentrated and the 

crude mixture was purified via column chromatography to afford the biaryl 

products. 

Synthesis of biaryls  

Biphenyl (3a) 

3a was prepared according to the general procedure described in the 

experimental section using iodobenzene 1a or bromobenzene 1w with benzene, 

and purified by flash column chromatography on silica gel (100% hexanes) to 

afford 3a as a white solid (67.2 mg, 87% for 1a; 58.5 mg, 76% for 1w). 
1
H 

NMR (400 MHz, CDCl3): δ = 7.61 (d, J = 6.8 Hz, 4H), 7.45 (t, J = 7.4 Hz, 4H), 

7.36 (t, J = 7.4 Hz, 2H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 141.2, 128.7, 

127.2, 127.1 ppm.  

4-Methylbiphenyl (3b) 

3b was prepared according to the general procedure described in the 

experimental section using 4-iodotoluene 1b or 4-bromotoluene 1x with 

benzene, and purified by flash column chromatography (100% hexanes) on 

silica gel to afford 3b as a white solid (76.5 mg, 91% for 1b; 74.5 mg, 89% for 

1x). 
1
H NMR (400 MHz, CDCl3): δ = 7.59 (d, J = 7.2 Hz, 2H), 7.51 (d, J = 8.0 
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Hz 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.33 (t, J = 7.2 Hz, 1H), 7.26 (d, J = 7.6 Hz, 

2H), 2.41 (s, 3H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 141.1, 138.3, 137.0, 

129.5, 128.7, 127.0, 127.0, 126.9, 21.1 ppm.  

3-Methylbiphenyl (3c) 

3c was prepared according to the general procedure described in the 

experimental section using 3-iodotoluene 1c with benzene, and purified by 

flash column chromatography on silica gel (100% hexanes) to afford 3c as a 

colorless oil (72.6 mg, 86%). 
1
H NMR (400 MHz, CDCl3): δ = 7.67–7.65 (m, 

2H), 7.51–7.46 (m, 4H), 7.41–7.38 (m, 2H), 7.23 (d, J = 8.0 Hz, 1H), 2.49 (s, 

3H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 141.4, 141.2, 138.3, 128.7, 128.7, 

128.0, 128.0, 127.2, 127.2, 124.3, 21.6 ppm.  

2-Methylbiphenyl (3d) 

3d was prepared according to the general procedure described in the 

experimental section using 2-iodotoluene 1d with benzene, and purified by 

flash column chromatography on silica gel (100% hexanes) to afford 3d as a 

colorless oil (24.8 mg, 30%). 
1
H NMR (400 MHz, CDCl3): δ = 7.43–7.39 (m, 

2H), 7.36–7.32 (m, 3H), 7.28–7.23 (m, 4H), 2.28 (s, 3H) ppm. 
13

C NMR (100 

MHz, CDCl3): δ = 141.9, 141.9, 135.3, 130.3, 129.8, 129.2, 128.0, 127.2, 126.7, 

125.7, 20.4 ppm.  

3,5-Dimethyl-biphenyl (3e) 

3e was prepared according to the general procedure described in the 

experimental section using 1-iodo-3,5-dimethylbenzene 1e with benzene, and 

purified by flash column chromatography on silica gel (100% hexanes) to 

afford 3e as a light yellow oil (53.2 mg, 58%). 
1
H NMR (400 MHz, CDCl3): δ 

= 7.59 (d, J = 8.0 Hz, 2H), 7.43 (t, J = 7.6 Hz, 2H), 7.35–7.32 (m, 1H), 7.22 (s, 
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2H), 7.00 (s, 1H), 2.39 (s, 6H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 141.4, 

141.2, 138.2, 128.9, 128.6, 127.2, 127.0, 125.1, 21.4 ppm.  

4-tert-Butylbiphenyl (3g) 

3g was prepared according to the general procedure described in the 

experimental section using 4-tert-butyliodobenzene 1g with benzene, and 

purified by flash column chromatography on silica gel (100% hexanes) to 

afford 3g as a white solid (61 mg, 55%). 
1
H NMR (400 MHz, CDCl3): δ = 

7.63–7.56 (m, 4H), 7.51–7.43 (m, 4H), 7.37–7.33 (m, 1H), 1.40 (s, 9H) ppm. 

13
C NMR (100 MHz, CDCl3): δ = 150.2, 141.1, 138.3, 128.7, 127.0, 127.0, 

126.8, 125.7, 34.5, 31.4 ppm.  

4-Methoxybiphenyl (3h) 

3h was prepared according to the general procedure described in the 

experimental section using 4-iodoanisole 1h with benzene, and purified by 

flash column chromatography on silica gel (100% hexanes) to afford 3h as a 

white solid (80.4 mg, 87%). 
1
H NMR (400 MHz, CDCl3): δ = 7.55–7.51 (m, 

4H), 7.41 (t, J = 7.6 Hz, 2H), 7.30 (t, J = 7.4 Hz, 1H), 6.98–6.96 (m, 2H), 3.84 

(s, 3H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 159.1, 140.8, 133.7, 128.7, 

128.1, 126.7, 126.6, 114.2, 55.3 ppm.  

2-Methoxybiphenyl (3j) 

3j was prepared according to the general procedure described in the 

experimental section using 2-iodoanisole 1j with benzene, and purified by flash 

column chromatography on silica gel 1:1 hexanes/DCM) to afford 3j as a 

colorless oil (71.1 mg, 77%). 
1
H NMR (400 MHz, CDCl3): δ = 7.59–7.57 (m, 

2H), 7.45 (t, J = 7.8 Hz, 2H), 7.38–7.35 (m, 3H), 7.09–7.02 (m, 2H), 3.84 (s, 

3H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 156.5, 138.6, 130.9, 130.7, 129.6, 

128.6, 128.0, 126.9, 120.9, 111.3, 55.6 ppm.  
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1-Phenylnaphthalene (3k) 

3k was prepared according to the general procedure described in the 

experimental section using 1-iodonaphthalene 1k with benzene, and purified by 

flash column chromatography on silica gel (100% hexanes) to afford 3k as a 

colorless oil (49.2 mg, 48%). 
1
H NMR (400 MHz, CDCl3): δ = 7.91-7.85 (m, 

3H), 7.54–7.40 (m, 9H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 140.7, 140.2, 

133.8, 131.6, 130.0, 128.2, 127.6, 127.2, 126.9, 126.0, 126.0, 125.7, 125.3 ppm.  

2-Phenylnaphthalene (3l) 

3l was prepared according to the general procedure described in the 

experimental section using 2-iodonaphthalene 1l with benzene, and purified by 

flash column chromatography on silica gel (100% hexanes) to afford 3l as a 

white solid (60.1 mg, 59%). 
1
H NMR (400 MHz, CDCl3): δ = 8.09 (s, 1H), 

7.96–7.89 (m, 3H), 7.80–7.76 (m, 3H), 7.56–7.51 (m, 4H), 7.42 (t, J = 7.4 Hz, 

1H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 141.2, 138.6, 133.7, 132.7, 128.9, 

128.4, 128.2, 127.7, 127.5, 127.4, 126.3, 126.0, 125.8, 125.6 ppm.  

1-Amino-4-phenylbenzene (3m) 

3m was prepared according to the general procedure described in the 

experimental section using 4-iodoaniline 1m with benzene, and purified by 

flash column chromatography on silica gel (1:1 hexanes/DCM) to afford 3m as 

an off-white solid (6.1 mg, 7%). 
1
H NMR (400 MHz, CDCl3): δ = 7.53–7.51 

(m, 2H), 7.41–7.36 (m, 4H), 7.27–7.23 (m, 1H), 6.76–6.73 (m, 2H), 3.71 (s, 2H) 

ppm. 
13

C NMR (100 MHz, CDCl3): δ = 145.8, 141.1, 131.6, 128.6, 128.0, 

126.4, 126.2, 115.3 ppm.  

N,N-dimethylbiphenyl-4-amine (3n) 
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3n was prepared according to the general procedure described in the 

experimental section using N,N-dimethyl-4-iodoaniline 1n with benzene, and 

purified by flash column chromatography on silica gel (1:1 petroleum 

ether/DCM) to afford 3n as a white solid (24.4 mg, 25%). 
1
H NMR (400 MHz, 

CDCl3): δ = 7.58 (d, J = 8.0 Hz, 2H), 7.53 (d, J = 8.8 Hz, 2H), 7.41 (t, J = 7.6 

Hz, 2H), 7.28 (t, J = 6.6 Hz, 1H), 6.84 (d, J = 8.8 Hz, 2H), 3.01 (s, 3H) ppm. 

13
C NMR (100 MHz, CDCl3): δ = 149.9, 141.2, 129.4, 128.6, 127.7, 126.3, 

126.0, 112.9, 40.7 ppm.  

4-Cyanobiphenyl (3o) 

3o was prepared according to the general procedure described in the 

experimental section using 4-iodobenzonitrile 1o with benzene, and purified by 

flash column chromatography on silica gel (1:1 hexanes/DCM) to afford 3o as 

a white solid (45.1 mg, 50%). 
1
H NMR (400 MHz, CDCl3): δ = 7.73–7.66 (m, 

4H), 7.59–7.56 (m, 2H), 7.49–7.45 (m, 2H), 7.43–7.39 (m, 1H) ppm. 
13

C NMR 

(100 MHz, CDCl3): δ = 145.6, 139.1, 132.6, 129.1, 128.6, 127.7, 127.2, 118.9, 

110.9 ppm.  

4-Acetylbiphenyl (3p) 

3p was prepared according to the general procedure described in the 

experimental section using 4-iodoactophenone 1p or 4-bromoacetophenone 1z 

with benzene, and purified by flash column chromatography on silica gel (1:1 

hexanes/DCM) to afford 3p as a cream colored solid (64.4 mg, 66% for 1p; 

25.0 mg, 26% for 1z). 
1
H NMR (400 MHz, CDCl3): δ = 8.02 (d, J = 8.8 Hz, 

2H), 7.67 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 7.2 Hz, 2H), 7.46 (t, J = 7.4 Hz, 2H), 

7.39 (t, J = 7.2 Hz, 1H), 2.62 (s, 3H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 

197.7, 145.7, 139.8, 135.8, 128.9, 128.9, 128.2, 127.2, 127.2, 26.6 ppm.  

1-(4-Phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 
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3p’ was isolated as a side product from the reaction of 4-bromoacetophenone 

1z and benzene by flash column chromatography on silica gel (1:1 

hexanes/DCM then pure ethyl acetate) which affords 3p’ as a yellow solid 

(17.5 mg, 11%). Recrystallization by slow concentration of its chloroform 

solution gives more pure form of the product as a white solid, mp 190.5-

191.4 °C. 
1
H NMR (400 MHz, CDCl3): δ = 8.06 (d, J = 8.4 Hz, 2H), 7.92 (d, J 

= 8.4 Hz, 2H), 7.68 (d, J = 8.4 Hz, 2H), 7.60 (d, J = 6.8 Hz, 2H), 7.46 (t, J = 7.6 

Hz, 2H), 7.41-7.36 (m, 3H), 4.37 (s, 2H), 2.57 (s, 3H) ppm. 
13

C NMR (100 

MHz, CDCl3): δ = 197.7, 196.3, 146.1, 140.1, 139.6, 135.8, 135.0, 129.8, 129.1, 

128.9, 128.7, 128.3, 127.3, 127.2, 45.4, 26.6 ppm. 
1
H-

1
H COSY NMR (400 

MHz, CDCl3) δH/δH 7.68/8.05, 7.37/7.92, 7.44/7.60. 
1
H-

13
C HSQC NMR (400 

MHz, CDCl3) δH/δC 8.07/129.1, 7.93/128.7, 7.70/127.4, 7.63/127.2, 7.47/129.0, 

7.40/128.3, 7.38/129.8. 
1
H-

13
C HMBC NMR δH/δC 8.04/196.3, 8.05/146.1, 

8.05/129.1, 7.90/198.0, 7.91/140.0, 7.91/128.7, 7.65/139.6, 7.66/135.0, 

7.66/127.3, 7.58/146.1, 7.60/127.2, 7.59/128.3, 7.45/139.6, 7.45/128.9, 

7.36/136.0, 7.37/129.7, 7.37/45.3, 4.36/196.3, 4.36/140.0, 4.35/129.7. HRMS 

(ESI-TOF) m/z: [M + K]
+
 Calcd for C22H18O2K 353.0944; found 353.0958. 

FT-IR (ATR) 1674, 1602 cm
-1

.  

Ethyl 4-phenylbenzoate (3q) 

3q was prepared according to the general procedure described in the 

experimental section using ethyl 4-iodobenzoate  1q with benzene, and purified 

by flash column chromatography on silica gel (1:1 petroleum ether/DCM) to 

afford 3q as a yellow solid (80.4 mg, 71%). 
1
H NMR (400 MHz, CDCl3): δ = 

8.10 (d, J= 8.4 Hz, 2H), 7.66-7.60 (m, 4H), 7.45 (t, J= 7.4 Hz, 2H), 7.38 (t, 

J=7.2 Hz, 1H), 4.40 (q, J= 7.0 Hz, 2H), 1.40 (t, J= 7.0 Hz, 3H) ppm. 
13

C NMR 

(100 MHz, CDCl3): δ = 166.5, 145.5, 140.0, 130.0, 129.2, 128.9, 128.1, 127.2, 

127.0, 60.9, 14.3 ppm.  

4-(Trifluoromethyl)biphenyl (3s) 
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3s was prepared according to the general procedure described in the 

experimental section using 1-(trifluoromethyl)-4-iodobenzene 1s with benzene, 

and purified by flash column chromatography on silica gel (100% hexanes) to 

afford 3s as a white solid (14.0 mg, 12%). 
1
H NMR (400 MHz, CDCl3): δ = 

7.68 (s, 4H), 7.60–7.58 (m, 2H), 7.48–7.38 (m, 3H) ppm. 
13

C NMR (100 MHz, 

CDCl3): δ = 144.7, 139.7, 129.3 (q, J = 32.2 Hz), 128.9, 128.1, 127.4, 127.2, 

125.7 (q, J = 3.8 Hz), 124.3 (q, J = 270.2 Hz) ppm.  

4-Chlorobiphenyl (3t) 

3t was prepared according to the general procedure described in the 

experimental section using 1-chloro-4-iodobenzene 1t with benzene, and 

purified by flash column chromatography on silica gel (100% hexanes) to 

afford 3t as a white solid (63.4 mg, 67%). 
1
H NMR (400 MHz, CDCl3): δ = 

7.56–7.50 (m, 4H), 7.45–7.34 (m, 5H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 

140.0, 139.6, 133.3, 128.9, 128.8, 128.4, 127.6, 127.0 ppm. 

1,4-Diphenylbenzene (3t’) 

3t’ was isolated as a side product from the reaction of 1-chloro-4-iodobenzene 

1t with benzene by flash column chromatography on silica gel (100% hexanes) 

which affords 3t’ as a white solid (15.8 mg, 14%). 
1
H NMR (400 MHz, CDCl3): 

δ = 7.68 (s, 4H), 7.65 (d, J = 7.2 Hz, 4H), 7.46 (t, J = 7.6 Hz, 4H), 7.36 (t, J = 

7.4 Hz, 2H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 140.7, 140.1, 128.8, 127.5, 

127.3, 127.0 ppm. 

2-Phenylpyridine (3u) 

3u was prepared according to the general procedure described in the 

experimental section using 2-iodopyridine 1u with benzene, and purified by 

flash column chromatography on silica gel (1:3 petroleum ether/DCM) to 

afford 3u as a colorless oil (45.6 mg, 59%). 
1
H NMR (400 MHz, CDCl3): δ = 



Chapter 2 

82 
 

8.69 (d, J = 4.8 Hz, 1H), 7.99 (d, J = 6.8 Hz, 2H), 7.73–7.71 (m, 2H), 7.48–7.38 

(m, 3H), 7.22–7.19 (m, 1H) ppm. 
13

C NMR (100 MHz, CDCl3): δ = 157.4, 

149.7, 139.4, 136.7, 128.9, 128.7, 126.9, 122.1, 120.5 ppm. 

3-Phenylpyridine (3v) 

3v was prepared according to the general procedure described in the 

experimental section using 3-iodopyridine 1v with benzene, and purified by 

flash column chromatography on silica gel (100% DCM to 100% ethyl acetate) 

to afford 3v as a yellow oil (46.6 mg, 60%). 
1
H NMR (400 MHz, CDCl3): δ = 

8.84 (s, 1H), 8.58 (d, J = 3.6 Hz, 1H), 7.84 (d, J = 7.6 Hz, 1H), 7.57–7.55 (m, 

2H), 7.47–7.44 (m, 2H), 7.40–7.32 (m, 2H) ppm. 
13

C NMR (100 MHz, CDCl3): 

δ = 148.4, 148.3, 137.8, 136.6, 134.3, 129.0, 128.1, 127.1, 123.5 ppm. 

Mixture of 4'-methoxy-2-methylbiphenyl, 4'-methoxy-3-methylbiphenyl, 4'-

methoxy-4-methylbiphenyl (3w) 

3w was prepared according to the general procedure described in the 

experimental section using 4-iodoanisole with toluene, and purified by column 

chromatography (5% ethyl ether/hexanes) as a colorless oil (55.1 mg, 56%). 4'-

methoxy-2-methylbiphenyl, 4'-methoxy-3-methylbiphenyl, 4'-methoxy-4-

methylbiphenyl = 1.7: 1.0: 0.6. The ratio of the regioisomers was determined 

by 
1
H NMR by integration the signals corresponding to methyl group.  

Mixture of 4'-methyl-2-methoxybiphenyl, 4'-methyl-3-methoxybiphenyl, 4'-

methyl-4-methoxybiphenyl (3x) 

3x was prepared according to the general procedure described in the 

experimental section using 4-iodotoluene with anisole, and purified by column 

chromatography (5% ethyl ether/hexanes) as a yellowish oil (64.0 mg, 65%). 

4'-methyl-2-methoxybiphenyl, 4'-methyl-3-methoxybiphenyl, 4'-methyl-4-
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methoxybiphenyl = 2.3: 1.0: 0.6. The ratio of the regioisomers was determined 

by 
1
H NMR through integration the signals corresponding to methoxy group.  

Mixture of 4'-methoxy-2-chloro-5-methylbiphenyl, 4'-methoxy-2-methyl-5-

chlorobiphenyl (3y) 

3y was prepared according to the general procedure described in the 

experimental section using 4-iodoanisole with 4-chlorotoluene. Some of the 

low boiling point impurities were removed by Kugelrohr distillation. 4'-

methoxy-2-chloro-5-methylbiphenyl, 4'-methoxy-2-methyl-5-chlorobipheny  = 

1: 1. The ratio of the regioisomers was determined by 
1
H NMR through 

integration of the signals corresponding to methyl group.
28
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Chapter 3 Structural investigation of 

iron species in FP systems for direct 

arylation reactions in air 

 

Abstract 

Having demonstrated in Chapter 2 that FP2E is able to catalyze the direct 

arylation of unactivated arenes in air, the structure of this iron-based catalytic 

system was studied. The effect of the preparation process either in ethanol for 

FPE systems or methanol for FPM systems, on the structure and activity of FP 

systems was particularly of interest.  First, elemental analysis and (far-)infrared 

spectroscopy were employed to characterize FP systems obtained from 

different preparation protocols and compare them with known, well-defined 

iron phenanthroline complexes. These techniques were then supplemented by 

X-ray absorption near-edge structure (XANES) analysis and extended X-ray 

absorption fine-structure (EXAFS) analysis, unravelling the structure of the 

iron center in the FP2E system. The obtained spectroscopic data are close to 

identical to those of the known, structurally characterized compound 

[Fe(phen)(CH3OH)Cl3]∙CH3OH. On this basis, the proposed formula for the 

major component of FP2E is 

[Fe(phen)Cl3(CH3CH2OH)]∙0.5CH3CH2OH∙0.5phen. Finally, the evolution of 

the iron species during the arylation reaction was investigated by XANES and 

EXAFS. The comparison of the obtained XANES and EXAFS spectra with 

reference compounds further supports the proposed formula for the major 

component in FP2E. Analysis of the XANES data obtained on the soluble and 

insoluble fractions of the reaction mixture suggest that the FP2E precatalyst is 

not completely consumed during the reaction but remains partly undissolved, 

which may contribute to the irreproducibility of the induction period.  
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3.1 Introduction 

Biaryls are common motifs in both natural products and synthetic compounds 

and thus attract lots of attention from organic chemists.
1,2

 A range of synthetic 

methods have been developed to achieve aryl-aryl coupling. Among them, the 

most applied catalysts are based on noble metals such as Pd, Rh, Ru, etc.
3-5

 

which are associated with a number of practical issues: high cost, toxicity, and 

environmental impact. To address this problem, the scientific community 

sustains a widespread effort towards the development of catalytic systems 

based on earth-abundant first-row transition metals. Iron is both abundant and 

inexpensive due to straightforward mining, and its low toxicity makes it in 

principle an ideal substitute for noble metals. There have been several recent 

reports on the use of iron as catalyst for direct arylation reactions;
6,7

 however, 

their requirement for inert conditions limits their general applicability on the 

laboratory scale.   

In Chapter 2, the development of a novel iron-based catalytic system 

(designated as FP2E), that is conveniently isolated as a precipitate from the 

reaction of FeCl3 and 1,10-phenanthroline (in a molar ratio of 1:2) in ethanol, 

was described. FP2E mediates the direct arylation reaction between aryl halides 

and unactivated arenes under mild conditions (100 
o
C in a pressure tube or 

refluxing in an open vessel) in air. Aiming at the rational design of more 

efficient catalysts, a better understanding of the catalyst structure and the fate 

of the active species during the reaction is desirable. 

One of the most straightforward methods to unravel the structure of 

paramagnetic compounds such as FP2E is single crystal X-ray diffraction. 

However, we were unsuccessful in growing crystals of sufficient quality from 

the synthesis mixture. Furthermore the facile reorganization processes 

undergone by phenanthroline-iron complexes in solution prevents solid 

conclusions from being drawn out of crystals grown in different solvents. This 

chapter describes an investigation of the structure of solid FP2E by employing a 
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combination of Infrared (IR) and X-ray absorption spectroscopy 

(XANES/EXAFS). Moreover, the effect of different alcohol solvents employed 

in FP synthesis is also studied. The XAS technique is also used to probe the 

evolution of the coordination environment of the iron center during FP2E 

catalyzed direct arylation reactions in air. 

3.2 Results and Discussion 

For the purpose of improving the FP2E system described in Chapter 2, the 

molar ratio of FeCl3 to 1,10-phenanthroline during the synthesis was varied. 

Spectroscopic investigations of the obtained materials are described in this 

chapter; for a comparison of their catalytic performance, see Chapter 4. The 

nomenclature rule of this iron phenanthroline based system is set here and also 

applies to latter chapters: i) FP is designated as a solid synthesized from FeCl3 

and 1,10-phenanthroline in alcohol (F stands for Fe and P stands for 

Phenanthroline); ii) The FP systems obtained were named by the molar ratio of 

FeCl3 and 1,10-phenanthroline and the solvent used in the preparation (E stands 

for ethanol and M stands for methanol). To investigate the effects of solvent in 

the formation of FP systems and their catalytic reactivity, another alcohol 

solvent, methanol, was applied for the synthesis of novel FP systems. 

Furthermore, a series of known iron phenanthroline complexes were 

synthesized as references: Fe(III) mono and bis phenanthroline complexes 

[Fe(phen)(CH3OH)Cl3]∙CH3OH and [Fe(phen)2Cl2]NO3·CH3COOH·H2O, and 

Fe(II) bis and tris phenanthroline complexes [Fe(phen)2Cl2], and 

[Fe(phen)3]Cl2·7H2O. 

Fe (III) tris-phenanthroline complexes were not prepared for comparison as 

they are known to be sensitive to moisture in air and to light; they are also 

strong oxidants and thus would likely be reduced in the presence of alcohols.
8-

10
 Furthermore, the color of Fe (III) tris-phenanthroline (ferriin) complexes is 

usually blue or purple, which is inconsistent with the observed color of all FP 
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systems (orange color to yellow/brown color).
11,12

 On the other hand, Fe(II) 

mono phenanthroline complexes with halides as counter ion have never been 

isolated and only been observed in solution.
13

 According to Dwyer, 

[Fe(phen)Cl2] is unstable and rapidly disproportionates to produce 

[Fe(phen)3]Cl2 and FeCl2 during the complexation in Ringer’s phosphate 

solution, an aqueous buffer typically containing sodium chloride, potassium 

chloride, calcium chloride and sodium bicarbonate.
14

 Therefore, the synthesis 

of Fe(II) mono phenanthroline complexes was not attempted for the 

comparison either. 

 

3.2.1 Synthesis of FP systems and reference complexes 

The general synthesis protocol for the abovementioned FP systems is based on 

the procedure for the preparation of FP2E in Chapter 2. Treatment of FeCl3 and 

1,10-phenanthroline in a certain molar ratio (1:1, 1:2 or 1:3 ) in ethanol results 

in precipitates that were collected by centrifugation and dried under vacuum to 

afford FPE systems. FPM systems were prepared in the same manner with 

methanol instead of ethanol as solvent. Based on the nomenclature rules set 

above, FP1E, FP2E, and FP3E are the systems obtained by using ethanol as 

solvent during the synthesis. When changing the solvent from ethanol to 

methanol, FP1M, FP2M and FP3M systems were obtained.  

The results of elemental analysis and ICP-OES analysis of the iron content of 

these FP systems are summarized in Table 1. These data show that the 

chemical composition of the obtained precipitates depends on the iron to ligand 

ratio and the solvent used in synthesis. Elemental analysis and ICP-OES 

analysis of FP1E could not be reduced to a simple stoichiometry, but the N/Fe 

molar ratio of 1.9 indicates an approximate phenanthroline/Fe ratio of 1. For 

FP2E and FP3E, the N/Fe molar ratio (3.1 and 2.8 respectively) suggests an 

approximate phenanthroline/Fe ratio of 1.5. According to elemental analysis 
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and ICP-OES analysis, the ligand to iron molar ratio of FP1M is about 1, while 

for FP2M and FP3M, the ligand to iron molar ratio is around 1.5 and 2, 

respectively. For FPM systems, the N/Fe molar ratio is consistently increased 

with the molar ratio of phenanthroline to FeCl3during preparation. However, 

for the FPE systems, FP2E and FP3E have roughly the same N/Fe molar ratio 

(about 3). This could imply that a stable composition is achieved after 

increasing the molar ratio of FeCl3 to phenanthroline in the preparation from 1 

to 2. The composition of most of the obtained solids cannot be reduced to 

simple stoichiometries, suggesting that they are most likely mixtures which 

may contain, next to the expected complexes, solvated iron salts, solvent 

molecules and/or co-precipitated ligand. 

 

Table 1 Elemental analysis (for C, H, N) and ICP-OES analysis (for Fe) of FP systems 

FP system C (%) H (%) N (%) Fe (%) N/Fe (molar ratio) Color 

FP1E 42.03 3.24 7.33 15.16 1.9 Yellow 

FP2E 50.85 4.11 8.73 11.13 3.1 Orange 

FP3E 49.50 3.34 9.25 13.23 2.8 Yellow 

FP1M 40.86 2.91 7.75 16.46 1.9 Yellow 

FP2M 49.06 3.41 9.39 13.17 2.9 Brown 

FP3M 52.91 3.76 10.18 11.56 3.5 Dark brown 

 

A number of known iron phenanthroline complexes were synthesized as 

reference. [Fe(phen)(CH3OH)Cl3]∙CH3OH was obtained by recrystallization 

from hot methanol of a yellow compound with empirical formula of 

Fe(phen)Cl3, which was prepared following the protocol of Vos.
15

  The 

formation of this compound is confirmed by comparing the unit cell to reported 

crystal data of White in CSD (Cambridge Structural Database).
16

 

[Fe(phen)2Cl2]NO3·CH3COOH·H2O was obtained by a procedure reported by 

Biswas:
17

 Mixing a 1:2:1 molar ratio of FeCl3·6H2O, 1,10-phenanthroline and 

ceric ammonium nitrate in acetic acid/water afforded a brown solution that was 

slowly concentrated in air and from which  

[Fe(phen)2Cl2]NO3·CH3COOH·H2O crystals separated out after 7–10 days. 
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During an XRD crystal structure determination aiming at confirming the 

identity of this compound, its space group and chemical composition was 

reassigned (see Appendix II).
18

 The correct solid-state structure is 

[Fe(phen)2Cl2]NO3·CH3COOH·H2O instead of the formerly proposed 

[Fe(phen)2Cl2]NO3. 
17

  

[Fe(phen)3]Cl2·7H2O was prepared by the protocol of Schmidt:
19

  1,10-

phenanthroline and FeCl2·4H2O were dissolved in water and then acetone was 

added to precipitate the product. The precipitate was collected and then 

recrystallized from water to provide [Fe(phen)3]Cl2·7H2O. The identity of this 

complex was confirmed by comparing the unit cell obtained from XRD with 

reported crystal data in CSD. [Fe(phen)2Cl2] was prepared based on the 

protocol of Schmidt, by Soxhlet extraction of [Fe(phen)3]Cl2 in dry acetone for 

several days until the color of the compound became purple.
19

 Its identification 

was determined by FT-IR. [Fe(phen)3]Cl2 was prepared according to the 

procedure of Ricci by mixing 1,10-phenanthroline and FeCl2·4H2O in water 

and drying the formed complex in vacuum at 50 
o
C to afford the complex.

20
 

The complex is confirmed by comparing the 
1
H NMR spectrum to that reported 

by Pazderski.
21 

 

3.2.2 Structural study of FP systems and reference iron 

phenanthroline complexes 

3.2.2.1 IR and UV-Vis investigation of FP systems and reference iron 

phenanthroline complexes 

Since infrared (IR) spectroscopy is quite common for studying the structure of 

inorganic coordination complexes, this technique was employed at first to 

investigate FP systems. The recorded FT-IR spectra are summarized in Table 2, 

together with literature values for the Fe(III) mono phenanthroline complex 

([Fe(phen)Cl4][phenH]).
22
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The Mid-IR absorption spectra for all FPE and FPM systems are very similar, 

suggesting that Mid-IR does not allow distinguishing between different FPE or 

FPM systems. The difference between FPE systems and FPM systems is the 

peak around 1225 cm
-1

, which can be observed in all FPE system samples but 

is absent from FPM systems. This peak can be assigned to the ethanol O–H 

bending vibration and it explains the absence of this peak in FPM systems as 

they were prepared in methanol.
23

 Interestingly, the methanol O–H bending 

vibration at 1344 cm
-1

 was not observed in FPM systems.
24

 This could imply 

the absence of such solvent molecules in FPM systems. 

A number of well-defined structures can be excluded from the composition of 

FPE systems on the basis of characteristic IR features. First, 

[Fe(phen)3]Cl2∙7H2O can be easily distinguished from FPE systems by the 

intense, broad peak at 3339 cm
-1

 assigned to be O–H vibration from the water 

molecules in the crystal. Moreover, [Fe(phen)3]Cl2∙7H2O has a simple pattern 

in the region of peaks caused by C–H in/out of plane, ring breathing, and ring 

deformation of the phenanthroline ligand, which is likely a consequence of the 

high symmetry of the [Fe(phen)3]
2+

 cation. Then, the neutral Fe(II) complex 

[Fe(phen)2Cl2] displays two peaks in the region of ν (C=C), ν (C=N) at 1623 

cm
-1 

and 1578 cm
-1

 that are absent from FPE systems, indicating that FPE 

systems do not contain [Fe(phen)2Cl2].. Similarly, [Fe(phen)Cl4][phenH] can be 

excluded as a component of FPE systems on the basis of two peaks at 1609 cm
-

1
 and 1596 cm

-1
 in the region of ν (C=C), ν (C=N). 
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Table 2 Selected Mid-IR absorption of phenanthroline, FP systems and known well-

defined iron phenanthroline complexes (cm
-1

) 

Compound/FP systems ν (O-H 

stretching)

, ν (C-H) 

ν (C=C),    

ν (C=N) 

ν (O-H 

bending) 

ν (C-H in/out of 

plane, ring 

breathing, ring 

deformation) 

phenanthroline 3026 1588, 1500, 

1417, 1343 

- 1216, 1136, 1090, 

992, 840, 783, 766, 

732, 703, 618 

FP1E 3344, 

3057 

1579, 1519, 

1426, 1343 

1227 1148, 1106, 1093, 

1033, 869, 848, 783, 

724, 645 

FP2E 3334, 

3054 

1585, 1517, 

1425, 1341 

1223 1145, 1105, 1091, 

1048, 853, 781, 723, 

646 

FP3E 3479, 

3048 

1578, 1516, 

1426, 1341 

1223 1147, 1104, 1050, 

869, 850, 782, 723, 

647 

FP1M 3062 1580, 1518, 

1425 

- 1145, 1105, 869, 

846, 776, 722, 645 

FP2M 3054 1579, 1516, 

1425 

- 1144, 1105, 1015, 

851, 779, 722, 646 

FP3M 3351, 

3046 

1579, 1516, 

1425  

- 1146, 1105, 848, 

834, 722, 644 

[Fe(phen)(CH3OH)Cl3]∙CH3OH 3360, 

3057 

1585, 1518, 

1423, 1343 

1220 1148, 1106, 859, 

785, 723, 645 

[Fe(phen)2Cl2]NO3·CH3COOH·

H2O 

3063 1580, 1518, 

1426 

- 1148, 1106, 1034, 

849, 825, 781, 721, 

647 

[Fe(phen)2Cl2] 3045, 

2993 

1623, 1578, 

1513,  

1428, 1345 

- 1262, 1223, 1144, 

1093, 846, 780, 727 

Fe[(phen)]3Cl2·7H2O 3339, 

3051 

1630, 1578, 

1427 

- 1144, 847, 776, 723 

[Fe(phen)Cl4][phenH] 22 3053 1609, 1596, 

1583, 1539, 

1525, 1464, 

1423 

- 1185, 851, 840, 767, 

723, 715, 641 

 

However, the FPE systems cannot be conclusively assigned on the basis of IR 

spectroscopy alone. The main differences between 

[Fe(phen)2Cl2]NO3∙CH3COOH∙H2O and the FPE systems are a peak at 1699 

cm
-1

, and another broad peak around 1308 cm
-1

, which can be assigned to outer 

sphere CH3COOH and NO3
–
, respectively.

25,26
 Additionally, the spectrum of the 

mono-ligated Fe(III) complex [Fe(phen)(CH3OH)Cl3]∙CH3OH also shares high 
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similarity with that of FPE systems, the difference at 3360 cm
-1

 being assigned 

to the O–H stretch of methanol molecules in the crystal.  

In summary, Mid-IR spectroscopy is sufficient to distinguish FPE systems 

from certain iron phenanthroline complexes such as [Fe(phen)3]Cl2·7H2O, 

[Fe(phen)2Cl2] and [Fe(phen)Cl4][phenH]. This technique gives information on 

the vibrational frequencies of the ligand, which are only subtly influenced by 

coordination to the metal. Hence, it does not provide direct information about 

the coordination sphere of the metal. Therefore, studies were carried-out in the 

Far-IR region where ν (Fe–Cl) and ν (Fe–N) can be directly observed and 

provide additional structural information on FP systems. The 

tetrachloroferrate(III) salt [NEt4][FeCl4] was included here as additional 

reference to assess whether FP systems contain [FeCl4]
–
. The spectra are shown 

in Figures 1, 2 and 3, and the corresponding peaks are listed in Table 2.  

The high similarity of both their MidIR and FarIR spectra (Figure 1) suggests 

that all FPE systems contain the same iron phenanthroline complex as major 

component. In contrast, the Far-IR data indicate that solids precipitated from 

methanol contain different species as a function of the FeCl3:phenanthroline 

molar ratio (Figure 2). Moreover, from Far-IR data it can be observed that the 

peak around 287 cm
-1

 of FPE systems is absent from 

[Fe(phen)2Cl2]NO3∙CH3COOH∙H2O. This suggests that the [Fe(phen)2Cl2]
+
 

cation is not the sole component in FPE systems, and it might even not be part 

of FPE systems. Since the first neutral, pseudo-octahedral mono phenanthroline 

iron (III) complex [Fe(phen)Cl3(H2O)] synthesized by Padhye in 1997,
28

 

several iron (III) mono phenanthroline complexes with pseudo-octaheral 

geometry have been prepared.
 15,22,29,30  

Far-IR spectra of these compounds show 

two intense bands corresponding to terminal Fe–Cl stretching vibrations in the 

region of 400 cm
-1

 to 300 cm
-1

, and Fe–N vibration around 260 cm
-1

. According 

to the authors, these features are “in agreement of the compound’s 

mononuclear, octahedral molecular structure”. 
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Figure 1 Far-IR spectra of FPE systems in paraffin pellet at room temperature 

 

Figure 2 Far-IR spectra of FPM systems in paraffin pellet at room temperature 
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Figure 3 Far-IR spectra of well-defined iron phenanthroline complexes in paraffin pellet at room 

temperature 

Table 2 Comparison of Far-IR spectra of FP systems with known, well-defined iron 

phenanthroline complexes 

Compound/FP systems Wavenumber (cm-1) 

FP1E 338, 306, 286, 261, 243, 203, 133 

FP2E 332, 306, 287, 262, 244, 203, 132 

FP3E 334, 304, 288, 263, 244, 203, 132 

FP1M 382, 334, 307, 257, 133 

FP2M 332, 263, 133 

FP3M 349, 319, 296, 283, 263, 210, 187, 127 

[Fe(phen)Cl3CH3OH]CH3OH 384, 338, 310, 263, 227, 181, 156 

[Fe(phen)2Cl2]NO3·CH3COOH·H2O 384, 323, 258, 230 

[Fe(phen)3]Cl2·7H2O 297, 241, 208, 190 

[Fe(phen)2Cl2][FeCl4]
27 375, 325 

[NEt4][FeCl4] 378, 139, 72 

 

The FarIR spectrum of [Fe(phen)(CH3OH)Cl3]∙CH3OH shows strong bands at 

338 cm
-1

 and 310 cm
-1

, which is in good agreement with the report from Vos et 
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al. (335 cm
-1

 and 310 cm
-1

) for νFe-Cl.
15, a

 The peak at 384 cm
-1

 for 

[Fe(phen)(CH3OH)Cl3]∙CH3OH could be attributed to a  rotation mode of 

methanol (based on DFT calculation, using B3LYP/6-31G* method), however 

it should be pointed out that since it is a torsional mode with a low barrier, it is 

likely not modeled well by an harmonic oscillator. Moreover, it is also likely to 

be very sensitive to the microenvironment of the molecule (such as H–bonding), 

so comparing with liquid methanol is difficult as well. The absorption at 263 

cm
-1

 of [Fe(phen)(CH3OH)Cl3]∙CH3OH can be assigned to νFe-N of a 

mononuclear, octahedral Fe(III) species.
22

 As the structure of 

[Fe(phen)(CH3OH)Cl3]∙CH3OH prepared for the study in this chapter is 

confirmed by comparing the unit cell with the reported crystal structure, its 

Far-IR features can be used to determine similarities with the structure of FP 

systems.  

For FP2E, the vibration at 332, 306 and 262 cm
-1 

can also be assigned to νFe-Cl 

and νFe-N of a mononuclear, octahedral Fe(III) species, respectively. The peaks 

of FP2E at 244, 203 and 132 cm
-1

 can be assigned to the 1,10-phenanthroline 

ligand (244 cm
-1

, 54(B1) fundamental; 203 cm
-1

, 1(A1) fundamental and 122 

cm
-1

, 55(B1) fundamental in free 1,10-phenanthroline ligand; 1, 54, 55 refer to 

vibration modes  of 1,10-phenanthroline; A1, B1 refer to symmetry species, A1 

stands for planar in phase, B1 stands for out of plane out of phase), which are 

missing from FPM systems.
31

 The elemental analysis and ICP-OES analysis 

imply an iron to phenanthroline ligand ratio in FP2E of 1:1.5. Based on all the 

information obtained from IR analysis, elemental analysis and ICP-OES, the 

main component in FP2E can be proposed to be [Fe(phen)(CH3CH2OH)Cl3]∙0.5 

CH3CH2OH ∙0.5phen. Its calculated elemental analysis (C, 50.28; H, 4.22; N, 

8.38; Fe, 11.13) is in good agreement with the experimental data (C, 50.85; H, 

4.11; N, 8.73; Fe, 11.13). The similarity among FP1E, FP2E and FP3E in Far-IR 

                                                        
a Reiff’s report of  [Fe(phen)Cl3(DMF)] has νFe-Cl assigned at 386 cm-1 and 330 cm-1.28 However, 

according to the observation in the study of this chapter, Vos' result is more reliable as no 

vibrations around 385 cm-1 were observed for FPE systems. 
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suggests that FP1E and FP3E also contains a mononuclear, octahedral Fe(III) 

species, most probably [Fe(phen)(CH3CH2OH)Cl3]. 

To investigate whether FPE and FPM systems contain the [FeCl4]
–
 anion, 

[NEt4][FeCl4] was prepared and analyzed by Far-IR spectroscopy for 

comparison. The [FeCl4]
–
 anion in [NEt4][FeCl4] is characterized by two Far-IR 

vibrations at 378 and 139 cm
-1

 – in agreement with Cramer et al..
32

 The 

absence of the former from the Far–IR spectra of FPE systems excludes the 

presence of [FeCl4]
– 

in these systems. As for FPM systems, FP2M and FP3M 

also do not contain [FeCl4]
–
; in contrast, FP1M displays an intense band at 382 

cm
-1

 and a weaker band at 133 cm
-1

 and thus likely contains [FeCl4]
–
. (The 

ratios of these two bands and the linewidth of the band at 382 cm
-1

 are 

consistent with Cramer’s observation.
32

) The different ratios of these two bands 

and the linewidth of the band at 382 cm
-1

 of [NEt4][FeCl4] used in this study is 

most probably due to the high concentration of the sample.  

The similarity of the absorption of FP1M and 

[Fe(phen)2Cl2]NO3∙CH3COOH∙H2O (382 vs 384 cm
-1

, 334 vs 323 cm
-1

and 257 

vs 258 cm
-1

) also suggests the existence of the [Fe(phen)2Cl2]
+ 

cation in FP1M 

(The band at 382 cm
-1

 is also assigned to be belong to [FeCl4]
 –
 in FP1M, this 

two bands might overlap in this case). For [Fe(phen)2Cl2]NO3·CH3COOH·H2O, 

the νFe-Cl bands  of the cation are found at 384 cm
-1

 and 323 cm
-1 

in agreement 

with an octahedral coordination of Fe(III). 
15,27

 These values are also close to 

those of the reported [Fe(phen)2Cl2][FeCl4] complex (νFe-Cl = 375 cm
-1

 and 325 

cm
-1

),
15,27

 which further supports the existence of [Fe(phen)2Cl2]
+
 in FP1M (νFe-

Cl = 382 cm
-1 

and 334 cm
-1

). Even though the preparation of FP1M and 

[Fe(phen)(CH3OH)Cl3]∙CH3OH is quite the same, the overall ratio of Far-IR 

absorption bands around 380 cm
-1

 and 260 cm
-1

 are quite different. Moreover, 

the catalytic activities in the direct arylation reaction in air of these two 

complexes are also quite different, which indicates the difference of their 

nature. FP1M has no catalytic reactivity at all while 
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[Fe(phen)(CH3OH)Cl3]∙CH3OH gives 96% yield for the direct arylation of 

benzene with 4-iodoanisole in air (see Chapter 4). This rules out the presence 

of mono-phenanthroline iron species in FP1M. Based on the information from 

IR, elemental analysis and ICP-OES analysis, the major component of FP1M 

could be proposed as [Fe(phen)2Cl2][FeCl4]. The calculated elemental analysis 

of C, 42.09; H, 2.35; N, 8.18; Fe, 16.31 for [Fe(phen)2Cl2][FeCl4] is quite 

similar to the data for FP1M (C, 40.86; H, 2.91; N, 7.75; Fe, 16.46). Using 

similar considerations, the composition and structure of FP2M and FP3M 

cannot be fully assigned, but it is for certain that they do not contain the 

[FeCl4]
–
 anion. 

Single-crystal X-ray diffraction would be an ideal way to confirm the structure 

of the FP2E system. The crystalline nature of the solid was confirmed by SEM 

scanning; however the crystallites were too small for single crystal examination 

(Figure 4). Sufficiently large crystals could not be grown from ethanol; other 

solvents were not investigated, as ligand rearrangements are common for iron 

phenanthroline complex in solution.
33-36

 For example, according to Pintauer, 

the high "halidophilicity" of the Fe(III) center in a Fe(III) mono-phenanthroline 

complex would favor the rearrangement of such a compound into 

[Fe(phen)2Cl2][FeCl4] in acetonitrile.
33

 Moreover, prolonged exposure to 

alcohol solvents can reduce Fe(III) phenanthroline complexes to Fe(II), as 

reported by  Biswas et al. and also described in this chapter (vide infra).
17
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Figure 4 SEM scanning of FP2E 

UV-Vis spectroscopic studies were performed for FPE systems and 

[Fe(phen)(CH3OH)Cl3]∙CH3OH in ethanol (Figure 5). No signals 

corresponding to d-d transitions were observed for 

[Fe(phen)(CH3OH)Cl3]∙CH3OH, but a charge transfer band is seen around 370 

nm, in accordance with a high spin character of a Fe(III) center as reported by 

Amani et al. for their [Fe(phen)(DMSO)Cl3] complex.
22

 Two absorption bands 

at 225 and 267 nm were observed for [Fe(phen)(CH3OH)Cl3]∙CH3OH, which 

are assigned to π → π* and n → π* transitions of the phenanthroline ligand 

coordinated to an Fe(III) center, close to the reported values of 

[Fe(phen)2Cl2]NO3∙CH3COOH∙H2O in methanol by Biswas et al..
17

 A very 

similar pattern is observed for spectra of all three FPE systems in ethanol. No 

d-d transitions were observed and two bands around 225 and 270 nm with high 

absorbance values are observed for FPE systems in ethanol. This additionally 
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substantiates the idea that FPE systems contain a high spin Fe(III) center in a 

similar coordination environment as in [Fe(phen)(CH3OH)Cl3]∙CH3OH. 

 

Figure 5 UV-Vis spectrum of FPE systems and [Fe(phen)(CH3OH)Cl3]∙CH3OH in ethanol 

After initial UV-Vis measurement, an ethanol solution of FP2E was kept 

overnight without protection from light. The color of this solution gradually 

changed from yellow to red, and then to intense red. The red solution was 

examined by UV-Vis and a new absorbance around 510 nm was observed 

(Figure 6). The observation of a lower energy charge-transfer band suggests the 

presence of an Fe(II) species in the solution, which would imply the reduction 

of the initial Fe(III) species. The reduced species could be [Fe(phen)3]
2+

 in 

accordance with reports by Chen and Szulczewski’s.
37,38

 Interestingly, no color 

change was noticed by visual inspection when an ethanol solution of FP2E was 

kept in a dark place, which suggests the reduction of iron species in FP2E could 

be triggered or accelerated by light. Similarly, Yamamoto reported light 

accelerated reduction and racemization of a (+)–Co
III

(phen)3 complex.
39
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Figure 6 UV-Vis spectrum of FP2E in ethanol before and after exposed to light  

3.2.2.2 XANES and EXAFS investigation of FP2E solid 

To provide further structural information on solid FP2E and to get an 

understanding of the fate of iron species during the direct arylation reaction, an 

X-ray absorption spectrometry (XAS) study was performed. Typically, an X-

ray absorption spectrum is divided into the X-ray absorption near-edge 

structure (XANES) and the extended X-ray absorption fine-structure (EXAFS) 

regimes. XANES is strongly sensitive to formal oxidation state and 

coordination chemistry of the absorbing atom, while EXAFS is used to 

determine atomic distances, coordination number, and the nature of the 

neighboring atoms of the scattering atom. With the help of XANES and 

EXAFS, information about the oxidation state of iron in FP2E and its 

surrounding chemical environment can be obtained. Moreover, a crystalline 

sample is not required for this technique, which makes it ideal for solids that 
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cannot be obtained as crystals large enough for diffraction studies, as in the 

case for FPE systems.
b
  

The XANES study was performed to obtain information on the oxidation state 

of iron phenanthroline complexes. Generally, the absorption edge shifts 

towards higher energy with higher oxidation state. However, in order to 

determine the formal oxidation state unambiguously, careful inspection in each 

specific case is needed together with a calibration using references of known 

oxidation state and a geometric environment around the atom of interest that is 

as close as possible to the compound under study. Therefore, iron metal and 

three iron phenanthroline reference complexes ([Fe(phen)3]Cl2·7H2O, 

[Fe(phen)2Cl2] and [Fe(phen)(CH3OH)Cl3]∙CH3OH) were measured as 

references. The recorded XANES spectra are shown in Figure 7. 

The weak pre-edge of all three reference complexes implies the absence of 

significant 3d-4p mixing, which fits the pseudo octahedral geometry of 

[Fe(phen)3]Cl2·7H2O ,  [Fe(phen)2Cl2] and [Fe(phen)(CH3OH)Cl3]∙CH3OH. 

Edge energy positions are typically determined using the first maximum of the 

first derivative of the XANES. The first derivative of XANES of iron metal and 

the three iron phenanthroline reference complexes is shown in Figure 8. The 

edge positions of the XANES of iron metal, [Fe(phen)2Cl2] and 

[Fe(phen)(CH3OH)Cl3]∙CH3OH are 7112, 7121, and 7124 eV, respectively. 

These data indicate a more oxidized Fe center in 

[Fe(phen)(CH3OH)Cl3]∙CH3OH as compared to that of Fe-foil and 

[Fe(phen)2Cl2], in agreement with a formal Fe(III) oxidation state. The edge 

position of [Fe(phen)3]Cl2·7H2O, however, is 7122 eV, slightly higher than that 

of [Fe(phen)2Cl2]. This could be due to the different spin state of the complex 

and the differences in coordination environment. It is known that [Fe(phen)2Cl2] 

                                                        
b
 A successful measurement of an X-ray absorption spectrum needs an intense and energy-

tunable source of X-rays as provided by a synchrotron facility. In this study measurements were 

performed at the DUBBLE beamline (Dutch-Belgian Beamline) of the European Synchrotron 

Radiation Facility (ESRF) in Grenoble, France.  
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and [Fe(phen)(CH3OH)Cl3]∙CH3OH are high-spin complexes, while 

[Fe(phen)3]Cl2·7H2O is a low-spin complex.
22,40,41

 Moreover, 

[Fe(phen)3]Cl2·7H2O has a close to octahedral geometry and has no halide 

bound to the iron. Instead, [Fe(phen)2Cl2] has a distorted octahedral geometry 

caused by chloride binding to iron. 

 

 

Figure 7 Fe K-edge XANES spectra as measured for Fe(0), [Fe(phen)3]Cl2·7H2O, [Fe(phen)2Cl2] 

and [Fe(phen)(CH3OH)Cl3]∙CH3OH in the solid state 
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Figure 8 First derivatives of XANES spectra of Fe(0), [Fe(phen)3]Cl2·7H2O, [Fe(phen)2Cl2] and 

[Fe(phen)(CH3OH)Cl3]∙CH3OH in the solid state 

 
XANES can also be used as a simple “fingerprint” method to identify the 

presence of particular chemical species. Therefore FPE systems were compared 

with [Fe(phen)(CH3OH)Cl3]∙CH3OH as its formal oxidation state was 

confirmed. The result is shown in Figure 9.  
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Figure 9 Fe K-edge XANES as measured for [Fe(phen)(CH3OH)Cl3]∙CH3OH, FP1E, FP2E and 

FP3E in solid state. The sum of the squared residuals of XANES of FP1E, FP2E and FP3E to 

[Fe(phen)(CH3OH)Cl3]∙CH3OH are 2.9·10-2, 7.7·10-3 and 6.5·10-3, respectively.   

By comparing the Fe K-edge XANES, the conclusion can be made that i) FPE 

systems contain mostly high spin Fe(III) species; ii) FP2E and FP3E contain the 

same iron phenanthroline complex, in which the iron atom has a very similar 

coordination sphere as in [Fe(phen)(CH3OH)Cl3]∙CH3OH; and iii) for FP1E the 

XANES shows some small deviations from FP2E and FP3E. By using 

[Fe(phen)(CH3OH)Cl3]∙CH3OH as reference for direct comparison, the sum of 

the squared residuals (SSR) of the XANES for FP1E, FP2E and FP3E (7100 – 

7200 eV),  when directly compared to the reference are 2.9·10
-2

, 7.7·10
-3

 and 

6.5·10
-3

, respectively. SSR values are used here as a measurement of the 

discrepancy of XANES between FPE systems and 

[Fe(phen)(CH3OH)Cl3]∙CH3OH. The smaller the SSR value, the more similar 

the FPE system to [Fe(phen)(CH3OH)Cl3]∙CH3OH. The somewhat larger value 

for FP1E suggests the presence of a small quantity of another iron species in the 

measured sample. 
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Figure 10 (A) Fourier transform of EXAFS spectra obtained for [Fe(phen)(CH3OH)Cl3]∙CH3OH 

and FP2E in solid state. (B) κ1 weighted EXAFS oscillations of [Fe(phen)(CH3OH)Cl3]∙CH3OH 

and FP2E in solid state. 

The similarity between [Fe(phen)(CH3OH)Cl3]∙CH3OH and FP2E is also 

supported by the analysis of EXAFS data shown in Figure 10. From the 

EXAFS analysis, it is found that [Fe(phen)(CH3OH)Cl3]∙CH3OH and FP2E 
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agree well in the Fourier transform of the EXAFS and the κ
1
 weighted EXAFS 

oscillations. Therefore it is proposed that FP2E has the same first coordination 

shell as [Fe(phen)(CH3OH)Cl3]∙CH3OH, which contains 2 N atoms, 3 Cl atoms 

and one O atom, in a pseudo-octahedral geometry. This also fits the proposed 

composition based on elemental analysis, ICP-OES, IR and UV-Vis analysis in 

the previous section. The proposal is further supported by EXAFS fitting 

results (Table 3). The first shell contains 3 different atoms, N, O, and Cl. N and 

O atoms were treated as one type of scatterer, which is common in EXAFS 

fitting as N and O cannot be distinguished by the technique due to the small 

difference in their atomic number. The distances and scatter-character of O and 

N to the absorbing atom (Fe) are not exactly the same, which results in an 

increase of the Debye-Waller factor (DW-factor). The uncertainty of the fit is 

therefore also a bit higher than for materials with only one atom type in the first 

shell. The fit results for FP2E reveals a coordination number of 3.2 for N and/or 

O atoms, and a Cl coordination number of 2.7, which is close to the expected 

values for the [Fe(phen)(CH3OH)Cl3]∙CH3OH reference.  

Table 3 κ
1
 EXAFS Fitting of solid FPE systems 

FPE systems Scatterer N DW R E0 

FP1E N/O 3.3 0.01766 2.00 10 

Cl 2.4 0.00143 2.23 3.08 

FP2E N/O 3.2 0.0154 2.03 10.0 

Cl 2.7 0.0019 2.26 6.2 

FP3E N/O 2.9 0.0152 2.02 10 

Cl 2.9 0.0019 2.26 6.7 

N: Coordination number; DW: Debye-Waller factor; R: interatomic distances; E0: Correlation 

factor 
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Figure 11 (A) Fourier transform of EXAFS spectra obtained for solid FP1E, FP2E and FP3E. (B) 

κ1 weighted EXAFS oscillations of solid FP1E, FP2E and FP3E. 

EXAFS analysis of the other FPE systems was also performed. The comparison 

of FP1E, FP2E and FP3E is shown in Figure 11. From the analysis of the 

EXAFS data, it is found that FP2E and FP3E display very similar Fourier 
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transform EXAFS spectra and κ
1
 weighted EXAFS oscillations. However, 

FP1E shows some deviations to FP2E and FP3E, which also corresponds to the 

XANES analysis result. According to the fitting results (Table 3), FP1E has less 

Cl than FP2E and FP3E (2.4 for FP1E, 2.7 for FP2E and 2.9 for FP3E). The 

reason could be that FP1E contains a minor quantity of another iron 

phenanthroline complex, which leads to a lower Cl coordination number.  

In summary, by applying elemental analysis, ICP-OES, IR and UV-Vis 

techniques in the investigation of FP systems, the FPE systems can be 

distinguished from most of the well-defined reference complexes shown in this 

chapter. The difference between FPE systems and FPM systems has shown the 

important role of solvent in the preparation of such systems. A possible 

constitution as [Fe(phen)Cl3(CH3CH2OH)]∙0.5CH3CH2OH∙0.5phen  was 

proposed for the  catalyst described in Chapter 2 (FP2E). However, due to the 

limitations of the aforementioned techniques, the exact coordination 

environment of iron in FP2E remained uncertain. Therefore, X-ray absorption 

spectrometry (XAS) was applied to unravel the structural information of iron 

species in FP2E. This study confirms that FP2E and FP3E contain mostly the 

same species, which possesses the same first coordination shell as the well-

defined [Fe(phen)(CH3OH)Cl3]∙CH3OH complex, in agreement with the 

proposed formulation [Fe(phen)Cl3(CH3CH2OH)]∙0.5CH3CH2OH∙0.5phen.  

FP1E, in contrast, appears to contain a small amount of a second iron-

containing species. 

3.2.3 Analysis of the evolution of iron species in FP2E catalyzed 

direct arylation 

One advantage of the XAS technique is that it is suitable for highly disordered 

materials such as solution samples. This enables us to monitor the chemical 

environment of iron in situ during a reaction. 
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Reaction mixtures of the FP2E catalyzed direct arylation reaction between 4-

iodoanisole and benzene in air were subjected to XAS analysis at the DUBBLE 

beamline. Since the reaction was performed in a pressure tube, monitoring and 

sampling in a single reaction setup was not feasible. Therefore, several parallel 

reactions were set up with different reaction times. Formation of the biaryl 

reaction product was analyzed by GC with pentadecane as internal standard. 

After collection, the reaction mixtures were centrifuged under N2 protection to 

separate the solution and precipitate so that these could be analyzed separately.  

3.2.3.1 XANES analysis of iron species in solution and precipitate samples 

The data for the reaction mixtures with different reaction time were collected 

from parallel set ups. Unfortunately the biaryl yields cannot be directly 

correlated to the reaction time (10% for 1 h, 94% for 3 h, 8% for 8 h, 92% for 9 

h, 4% for 11 h, 94% for 24 h). This could be due to the irreproducible induction 

period under these reaction conditions, which was also observed in Chapter 2 

(see Appendix I). Therefore this study will aim to correlate the composition of 

the reaction mixture with the reaction yield. XAS data of the reaction mixture 

(solution and precipitate) for the reactions with 8% (8h), 10% (1h) and 94% (3h) 

yield were successfully collected. Other samples were unfortunately damaged 

either during transportation to the DUBLLE beamline or during the 

measurement (they were preserved in fragile quartz capillaries).  

The reason for the discrepancy of reaction yields and reaction time could be 

due to subtle differences in the reaction conditions for each setup (i. e. stirring 

efficiency, depth in the oil bath, etc.). These differences may be amplified by 

the fact that the reaction mixtures are non-homogeneous and FP2E is not 

soluble in benzene (refluxing in benzene overnight does not dissolve FP2E), 

making mass transport phenomena critical contributors to the reaction kinetics. 

In particular, the precatalyst may be trapped together with precipitated 

materials and/or coated with salts formed during the reaction, slowly 
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generating the active species by reaction with solution species, in which case 

mechanical parameters such as vessel geometry and stirring rate may strongly 

influence the reaction. 

In this case, one could model the iron-containing fraction of the precipitate as a 

combination of iron species in the solution (the active species derived from 

FP2E) and unactivated FP2E precatalyst. To test this hypothesis, the XANES 

spectrum of the solid precipitate (Prec.) was fitted as a linear combination of 

those of the solution (Sol.) and the precatalyst (FP2E). The Fe K-edge XANES 

of Prec. together with the result of the linear combination fitting result for the 

sample with a product yield of 8% is shown in Figure 12. The XANES spectra 

of the precipitate and solution sample are quite different. A linear fitting for 

Prec. = 0.52 FP2E + 0.48 Sol. with R factor of 0.008 was obtained (R = sum 

((data-fit)
2
)/sum((data)

2
), where the sums are over the data points in the fitting 

region). 

 

Figure 12 The Fe K-edge XANES of precipitate (Prec.), solution (Sol.), and the linear fitting of 

the Prec. spectrum for the reaction with a product yield of 8% 

The Fe K-edge XANES of Prec. with the linear fitting when the yield is 10% is 

shown in Figure 13. Like the case of 8% yield, the XANES spectrums of 
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precipitate and solution sample with 10% yield are quite different. A linear 

fitting of Prec. = 0.57 FP2E + 0.43 Sol. with R factor of 0.005 was obtained. 

 

Figure 13 The Fe K-edge XANES of precipitate (Prec.), solution (Sol.), and the linear fitting of 

the Prec. spectrum for the reaction. with a product yield of 10% 

The Fe K-edge XANES spectra of Prec. with the linear fitting when the yield is 

94% is shown in Figure 14. Interestingly, the XANES spectra of the precipitate 

and solution are quite the same in this case. A linear fitting of Prec. = 0.27 

FP2E + 0.73 Sol. with R factor of 0.0002 was obtained. 
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Figure 14 The Fe K-edge XANES of precatalyst (FP2E), precipitate (Prec.), solution (Sol.), and 

the linear fitting of precatalyst (FP2E) and Sol. with the yield of 94% 

A summary of the XANES linear fitting results is shown in Figure 15. At a 

high reaction yield (94%), the fit is good (R = 0.0002) and indicates a lower 

contribution of FP2E to Prec. than at lower yields. Prec. and Sol. are almost 

identical when the yield is 94% as shown in Figure 14 (R = 0.0007).This 

implies that after the reaction has taken place, the iron speciation in the 

precipitate sample closely matches that of the solution, and most of the 

precatalyst FP2E is converted into a species (Sol.) which is soluble in the 

solvent. On the other hand, for the reaction with 8% and 10% yield, FP2E 

contributes almost half of Prec., meaning that the low yield is correlated with a 

relatively low conversion of FP2E to active species. The precatalyst (FP2E) is 

never completely consumed, and hence may act as a reservoir of active species 

in the case this is short-lived. 

 

Figure 15 FP2E and Sol. distribution in XANES linear fitting of Prec. for samples with different 

reaction yields 

The K-edge XANES spectra of the solution phase (Sol.) at different yields 

were also compared and are shown in Figure 16. The traces obtained at a 
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reaction yield of 8% and 10% are similar, suggesting a similar chemical 

composition, while that at 94% yield is significantly different. This can be 

explained by the induction period observed for this kind of reaction in Chapter 

2. The precatalyst FP2E slowly transforms into soluble species during the 

induction period, therefore the difference between the species with the reaction 

yield of 8% and 10% is small as most of the iron species is still unactivated 

precatalyst FP2E, which is not soluble in the reaction medium. Therefore when 

the reaction yield reaches 94%, there is a significant change in the iron 

speciation in the solution since the induction period is passed and most of the 

precatalyst derived active species may have converted into other species during 

the reaction, e. g. through reactions with other reaction products such as KI, 

thereby changing the coordination at iron. 

 

Figure 16 The Fe K-edge XANES spectra of Sol. with different reaction yield 

One fate for the active species in the reaction mixture could be that it is 

reduced to iron nano particles. To check for the possibility, XANES spectra of 

reaction mixture samples were compared with the iron metal reference (Figure 

17). The energy shift and the pre-edge feature of metallic Fe is very distinct 

and would show up in XANES even at very low percentage within detection 
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limits of the XANES method. However, as shown in Figure 17, the spectral 

features of the iron metal reference are not visible in the XANES recorded for 

the reaction mixture samples (Prec. and Sol.). Therefore, all the reaction 

mixture samples should contain no iron metal. 

 

Figure 17 The comparison of Fe K-edge XANES spectra of iron metal reference with reaction 

mixture samples 

3.2.3.2 EXAFS analysis of iron species in solution and precipitate samples 

EXAFS analysis of the reaction mixtures was also performed. Fitting of the 

EXAFS spectrum of a solution sample with 8 % reaction yield showed a light 

scatterer (N or O) with coordination number 2.3 at 1.83 Å (Table 4). This 

suggests a possible mono 1,10-phenanhthroline ligated Fe or an iron alkoxide 

species. The scatterer at 2.5 Å was considered to be iodine since in the reaction 

mixture a big excess of KI is expected to form (10 equiv. I per Fe). 

Unfortunately, iodine could not be fitted satisfactory, nor could Cl. Instead, Fe 

resulted in a good quality fitting (see Appendix III). In this case the 

coordination number is 1.5 and the putative Fe-Fe bond length is 2.48 Å. 
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Therefore a possible Fe-Fe bond formation was observed. Further investigation 

would be required to confirm this unexpected finding. 

Table 4 κ
1
 EXAFS Fitting of reaction mixture samples 

Sample Scatterer N DW R E0 

Sol. (8%) N/O 2.3 0.0010 1.83 9.9 

Fe 1.5 0.0198 2.48 0.5 

Sol. (10%) N/O 2.2 0.0005 1.86 4.7 

Sol. (94%) N/O 2.4 0.0056 1.91 9.1 

I 0.8 0.0109 2.59 1.0 

Prec. (10%) N/O 1.2 0.0010 1.85 5.3 

Cl 1.5 0.0038 2.26 15 

N: Coordination number; DW: Debye-Waller factor; R: interatomic distances; E0: Correlation 

factor. 

For the solution sample with 10 % yield, EXAFS fitting was carried out and 

there is only one shell with a light scatterer at R=1.86 Å (Table 4). This fitting 

has a low Debye-Waller value, which indicates that the atoms in the first 

coordination shell have low disorder and there is only a small variance for 

these atoms with fixed positions from the Fe absorber. The light scatterer in the 

sample could be O or N or a mixture of N and O. Other scatterers could not be 

fitted in the data, even when the rare situation, such as the contribution of other 

scatterers canceling out each other completely, was taking into consideration. 

As intermediate iron chloride and iodide species were proposed in the 

mechanism (see Chapter 2), Cl and I were tried in this fitting, but this did not 

produce proper fitting results. Moreover, there is no local order beyond the first 

coordination shell,  which would mean either that all scattering amplitudes 

originating from the mixture cancel each other out in the EXAFS, which is 

rather unlikely, or that all species are very different and not even a clear signal 

can be obtained from one of them. The low quality of the EXAFS data hampers 

further analysis of this observation.  
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For the solution sample with 94 % product yield, Cl cannot be fitted in the first 

coordination shell. Both Fe and I can be fitted in the first coordination shell 

with interatomic distances at ca. 2.6 Å (Figure 17). When Fe is fitted in the first 

coordination shell, the results can be successfully fitted with a light scatterer (N 

or O) with coordination number of 2.1 (see Appendix III, Table 5). This 

indicates a possible coordination of N containing ligand (1,10-phenanthroline) 

to the iron center, or the formation of iron alkoxide species in an environment 

of excess KO
t
Bu. The fit of Fe could indicate an unexpected Fe–Fe bond being 

formed during the reaction. The Fe scatterer is found at 2.55 Å, which is in 

agreement with Fe–Fe bond lengths in iron complexes,
42-44

 for instance, an 

iron(I) dimer as reported by Jones et al.. However the coordination number for 

Fe is quite low (0.2). There is no good explanation for this low coordination 

number at this point, it could be that a putative Fe-Fe species is only a fraction 

of the iron present in the sample. An alternative explanation for the feature 

around 2.6 Å would be the coordination of iodide (see text, Table 4). Indeed, I 

can be fitted instead of Fe, however with a reduced fitting quality (Table 4). 

The Fe-I bond length is 2.59 Å, which is typical for an Fe-I bond.
45

 Even 

though the fitting of I is worse than Fe, the formation of Fe-I bonds is much 

more readily explained given that the reaction produces 10 equiv. I per Fe. 

Thus, the latter interpretation is favored, whereas the formation of Fe-Fe bonds 

cannot be excluded.   
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The fitting of the EXAFS data for precipitate samples was not successful. For 

the precipitate sample with 8% product yield, more than two scatterers were 

found (N and/or O, Cl, and Fe) and therefore too many free parameters are 

required and thus make the fitting irrelevant.
c
 For the precipitate with 10 % 

product yield, Cl and N and/or O are in counter phase, which is shown in the 

imaginary part of the FT (Figure 18). This makes the fitting very difficult, or 

even impossible. Interestingly, when the coordination number of Cl was set at 

1.5, a good fitting could be achieved (Table 4). This finding actually further 

supports the linear combination fitting of XANES data for the reaction mixture 

with 10% yield (Prec. = 0.57 FP2E + 0.43 Sol.), because for the precatalyst 

FP2E, a coordination number for Cl of 3 was proposed. EXAFS analysis also 

showed that in the solution sample with 10% product yield, there is no Cl 

bound to Fe. Based on linear combination fitting, the precipitate sample 

contains almost half of FP2E. Thus for Cl bounded to Fe in the precipitate 

sample, the coordination number is approximately 1.7. For the precipitate 

sample with 94% yield, there was too much noise in the raw data and therefore 

it could not derive in a reliable fitting result. 

                                                        
c The restriction for fitting the EXAFS data is the number of free parameters, which can be used 

on the basis of the number of independent data points.  This is defined by the Nyquist theory.  

According to the theory, degrees of freedom for fitting can be expressed as: N = 2 (Δk + ΔR)/ π 

(where Δk and ΔR are the k and R range of the usable data under consideration). The average k 

range is from 3.40 to 13.4 for the standards. The fit range in R-space is from 0.5 to 2.5 Å. Thus 

we have N = 2(10+2)/ π ≈ 8. So in this study we can use only 8 free parameters.  Each scatterer 

has 4 free parameters; therefore we can only fit 2 independent scatterers.  
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Figure 17 Fourier transform of EXAFS spectra (raw and fit) obtained for the solution sample 

with 94% product yield. A: Fitting with Fe, B: Fitting with I. 
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Figure 18 Anti phase behavior of Cl and N of the precipitate sample with 10% yield 

3.3 Conclusion 

This chapter attempted to characterize the catalytic FPE systems and the fate of 

iron species during the direct arylation reaction in air catalyzed by such 

systems. By using a combination of FT-IR and UV-Vis spectroscopy together 

with elemental analysis, FPE systems can be distinguished from other known 

well-defined iron phenanthroline complexes. The IR results also showed that 

the solvent is important when preparing FP systems: changing solvent from 
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them is the same. FP1E, however, incorporates a small amount of another iron 

species.  

XAS analysis of the catalytic reaction mixture provided additional information 

about the fate of iron during the reaction. The linear combination fitting results 

suggest that the speciation of iron changes during and after the induction period 

of the reaction. The observation that the precatalyst FP2E is present in the solid 

phase throughout the reaction supports the idea that the solid may act as a 

reservoir, slowly releasing the active species during the reaction. The EXAFS 

analysis of solution samples suggests ligand dissociation for the iron complex 

in FP2E during the reaction and also a possible formation of iron alkoxide 

species. The possible formation of species containing a Fe–Fe bond was 

suggested by EXAFS fitting, which is quite unexpected and further analysis is 

required to explain this fitting result. EXAFS fitting for the samples with 10% 

yield supported the linear combination fitting of XANES data and thus gives 

more confidence for the fitting. 

In summary, the structure of an efficient iron based catalytic system, FP2E, able 

to catalyze direct arylations in air was unraveled. It has been shown that XAS 

is a useful tool for providing insight about the reaction by providing 

information on the fate of iron species during the reaction. A better design of 

the XAS experiment, such as measuring more authentic iron phenanthroline 

complexes, and in situ measurement of the reaction mixture, could give more 

information of this kind of iron catalyzed direct arylation reaction. 

3.4 Experimental Section 

3.4.1 General  

Mid-IR spectra were recorded on a Perkin Elmer Spectrum Two Infra-Red 

spectrophotometer. UV/Vis spectra were recorded on a Cary 50 Scan 

UV/Visible spectrophotometer. Gas chromatography was carried out on a 

PerkinElmer Clarus 500 Gas Chromatograph with a Nukol TM fused silica, 15 
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m x 0.53 mm x 0.5 μm column supplied by Supelco and a PerkinElmer 

Autosystem XL. ICP-OES (Inductively coupled plasma optical emission 

spectrometry) was measured using a SPECTRO ARCOS ICP-OES analyzer 

equipped with a radial plasma as ion source in Geolab, Utrecht University. 

SEM was recorded by Philips/FEI XL30 SFEG Scanning Electron Microscope 

in Electron Microscopy group of Utrecht University. Far-IR was measured by 

Bruker IFS-113v vacuum Fourier Transform Infrared Spectrometer at the High 

Field Magnet Laboratory of Radboud University, Nijmegen. Dry acetone was 

prepared according to a known protocol.
46

 All other standard reagents were 

purchased commercially and used without further purification.  

3.4.2 Preparation of FP systems and Synthesis of well-defined 

reference complexes 

3.4.2.1 Preparation of FP systems 

FPE systems 

For the synthesis of the FP1E system, the following procedure was performed: 

A solution of FeCl3 (0.836 g, 5.00 mmol) in ethanol (30 mL) was added 

dropwise to a stirred solution of 1,10-phenanthroline (0.913 g, 5.00 mmol) in 

the same solvent (60 mL). During the addition, the solution turned into an 

orange-yellow suspension that was subsequently stirred for 1 h. The resulting 

solid was collected through centrifugation, and dried under vacuum for 20 min, 

to yield a yellowish powders. Anal. Found: C, 42.03; H, 3.24; N, 7.33. ICP-

OES: Fe, 7.33%.  

FP2E and FP3E were prepared with the same protocol as FP1E, only with 

changing of the molar ratio of FeCl3 to 1,10-phenanthroline (1:2 and 1:3, 

respectively). Both systems are yellowish powder. For FP2E, Anal. Found: C, 

50.85; H, 4.11; N, 8.73. ICP-OES: Fe, 11.13%. For FP3E, Anal. Found: C, 

49.50; H, 3.34; N, 9.25. ICP-OES: Fe, 13.23%. 
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FPM systems 

FPM systems were prepared by the same protocol as their corresponding FPE 

systems with the replacement of ethanol with methanol as solvent. FP1M was 

obtained as a yellowish powder. Anal. Found: C, 40.86; H, 2.91; N, 7.75. ICP-

OES: Fe, 16.46%. FP2M was obtained as a brownish powder. Anal. Found: C, 

49.06; H, 3.41; N, 9.39. ICP-: Fe, 13.17%. FP3M was obtained as a dark 

brownish powder. Anal. Found: C, 52.91; H, 3.76; N, 10.18. ICP-OES: Fe, 

11.56%.   

3.4.2.2 Synthesis of well-defined reference complexes 

[Fe(phen)3]Cl2
20

 

A suspension of 1,10-phenanthroline (3.62 g, 19.5 mmol) in water (30 mL) was 

treated with FeCl2·4H2O (1.29 g, 6.5 mmol). The reaction was stirred for 1 h. 

The reaction mixture was dried in vacuum at 50 
◦
C obtaining a purple solid. 

[Fe(phen)2Cl2]
19

 

 [Fe(phen)3]Cl2 was transferred to an oven-dried Soxhlet with a dried filter. A 

Soxhlet extraction with dry acetone was performed under nitrogen atmosphere. 

The Soxhlet extraction was continued until the entire solid turned blue. The 

blue solid was dried under vacuum to afford a purple powder and was kept in 

the glove box. FT-IR (KBr): 3045 (w), 2993 (w), 1623 (w), 1578 (w), 1513 (m), 

1428 (s), 1413 (m), 1345 (w), 1223 (w), 1144 (w), 1093 (w), 846 (s), 780 (w), 

727 (s). 

[Fe(phen)3]Cl2·7H2O
19

 

FeCl2·4H2O (0.5 g, 2.5 mmol) and 1,10-phenanthroline (1.35 g, 7.5 mmol) 

were dissolved in water (30 mL). The dark red solution was stirred for 

approximately 5 minutes and acetone (10 mL) was added to it to form a light 
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red precipitate. The addition of acetone was continued until no more precipitate 

formed. The mixture was then centrifuged at 2400 rpm for 5 min and the liquid 

was decanted to obtain a dark red powder. This powder was washed with 

acetone twice, after which the powder was dried in vacuum for approximately 

15 min and became bright red. The powder was dissolved in water for slow 

evaporation to afford dark crystals of [Fe(phen)3]Cl2·7H2O. The yield was 50% 

(0.9998 g). 

 [Fe(phen)(CH3OH)Cl3]∙CH3OH
33

 

FeCl3∙6H2O (100 mg, 0.370 mmol) and an equimolar amount of 1,10-

phenanthroline were dissolved in methanol (5.0 mL). After 15 min of stirring at 

ambient temperature, diethyl ether (1.0 mL) was added to precipitate the 

complex, which was filtered and dried under vacuum. The powder obtained 

was dissolved in hot methanol, after that a few drops of ether were added into 

the solution. After cooling to room temperature, orange crystals of 

[Fe(phen)(CH3OH)Cl3]∙CH3OH formed. Crystals were collected after filtration 

and washed with methanol. Slowly drying in the fume hood gave orange 

crystals of [Fe(phen)(CH3OH)Cl3]∙CH3OH with 45% of yield (0.0677 g).  

[Fe(phen)2Cl2]NO3·CH3COOH·H2O
17,18

 

[Fe(phen)2Cl2]NO3·CH3COOH·H2O was prepared as described by Biswas. 

However, when the solution of phenanthroline in acetic acid/water was added 

into the acetic acid/water solution of FeCl3·6H2O, the obtained solution was 

dark red instead of the reported pink. Further addition of ceric ammonium 

nitrate into the reaction mixture afforded a brownish solution instead of the 

reported red solution. The supernatant liquid was kept in air for slow 

evaporation. After 7–10 days, [Fe(phen)2Cl2]NO3·CH3COOH·H2O separated 

out, was washed with hexane, and dried under vacuum. Red orange crystals 

were obtained with a 34% yield (0.4315 g).  
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[NEt4][FeCl4]
47

 

A solution of NEt4Cl (0.8454 g, 5 mmol) in ethanol (10 mL) was added to a 

solution of FeCl3 (0.8361 g, 5 mmol) in ethanol (25 mL) and the resulting 

suspension was stirred for 1h at room temperature. The precipitated 

[NEt4][FeCl4] was isolated by filtration, dried in air overnight and redissolved 

in tetrahydrofuran. Slow evaporation in air afforded yellow crystals (yield 170 

mg, 10%). 

3.4.3 XAS analysis experiment 

3.4.3.1 Preparation of FPE and well-defined iron phenanthroline complex 

samples 

FP1E, FP2E and FP3E , as well as  [Fe(phen)3]Cl2·7H2O, [Fe(phen)2Cl2] and 

[Fe(phen) (CH3OH)Cl3]CH3OH were transferred into a nitrogen-filled 

glovebox. In the glovebox, they were mixed with boron nitride (BN) by 

grinding and then compressed into a gold plated holder for measurement. The 

samples were sealed by tape to prevent possible exposure to air. 

3.4.3.2 Preparation of FP2E catalyzed model direct arylation reaction 

samples for XAS 

In a glove box under nitrogen atmosphere, KO
t
Bu (1.5 mmol, 3 equiv.) was 

added to a 15 mL Ace pressure tube equipped with a stir bar. The tube was 

transferred out of the glove box and the cap was unscrewed. To the open tube, 

4-iodoanisole (0.5 mmol, 1 equiv.) and FP2E (10 mol% based on Fe) were 

added. After that, reagent grade benzene was added to the tube (50 mmol, 100 

equiv.). After adding pentadecane (20 µL) as internal standard, the screw cap 

of the tube was closed, and the reaction mixture was stirred vigorously at room 

temperature for 5 min to form a dark grey suspension. The reaction was then 

heated at 100 °C under stirring. Heating was allowed for a fixed time, the 
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reaction vessel was then cooled down for further processing. The solution and 

precipitate were separated by centrifugation at 2400 rpm for 15 min under N2. 

The solution sample were transferred into a quartz capillary OD 1.mm (wall 

0.01 mm) then sealed by epoxy glue and frozen in dry ice for transportation to 

Grenoble. The leftovers were analyzed by GC for the reaction product yield. 

Precipitate samples were first dried under vacuum, kept under nitrogen during 

the transportation to Grenoble and then transferred into the local glovebox. In 

the glovebox, precipitate samples were mixed with BN by grinding and then 

compressed into gold plated holder for measurement. The samples were sealed 

by tape to prevent exposure to air. 

3.4.3.3 DUBBLE beamline setup and measurement 

Solid samples (precipitate) were measured at ambient temperature. Solution 

samples were measure at –20 
o
C, attained by a cold gas generator supplied by 

the ESRF support group with a dry N2 flow around to prevent condensation of 

moisture. The low temperature was to prevent the melting of the frozen sample. 

The measurements were performed at the DUBBLE beamline (BM 26A) of the 

ESRF, France, in transmission mode using a Si(111) monochromator.
48

 

Calibration of the beam line energy was done by choosing the inflection point 

in the edge of a Fe-foil and setting this energy to 7112 eV. The normalized 

XANES of Prec., Sol., and FP2E was subjected to Athena software in the 

Demeter package (version 0.9.18) for linear combination fitting in the region of 

7100 eV – 7200 eV.
49

 The collected EXAFS spectra were background 

corrected and analyzed using XDAP software.
50

 Vaarkamp Standard scatterers 

were calculated with the software FEFF8 and fitted, by means of a correction 

parameter (S0²) to the experimental data, standard deviation of the coordination 

number is +/–5%. 
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Chapter 4 Kinetic study of FP2E and 

F
s
P2E catalytic systems in direct 

arylation reactions of unactivated arenes 

in air 

Abstract 

An iron-based catalytic system for the direct arylation of unactivated arenes 

with aryl halides in air based on iron trichloride and phenanthroline, FP2E, was 

described in Chapter 2. To get more understanding of this system, a kinetic 

study was performed on the model reaction of 4-iodoanisole and benzene in air. 

A simple kinetic model consisting of two independent rate constants was found 

to adequately reproduce the experimental data. To understand the effects of 

oxidation state and coordination of the iron phenanthroline complex on the 

catalytic activity, different iron/phenanthroline formulations and several well-

defined iron phenanthroline complexes were compared as precatalysts for the 

model reaction. Among them, FP2E has the best performance for catalyzing the 

direct arylation between unactivated arenes and aryl halides. The results show 

that the oxidation state and coordination environment of iron are the key to the 

success: Complexes with an Fe(III) center and a single phenanthroline ligand 

are good candidates for successful catalysis. In addition, electronic effects were 

studied by modifying the 4,7-position of the 1,10-phenanthroline ligand. Based 

on the modified ligands, F
s
P2E systems were successfully prepared and tested 

in the model reaction in air. Interestingly, a linear correlation of the reaction 

yield using F
s
P2E systems with the Hammett parameter (σ) of the substituted 

ligand was found, which indicates that more electron-rich ligands improve the 

performance in catalysis. The results also show that although the solubility of 

F
s
P2E systems are good, they do not reach full conversion. The reason could be 

that they are less tolerant to air.  
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4.1 Introduction 

Biaryl compounds are ubiquitous in pharmaceuticals and functional materials. 

Hence, they have received much attention from the pharmaceutical industry
1
 as 

well as in materials and supramolecular science.
2
 The ability to directly 

functionalize an aromatic C–H bond would significantly shorten synthetic 

routes to achieve the formation of biaryl moieties. Most catalytic routes that are 

currently available towards the activation of aromatic C–H bonds rely on the 

use of a 2
nd

 or 3
rd

 row transition metal, such as Pd, Rh, Ru, etc. 
3-5

 However, 

those “noble” metals are scarce in the earth crust and also toxic to humans and 

have thus raised concerns related to economy and environment. Iron, on the 

other hand, is abundant, inexpensive and non-toxic. Therefore, developing an 

iron-based catalytic system for direct arylation reactions to synthesize biaryl 

compounds is of interest.  

In Chapter 2, a novel iron-based catalytic system, FP2E was reported. This 

system can catalyze the direct arylation of unactivated arenes with aryl halides 

in air with KO
t
Bu as a base (Scheme 1). FP2E is rather easily prepared, by 

mixing FeCl3 and 1,10-phenanthroline in a molar ratio of 1:2 in ethanol and 

collecting the precipitate formed from the mixture. The direct arylation reaction 

is inhibited by radical scavengers (2, 2, 6, 6-tetramethyl-1-piperridinyloxy 

(TEMPO) and 2,6-di-tert-butyl-α-(3,5-di-tert-butyl-4-oxo-2,5-cyclohexadien-1-

ylidene)-p-tolyloxy (galvinoxyl)), which suggests the involvement of radical 

species. Moreover, an induction period was observed for the FP2E-catalyzed 

direct arylation reaction between 4-iodoanisole and benzene carried out in air. 

Therefore a radical chain mechanism was proposed, in which the build-up of 

radical chain carriers by a slow initiation process would be responsible for the 

induction period (Scheme 1).  

In this chapter, a kinetic study of this catalytic system in the model reaction 

between 4-iodoanisole and benzene is described. Varying the amount of 

substrate, precatalyst and base allows for the determination of which 
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components are involved in the induction reaction and in the productive 

reaction. A simple kinetic model consisting of two independent reactions 

adequately reproduces the experimental data. 

Scheme 1 Model direct arylation reaction of 4-idodanisole and benzene catalyzed by FP2E 

In a next step, the effect of the solvent and stoichiometry used in the 

preparation of the precatalyst on catalytic activity were studied: the FPE and 

FPM systems (See Chapter 3: F stands for iron, P for phen, E for ethanol, and 

M for methanol) were applied to the model reaction of 4-iodoanisole and 

benzene to compare their catalytic reactivity. Some well-defined iron 

phenanthroline complexes were also prepared as references in a catalytic 

reactivity comparison.  

Last, electronic effects on the supporting phenanthroline ligand were studied: 

Based on the protocol for the synthesis of the FP2E system, modified 1,10-

phenanthroline ligands substituted at the  4,7-positions were employed in the 

preparation of other catalytic systems, and their activity was examined. 

4.2 Results and Discussion 

4.2.1 Kinetic study of FP2E 

To elucidate more information about the mechanism of the FP2E -catalyzed 

direct arylation, a kinetic study of the reaction of 4-iodoanisole and benzene 

was performed. In Chapters 2 and 3, the direct arylation reactions catalyzed by 

FP2E had been performed in closed pressure tubes in an oil bath, which is not 

well-suited for reaction monitoring. The phenomenological observation that the 

reaction time does not correlate well with reaction yield due to an 

irreproducible induction period under these conditions suggests insufficient 
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mixing. Hence, the conditions were adapted in this chapter: the reaction was 

heated to reflux under air using an aluminum heating block. An additional 

advantage of this set-up is that the distance between the stirring bar and plate is 

much shorter, presumably achieving better mixing.  The reactions were 

monitored by GC analysis with pentadecane as internal standard.  

Gratifyingly, the reaction profile did not change much under the modified 

reaction conditions compared to the observations in Chapter 2, but the 

reproducibility is markedly improved. (The model reaction was repeated for 3 

times with good reproducibility and no divergent data point was found in the 

kinetic curve comparing to the kinetic curve obtained from the reaction 

performed in pressure tube.). The observed sigmoidal kinetic profiles suggests 

a mechanism with at least two separate chemical processes in the reaction.
6
 The 

shorter induction period under modified conditions in this chapter likely results 

from improved mixing, which would increase the efficiency of the activation of 

the – initially insoluble – precatalyst. 

To investigate which reaction components are involved in the induction step 

and in the productive step, reaction profiles were recorded with varying 

amounts of FP2E, substrate (4-iodanisole) and base (KO
t
Bu) during the reaction 

(Figure 1). As benzene was used as solvent in the reaction, it is present in large 

excess compared to other components and thus its concentration is considered 

to be constant during the reaction. 

First, the amount of KO
t
Bu was varied from 1.0 mmol, 1.5 mmol, 2.5 mmol to 

4.0 mmol, while keeping the amount of substrate and precatalyst loading at 0.5 

mmol and 0.05 mmol, respectively. The reaction profiles are shown in Figure 1 

A. From the reaction profile, it can be observed that when the base amount is 

less than 1.5 mmol, the reaction is markedly slower. When the base amount is 

higher than 1.5 mmol, such as 2.5 mmol, the reaction becomes faster. An 

apparent shortening of the induction period upon increasing the amount of base 

was also observed, to the point that with 4.0 mmol of base the induction period 
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is hard to observe. Then, four different precatalyst loadings were also 

investigated: 0.025 mmol, 0.05 mmol, 0.075 mmol and 0.1 mmol when 

substrate and base were kept as 0.5 mmol and 1.5 mmol, yielding the reaction 

profiles shown in Figure 1 B. For 0.025 mmol precatalyst loading, a longer 

induction period was observed. When the precatalyst loading is higher than 

0.05 mmol, the difference in induction period became less apparent as the 

induction period in plots of 0.075 mmol and 0.1 mmol almost overlap. Finally, 

different substrate amounts were also tested: 0.25 mmol, 0.5 mmol and 0.75 

mmol, when base and precatalyst amount were kept as 1.5 mmol and 0.05 

mmol, yielding the kinetic data shown in Figure 1 C. A much longer induction 

period was observed when the substrate amount is 0.25 mmol.  
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Figure 1 Kinetic reaction profiles for different conditions. A: Reaction profiles when employing 

different amounts of base; B: Reaction profiles when employing different amounts of precatalyst; 

C: Reaction profiles when employing different amounts of aryl halide substrate 
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Qualitatively, higher concentrations of base, substrate, and precatalyst all 

appear to decrease the induction period supporting the mechanism proposed in 

Chapter 2 in which substrate, base and precatalyst are all involved in the 

activation step to form the active species. The precatalyst FP2E was proposed to 

react with the base, KO
t
Bu, to form the active species which reacts with aryl 

halide substrate to form aryl radicals to initiate the radical chain reaction. 

However, the qualitative interpretation of sigmoidal curves is not 

straightforward, and kinetic fitting was carried out for a more detailed analysis. 

Based on the collected kinetic reaction profiles and aforementioned discussions, 

an appropriate model for this kind of reaction should contain precatalyst, 

substrate, and base in at least one rate expression and both substrate and base 

must be consumed in the second, productive step. Several models will be 

proposed below, which all include multiple steps. The equation for these 

multistep kinetic models cannot be solved analytically, and thus they have to be 

integrated numerically to obtain an accurate solution, which was carried out 

using the DynaFit program. The definition of all components used in the 

kinetic models is as follows: 

A: precatalyst 

B: substrate 

C: base 

D: radical chain carrier 1 

E: radical chain carrier 2 

F: product 

 

The simplest model one could consider for this kind of reaction is shown below 

(M1), 
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Scheme 2 Kinetic model M1 and catalytic cycle for M1 

In this simplified kinetic model, precatalyst A is converted into radical chain 

carrier D in the first step. The substrate (B), the base (C), and the radical chain 

carrier (D) are involved in the productive step, which regenerates the radical 

chain carrier D and affords product F. The corresponding elementary rate law 

for the first step in M1 is v1 = [A], for the second step it is v2 = [B][C][D]. They 

can be expressed as the differential equations shown below, 

d[A]/dt = - k1[A] 

d[D]/dt = + k1[A] 

d[B]/dt = - k2[B][D][C] 

d[C]/dt = - k2[B][D][C] 

d[F]/dt = + k2[B][D][C] 

A global fitting to all reaction condition data is a more rigorous approach than 

fitting each reaction condition individually. After global kinetic fitting, the rate 

constants k1 = 8.1·10
-5

 s
-1

 and k2 = 8.6∙10
-2

 M
-2

s
-1

 were obtained for model M1 

to provide a nice fitting under all the conditions except when 4.0 mmol of base 

was employed in the reaction (Figure 2). An evaluation for quality of such 

fitting is done by F-statistic analysis and the F-statistic values are 0.0260 and 

0.0170 for k1 and k2, respectively. Both of the values are less than the Fcritical for 

the confidence interval of 99% for the model. The analysis shows that an 

acceptable global fitting is achieved. The root-mean-square deviation (r. m. s. 
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d.) value of this model is 4.2944, which will be used for comparison to other 

models.  
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Figure 2 Global fitting of all conditions for M1. A: Fittings with different amounts of base; B: 

Fittings with different precatalyst loadings; C: Fittings with different amounts of substrate  
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Alternatively, one could consider kinetic model M2, in which the base is 

involved in the induction step instead of in the productive step (Scheme 3). 

However, the following step must consume the base and the substrate to 

account for the stoichiometry of the reaction in a suitable mechanism. To tackle 

this issue, a quasi-infinitely fast step was incorporated (step 2), the rate of 

which is fixed at an arbitrarily high rate (1000 M
-1

s
-1

). 

 

Scheme 3 Kinetic model M2 and catalytic cycle for M2 

The corresponding elementary rate law for the first step in M2 is v1 = [A][C], 

for the second step it is v2 = [C][D] and for the third step is v3 = [B][E]. They 

can be expressed as the differential equations shown below, 

 

d[A]/dt = - k1[A][C] 

d[C]/dt = - k1[A][C] - k2[C][D] 

d[D]/dt = + k1[A][C] - k2[C][D] + k3[B][E] 

d[E]/dt = + k2[C][D] - k3[B][E] 

d[B]/dt = - k3[B][E] 

d[F]/dt = + k3[B][E] 

 

Global fitting according to model M2 gave the kinetic rate constants k1 = 

4.7·10
-4

 M
-1

s
-1

 and k3 = 1.6∙10
-2

 M
-1

s
-1

 (Figure 3). The F-statistic values for this 

fitting are 0.0211 and 0.0115 for k1 and k3, respectively. Both of the values are 

less than the Fcritical for the confidence interval of 99% for the model, indicating 
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that an acceptable global fitting is achieved. The r. m. s. d. value of this model 

is 3.5880, which is smaller than M1’s 4.2944. This indicates that M2 is a better 

model than M1 and that the base is likely involved in the induction step.  
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Figure 3 Global fitting of all conditions for M2. A: Fittings with different amounts of base; B: 

Fittings with different precatalyst loadings; C: Fittings with different amounts of substrate 
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According to model M2, the induction period would be due to the reaction 

between the precatalyst and the base to generate radical carrier 1 (D). Therefore, 

one would expect that premixing of the precatalyst and the base for enough 

time would result in the disappearance of the induction period. However when 

the precatalyst and base were premixed in benzene under reflux in air for a long 

period (approx. 6 h) before the aryl iodide substrate was added into the reaction 

system, an induction period was still observed. This observation suggests that 

the aryl iodide substrate may be involved in the induction process and could be 

considered in the induction step of the kinetic model. Based on this information, 

a new kinetic model M3 is proposed (Scheme 4), in which the induction step 

involves the precatalyst, the base, and the aryl iodide substrate. 

 

Scheme 4 Kinetic model M3 and catalytic cycle for M3 

In the induction step of M3, the reaction between precatalyst (A), base (B) and 

substrate (C) affords the radical carrier 1 (D), which is then converted quite fast 

by the base to form radical carrier 2. This radical carrier (E) reacts with 

substrate (B) and benzene to afford the product (F) and regenerate radical 

carrier 1 (D) again. 

The corresponding elementary rate law for the first step in M3 is v1 = 

[A][B][C], for the second step it is v2 = [C][D] and for the third step is v3 = 

[B][E]. They can be expressed as the differential equations shown below, 
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d[A]/dt = -k1[A][B][C] 

d[B]/dt = -k1[A][B][C] -k3[B][E] 

d[C]/dt = -k1[A][B][C]-k2[C][D] 

d[D]/dt = +k1[A][B][C] -k2[C][D] +k3[B][E] 

d[E]/dt = +k2[C][D] –k3[B][E] 

d[F]/dt = +k3[B][E] 

 

In this case, global fitting of the data to model M3 gave rate constants k1 = 

1.6∙10
-3

 M
-2

s
-1

 and k3 = 4.7∙10
-2

 M
-1

s
-1

.  The F-statistic values are 0.0428 and 

0.0341 for k1 and k3, respectively. The analysis shows that an acceptable global 

fitting is achieved (Figure 4). The r. m. s. d. value for this model is 4.8234, 

which is bit larger than for M1 (4.2944) and M2 (3.5880). This indicates that 

the substrate is not kinetically relevant in the induction step of the proposed 

kinetic model, even though it seems to participate in the induction process, it is 

not involved in the rate limiting step of the induction period.  
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Figure 4 Global fitting of all conditions for M3. A: Fittings with different amounts of base; B: 

Fittings with different precatalyst loadings; C: Fittings with different amounts of substrate 
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One would question whether the base (C) is involved in the first step of kinetic 

model M3 as pre-mixing the precatalyst and the base for a certain long period 

did not eliminate the induction period. Accordingly, model M4 was proposed 

(Scheme 5). 

 

Scheme 5 Kinetic model M4 and catalytic cycle for M4 

In this kinetic model, the precatalyst (A) reacts with the substrate (B) to 

generate radical carrier 1 (D), which is then converted quite fast by the base to 

form radical carrier 2 (E) (thus in the kinetic fitting the k2 is set to be a large 

constant, i. e. 1000 M
-1

s
-1

). This radical carrier 2 (E) then reacts with substrate 

(B) and benzene to afford the product (F) and regenerates the radical carrier (D) 

again. However in this model the base is kinetically irrelevant in both the 

induction step and production step, which does not satisfy the criteria 

mentioned in the beginning of this section that both substrate and base must be 

consumed in the productive step. Indeed, the r. m. s. d. value for global fitting 

of this model is 8.1134, which is the biggest in all those four kinetic models, 

and therefore makes this model the least likely.  

In conclusion, kinetic model M2 is quite likely to be a good candidate to 

explain the mechanism of the FP2E catalyzed direct arylation reaction (Scheme 

5, 6). From this kinetic model, the nature of FP2E as a precatalyst is established 

as proposed both in Chapter 2 and Chapter 3 as in the induction step of this 

model the precatalyst A needs another component to generate the active species 

in order to initiate the radical reaction.  
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The kinetic study proved that precatalyst, base and substrate are all involved in 

the induction process as premixing the precatalyst and base without substrate 

for a certain long period did not eliminate the induction period. However only 

the precatalyst and base take part in the rate-determining step of the induction 

process. This is also consistent with the observation that only after adding the 

base the precatalyst starts to dissolve in the reaction medium (benzene), most 

probably forming an iron alkoxide species which is soluble in benzene. The 

formed iron alkoxide, bearing an electron-rich phenanthroline ligand, could get 

involved in an iodine atom transfer (IAT) step with the aryl iodide substrate to 

generate an aryl radical, much like Buchwald et al. proposed for copper 

phenanthroline alkoxide complexes.
7
 After formation of the aryl radical, the 

reaction enters a regime similar to ATRP reactions as a radical chain reaction 

with a quite short chain length.
8
  

 

 

Scheme 6 Proposed chain mechanism of FP2E catalyzed direct arylation reaction based on 

kinetic model M2 

The fast second step of base (C) plus radical carrier 1 (D) to form radical 

carrier 2 (E) also fits quite well with the proposed mechanism in Chapter 2 as 
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the deprotonation step of the cyclohexadienyl radical intermediate is known as 

a fast process (in Curran’s report,
9
 the rate constant for deprotonation of a 

similar radical is as high as 10
9
 M

-1
s

-1
!). The fast second step also corresponds 

to the KIE observed in Chapter 2 (kH/kD = 1.12) as the cleavage of the C–H 

bond in benzene (in the model, deprotonation of a cyclohexadienyl radical 

intermediate) is not the rate-determining step. From M2, one can conclude that 

productive step 3 could be the rate-determining step of the whole reaction as 

step 3 is the slowest. This is possible as according to the mechanism, this step 

could be an outer-sphere electron transfer process for which energy barriers are 

typically high. 

4.2.2 Investigation of FP systems and well-defined iron 

phenanthroline complexes in direct arylation reactions 

With the successful application of a novel catalytic system made from FeCl3 

and 1,10-phenanthroline (FP2E in Chapter 2) in catalyzing direct arylation 

reactions between aryl halides and unactivated arenes in air, this section 

describes the attempt to identify which properties are important for a good 

precatalyst, for instance the number of coordinated ligands and the oxidation 

state of the iron center. 

4.2.2.1 Synthesis of FP systems and well-defined iron phenanthroline 

complexes 

Chapter 3 described a strong effect of solvent on the composition of the 

obtained FP systems: changing the solvent from ethanol to methanol in the FP 

systems leads to different species. To optimize the synthesis procedure of FP 

systems, different molar ratios of iron salt and ligand were tested. In this 

chapter, those different FP systems are investigated for their catalytic reactivity 

in the direct arylation reaction in air. FPE systems and FPM systems were 

prepared according to the description in Chapter 3. FPE systems use ethanol as 
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the solvent for preparation, while FPM systems are prepared by using methanol 

as solvent. The well-defined iron phenanthroline complexes, 

[Fe(phen)Cl3CH3OH]CH3OH , [Fe(phen)2Cl2]NO3·CH3COOH·H2O, 

[Fe(phen)3]Cl2·7H2O, and [Fe(phen)2Cl2] are included in this study and have 

also been synthesized according to the protocols described in Chapter 3. 

4.2.2.2 Catalytic reactivity of FP systems and well-defined iron 

phenanthroline complexes in direct arylation reactions 

With the well-defined iron phenanthroline compounds and the FP systems at 

hand, their catalytic reactivity in direct arylation reactions was investigated. 

The model reaction of 4-iodoanisole and benzene was chosen for this study. 

The reaction was performed in a pressure tube in air at 100 
o
C (oil bath 

temperature). The performance of FP systems and well-defined iron 

phenanthroline complexes is shown in Table 1. 

Table 1 Reactivity of different FP systems and well-defined iron phenanthroline 

complexes in the direct arylation of 4-iodoanisole and benzene in air 

 

Entrya Precatalyst Yieldb 

1 FP1E 91% 
2 FP2E 96%/96%c 
3 FP3E 94%  
4 FP1M <1% 
5 FP2M <1% 
6 FP3M <1% 
7 [Fe(phen)2Cl2] 84% 
8 [Fe(phen)3]Cl2∙7H2O 48% 
9 [Fe(phen)(CH3OH)Cl3] ∙CH3OH 96% 
10 [Fe(phen)2Cl2]NO3∙CH3COOH∙H2O 77% 
11 [NEt4][FeCl4] 0 
a. General conditions: 0.5 mmol of 4-iodoanisole, 1.5 mmol of KOtBu, 50 mmol of benzene, 0.05 

mmol precatalyst, 100 °C, 24 h, pressure tube.  b. GC yield with pentadecane as internal standard. 

c. The reaction was performed in an open vessel under reflux. 
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The data in Table 1 show that all FPM systems failed to catalyze the direct 

arylation reaction (entries 4, 5 and 6), while all FPE systems catalyze the direct 

arylation reaction in high yields (entries 1, 2 and 3).  Another interesting 

observation is that FP3E and FP2M, while, sharing almost the same C/H/N ratio 

and iron content (see experimental section), display very different activities 

(Table 1, entries 3, 5). These observations can be explained by the large 

structural differences between FPE and FPM systems evidenced from the IR 

and XAS investigations in Chapter 3. For instance, the major component of 

FP1M was proposed as [Fe(phen)2Cl2][FeCl4]. Even though a [Fe(phen)2Cl2] 

containing complex such as [Fe(phen)2Cl2]NO3∙CH3COOH∙H2O gives 77% of 

product yield, the [FeCl4]
 – 

containing complex [NEt4][FeCl4] affords no 

product. Therefore, it could be that [FeCl4]
 –  

anion is detrimental to the reaction. 

For FP2M and FP3M, unfortunately their structure could not be fully assigned. 

The Far-IR study excludes the existence of [FeCl4]
 –  

in these two systems, 

however it also shows that these two system do not contain a mononuclear, 

octahedral Fe(III) species, which is present in those most successful 

precatalysts (Table 1, entries 1, 2, 3, and 9). Together, these observations 

highlight the dramatic effect of the solvent used for the preparation of the 

precatalyst on their catalytic activity. 

As the tetrachloroferrate(III) anion is often formed as a counterion to iron 

phenanthroline complexes
10

 its catalytic activity as the isolated salt 

[NEt4][FeCl4] was tested. It turned out that [NEt4][FeCl4] shows no reactivity at 

all, indicating that the tetrachloroferrate(III) anion has no catalytic activity in 

the direct arylation reaction under investigation. 

Remarkably, the FPE systems and [Fe(phen)(CH3OH)Cl3] ∙CH3OH display the 

highest performance. According to the result presented in Chapter 3, the major 

component of the FPE system is similar to [Fe(phen)(CH3OH)Cl3] ∙CH3OH, as 

it is composed of an Fe(III) mono-phenanthroline complex which has an 

octahedral coordination structure. Therefore, the oxidation state and 
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coordination of the iron phenanthroline complex appear to be important for 

optimal activity. The results obtained for well-defined iron phenanthroline 

complexes also indicate that a higher oxidation state of iron and a lower 

phenanthroline content favor the reaction. FP2E is more readily prepared than 

[Fe(phen)(CH3OH)Cl3]∙CH3OH. For FP2E, simply collecting the precipitate 

from the reaction affords the system with [Fe(phen)2Cl2]NO3∙CH3COOH∙H2O 

as the major component. However, for [Fe(phen)(CH3OH)Cl3]∙CH3OH, 

recrystallization of the collected precipitate is required and leads to a lower 

yield. Therefore a study on improving FP2E by modifying the phenanthroline 

ligand was carried out to find a better precatalyst for this kind of reaction.  

4.2.3 Investigation of substituted phenanthroline ligand based FP2E 

systems in direct arylation reaction 

After the study of FP2E system, we sought ways to systematically improve the 

catalytic system. Varying the substituents in the 4,7-positions of the 1,10-

phenanthroline ligand offers an opportunity to study electronic effects of the 

ligand on catalytic activity. In this section, 1,10-phenanthroline was modified 

by substitution in the 4,7-positions with phenyl, chloro, methoxy and pyrrolidyl 

groups to evaluate the electronic effect of the ligand on the catalytic reactivity 

of F
s
P2E systems. These ligands had not been applied before in this type of 

direct arylation reactions catalyzed by iron. 

4.2.3.1 Synthesis of F
s
P2E systems 

4.2.3.1.1 Synthesis of substituted phen (
s
P) ligands 

The substituted phenanthroline ligands were synthesized according to literature 

procedures.
11,12

 The general synthetic approach to 4,7-disubstituted 

phenanthroline ligands is shown in Scheme 7. The building block, 4,7-

dichlorophen can be conveniently converted into 4,7-dimethoxyphen and 4,7-
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dipyrrolidylphen. Bathophenanthroline (4,7-diphenylphen) is commercial 

available.  

 

 

Scheme 7 Synthesis of substituted phen (sP) ligands 

4.2.3.1.2 Synthesis of F
s
P2E systems 

F
MeO

P2E was prepared by following the protocol for FP2E with the replacement 

of 1,10-phenanthroline for 4,7-dimethoxyphenanthroline: FeCl3 and 4,7-

dimethoxyphenanthroline were mixed in a molar ratio of 1:2 in ethanol. The 

formed precipitate was collected and dried in vacuum to afford a dark red 

powder. F
Ph

P2E was made by adding a solution of FeCl3 in ethanol to a solution 

of bathophenanthroline (2 equiv.) in ethanol/CH2Cl2. The precipitate that 

formed was collected by centrifugation and dried under vacuum to afford 

F
Ph

P2E as a dark red powder. F
Cl

P2E was prepared in the same manner as 

F
Ph

P2E using 4,7-dichlorophenanthroline instead of bathophenanthroline to 
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afford an earth yellow powder. F
Pyr

P2E is also prepared by the same protocol as 

F
Ph

P2E using 4,7-dipyrrolidylphenanthroline, this time a dark green powder 

was obtained. The elemental analysis and ICP-OES analysis of these 

complexes are summarized in Table 2. 

Table 2 Elemental analysis (for C, H, N) and ICP-OES analysis (for Fe) of F
s
PE 

systems 

FsP2E 
systems 

C 
(%) 

H 
(%) 

N (%) Fe (%) N/Fe      
(molar ratio) 

Color 

FMeOP2E 42.83 3.39 7.30 13.29 2.2 dark red 
FPhP2E 62.99 3.84 5.80 4.06 5.9 dark red 
FClP2E 37.87 2.70 6.96 6.90 4.2 yellow 

FPyrP2E 52.15 4.99 11.76 6.73 7 dark 
green 

 

According to elemental analysis and ICP-OES analysis of F
MeO

P2E, the N/Fe 

molar ratio of F
MeO

P2E is 2.2, which indicates an approximate 4,7-

dimethoxyphen/Fe ratio of 1. The experimental elemental composition can be 

approximated by a simple stoichiometry: [Fe(4,7-dimethoxyphen)Cl3] (Calcd. 

C 41.78, H 3.01, N 6.96, Fe 13.88). Therefore, it is likely for the major 

component in F
MeO

P2E to be a monocoordinated iron species, but the formation 

of a salt structure such as [(4,7-dimethoxyphen)2FeCl2][FeCl4] should also be 

taken into consideration. Indeed, recrystallization of F
MeO

P2E from CH2Cl2 

afforded such a structure (Figure 5, Table 3). The molecular structure of the 

crystal ([Fe(4,7-dimethoxyphen)2Cl2][FeCl4] ∙(CH2Cl2) 2) shows a six-

coordinate iron center in octahedral coordination geometry with the expected 

cis-configuration of the chloride ligands.
13

 The [FeCl4]
–
 anion is in the expected 

tetrahedral geometry. This structure is the analogue of [Fe(phen)2Cl2][FeCl4] 

reported by Goodwin et al..
14

 The average Fe–Cl bond length in the [Fe(4,7-

dimethoxyphen)2Cl2]
+ 

cation is slightly longer than in Goodwin’s complex 

(2.292 Å vs 2.247 Å). The average Fe-N bond length for this cation is 2.145 Å, 

which indicates a high spin iron center.
15

 In this case, the substitution groups in 
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the phenanthroline ligand do not have much influence on the geometry of the 

complex. Overall, this crystal could also be the product of a ligand 

reorganization from an initially formed Fe(III) mono-phenanthroline complex 

as in the study of Pintauer, which is discussed in Chapter 3.
10

 According to 

Pintauer, the high "halidophilicity" of the Fe(III) center in a Fe(III) mono-

phenanthroline complex would favor the rearrangement of such a compound 

into [Fe(phen)2Cl2][FeCl4] in acetonitrile. In Chapter 3, a criterium to 

determine the existence of the [FeCl4]
–
 anion is proposed by two Far-IR 

absorptions at 378 cm
-1

 and 139 cm
-1

. However, according to the Far-IR 

spectrum of F
MeO

P2E, the possibility of it containing the [FeCl4]
–
 anion can be 

excluded. Furthermore, F
MeO

P2E’s Far-IR spectrum contains absorptions at 317 

cm
-1

 and 261 cm
-1

, which can be assigned to νFe-Cl and νFe-N of a mononuclear, 

octahedral Fe(III) species. In conclusion, F
MeO

P2E is quite likely to be a 

mononuclear, octahedral Fe(III) species. 
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Figure 5 Molecular structure of crystal obtained from FMeOP2 solution in CH2Cl2 ([(4,7-

dimethoxyphen)2FeCl2][FeCl4]∙(CH2Cl2)2), drawn at the 50% probability level. 

 

Table 3 Bond distances and angles of crystal obtained for ([(4,7-

dimethoxyphen)2FeCl2][FeCl4]∙(CH2Cl2)2 

Atom1 Atom2 Length  

Fe1 Cl1 2.285(1)  

Fe1 Cl2 2.299(1)  

Fe1 N1 2.117(3)  

Fe1 N2 2.173(3)  

Fe1 N3 2.170(3)  

Fe1 N4 2.121(3)  

Atom1 Atom2 Atom3 Angle 

Cl1 Fe1 Cl2 96.45(4) 

Cl1 Fe1 N1 96.24(8) 

Cl1 Fe1 N2 89.64(8) 

Cl1 Fe1 N3 169.54(8) 

Cl1 Fe1 N4 95.43(8) 

Cl2 Fe1 N1 95.30(8) 

Cl2 Fe1 N2 170.98(8) 

Cl2 Fe1 N3 91.29(8) 

Cl2 Fe1 N4 96.77(8) 

N1 Fe1 N2 77.4(1) 

N1 Fe1 N3 90.0(1) 

N1 Fe1 N4 162.1(1) 

N2 Fe1 N3 83.5(1) 

N2 Fe1 N4 89.2(1) 

N3 Fe1 N4 76.6(1) 
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For F
Ph

P2E, elemental analysis and ICP-OES analysis results could not be 

reduced to a simple stoichiometry, but the N/Fe molar ratio of 5.9 suggests an 

approximate bathophen/Fe ratio of 3. This could imply a tris-coordinated iron 

species, like in the case of [Fe(phen)3]Cl2∙7H2O.  However, the Far-IR spectra 

of these two show no similarity. ([Fe(phen)3]Cl2∙7H2O has vibrations at 297cm
-

1
, 240 cm

-1
, 208 cm 

-1
, and 190 cm

-1
, while F

Ph
P2E has vibrations at 383 cm

-1
, 

317 cm
-1

, and 227cm
-1

). The absorption at 317 cm
-1

 and 227 cm
-1

 of F
Ph

P2E 

could be assigned to a mononuclear, octahedral Fe(III) species. Therefore, it 

could be that co-precipitation of free ligand takes place during preparation.  

The N/Fe molar ratio of 4.2 of F
Cl

P2E suggests an approximate 4,7-

dichlorophen/Fe ratio of 2. A crystal grown from a solution of F
Cl

P2E in 

methanol and CH2Cl2 was analyzed by X-ray crystallography and contains the 

neutral complex [Fe(4,7-dichlorophen)Cl3(CH3OH)]∙CH3OH (see Figure 6, 

Table 4). The molecule structure is an analogue of 

[Fe(phen)Cl3(CH3OH)]∙CH3OH reported by White et al..
16

 The average Fe–Cl 

bond length of these two compounds is identical at 2.292 Å. The Fe–N and Fe–

O bond lengths are also quite similar in [Fe(4,7-

dichlorophen)Cl3(CH3OH)]∙CH3OH and [Fe(phen)Cl3(CH3OH)]∙CH3OH 

(2.202 Å vs 2.198 Å for Fe–N, 2.089 Å vs 2.135 Å for Fe–O). In this case, the 

substituents on the phenanthroline ligand do not have much influence on the 

geometry of the complex. This structure alone does not account for the 

experimental composition of bulk F
Cl

P2E, which can be tentatively proposed to 

be [Fe(4,7-dichlorophen)Cl3(CH3CH2OH)]∙4,7-dichlorophen∙(CH2Cl2)2 (Calcd. 

C 38.38, H 2.53, N 6.39, Fe 6.37). This proposal is further supported by Far-IR 

as the vibrations at 332 cm
-1

, 306 cm
-1

 and 262 cm
-1 

in the spectrum of F
Cl

P2E 

can be assigned to νFe-Cl and νFe-N of a mononuclear, octahedral Fe(III) species, 

respectively. 
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Figure 6 Molecular structure of crystal obtained from FClP2E solution in methanol and CH2Cl2 

([Fe(4,7-dichlorophen)Cl3(CH3OH)]∙CH3OH), drawn at the 50% probability level. 

 

Table 4 Bond distances and angles of crystal obtained for [Fe(4,7-

dichlorophen)Cl3(CH3OH)]∙CH3OH 

Atom1 Atom2 Length  

Fe1 Cl3 2.3049(5)  

Fe1 Cl4 2.2748(5)  

Fe1 Cl5 2.2957(5)  

Fe1 O1 2.089(1)  

Fe1 N1 2.205(1)  

Fe1 N2 2.198(1)  

Atom1 Atom2 Atom3 Angle 

Cl3 Fe1 Cl4 96.93(2) 

Cl3 Fe1 Cl5 96.03(2) 

Cl3 Fe1 O1 167.64(4) 
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Cl3 Fe1 N1 90.27(3) 

Cl3 Fe1 N2 86.80(3) 

Cl4 Fe1 Cl5 99.73(2) 

Cl4 Fe1 O1 90.53(4) 

Cl4 Fe1 N1 165.32(4) 

Cl4 Fe1 N2 92.88(4) 

Cl5 Fe1 O1 92.39(4) 

Cl5 Fe1 N1 92.18(3) 

Cl5 Fe1 N2 166.62(4) 

O1 Fe1 N1 80.35(5) 

O1 Fe1 N2 82.98(5) 

N1 Fe1 N2 74.70(5) 

 

For F
Pyr

P2E, the N/Fe molar ratio of 7 suggests an approximate 4,7-

dipyrrolidylphen/Fe ratio of 2. A possible composition of the system is 

proposed as [Fe(4,7-dipyrrolidylphen) Cl3]∙(CH2Cl2) 2 (Calcd. C 52.06, H 4.99, 

N 11.57, Fe 5.76). The Far-IR absorptions at 308 cm
-1

 and 239 cm
-1

 could be 

assigned to νFe-Cl and νFe-N of a mononuclear, octahedral Fe(III) species, 

respectively. 

In conclusion, applying the same complexation protocol to ligands with various 

substituents produces solids with different elemental composition and hence 

likely a different iron coordination. The picture is additionally complicated by 

the possibility of ligand redistribution, free-ligand co-precipitation and/or 

solvent co-crystallization. More techniques would be required for a thorough 

structural investigation of F
s
P2E systems, such as XAS, UV-Vis etc. (see 

Chapter 3). 

4.2.3.2 Kinetic study of F
s
P2E systems 
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A preliminary kinetic study was carried out with all F
s
P2E systems, again using 

the reaction between 4-iodoanisole and benzene as the model reaction. For all 

F
s
P2E systems, initial precipitates were used directly as the precatalyst. The 

reactions were performed under refluxing conditions in air and monitored by 

GC analysis for product yield. The reaction profiles are presented in Figure 7. 

Within the time frame of monitoring, the yields of all reactions catalyzed by 

F
s
P2E systems were lower than the one catalyzed by FP2E. Among the F

s
P2E 

systems, the highest yield (50 %) was achieved by F
Pyr

P2E after 11.5 h (Figure 

7).  

From Figure 7 it can be noticed that the FP2E catalyzed reaction has a 

considerably longer induction period in comparison to reactions using the 

F
s
P2E systems. For F

s
P2E systems, F

Ph
P2E and F

Cl
P2E system have a short 

induction period similar to FP2E while F
MeO

P2 and F
Pyr

P2E systems have no 

observable induction time. In addition, all the substituted systems reach a 

plateau in product yield at low conversions, suggesting catalyst deactivation. 

The difference in yield and in induction period could both be attributed to a 

difference in solubility: all F
s
P2E systems are soluble in benzene, while FP2E is 

insoluble in this solvent. It is therefore possible that the active species (or 

radical chain carrier) is formed more rapidly for fully soluble systems, 

drastically reducing the induction period, while the less-soluble FP2E solid 

would act as a reservoir from which the active species is slowly generated. This 

hypothesis is additionally supported by the observation in Chapter 3 that the 

precatalyst is found in the solid fraction of the mixture throughout the reaction 

when the reaction was carried out in a pressure tube. Alternatively, it could be 

that F
s
P2E systems are not as air-tolerant as FP2E; the active species derived 

from them might be sensitive to air.  

According to Driebergen, the Hammett parameters (σ) of 4,7-disubstituted 

1,10-phenanthrolines  phenyl (F
Ph

P2E), methoxy (F
MeO

P2), pyrrolidyl (F
Pyr

P2E) 

and chloro (F
Cl

P2E) substitution are -0.01, -0.12, -0.77 and 0.23 respectively.
17
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Interestingly, a linear correlation is found between σ and the product yield after 

11.5 h in  F
s
P2E catalyzed direct arylation, as shown in Figure 8. From this plot, 

it can be proposed that to design a better catalytic system for direct arylation 

reactions, one should consider using a more electron rich ligand. This 

observation is consistent with the earlier proposed mechanism, both in Chapter 

3 and section 4.2.1 of this Chapter, in which the halide abstraction step between 

iron phenanthroline complex and substrate is vital in the whole reaction process 

to form the aryl radical and to initiate the radical chain reaction. Other factors 

could also be considered in order to shorten the induction period, such as 

increasing the solubility of the precatalyst by ligand substitutions which would 

facilitate the formation of active species. However, to make the reaction run in 

air, more consideration should be taken to avoid the deactivation of formed 

active species during the reaction. 

 

Figure 7 Reaction profiles of FsP2E systems catalyzed direct arylation reaction of 4-iodoanisole 

and benzene in air 



Chapter 4 

164 
 

 

Figure 8 Plot of yield of direct arylation by FsP2E systems (11.5 h) vs. Hammett parameter (σ) 

 

4.3 Conclusion 

In summary, kinetic investigations were carried out on the direct arylation 

reactions catalyzed by FP2E. A sigmoidal kinetic reaction profile indicates a 

mechanism with at least two separate chemical processes in the reaction. Based 

on the mechanism proposed in Chapter 2, four simple kinetic models were 

proposed and fitted to the experimental data. Among them, the simple kinetic 

model M2 with three steps and six components fits the experimental data the 

best. The first step of the induction period for M2 is proposed to involve two 

components, i.e. the precatalyst (FP2E) and the base, which corresponds to both 

the experimental observation and the proposed mechanism. Substrate was 

proven to participate in the induction process by experiment, but seems not to 

be involved in the rate-determining step of this process as pointed out by the 

kinetic analysis. The second step also fits the mechanism quite well and stands 

for the deprotonation of a cyclohexadienyl radical intermediate. The last 

productive step, according to the rate constant, should be the rate-determining 

step of the whole reaction, which is also reasonable according to the proposed 

mechanism as it could be an outer-sphere electron transfer process. 
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Next, FPE and FPM systems were synthesized together with several well-

defined iron phenanthroline complexes. Their catalytic activity in direct 

arylation reactions in air was evaluated based on the model reaction between 4-

iodoanisole and benzene. The results show that the oxidation state and 

coordination environment of iron is the key to successful catalysis. FP2E and 

[Fe(phen)(CH3OH)Cl3]∙CH3OH outperform other candidates; these both share a 

similar structure of a mono phenanthroline coordinated octahedral iron (III) 

species.  

Since the FP2E system is much easier to obtain than the crystalline form of  

[Fe(phen)(CH3OH)Cl3] ∙CH3OH, subsequent studies focused on FP2E. 

Attempts in improving the FP2E system involved adding substituents in the 4,7-

positions of the 1,10-phenanthroline ligand. Four F
s
P2E systems were 

successfully prepared and tested in the model reaction of 4-iodoanisole and 

benzene in air. Far-IR and elemental analysis indicated that these systems 

contain a mononuclear, octahedral Fe(III) species. Reaction profiles using 

F
s
P2E systems show low product yields and a possible deactivation of active 

species. A linear correlation of the final yield of F
s
P2E systems and Hammett 

parameter (σ) of the substituted phenanthroline ligands was observed. This 

result suggests that precatalyst with an electron-rich ligand could be a good 

candidate for efficient direct arylation reactions. However, more studies are 

required to increase the air tolerance of these new catalytic systems. 

4.4 Experimental Section 

4.4.1 General  

Mid-IR spectra were recorded on a Perkin Elmer Spectrum Two Infra-Red 

spectrophotometer. Gas chromatography was carried out on a PerkinElmer 

Clarus 500 Gas Chromatograph with a Nukol TM fused silica, 15 m x 0.53 mm 

x 0.5 μm column supplied by Supelco and a PerkinElmer Autosystem XL. ICP-

OES (Inductively coupled plasma optical emission spectrometry) was 
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measured on a SPECTRO ARCOS ICP-OES analyzer equipped with a radial 

plasma as ion source in Geolab, Utrecht University. Far-IR was measured using 

a Bruker IFS-113v vacuum Fourier Transform Infrared Spectrometer at the 

High Field Magnet Laboratory of Radboud University, Nijmegen. Microwave 

reactions were carried out in a Biotage Microwave Initiator (Uppsala, Sweden). 

The microwave power was limited by temperature control once the desired 

temperature was reached. Sealed vessels of 10-20 mL were used. Dry acetone 

was prepared according to a known protocol.
18

 NMR spectra were recorded on 

a Varian Oxford AS400 (400 MHz) or an Varian MRF400 (400 MHz) 

spectrometer. 
1
H NMR (400 MHz) chemical shifts were measured relative to 

CDCl3 as the internal reference (CDCl3: δ = 7.24 ppm). 
13

C NMR (100 MHz) 

chemical shifts were given using CDCl3 as the internal standard (CDCl3: δ = 

77.0 ppm). The following abbreviations were used to designate the 

multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet. All 

other standard reagents were purchased commercially and used without further 

purification. Well-defined reference complexes ([Fe(phen)3Cl2], [Fe(phen)2Cl2], 

[Fe(phen)3]Cl2·7H2O, [Fe(phen)(CH3OH)Cl3]∙CH3OH, 

[Fe(phen)2Cl2]NO3·CH3COOH·H2O, and [NEt4][FeCl4]) were synthesized 

based on the protocols described in Chapter 3. 

4.4.2 Ligand synthesis11,12 

  (1) 

The target compound was synthesized following the reported protocol, 

affording a pale yellow solid (13.15 g, 31.6 mmol, 69% yield). 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 1.75 (s, 12H, CH3-H), 7.42 (m, 4H, phenyl-H), 8.51 (s, 

2H, alkene-H), 11.34 (broad s, 2H, NH). 
13

C NMR (400 MHz, CDCl3) δ (ppm): 

27.1, 89.4, 105.5, 121.2, 128.5, 131.1, 154.9, 163.0, 165.4. 
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(2) 

The target compound was synthesized following the reported protocol, 

affording a fine dark-brown powder (1.4796 g, 6.93 mmol, 74% yield). The 

obtained product was insoluble in all the common NMR solvents but presented 

partial solubility in basic aqueous solutions. 
1
H NMR (400 MHz, D2O in NaOH) 

δ (ppm): 6.57 (d, 2H, JH,H =5.8 Hz, phen-H), 7.89 (s, 2H, phen-H), 8.31(d , 2H, 

JH,H =5.8 Hz, phen-H). 

(3) 

The target compound was synthesized following the reported protocol, 

affording the desired product (1.66 g, 6.65 mmol, 70 % yield). 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 7.79 (d, 2H, JH,H = 4.6Hz, phen-H) 8.36 (s, 2H, phen-H) 

9.11 (d, 2H, JH,H = 4.6 Hz, phen-H). 
13

C NMR (400 MHz, CDCl3) δ (ppm): 

123.2, 123.9, 126.9, 143.0, 146.8, 150.2. 

(4) 

The target compound was synthesized following the reported protocol, 

affording a pale brown solid (0.3514 g, 1.46 mmol, 72 % yield). 
1
H NMR (400 

MHz, CDCl3) δ (ppm): 4.08 (s, 6H, MeO-H), 6.99 (d, 2H, JH,H = 5.2 Hz, phen-

H), 8.17 (s, 2H, phen-H), 9.01 ( d, 2H, JH,H = 5.2 Hz, phen-H). 
13

C NMR (400 

MHz, CDCl3) δ (ppm): 55.8, 102.7, 118.9, 120.9, 146.9, 151.2, 162.2. 

(5) 
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The target compound was synthesized following the reported protocol, 

affording a light brown powder (967 mg, 76%). 
1
H NMR (400 MHz, CDCl3) δ 

(ppm): 8.77 (d, JH,H = 5.6 Hz, 2H, phen-H), 8.00 (s, 2H, phen-H), 6.69 (d, JH,H 

= 5.6 Hz, 2H, phen-H), 3.74 (t, JH,H = 6.4 Hz, 8H, pyrrolidyl-H), 2.08 (t, JH,H 

=6.4 Hz, 8H, pyrrolidyl-H); 
13

C NMR (100 MHz, CDCl3) δ (ppm): 26.1, 52.6, 

105.5, 118.9, 119.8, 145.4, 148.0, 153.2.  

4.4.3 Preparation of FP and F
s
P2E systems  

FP systems  

FP systems (FP1E, FP2E, FP3E, FP1M, FP2M, FP3M) were prepared according 

to the protocols described in Chapter 3. 

F
MeO

P2E 

FeCl3 (0.1948g, 1.165 mmol ) was dissolved in 14 mL ethanol and 4,7-

dimethoxyphen (0.5600g, 2.33 mmol ) was dissolved in 23 mL ethanol. The 

FeCl3 solution (14 mL) was added dropwise into 4,7-dimethoxyphenanthroline 

solution (23 mL), forming a dark red suspension (tomato soup color). After 1.5 

h, the precipitate was collected by centrifugation (2000 rpm, 20 min), and then 

dried under vacuum for 20 min. The complex is dark red, 230 mg. Anal. 

Found: C, 42.83; H, 3.39; N, 7.30. ICP-OES: Fe, 13.29% 

F
Cl

P2E 

FeCl3 (0.1948g, 1.165 mmol ) was dissolved in 14 mL ethanol. 4,7- 

dichlorophenanthroline (0.5804g, 2.33 mmol ) was dissolved in a mixture of 

ethanol (33 mL) and dichloromethane (15mL). The FeCl3 ethanol solution (14 

mL) was added dropwise into the 4,7-dichlorophenanthroline solution (15 mL), 

forming a dark red suspension. After 1 h, the precipitate was collected by 

centrifugation (2000 rpm, 20 min), and then dried under vacuum for 20 min. 
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The complex is earth yellow, 199 mg. Anal. Found: C, 37.87; H, 2.70; N, 6.96. 

ICP-OES: Fe, 6.90% 

F
Ph

P2E  

FeCl3 (0.1948g, 1.165 mmol ) was dissolved in 14 mL ethanol. bathophen 

(0.7745g, 2.33 mmol ) was dissolved in 10 mL DCM and then 13 mL ethanol 

was added. The FeCl3 solution (14 mL) was added dropwise into bathophen 

solution (23 mL), forming a dark red suspension. After 1 h, the precipitate was 

collected by centrifugation (2000 rpm, 20 min), and then dried under vacuum 

for 20 min. The complex is dark red, 174 mg. Anal. Found: C, 62.99; H, 3.84; 

N, 5.80. ICP-OES: Fe, 4.06% 

F
Pyr

P2E  

FeCl3 (0.1232g, 0.74 mmol ) was dissolved in 9 mL ethanol and 4,7- 

dipyrrolidylphen (0.4691g, 1.47 mmol ) was dissolved in a mixture solvent of 

ethanol (10 mL) and DCM (5 mL). The FeCl3 solution (9 mL) was added 

dropwise into 4,7- dipyrrolidylphen solution (15 mL), forming a black 

suspension. After 1.5 h, the precipitate was collected by centrifugation (2000 

rpm, 20 min), and then dried under vacuum for 40 min. The complex is dark 

green, 393 mg. Anal. Found: C, 52.15; H, 4.99; N, 11.76. ICP-OES: Fe, 6.73%. 

4.4.4 Kinetic fitting 

DynaFit program was employed for solving the kinetic model equation and 

kinetic fitting.
19

 The independent fitting and the global fitting was carried out 

automatically by the program. The fitting function for each individual data set 

is S(t) = S0 + Σ
n
i=1rici(t), where S(t) is the experimental signal observed at time t; 

S0 is offset on the signal axis; n is the number of unique molecular species 

participating in the reaction mechanism, in this case, n = 5; ci(t) is the 

concentration of the ith species at time t; ri is the molar response coefficient of 
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the ith species. F statistic value was used to determinate the quality of fitting. 

The F Value is calculated using the formula F = [(SSE1 – SSE2)/m]/[SSE2/(n-

k)], where SSE = residual sum of squares, m = number of restrictions, k = 

number of independent variables, and n = data points. The Fcritical value formula 

is: Fcritical = variance of the group means / mean of the within group variances. 

The Fcritical value can be found in the F-Table (see 

http://www.itl.nist.gov/div898/handbook/eda/section3/eda3673.htm). If F < 

Fcritical (non-significant result), then the null hypnosis is acceptable. The 

program was set to use Levenberg-Marquardt optimization algorithm and 

Monte-Carlo method for non-linear least squares kinetic fitting. Therefore the 

commonly used R-squared value cannot be used for comparison of the 

goodness of fit between different kinetic models. Here we used root-mean-

square deviation (r.m.s.d.) for evaluation. Typically a smaller r.m.s.d. value 

indicates a better fitting.  The randomization seed is 4357 and the iterations of 

ODE Solver are 5000, the confidence interval is set to be 99%. 

4.4.4 X-ray crystal structure determinations 

Compound [(4,7-dimethoxyphen)2FeCl2][FeCl4]  

[C28H24Cl2FeN4O4](FeCl4) · 2CH2Cl2, Fw = 974.76, red needle, 0.53  0.20  

0.16 mm
3
, monoclinic, P21/n (no. 14), a = 14.1825(18), b = 18.314(2), c = 

15.327(2) Å,  = 90.322(3)°, V = 3980.9(9) Å
3
, Z = 4, Dx = 1.626 g/cm

3
,  = 

1.44 mm
-1

. 66190 Reflections were measured on a Bruker Kappa Apex II 

diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) 

at a temperature of 110(2) K up to a resolution of (sin /)max = 0.65 Å
-1

. The 

intensities were integrated with the Saint software.
20

 Multiscan absorption 

correction and scaling was performed with SADABS
21

 (correction range 0.62-

0.75). 9100 Reflections were unique (Rint = 0.025), of which 8461 were 

observed [I>2(I)]. The structure was solved with Direct Methods using 
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SHELXS-97.
22

 Least-squares refinement was performed with SHELXL-2013
23

 

against F
2
 of all reflections. The crystal was refined as a pseudo-orthorhombic 

twin with a twofold rotation about hkl=(100) as twin operation. Non-hydrogen 

atoms were refined freely with anisotropic displacement parameters. All 

hydrogen atoms were located in difference Fourier maps and refined with a 

riding model. 456 Parameters were refined with no restraints. R1/wR2 [I > 

2(I)]: 0.0441 / 0.1112. R1/wR2 [all refl.]: 0.0499 / 0.1179. S = 1.045. Twin 

fraction BASF = 0.3089(10). Residual electron density between -1.03 and 1.48 

e/Å
3
. Geometry calculations and checking for higher symmetry was performed 

with the PLATON
 
program.

24
 

 

Compound [Fe(4,7-dichlorophen)Cl3(CH3CH2OH)] 

C13H10Cl5FeN2O·CH3OH, Fw = 475.37, orange-brown block, 0.24  0.20  

0.18 mm
3
, monoclinic, P21/n (no. 14), a = 11.4896(5), b = 12.7747(3), c = 

13.1823(3) Å,  = 106.134(1)°, V = 1858.66(10) Å
3
, Z = 4, Dx = 1.699 g/cm

3
, 

 = 1.54 mm
-1

. 33880 Reflections were measured on a Bruker Kappa Apex II 

diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) 

at a temperature of 150(2) K up to a resolution of (sin /)max = 0.65 Å
-1

. The 

intensities were integrated with the Eval15 software.
25

 The crystal appeared to 

be cracked into two fragments, and two orientation matrices were consequently 

used. Structure solution and refinement was based on the non-overlapping 

reflections of the major component. Multiscan absorption correction and 

scaling was performed with SADABS
21

 (correction range 0.70-0.75). 4251 

Reflections were unique (Rint = 0.024), of which 3667 were observed [I>2(I)]. 

The structure was solved with Direct Methods using SHELXS-97.
22

 Least-

squares refinement was performed with SHELXL-2013
23

 against F
2
 of all 

reflections. Non-hydrogen atoms were refined freely with anisotropic 
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displacement parameters. All hydrogen atoms were located in difference 

Fourier maps. The O-H hydrogen atoms was refined freely with isotropic 

displacement parameters, all other H-atoms were refined with a riding model. 

227 Parameters were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0214 / 

0.0541. R1/wR2 [all refl.]: 0.0275 / 0.0564. S = 1.057. Residual electron 

density between -0.32 and 0.32 e/Å
3
. Geometry calculations and checking for 

higher symmetry was performed with the PLATON
 
program.

24
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Chapter 5 Investigation of the aerobic 

KO
t
Bu-mediated intermolecular 

Mizoroki–Heck-Type reaction 

 

Abstract 

 The Mizoroki-Heck reaction is an important method for the preparation of 

styrene derivatives from aryl halides and alkenes. One drawback of this method 

is that most commonly used catalysts for this kind of reaction are Pd-based. In 

recent years, some Pd-free, KO
t
Bu-based catalytic systems were reported by 

Shi, Hayshi and Vogel, which all operate under inert reaction conditions. In 

this chapter, the tolerance to air of KO
t
Bu-mediated Mizoroki–Heck-type 

reactions was investigated. A novel iron-based catalyst, FP2E, was employed 

for this Heck-type reaction. For comparison, the catalytic systems of Shi, 

Hayashi and Vogel were included in the study. Initial results showed that the 

reaction can be catalyzed by the mere combination of KO
t
Bu and ethanol, and 

does not require an iron catalyst. To gain more understanding of this KO
t
Bu–

ethanol catalytic system in the Heck-type reaction, the effects of base, alcohol 

additive, and solvent on the air tolerance of this kind of reaction were 

investigated. The employment of KO
t
Bu and DMF proved to be crucial to the 

success of the reaction in air with non-distilled solvents. At the end of the 

chapter a reaction mechanism is proposed, which involves radical intermediates 

originating from both KO
t
Bu and DMF.  
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5.1 Introduction 

After decades of development since its discovery in the 1970s, the Mizoroki-

Heck reaction has become one of the most important catalytic methods for the 

construction of complex molecules.
1
 However, the most general catalysts for 

this reaction are based on Pd and thus raise sustainability concerns due to 

element scarcity and metal price, as well as environmental and toxicity issues. 

To solve this problem, catalytic systems based on non-precious metals, such as 

Mn,
2
 Cu,

3
 Ni,

4
 etc., are currently being investigated for the Mizoroki-Heck 

reaction. Among them, a catalytic system based on the alkaline metal base 

KO
t
Bu very recently emerged. This system uses either a combination of the 

base with an organic ligand, as reported by Shi
5
 and Rueping,

6
 or a 

combination of an iron salt, a ligand and the base, as described by Vogel,
7
 or it 

is solely mediated by the base itself as in Hayashi’s case (Scheme 1).
8
  

 

Scheme 1 Selected examples of catalytic Mizoroki-Heck reactions using the alkaline base KOtBu. 
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In Shi’s report, 0.3 equiv. of bathophen (4,7-diphenyl-1,10-phenanthroline) 

together with 3 equiv. of KO
t
Bu with respect to the aryl halide substrate were 

used as the catalytic system. The reaction was carried out in benzene under 

nitrogen atmosphere at 100 
o
C for 36 h. For the reaction between 3-iodotoluene 

and styrene, an isolated yield of 60% was achieved. Rueping has used 1,10-

phenanthroline (0.4 equiv. per aryl halide) instead of bathophen with the same 

3 equiv. of KO
t
Bu base as the catalytic system. In this case, the reactions were 

performed under inert conditions in mesitylene and at a higher reaction 

temperature of 160 
o
C. This catalytic system was applied to intramolecular 

Mizoroki-Heck-type reactions. In a typical reaction, the catalytic system 

catalyzed the Heck-type cyclization reaction of 1-(cinnamyloxy)-2-

iodobenzene in 38% yield. A catalytic system that includes a transition metal 

together with the KO
t
Bu base was reported by Vogel. This catalytic system 

includes 0.2 equiv. of FeCl2, 0.8 equiv. of picolinic acid, and 4 equiv. of KO
t
Bu 

with respect to the aryl halide, and the reactions were carried out under inert 

conditions at 60 
o
C in DMSO. A reaction between 4-iodoanisole and styrene 

under these reaction conditions afforded the stilbene product in 73%. Finally, 

the catalytic system reported by Hayashi only uses 0.2 equiv. of ethanol next to 

the typical 3 equiv. of KO
t
Bu base with respect to the aryl halide. Reactions 

were again carried out under inert conditions, in this case at 60 
o
C in DMF. The 

use of this catalytic system affords 65% of the stilbene product from the 

reaction between 4-iodoanisole and styrene.  

 

A number of mechanisms have been proposed to explain the reactivity of these 

catalytic systems. Shi has proposed the formation of a complex between KO
t
Bu 

and the nitrogen-based ligand bathophen. This complex undergoes a single 

electron transfer (SET) to the aryl halide substrate to form an aryl halide radical 

anion. The radical anion loses a halide anion (dehalogenation) to generate an 

aryl radical, which initiates the radical process (Scheme 2). The aryl radical 
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adds to the styrene substrate to produce a benzyl-type radical, which either 

undergoes a SET to form the corresponding benzyl cation, followed by 

deprotonation with the assistance of 
t
BuO

–
 to form the stilbene product, or is 

deprotonated to form a radical anion which then undergoes a SET with the aryl 

halide to give the stilbene product and to generate the next aryl halide radical 

anion. 

 

Scheme 2 Proposed mechanism by Shi.  

 Rueping proposed a similar SET process to generate the aryl halide radical 

anion as the first step in the mechanism (Scheme 3). In this case, the authors 

proposed a radical mechanism starting from the KO
t
Bu/diamine system, to 

generate the aryl halide radical anion B and a tert-butoxy radical. The instable 

aryl halide radical anion easily looses an iodide anion to generate an aryl 

radical C, which in turn generates a more stable diarylmethane-type radical D 

after ring closure. The cyclized radical can either undergo deprotonation to 

yield a radical anion E, which reacts with the aryl halide substrate, or can be 

oxidized by the tert-butoxy radical generated in the first step to yield a 

diarylmethane-based cation F, which is subsequently deprotonated by KO
t
Bu, 
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in each case leading to the primary exocyclic stilbene product G, which 

undergoes base-promoted isomerization to yield the final benzofuran product H. 

 

 

Scheme 3 Proposed mechanism by Rueping.  

Vogel has not proposed a catalytic cycle in his report(s), but has pointed out the 

possibility that radical or diradical intermediates take part in the reaction 

mechanism. Hayashi, on the other hand, has proposed a SET from KO
t
Bu to 

the aryl halide to generate the aryl halide radical anion, which easily loses a 

halide anion to form an aryl radical in line with the other mechanistic proposals 

(Scheme 4). The aryl radical subsequently adds to styrene to form a benzyl-

type radical. According to Hayashi this radical can get involved in three 

reaction pathways: i) deprotonation by the KO
t
Bu base generates a stilbene 

radical anion, which transfers an electron to an aryl halide to produce the 

product and generate a next aryl halide radical anion; ii) reaction with a tert-

butoxy radical generates the stilbene product and tert-butanol; or iii) oxidation 

by a tert-butoxy radical, followed by deprotonation by the resulting tert-

butoxide anion affords the product. 
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Scheme 4 Proposed mechanism by Hayashi.  

These proposed mechanisms are similar in the formation of an aryl radical from 

the corresponding aryl halide radical anion as the initiation step. In Shi and 

Rueping’s proposals, the aryl halide radical anion is generated by SET from the 

KO
t
Bu/diamine system, while in Hayshi’s proposal KO

t
Bu alone is capable of 

undergoing SET to the aryl halide to produce the aryl halide radical anion. For 

the fate of the adduct formed from the aryl radical and the alkene (a benzyl-

type radical), Shi proposed two pathways which either go through a SET to 

form the corresponding benzyl cation, followed by deprotonation with the 

assistance of 
t
BuO

–
, or through deprotonated by the base to form a radical 

anion. Rueping also proposed two pathways for the benzyl-type radical, one is 

deprotonation by the base to yield a radical anion, and the other is oxidation by 

the butoxy radical. In Hayashi’s mechanism, the proposed pathways for final 

product formation are a combination of those proposed by Shi and Rueping.  

 

KO
t
Bu plays a dual role in these mechanisms, both as a source of radicals and 

as base in the deprotonation of C–C coupled intermediates to form the final 

product. Both Shi and Rueping claimed their reactions to be catalyzed by an 

organo-catalyst, albeit at high catalyst loadings (30 mol % bathophen for Shi 

and 40 mol % phen for Rueping). In Hayashi’s system, no ligand (or organo-
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catalyst) is required, but catalytic amounts of ethanol (20 mol %) can 

efficiently increase the yield of the reaction.  

These KO
t
Bu-mediated Mizoroki-Heck reactions are an improvement over the 

well-known Pd-based catalytic systems in the sense that no precious metal is 

used in the reaction. Drawbacks of the KO
t
Bu-mediated reactions include the 

excess use of the alkaline base, which may limit substrate scope and functional 

group tolerance. Another drawback of these reactions is that all of them have 

been reported to be performed in an inert atmosphere using a dry and distilled 

solvent as the reaction medium. From a practical point of view, it would be 

more convenient to be able to perform such noble metal-free Mizoroki–Heck-

type reactions without any precautions, i.e. at ambient conditions and using 

solvents that do not need excessive pretreatment.  

In Chapter 2 of this thesis, a novel iron-based catalytic system (designated as 

FP2E) was developed for the direct arylation of unactivated arenes with aryl 

iodides and bromides, using the unactivated arene as substrate and solvent for 

the reaction. FP2E can be conveniently isolated as a precipitate from the 

reaction of FeCl3 and 1,10-phenanthroline (in a molar ratio of 1:2) in ethanol. It 

can mediate the direct arylation reaction under mild and aerobic conditions 

(100 
o
C in a pressure tube or at reflux temperatures in an open vessel) and 

using non-distilled arenes. Based on the results of subsequent Chapters in this 

thesis, a mechanism was proposed for this FP2E-catalyzed direct arylation 

reaction, invoking a radical pathway. In the proposed mechanism, the 

formation of an aryl radical by a combination of FP2E and a base, KO
t
Bu, is 

vital to the success of such kind of a reaction. This proposal bears resemblance 

to the aforementioned mechanistic proposals for the KO
t
Bu-mediated Heck-

type reaction between aryl halides and styrenes. For these reasons, this chapter 

investigates the use of FP2E in the Mizoroki–Heck-type reaction between 4-

iodoanisole and styrene and explores the use of ambient conditions (air) and 

non-distilled solvents. Following initial investigations, studies into the effect of 
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alcohol additives and the nature of both solvent and base on the air tolerance of 

the base-mediated Mizoroki–Heck-type reaction were carried out. 

 

5.2 Results and Discussion 

 

5.2.1 Comparison of inert and aerobic conditions in the KO
t
Bu-

mediated Mizoroki–Heck-type reaction 

To investigate the air tolerance of the KO
t
Bu-mediated inter-molecular 

Mizoroki–Heck-type reaction, a number of experiments reported in the 

literature were initially repeated. The catalytic systems of Shi, Vogel, and 

Hayashi were selected to be investigated for their tolerance towards ambient 

conditions. The FP2E system developed in Chapter 2 of this thesis was included 

in this evaluation. The reaction between 4-iodoanisole and styrene was selected 

for this study, of which the outcome is summarized in Tables 1 and 2. 

 

For the reactions carried out under inert conditions, dry and distilled solvents 

were used and the reactions were performed in pressure tubes. For the reactions 

performed in air, analytic grade solvents were used directly from storage 

bottles and without any purification and the reactions were carried out in open 

vessels under ambient conditions. The reactions carried out using the catalyst 

systems developed by Shi, Vogel, and Hayashi showed a decrease in product 

yield when the atmosphere of the reaction was changed from nitrogen to air 

(Table 1). For Shi’s system, the yield dropped from 50% to 25% (Table 1, 

entries 1, 2). When the reaction was carried out under N2, the product yield for 

the Vogel system was 76%, which dropped to 41% when the reaction was 

performed in air (Table 1, entries 3, 4). For the Hayashi system, 68% yield was 

achieved under N2 but only 35% yield was obtained in air (Table 1, entries 5, 6). 

Apparently, the exposure of these reactions to air is detrimental to the reaction 

yield, but does not completely shut the reactions down. This observation is 
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partly explained by the fact that dioxygen, present under the ambient conditions, 

is a good scavenger of the radical intermediates proposed to take part in these 

reactions. It is worth to note that full conversion of 4-iodoanisole was observed 

for the Shi and Vogel system when performed in air (Table 1, entries 2, 4), but 

not for the Hayashi system (Table 1, entry 6). This suggests that the starting 

aryl halide may be fully converted into anisyl radicals by the former systems, 

but that these are not completely converted to the anticipated stilbene product 

through the likely negative involvement of dioxygen, such as quenching the 

organic radicals to peroxo radicals which opens up undesired reaction pathways. 

The latter Hayashi system seems not to be able to fully convert the aryl halide 

to the pivotal radical intermediates. 

 

Table 1 Exploration of the air tolerance of different KO
t
Bu-based catalytic systems for 

the Mizoroki-Heck type reaction of 4-iodoanisole and styrene 
[a]

 

 

entry 
Catalytic 

System 
solvent 

T 

(oC) 

t 

(h) 
atmosphere a(%) c(%) d(%) 

1[b] Shi system 
Benzene(1 

mL) 
110 36 N2 0 50 6 

2[b] Shi system 
Benzene(1 

mL) 
110 36 air 0 25 8 

3[c] Vogel system DMSO (5 mL) 60 3 N2 0 76 8 

4[c] Vogel system DMSO (5 mL) 60 3 air 0 41 5 

5[d] Hayashi system DMF (1.1 mL) 80 2 N2 0 68 40 

6[d] Hayashi system DMF (1.1 mL) 80 2 air 32 35 14 
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[a] Reported yields are GC yields using pentadecane as internal standard. The mass balance of more than 100% 

is due to the sum of errors by GC calibrations. [b] Shi system: 0.5 mmol 4-iodoanisole, 5 mmol styrene, 0.15 

mmol bathophen, 1.5 mmol KOtBu. [c] Vogel system: 0.5 mmol 4-iodoanisole, 2.5 mmol styrene, 0.1 mmol 

FeCl2, 0.4 mmol picolinic acid, 2 mmol KOtBu. [d] Hayashi system: 0.5 mmol 4-iodoanisole, 2.5 mmol 

styrene, 0.1 mmol ethanol, 1.5 mmol KOtBu.  

When FP2E was applied to Shi’s system (bathophen as catalyst, KO
t
Bu as base, 

and benzene as solvent) under air, i.e. bathophen was replaced by FP2E, no 

product formation occurred at all (Table 2, entry 1). The low conversion of the 

starting material points at a reduced ability of FP2E to generate aryl halide 

radical anions under these conditions.  Some aryl-aryl cross-coupling product 

(4-methoxybiphenyl) was observed in the GC-MS analysis in this reaction 

though. As no Heck type reaction product formed, it can be assumed that aryl 

radicals generated under these conditions react more easily with benzene than 

with styrene. When FeCl2 and picolinic acid were replaced by FP2E in Vogel’s 

system, full substrate conversion under aerobic conditions resulted in a low but 

comparable stilbene yield (Table 2, entry 2). 

Even though Hayashi’s system only afforded 35% of yield when performed in 

air (table 1, entry 6), the conversion of the starting material was also not 

complete. Therefore the reaction temperature was raised up to 100 
o
C to see if 

any improvement can be achieved. Gratifyingly, Hayashi’s system under these 

new conditions gave the product in 58% yield within 2 h of reaction time 

(Table 2, entry 8), which is the highest yield among the reported aerobic 

systems. Therefore, FP2E was tested using these adapted conditions for the 

Hayashi system in air (Table 2, entry 3). From the results of Chapter 3, it is 

known that FP2E contains at least one ethanol molecule, so no ethanol additive 

was added in this case. Under these condition 58% of stilbene yield was 

achieved after 2 h reaction time but no full conversion was obtained. When the 

reaction time was extended to overnight, near full conversion was achieved and 

the yield increased to 66%, which is quite close to Hayashi’s reported yield 
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under inert conditions. When FP2E was employed in the same reaction but 

under inert conditions, a similar yield was achieved (52%, Table 2, entry 4). 

These experiments have shown that under ambient conditions FP2E in 

combination with KO
t
Bu is able to catalyze the Heck-type reaction between 4-

iodoanisole and styrene quite efficiently and with good mass balances using 

non-distilled DMF as the reaction solvent. To figure out whether the reaction in 

DMF can be mediated solely by KO
t
Bu in air, a number of control experiments 

were carried out by running the reaction in the presence of no additive other 

than KO
t
Bu (3 equiv.). When the reaction was carried at 80 

o
C, significant 

substrate consumption took place but no product was observed (Table 2, entry 

5). Increasing the reaction temperature to 100 
o
C gave a mere 11% of product 

at close to complete substrate conversion (Table 2, entry 6). These observations 

suggest that KO
t
Bu is not able to bring about the aerobic reaction on its own, 

albeit that substrate is consumed through pathways that do not only include 

base-mediated dehalogenation. Next the omission of iron from the FP2E system 

was investigated. Carrying out the reaction with a combination of KO
t
Bu (3 

equiv.) and the 1,10-phenanthroline ligand (0.2 equiv) resulted in full substrate 

conversion after 2 h reaction time and gave a good product yield of 56% (Table 

2, entry 7), which is quite close to the results obtained for FP2E. However the 

mass balance is worse compared to Hayshi’s system performed at 100 
o
C in air 

(Table 2, entry 8). 

These results imply that the Heck-type reaction can be performed under 

ambient conditions in non-distilled solvents using a combination of KO
t
Bu and 

an organic additive and that iron is not necessary for bringing about the 

reaction. Therefore it was decided not to investigate FP2E further in Heck-type 

reactions in this chapter. Instead, and due to its availability and low price 

comparing to 1,10-phenanthroline, it was decided to focus the further study on 

the catalytic use of ethanol in combination with KO
t
Bu for these reactions. 
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Table 2 Mizoroki–Heck-type reaction of 4-iodoanisole and styrene under different 

conditions
[a]

 

 

entry Catalytic System solvent 
T 

(oC) 
t (h) 

atmo- 

sphere 
a(%) c(%) d(%) 

1[b]  
FP2E (10 mol %) + 

KOtBu (3 equiv.) 
Benzene (1 mL) 110 36 air 90 0 0 

2[b] 
FP2E (10 mol %)+ 

KOtBu (3 equiv.) 
DMSO (5 mL) 60 3 air 0 37 8 

3[b] [c] 
FP2E (10 mol %) + 

KOtBu (3 equiv.) 
DMF (1.5 mL) 100 2 air 20(7) 58(66) 31(30) 

4[b] 
FP2E (10 mol %) + 

KOtBu (3 equiv.) 
DMF (1.5 mL) 100 2 N2 0 52 29 

5[d] KOtBu (3 equiv.) DMF (1.5 mL) 80 2 air 33 0 9 

6[d] KOtBu (3 equiv.) DMF (1.5 mL) 100 2 air 8 11 15 

7[d] 
Phen (20 mol %) + 

KOtBu (3 equiv.) 
DMF (1.5 mL) 100 2 air 0 56 35 

8[d] 

KOtBu (3 

equiv.)+ethanol (20 

mol %) 

DMF (1.5 mL) 100 2 air 10 58 35 

[a] Reported yields are GC yields using pentadecane as internal standard. The mass balance of 

more than 100% is due to the sum of errors by GC alibrations [b] Reaction substrates: 0.5 mmol 

4-iodoanisole, 1.5 mmol styrene [c] The yields in parenthesis are from the reaction carried out 

overnight. [d] Reaction substrates: 0.5 mmol 4-iodoanisole, 2.5 mmol styrene   

 

5.2.2 Alcohols as additives in the aerobic inter-molecular Mizoroki–

Heck-type reaction 

 
In Hayashi’s report, it was claimed that the additive ethanol can increase the 

yield of the intermolecular Mizoroki–Heck-type reaction, but that it is not a 
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necessity for the reaction to take place. However, when ethanol is omitted from 

the reaction under ambient conditions, only 11% of product yield is obtained 

instead of 58% when 0.2 equiv. of ethanol per aryl halide substrate are included 

in the catalytic system (Table 2, entries 6, 8). This implies that ethanol plays an 

important role in the aerobic reaction and that its role is catalytic in nature. 

Interestingly, in 2013 Liu et al. reported on the alcohol-promoted direct 

arylation reaction between aryl halides and unactivated arenes.
9
 In the report, 

ethanol (40 mol% catalytic loading) promotes the direct arylation reaction 

between iodobenzene and benzene to give the biaryl product in 80% (GC yield). 

According to the authors, the reaction goes through a radical pathway. In the 

proposed mechanism, the generation of an aryl halide radical anion from the 

aryl halide through a SET process in the presence of alcohol/KO
t
Bu is a vital 

step as the dehalogenation product of the aryl radical anion – an aryl radical – 

is the key intermediate of the reaction. As described in the introduction section, 

formation of an aryl radical from aryl halides is also proposed as a pivotal step 

for the KO
t
Bu-mediated Heck-type reaction. Therefore the use of alcohols as 

additives in the aerobic inter-molecular Mizoroki–Heck-type reaction was 

further investigated.  

 

The investigation focused on the use of aliphatic alcohols as additives, based 

on the earlier observations on the use of ethanol as an additive. When methanol 

was used as additive, 41% of stilbene yield was achieved at close to complete 

substrate conversion (Table 3, entry 1). Other, longer primary alcohols were 

tested for comparison. Among them, ethanol gave 58% of product yield, as 

reported earlier, while 1-propanol, 1-butanol, and 1-pentanol gave 51, 57, and 

52% of the product, respectively (Table 3, entries 2-5). In each case, 

dehalogenation is a competitive pathway, with anisole being formed in 30-35% 

yield. Also substrate conversion proceeds to about 90% and good mass 

balances are achieved by GC analysis in all cases. The latter indicates that no 
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other aryl halide-derived products seem to form in these reactions (styrene was 

not analyzed). From these data it can be concluded that the chain length of the 

primary aliphatic alcohol does not largely affect the reaction outcome, with 

ethanol providing the highest yield in stilbene and methanol standing out with 

10-20% lower product yield. Product yield also goes down somewhat in the 

case of a secondary alcohol such as iso-propanol, which afforded 46% product 

yield at 90% substrate conversion (entry 6). In this case, mass balance of the 

GC analysis is not perfect as was the case for methanol, which could indicate 

the occurrence of side reactions. However, when the tertiary alcohol 
t
BuOH 

was applied in the reaction, no product formed albeit that conversion does 

reach the typical 90% (entry 7). These observations parallel those reported by 

Liu et al. on alcohol-promoted direct arylation reactions. Ethanol catalyzes the 

direct arylation reaction of iodobenzene and benzene with 80% biaryl product 

yield, while methanol, iso-propanol and tert-butanol gave 58, 69, and 2% of 

arylation product, respectively.
9
 On the other hand, the Heck-type reaction 

under inert conditions between 4-iodotoluene and styrene as reported by 

Hayashi does provide 58% stilbene product when using KO
t
Bu only, i.e. 

without alcohol additive. Addition of ethanol does lead to an increased 73% 

product yield. 

 

As commonly known, KO
t
Bu can react with aliphatic alcohols to form new 

alkoxides in an equilibrium reaction that was also discussed by Watt et al. and 

Wilden et al.
10,11

 Upon mixing, potassium tert-butoxide first reacts with the 

alcohol additive in the reaction to form a new potassium alkoxide. For the new 

potassium alkoxide (as for KO
t
Bu itself), the solvated potassium cation and 

alkoxide anion are involved in a dynamic equilibrium between the contact ion 

pairs and solvent-separated ion pairs (Scheme 5). Moreover, when in the 

solvent-separated ion pair form, the alkoxide anion can be considered as being 

in equilibrium with a species that bears a loosely bound electron. At elevated 
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temperatures, this electron can be transferred, resulting e.g. in the SET reaction 

that is proposed to generate aryl halide radical anions in the KO
t
Bu-mediated 

Heck-type reaction. 

Table 3. The effects of alcohol additives in the aerobic KO
t
Bu-mediated Mizoroki–

Heck-type reaction.
[a]

 

 

entry Additive (20 mol%) a (%) c (%) d (%) 

1 Methanol 8 41 31 

2 Ethanol 10 58 35 

3 1-Propanol 14 51 32 

4 1-Butanol 11 57 33 

5 1-Pentanol 10 52 35 

6 iso-Propanol 11 46 30 

7  tBuOH 11 0 10 

8 KOEt [b] 4 48 32 

 

[a] Reported yields are GC yields using pentadecane as internal standard. General reaction 

conditions: 0.5 mmol 4-iodoanisole, 2.5 mmol styrene, 1.5 mmol KOtBu, 0.1 mmol alcohol in 

1.5 mL DMF at 100 oC in air for 2 h. [b] Alcohol was replaced by alkoxide base, KOEt. 
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Scheme 5 Equilibrium between contact ion pairs and solvent separated ion pairs, and the 

formation of loosely bond electron species. 

Based on this equilibrium, it can be proposed that the difference in reactivity of 

the aliphatic alcohols is based on the stability of their corresponding alkoxy 

radicals, with the alkoxy radicals bearing a higher substituted C  being of 

lower stability (primary > secondary > tertiary). Indeed, Lazar has described 

that the more stable the radical formed in β-scission of aliphatic alkoxy radicals, 

the faster β-fragmentation of these radicals takes place.
12

 As shown in Scheme 

6, for the ethoxy radical and 2-propoxy radical β-scission may generate a 

methyl radical and a hydrogen radical as the fragmentation products. For the 

tert-butoxy radical, only methyl radicals can be produced by β-scission. 

 

Scheme 6 Examples of β C-C scission of primary, secondary and tertiary alkoxy radicals 
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Moreover, in Vereecken’s report, the authors built a Structure-Activity 

Relationship (SAR) for predicting the barrier height (Eb) to decomposition by β 

C–C scission of (substituted) alkoxy radicals. According to this report, this 

barrier can be expressed as: 

 

Eb (SAR) (kcal/mol) = 17.5 − 2.1 × Nα (alk) − 3.1 × Nβ (alk) − 8.0 × Nα,β (OH) − 

8.0 × Nβ (O=) − 12 × Nα (O=), 

 

where Nα,β (alk), Nα,β (OH), and Nα,β (O=) are the number of alkyl-, hydroxy-, 

and oxo substituents, respectively, on the α- and/or β-carbons of the bond that 

is broken.
13

 Accordingly, for the ethoxy radical Eb = 17.5 kcal/mol, for the iso-

propoxy radical Eb = 15.4 kcal, and for the tert-butoxy radical Eb = 13.3 

kcal/mol. The barrier for the tert-butoxy radical is the lowest, which means the 

tert-butoxy radical easier yields the methyl radical through β –scission. 

 

In the proposed mechanism by Hayashi, hydrogen atom abstraction from the 

radical adduct intermediate (7 in Scheme 4) to afford the final product is 

achieved by an alkoxy radical (Scheme 4, pathway b, c). The O–H bond 

dissociation energies (BDE) in methanol, ethanol, iso-propanol, and tert-

butanol are very similar (~105 kcal/mol),
14

 which would indicate a similar 

ability of the alkoxy radicals to carry out hydrogen abstraction from the benzyl 

radical intermediate. The higher stability of primary and secondary alkoxy 

radicals toward C–C scission, and accordingly a higher longevity of these 

radicals, therefore seems to allow for these oxidations to take place under 

aerobic and elevated temperature reaction conditions, while the lower stability 

of the tert-butoxy radical seems to prevent this. In addition, the methyl radical 

that is formed upon decomposition of the tert-butoxy radical is a less strong 

radical oxidant (reduction potential –1.19 vs SCE, in DMF) compared to 

alkoxy radicals such as the tert-butoxy radical (reduction potential –0.23 vs 
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SCE, in DMF).
15-17

 So, while the formation of the aryl halide radical anion does 

seem to take place in all cases (substrate conversion does take place), product 

formation is proposed to be determined by the formation of more stable alkoxy 

radicals through the addition of primary alcohol additives. These alkoxy 

radicals are then able to oxidize the intermediate C–C coupled radical to the 

stilbene product under the reaction conditions, while the tert-butoxy radical is 

not stable under these conditions. These considerations also indicate that the 

other pathway exists and account for product formation. It can take place 

though, given the 11% of product observed when only KO
t
Bu was used (Table 

2, entry 6). It is on the other hand not clear why using tert-butanol in 

combination with KO
t
Bu completely shuts down product formation. Similarly, 

the lower yield observed when methanol was used is also not understood; the 

methoxy radical cannot undergo C–C scission and the basicity of methoxide is 

comparable to that of ethoxide. 

 

To provide experimental evidence for this proposal, the ethanol/ KO
t
Bu 

combination was replaced with KOEt (0.2 equiv.)/ KO
t
Bu in the aerobic 

reaction and 48% of product was formed. The result suggests that it is possible 

that the alcohol reacts with KO
t
Bu to form the corresponding alkoxide, which 

is then involved in the catalytic process. In fact, Liu successfully formed the 

aryl radical from an aryl halide by using the combination of KO
t
Bu and KOEt. 

In the report, the explanation of this observation is that primary and secondary 

alkoxy bases can promote the formation of the aryl radical more efficiently 

than a tertiary alkoxy base (KO
t
Bu), but that KO

t
Bu is a more suitable base for 

the deprotonation of the aryl radical benzene adduct intermediate to generate 

the final coupling product, presumably due to its basicity. Indeed, the direct 

arylation reaction (in inert conditions) cannot proceed when only using primary 

or secondary alkoxy bases. 
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5.2.3 Other base additives in the aerobic inter-molecular Mizoroki–

Heck-type reaction 

In the previous section, it was shown that alkoxides formed in the reaction of 

an aliphatic alcohol and KO
t
Bu can successfully catalyze the Mizoroki–Heck-

type reaction between 4-iodoanisole and styrene under ambient, aerobic 

conditions. A number of different aliphatic alcohols can be used for this and it 

is therefore of interest to know the scope of the base in the reaction. 

Accordingly, the use of a number of different alkaline alkoxides and some 

other strong bases was explored in the reaction. Since the use of ethanol as the 

alcohol additive proved to result in the highest stilbene product yield, it was 

only this alcohol that was used in this investigation.  

 

First, different alkaline tert-butoxide bases were tested for their performance in 

the Heck-type reaction. While KO
t
Bu gave 58% product yield, the lighter 

alkaline bases LiO
t
Bu and NaO

t
Bu gave no product at all and only showed 

some dehalogenation (Table 4, entries 2, 3).  
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Table 4 Variation of base additives in the aerobic Mizoroki–Heck-type reaction 

between 4-iodoanisole and styrene
[a]

 

 

entry Base a(%) c(%)[a] d(%) 

1 KOtBu[b] 10 (9) 58 (60) 35 (36) 

2 NaOtBu 80 0 9 

3 LiOtBu 95 0 4 

4 KHMDS 94 0 4 

5 KOEt 97 0 0 

6 KOMe 46 0 13 

7 Na2CO3 100 0 0 

[a] Reported yields are GC yields using pentadecane as internal standard. General reaction 

conditions: 0.5 mmol 4-iodoanisole, 2.5 mmol styrene, 1.5 mmol base, 0.1 mmol ethanol in 1.5 

mL DMF under 100 oC in air for 2 h. [b] Values between brackets refer to an experiment in 

which distilled DMF was left in an open vessel overnight for saturation of the air before it was 

used as the reaction medium. 

The difference in reactivity of these bases can be explained by the equilibrium 

between the contact ion pairs and solvent-separated ion pairs as proposed in 

section 5.2.2 (see Scheme 3).
10,11

 Compared to the potassium ion, the smaller 

lithium and sodium ions are typically involved in much stronger contact ion-

paring, due to their higher charge density. According to Exner et al., the 

equilibrium constants for LiO
t
Bu and NaO

t
Bu toward contact ion-pairs in 

DMSO are 10
8
 and 10

6
, respectively, while the constant for KO

t
Bu is just 270! 

18
 Accordingly, with the equilibrium between contact and solvent-separated 
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ions residing more on the side of the solvent-separated ion pair in the case of 

KO
t
Bu, the likeliness of the formation of the loosely bound electron species 

and it being involved in the SET to generate aryl halide radical anions is larger 

in this case. LiO
t
Bu and NaO

t
Bu, on the other hand, are found as contact ion 

pair and are not likely to form the loosely bound electron species, resulting in 

minor dehalogenation in the Heck-type reaction but no Heck-type product 

formation. These considerations are supported by DFT calculations by Wilden 

et al.
19

 on the properties of metal-oxygen bonds in alkali tert-butoxides. 

According to these calculations, LiO
t
Bu and NaO

t
Bu possess a short oxygen 

alkali metal bond length (1.70-2.05 Å) in DMF and the authors even propose a 

significant covalent character between the alkali metal and oxygen. However, 

in the case of KO
t
Bu, the calculations predict a potassium–oxygen bond length 

of 2.46 Å and analysis of the charge distribution showed a much greater charge 

transfer from the alkali metal in KO
t
Bu than in LiO

t
Bu and NaO

t
Bu. Moreover, 

polar aprotic solvents such as DMF, DMSO are known to be good solvators of 

cations due to their partially negatively charged oxygen atom.
18,20

 On the other 

hand, DMF is a poor anion solvator and thus, while the potassium cation is well 

solvated, the tert-butoxide anion is poorly solvated in this solvent. In DMF the 

tert-butoxide anion can therefore quite easily undergo an electron transfer 

reaction to an aryl halide in order to initiate the Heck-type reaction. The 

proposal of electron transfer from the loosely bound electron species to an aryl 

halide is similar to Ashby’s work on the alkylation of alkoxides, which can 

proceed via SET from the alkoxide to the alkyl halide.
21

 In Ashby’s model, an 

electron is transferred from the alkoxide anion to the alkyl halide to form a 

radical anion. This radical anion then undergoes dehalogenation to generate an 

alkyl radical through which the reaction proceeds further.  

 

Next, KHMDS was also used as the base in the Heck-type reaction, but no 

product was found (Table 4, entry 4). Primary alcohol-based potassium 
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alkoxide bases such as KOEt and KOMe were also tried in the reaction but 

failed to afford the product (Table 3, entries 5, 6). The reason could be that 

KOEt and KOMe are not basic enough compared to KO
t
Bu to deprotonate the 

adduct of the aryl radical and styrene, and thus the reaction cannot go on, as 

proposed by Liu et al..
9
 In the case of KOMe, about 50% conversion of the 

starting material was observed and some dehalogenation did occur, which 

indicates that radical formation can take place in this case. In the end, Na2CO3 

was also tested as the base in the reaction but no conversion was observed. This 

is understandable as this kind of Heck reaction is radical-based and Na2CO3 

does not have the ability to generate aryl radicals under the employed 

conditions. 

As in these experiments, the DMF solvent was used directly from storage 

bottles without any purification, one might argue that impurities present in 

DMF, such as formic acid, dimethylamine, and hydrogen cyanide,
22

 could play 

a role in the catalytic process. To exclude this possibility, dry and distilled 

DMF was left in an open vessel overnight to be saturated with air and was then 

used in the reaction. The yield was almost the same as for the reaction carried 

out using non-distilled DMF (60 vs. 58%; Table 4, entry 1b). This shows that 

the reaction is not hampered by the presence of typical DMF impurities. On the 

other hand, water present in non-distilled DMF will react with the KO
t
Bu base, 

leading to the formation of KOH and 
t
BuOH, which both are not effective in 

promoting the Heck type reaction. The use of an excess amount of base in the 

reaction (3 equiv. per aryl halide) can be regarded as acting as a drying agent 

and seems to assure the presence of sufficient amounts of KO
t
Bu to bring about 

the reaction. 

5.2.4 Solvent effects of KO
t
Bu mediated inter-molecular Mizoroki–

Heck-type reaction in air and mechanistic proposal 
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In section 5.2.1, different performances of FP2E for the Heck-type reaction 

between 4-iodoanisole and styrene in air were observed when using different 

solvents. Therefore the tolerance to air of the KO
t
Bu-mediated Heck-type 

reaction was investigated in different solvents in this section. Some common 

solvents used in radical reactions were examined both under inert atmosphere 

and in air (Table 5).  

 

The stilbene product can be obtained when the reaction is performed in dialkyl 

amide solvents such as DMF, tetramethylurea and NMP (Table 5, entries 1-6). 

In these solvents, the Heck-type reaction also shows some tolerance to air. In 

the case of DMF, a slight decrease in yield from 68% to 58% was observed 

when carrying out the reaction in air, which is also reflected in the lower 

conversion of 4-iodoanisole (Table 5, entries 1, 2). Using tetramethylurea as 

the solvent afforded a moderate 40% yield under inert atmosphere, with a 

considerable drop in yield to 10% when the reaction was performed in air 

(Table 5, entries 3, 4). As for the use of NMP, the yields were low both under 

inert and ambient conditions, with a considerably lower conversion in the latter 

case (Table 5, entries 5, 6). In this solvent, dehalogenation was more prominent 

than product formation. 
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Table 5 Solvent effects on the KO
t
Bu-mediated Mizoroki–Heck-type reaction

[a]
 

 

entry solvent atmosphere a(%) c(%) d(%) 

1 DMF N2 0 68 40 

2 DMF air 10 58 35 

3 Tetramethylurea N2 0 40 47 

4 Tetramethylurea air 31 15 30 

5 NMP N2 51 7 22 

6 NMP air 75 3 13 

7 DMSO N2 0 16 9 

8 DMSO air 0 22 12 

9[b] benzene N2 100 0 0 

10[b] benzene air 87 0 0 

11[b] acetonitrile N2 100 0 0 

12[b] acetonitrile air 98 0 0 

13[b] THF N2 93 0 4 

14[b] THF air 95 0 4 

[a] Reported yields are GC yields using pentadecane as internal standard. General reaction 

conditions: 0.5 mmol 4-iodoanisole, 2.5 mmol styrene, 1.5 mmol KOtBu, 0.1 mmol ethanol in 

1.5 mL solvent under 100 oC in air for 2 h. When the reaction was performed under inert 
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condition, distilled solvent was used. [b] Reaction was performed in a pressure tube to keep the 

reaction temperature as 100 oC. 

When using the polar, non-protic solvent DMSO as the reaction medium, full 

conversion of the substrate was observed under both inert and ambient 

conditions (Table 5, entries 7, 8). Next to the reaction carried out in DMF 

under inert conditions, these are the only entries in Table 5 that show complete 

substrate conversion. The product yield of the reaction in DMSO carried out in 

air is actually somewhat higher than under N2 atmosphere, albeit that yields are 

low at 22 and 16%, respectively (Table 5, entries 7, 8). Reactions performed in 

benzene, acetonitrile and THF gave no product at all both under inert 

conditions and in air (Table 5, entries 9-14). In these solvents, substrate 

conversion is very low and only in the case of THF some dehalogenation was 

observed. It can be concluded that the reaction solvent plays an important role 

in the success of the KO
t
Bu-mediated Mizoroki–Heck-type reaction in air. 

 

Based on the discussion above, a possible mechanism for this aerobic reaction 

is proposed, which includes the role of the solvent (Scheme 7). In Wilden’s 

report, it is proposed that 1,10-phenanthroline might play the role of a “transfer 

station” for electrons in KO
t
Bu-mediated direct arylation reactions.

10
 Inspired 

by this proposal, it is proposed here that the tolerance of the KO
t
Bu-mediated 

Mizoroki–Heck-type reaction to air in DMF can be explained by the radical 

reservoir role of DMF in the reaction. Indeed, in Partali’s report, DMF and 

DMSO were observed via EPR to form solvent radicals upon mixing with 

alkoxide bases, which according to the author are reasonably stable in air.
23

 A 

trapping experiment of the DMF-derived radical intermediate with 1,1-

diphenylethylene carried out by Yan produced N, N-dimethyl-3,3-

diphenylacrylamide in 20% yield. Moreover, deuterium incorporation was 

observed by Yan in the final product when using DMF-d1 in the reaction. The 

deuterium-labeling experiment indicates that the reaction intermediate abstracts 
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a hydrogen from DMF. Therefore, generation of a carbamoyl radical from 

DMF is possible in Yan’s case. According to Yan, the carbamoyl radical can 

get involved in SET with another DMF molecule to form a DMF radical 

anion.
24

 These considerations reflect the possible role of DMF as electron 

reservoir in the Heck-type reaction in air.  

 

 

Scheme 7 Proposed mechanism for the KOtBu/EtOH-mediated Heck-type reaction in DMF 

In the proposed mechanism, there are two pathways to generate the pivotal aryl 

iodide radical anion C. In the first pathway, deprotonation of DMF with KO
t
Bu 

or in situ formed KOEt affords a carbamoyl anion with η
2
-coordination of 

potassium to the carbonyl group. The anion then transfers an electron to 

another DMF molecule via a single electron transfer (SET) process to generate 

a carbamoyl radical A and a DMF radical anion B. Through a next SET process, 

B reduces the aryl iodide substrate to the aryl iodide radical anion C, due to the 

low reduction potential of the aryl iodide.
25

 The other pathway leading to C 
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involves the reaction of the aryl halide with KO
t
Bu or KOEt. As shown in 

Scheme 3, the solvent-separated ion pairs of KO
t
Bu and KOEt are in 

equilibrium with species that bear a loosely bound electron. The electron can 

be transferred to the aryl iodide via SET and thus generate radical anion C. 

Subsequent facile elimination of iodide from C affords aryl radical D.
26

 D then 

adds to the styrene substrate to form the radical adduct E (a benzyl-type 

radical). There are four pathways (a-d) for E to lose a hydrogen atom to 

produce the Heck-type reaction product H. In pathway a, E is deprotonated by 

KO
t
Bu to give styrene radical anion F, which subsequently transfers an 

electron to the aryl iodide to generate product H and a new radical anion C. In 

pathway b, E reacts with carbamoyl radical A to form DMF and styrene 

product H. E can also be oxidized in pathway c by the ethoxy radical, but not 

by the tert-butoxy radical as explained earlier, to product H after subsequent 

deprotonation (by either ethoxide or tert-butoxide). E can also react with the 

tert-butoxy or ethoxy radical to afford the corresponding alcohol and H via 

direct H-atom abstraction in pathway d, although the different reactivity 

observed for tert-butanol compared to ethanol in combination with KO
t
Bu 

seems to indicate that this pathway is of lesser importance. Pathway a could be 

the major step for product formation as for other pathways a disadvantage is 

that they all involve the reaction between two radicals and it is known that 

radicals are typically present at low concentrations. However pathway b and c 

should also be important as ethanol and DMF are both vital for the success of 

this kind of reaction.  

 

In summary, this mechanism could explain why this kind of Heck-type reaction 

can be performed in air as its solvent, DMF, is non-innocent in the reaction. 

Indeed, a quite recent paper by Drapeau et al. shows that DMF is active in a 

similar radical initiation step.
27

 In their study, both experimental and DFT 

results show that DMF can be deprotonated by bases such as KO
t
Bu and that 
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the corresponding carbamoyl anion is capable to do SET to aryl halides to 

generate aryl radicals. In this study, DMF plays a role as electron reservoir in 

the Heck-type reaction and thus provides a certain tolerance to air for the 

reaction. This also explains why the success of this reaction in air is strongly 

depending on the solvent.  

 

5.3 Conclusion 

In summary, the KO
t
Bu-mediated intermolecular Mizoroki–Heck-type reaction 

was performed in air. The results of this study show that this kind of reaction 

can actually be performed in air using non-distilled DMF as the solvent. The 

combination of KO
t
Bu and ethanol proved to be crucial to the success of the 

reaction. The study also proved that the solvent is an important participant in 

the reaction and that DMF is by far the best solvent in this case. The proposed 

reaction mechanism is based on the formation of aryl radicals in which the 

alkoxide base plays the role as the source of electrons and DMF as an electron 

reservoir. In addition, product formation takes place from a C–C coupled 

radical intermediate and may take place in a number of ways, which are 

sensitive to the aerobic and elevated temperature conditions. Further 

experimental data are required to substantiate this mechanistic proposal. 

5.4 Experimental Section 

General 

Reactions were carried out either under air with non-distilled solvent or under 

an inert dinitrogen atmosphere with dry solvent. Dry solvents were either 

carefully dried and distilled prior to use or directly taken from a solvent 

purification system (MBraun. MB SPS-800). All standard reagents were 

purchased commercially and used without further purification. High resolution 

mass spectroscopy (HRMS) has been performed on a Waters LCT Premier XE 
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Micromass instrument using the electrospray ionization (ESI) technique. GC 

analysis was carried out using a Perkin Elmer Clarus 500 GC equipped with an 

Alltech Econo-Cap EC-5 column. Solvents were dried and distilled following 

known protocols. 
28

 DMF was stirred over CaH2 (5% w/v) overnight. After that, 

DMF was filtered, and then distilled at 20 mm Hg. The distilled DMF was 

further degassed and stored over 3Å molecular sieves for further use. DMSO 

was left to stand over CaSO4 overnight. After that it was filtered and distilled 

over CaH2 under reduced pressure (~ 12 mm Hg). The distilled DMSO was 

further degassed and stored over 4Å molecular sieves for further use. Benzene 

was refluxed over Na with benzophenone as indicator. When the solution 

became purple, refluxing was stopped and benzene was distilled under N2 flow. 

The distilled benzene was further degassed and stored over 4Å molecular 

sieves for further use. THF was refluxed over Na with benzophenone as 

indicator. When the solution became purple, refluxing was stopped and 

benzene was distilled under N2 flow. The distilled THF was further degassed 

and stored over 4Å molecular sieves for further use. 

5.4.1 General procedure for the Mizoroki–Heck-type reaction 

between 4-iodoanisole and styrene:  

5.4.1.1 Reaction performed in air 

In a glove box under nitrogen atmosphere, KO
t
Bu (1.5 mmol, 3 equiv.) was 

added to a Schlenk flask equipped with a stir bar. The flask was transferred out 

of the glove box and kept open. To the open flask, 4-iodoanisole (0.5 mmol, 1 

equiv.), styrene (2.5 mmol), alcohol additive (0.1 mmol) were added. After that, 

solvent (1.5 mL) and pentadecane (15 µL, internal standard) were added. The 

reaction mixture was then heated at 100 °C for 2 h under stirring. The reaction 

was quenched with ethyl acetate and after that the reaction mixture was 

filtrated and subjected to GC for analysis. 

5.4.1.2 Reaction performed under inert conditions 
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In a glove box under nitrogen atmosphere, KO
t
Bu (1.5 mmol, 3 equiv.) was 

added to an Ace pressure tube equipped with a stir bar. To the pressure tube, 4-

iodoanisole (0.5 mmol, 1 equiv.), styrene (2.5 mmol), alcohol additive (0.1 

mmol) were added. After that, dry solvent (1.5 mL) and pentadecane (15 µL, 

internal standard) were added to the pressure tube. The pressure tube was then 

closed and brought out from the glovebox. The reaction mixture was heated at 

100 °C for 2 h under stirring. The reaction was then quenched with ethyl 

acetate and after that the reaction mixture was filtrated and subjected to GC for 

analysis. 
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Appendix I 

 

Reaction profile, Radical scavenger effect experiments, Kinetic 

isotope experiment , strucutral elucidation of 1-(4-phenylphenyl)-2-

(4-acetylphenyl)ethanone (3o’) and IR spectrum of FP2E  

 

 

I. Reaction profile of the direct arylation of 4-iodoanisole with 

benzene 

 

 
 
Reaction conditions: 0.5 mmol of 4-iodoanisole, 1.5 mmol of KO

t
Bu, 50 mmol 

of benzene, 10 mol% FP2E (based on Fe), 100 
°
C oil bath. Reactions were 

performed in parallel and stopped after every 0.5 h reaction time until 9.5 h. 

Extra points are collected after 10.5 h, 11.5 h and 24 h. Yields are determined 

by GC using pentadecane as internal standard. 
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II. Radical scavenger effect experiments 

 

 
 
The experiment was performed as per the general procedure using 4-

iodoanisole (0.5 mmol) and 2, 2, 6, 6-tetramethyl-1-piperridinyloxy (free 

radical, TEMPO, 0.5 mmol) or 2,6-Di-tert-butyl-α-(3,5-di-tert-butyl-4-oxo-2,5-

cyclohexadien-1-ylidene)-p-tolyloxy (free radical, galvinoxyl, 0.5 mmol) and 

benzene (50 mmol). These reagents completely inhibited the reaction, and we 

therefore considered that a radical species participated in the reaction. 

 

III. Experimental procedures for the KIE Study for cross-coupling 

of 4-iodoanisole with benzene 

 

 
 
In a glove box under nitrogen atmosphere, KO

t
Bu (1.5 mmol, 3 equiv.) was 

added to a 15 ml Ace pressure tube equipped with a stir bar. The tube was then 

transferred out of the glove box with the cap kept unscrewed. To the open tube, 

aryl iodide (0.5 mmol, 1 equiv.) and FP2E (10 mol % based on Fe) were added. 

After that, benzene-H6 (50 equiv.) and benzene-D6 (50 equiv.) were added and 

the reaction mixture was stirred vigorously at room temperature for 5 min and 

then the cap of the tube was screwed and the reaction was heated at 100 
°
C for 

24 h. Following cooling, the solution was filtered through a silica pad. The pad 

was then rinsed with 100 mL of CH2Cl2/hexanes (1:1). The combined solution 
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was concentrated and the crude mixture was purified via column 

chromatography to afford the biphenyl products. The product distribution was 

analyzed by 
1
H NMR through integration of the proton at the C3 position of the 

benzene ring and the protons at C3 of the 4-methoxyphenyl ring were chosen 

as calibration. (kH/kD = 1.12).  

 

IV. Structural elucidation of 1-(4-phenylphenyl)-2-(4-

acetylphenyl)ethanone (3p’) 
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Figure 1 1H NMR spectrum of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 

 

 

 

 

 

 

 

 

 



Appendix I 

211 
 

 

 



Appendix I 

212 
 

 
 

Figure 2 13C NMR spectrum of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 

 

 
 

Figure 3 DEPT-13C NMR spectrum of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 
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Figure 4 COSY NMR spectrum of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 

 

 
 
Figure 5 HSQC NMR spectrum of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 
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Figure 6 HMBC NMR spectrum of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 
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Figure 7 IR Spectrum (ATR) of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone (3p’) 

 

 
 
Figure 8 GC-MS (Electron Impact) Spectrum of 1-(4-phenylphenyl)-2-(4-acetylphenyl)ethanone 

(3p’) 
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The observation of prominent peak in 181, which corresponds to  4-

phenylbenzoylium cation, provides further support of the structure of  1-(4-

phenylphenyl)-2-(4-acetylphenyl)ethanone instead of 2-(4'-acetyl-[1,1'-

biphenyl]-4-yl)-1-phenylethanone, which would be expected to give a 

prominent peak in 105 as benzoylium cation.
[1, 2] 

 

V. IR spectrum of FP2E 

 

 

 
 

Figure 9 IR spectrum of FP2E 
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Appendix II
§  

 

X-ray crystal structure determination of 

[Fe(phen)2Cl2]NO3
.
CH3COOH

.
H2O (Ia) 

 

Orange-red crystals of [Fe(phen)2Cl2]NO3 were grown from a mixture of acetic 

acid and water according to the procedure by Biswas et al.
 

1
[C24H16Cl2FeN4](NO3) · C2H4O2 · H2O, Fw = 627.24, orange-red block, 0.37 x 

0.19 x 0.19 mm
3
, monoclinic, Cc (no. 9), a = 15.4574(3), b = 13.4195(3), c = 

12.8051(3) Å,  = 101.131(1) º, V = 2606.19(10) Å
3
, Z = 4, Dx = 1.599 g/cm

3
,  

 = 0.84 mm
-1

. 49037 Reflections were measured on a Bruker Kappa ApexII 

diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) 

at a temperature of 150(2) K up to a resolution of (sin /)max = 0.81 Å
-1

. 

Intensity data were integrated with the Eval15 software.
2
 Absorption correction 

and scaling was performed based on multiple measured reflections with 

SADABS (correction range 0.72-0.75). 11487 Reflections were unique (Rint = 

0.017), of which 10910 were observed [I>2(I)]. The structure was solved with 

the program SHELXT. Least-squares refinement was performed with 

SHELXL-97 against F
2
 of all reflections.

3
 Non-hydrogen atoms were refined 

freely with anisotropic displacement parameters. Hydrogen atoms were located 

in difference Fourier maps. O-H hydrogen atoms were kept fixed on their 

located positions, C-H hydrogen atoms were refined with a riding model. The 

structure was refined as an inversion twin, resulting in a twin fraction of 

0.386(7). 363 Parameters were refined with two restraints (floating origin). 

R1/wR2 [I > 2(I)]: 0.0224 / 0.0655. R1/wR2 [all refl.]: 0.0241 / 0.0663. S = 

1.065. Residual electron density between -0.38 and 0.49 e/Å
3
. Geometry 

                                                        
§
 This appendix has been published as part of: Y. Huang, M.-E. Moret, R.J.M. Klein 

Gebbink ; M. Lutz, Eur. J. Inorg. Chem. 2013, 2467-2469. 
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calculations and checking for higher symmetry was performed with the 

PLATON
  
program.

4
 

A comparison of the unit cell dimensions proves the identity of revised 

[Fe(phen)2Cl2]NO3
.
CH3COOH

.
H2O crystal structure Ia and Biswas crystal 

structure Ib ([Fe(phen)2Cl2]NO3) (see Table 1). 

 
Table 1. Unit cell dimensions in Ia at 150(2) K and Ib at 250(2) K. 

 
 a [Å] b [Å] c [Å]  [º] V [Å3] 

Ia 15.4574(3) 13.4195(3) 12.8051(3) 101.131(1) 2606.19(10) 

Ib 15.559(3) 13.588(3) 12.905(3) 101.501(3) 2673.4(9) 

 

 

 

Figure 1. Displacement ellipsoid plot of Ia in the crystal (50% probability level). Selected bond 
distances [Å] and angles [º]: Fe1-N1 2.1684(10); Fe1-N2 2.1410(11); Fe1-N3 2.1415(11); Fe1-
N4 2.1696(10); Fe1-Cl1 2.2699(3); Fe1-Cl2 2.2653(3); N5-O1 1.2695(17); N5-O2 1.2372(17); 
N5-O3 1.2423(17); C25-O4 1.3284(18); C25-O5 1.2070(16); C25-C26 1.5028(18); N1-Fe1-N2 
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76.83(4); N3-Fe1-N4 76.78(4); N1-Fe1-N4 85.39(3); Cl1-Fe1-Cl2 97.463(8).Inset: 
Displacement ellipsoid plot of the nitrate anion (50% probability) from reference [1]. 

The additional presence of acetic acid and water molecules leads to the 

formation of one-dimensional hydrogen bonded chains (see Figure 2, Table 2). 

The intermolecular interactions in Ia with strong O-H...O hydrogen bonds is 

thus significantly different from Ib, which was mainly described as weak C-

H...O, C-H...Cl, and - bonds. 

 

Figure 2. One-dimensional hydrogen bonded chains along the crystallographic uvw=[1,1,0] and 
symmetry related uvw=[1,-1,0] directions in Ia. Metal complex molecules are omitted for clarity. 
Nitrate anions are drawn in black, acetic acid molecules in red, and water molecules in green. 

Table 2. Hydrogen bonded geometries in Ia. 

 D-H [Å] H...A [Å] D....A [Å] D-H...A [º] 

O4-H4A...O1 0.74 1.94 2.6561(17) 163 

O6-H6A...O2 0.84 2.30 2.994(2) 141 

O6-H6B...O5[a] 1.16 1.77 2.922(2) 171 

[a] Symmetry operation i: x+½, y+½, z.  
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Appendix III  

EXAFS fitting results, Fourier transform of EXAFS of FP2E 

systems, reference samples and solution samples 

 

1. EXAFS fitting results from FP1E, FP2E, FP3E and 

[Fe(phen)Cl3(CH3OH)]∙CH3OH (N: Coordination number; DW: 

Debye-Waller factor; R: interatomic distances; E0: Correlation 

factor.) 

Table 1 EXAFS fitting of FP1E 

Scatterer  N DW R E0 κ1 κ3 

N/O  3.26 0.01766 2.00 10 0.59      0.73 
Cl  2.44 0.00143 2.23 3.08 1.46      2.15 
 

Table 2 EXAFS fitting of FP2E 

Scatterer  N DW R E0 κ1 κ3 

N/O  3.2 0.0154 2.03 10 1.48     0.52 
Cl  2.72 0.0019 2.26 6.2 1.95     1.17 
 

Table 3 EXAFS fitting of FP3E 

Scatterer  N DW R E0 κ1 κ3 

N/O  2.9 0.0152 2.02 10 1.39     0.36 
Cl  2.9 0.0019 2.26 6.7 2.23     1.38 
 

Table 4 EXAFS fitting of [Fe(phen)Cl3(CH3OH)]∙CH3OH 

Scatterer  N DW R E0 κ1 κ3 

N/O  2.9 0.0212 2.00 10 0.89     0.54 
Cl  3.1 0.0012 2.25 8.3 1.64     1.37 
 

2. EXAFS Fitting and Fourier transform of EXAFS spectra from 

solution samples 
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Figure 1 Fourier transform of EXAFS spectra (raw and fit) obtained from solution sample with 

8% of yield 

 

Figure 2 Fourier transform of EXAFS spectra (raw and fit) obtained from solution sample with 

10% of yield 

 

Table 5 EXAFS fitting of solution sample with 94 % of yield 

considering Fe in the first coordination shell 

Scatterer  N DW R E0 κ1      κ3 

N/O  2.1 0.0043 1.89 12.2 1.0    3.7 
Fe  0.2 0.0002 2.55 -7.1 1.6    7.0 
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Summary 

 

Bi(hetero)aryls are ubiquitous in both natural and synthetic compounds and 

have a large potential and wide application in pharmaceutical and industrial 

chemistry. Due to their essentiality, bi(hetero)aryl motifs have attracted 

synthetic chemists for more than a century, and numerous protocols have since 

been developed for construction of (hetero)aryl–(hetero)aryl bonds by 

employing transition metal catalyst. Among them, Negishi, Kumada and 

Suzuki reactions are so successful that they have already become routine 

practices in synthetic laboratories. However, the aforementioned methods have 

several drawbacks. Firstly, they are catalyzed by expensive and scarce noble 

metals, such as Pd. Secondly, they need preactivation of both coupling partners 

(Scheme 1), which leads to suffering on atom economy for their requirements 

of installation and subsequent disposal of the activation agents. Thirdly, toxic 

heavy metal wastes are generated during these precious metals catalyzed 

coupling reactions. 

 

 

 

Scheme 1 Conventional catalytic arylation reactions for bi(hetero)aryl synthesis 

 

Therefore direct arylation of aromatic C–H bond represents an environmental 

benign and atom economical strategy for bi(hetero)aryl synthesis, in terms of 

overall minimization on formation of by-products and simplification of the 

overall synthesis process. In this thesis, the use of iron-based catalytic systems 
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to catalyze direct arylation reactions in air with non-distilled solvents has been 

investigated. In addition, studies toward the understanding of the mode of 

operation of such catalytic systems and attempts to improve the catalytic 

activity and applicability of the systems in synthetic chemistry are described. 

 

In Chapter 1, an overview is given of the current status of the field of non-

precious metal catalyzed/mediated direct arylation reactions. Reports on direct 

arylations catalyzed by Fe, Co, Ni and Cu are mainly demonstrated and 

discussed. Three major strategies for the direct arylation for bi(hetero)aryls 

synthesis are followed for non-precious metal catalysts, i.e. i) oxidative direct 

arylation with organometallic reagents, ii) direct arylation of arenes bearing a 

leaving group, and iii) dehydrogenative arylation of simple arenes. Among 

them, only the three reports from Lei, Charette and Shi about iron-catalyzed 

direct arylation of aryl halides and unactivated arenes were known at the time 

when the project of this thesis started. All three reports used strictly dried and 

distilled solvents and inert conditions. In addition, in each of these synthetic 

protocols the iron salts and the ligands are simply added into the reaction 

mixture. 

 

Chapter 2 described a pre-made iron-based catalytic system that is able to 

catalyze the direct arylation reaction between aryl halides and unactivated 

arenes under aerobic conditions and using non-distilled benzene as solvent and 

reagent.  The preparation of this catalytic system is rather simple: mixing of 

FeCl3 and 1,10-phenanthroline (phen) in a molar ratio of 1:2 in ethanol affords 

the system (designated as FP2E) as a precipitate. The isolated yields of the 

reactions catalyzed by FP2E are good with electron-donating groups (EDG) on 

the para-position of the aryl iodide reaction partner (up to 91%) and moderate 

with electron-withdrawing groups (EWG) at this position (up to 66%). Radical 

scavenger experiments showed the possible involvement of radical species in 
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the reaction process, and a radical chain mechanism was proposed for the 

reaction (Scheme 2). The isolation and identification of 1-(4-phenylphenyl)-2-

(4-acetylphenyl)ethanone as a byproduct further  supports this mechanism. 

Control experiments excluded the possibility of trace amounts of Pd and Cu 

contaminants to play a role in catalysis, as well as the possibility that the phen 

ligand acts as a catalyst on its own. However, initial analysis did not allow for a 

proposal of the composition and structure of FP2E.  

 

 

Scheme 2 Proposed radical chain mechanism for FP2E catalyzed direct arylations 

 

Chapter 3 focuses on unraveling structural information of the FP system and 

acquiring an understanding of the evolution of iron species during the direct 

arylation reactions. By employing a combination of IR, UV-Vis and XAS 

(XANES and EXAFS) techniques, together with the information from 

elemental analysis and ICP-OES, a conclusion can be draw that the main 
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component in different FPE systems is almost the same, while in FPM systems 

(generated in methanol) these are quite different. The constitution of the main 

component in FP2E and FP1M was proposed to be 

[Fe(phen)Cl3(CH3CH2OH)]∙0.5CH3CH2OH∙0.5phen and [Fe(phen)2Cl2][FeCl4], 

respectively. XAS analysis of reaction mixtures of the FP2E catalyzed direct 

arylation reaction of 4-iodoanisole and benzene in air provided a lot of 

information about the reaction. The linear combination fitting result suggests 

that the speciation of iron changes during and after the induction period of the 

reaction. The observation that the precatalyst FP2E is present in the solid phase 

throughout the reaction supports the idea that the solid may act as a reservoir, 

slowly releasing the active species during the reaction.  EXAFS analysis of 

solution samples indicated ligand dissociation of iron complex in FP2E during 

the reaction and also a possible formation of iron iodide bond. A Fe-Fe bond 

formation was suggested by EXAFS fitting, which is quite unexpected and 

further analysis is required to explain this fitting result. 

 

Further investigation of FP2E systems was performed in Chapter 4. First, a 

kinetic study of the FP2E catalyzed direct aryaltion of 4-iodoanisole and 

benzene in air under reflux was carried out. The observation of an induction 

period suggested a mechanism with at least two separate chemical processes in 

the reaction. Based on the recorded reaction profiles, several simple kinetic 

models were proposed and fitted by using the Dynafit simulation program. 

After evaluation of these models, kinetic model M2 was considered to be the 

best (Scheme 3). In this kinetic model, the precatalyst (A) reacts with the base 

(C) to generate the radical carrier 1 (D), which then be converted quite fast by 

the base to form radical carrier 2 (thus in the kinetic fitting the k2 is set to be a 

big constant, i. e. 1000). This radical carrier 2 later reacts with substrate (B) 

and benzene to afford the product (F) and regenerate the radical carrier 1 again. 
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Scheme 3 Kinetic model M2 and catalytic cycle for M2 

 

The comparison of catalytic reactivity of FPE and FPM systems were carried 

out in this chapter. The results show that all FPE systems have good reactivity 

while all FPM systems have no reactivity in the direct arylation reactions. 

Attempts to improve the FP2E system by modifying the phenanthroline ligand 

were also carried out in Chapter 4. A series of 1,10-phenanthroline derivatives 

carrying electron withdrawing or donating group in 4,7-positions were 

employed to synthesize the substituted variants of the FP2E system (designated 

as F
s
P2E systems). Kinetic studies on these F

s
P2E systems suggested that 

precatalyst carrying electron rich ligands are good candidates to catalyze direct 

arylation reaction. On the other hand, the performance of these F
s
P2E systems 

cannot compete with the FP2E system, as the tolerance to air of these systems 

dramatically dropped compared to FP2E.  

 

In Chapter 5 the application of FP2E in the Heck-type reaction between 4-

iodoanisole and styrene in air was investigated. However, initial results showed 

that the combination of the applied base and alcohol additive is able to catalyze 

such transformations in air albeit with moderate yield (58%). Following the 

observation, the effects of base, alcohol additive, and solvent on the air 

tolerance of this kind of reaction were investigated in this chapter. The 

employment of KO
t
Bu and DMF proved to be crucial to the success of the 

Heck-type reaction in air with non-distilled solvent. A possible mechanism was 

proposed, which involves radical intermediates formed from the reaction 
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between KO
t
Bu and DMF (Scheme 4).  

 

 

 

Scheme 4 Proposed mechanism for the KOtBu-mediated Heck-type reaction in DMF 

 

In conclusion, this thesis mainly describes a novel iron based catalytic system 

(FP2E), which is able to catalyze the direct arylation reaction between aryl 

halides and unactivated arenes in air using non-distilled solvents. The structure 

of the major component in FP2E is proposed to be an Fe(III) species with 

octahedral coordination and 2 N donors from the ligand, 3 Cl donors and one O 

donor from the ethanol solvent exemplified in the complex 

[Fe(phen)Cl3(EtOH)]. Future investigation aimed to improve the catalytic 

system should therefore focus on making Fe(III) mono-coordinated species 

with octahedral coordination structure bearing a single diamine-type ligand. As 

such system can convert aryl halide into aryl radicals, the potential of applying 

FP2E in radical ring closure reactions and radical addition reactions could be 
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considered. Results discussed in Chapter 5 shine light on the air tolerance of 

radical reactions that do not involve transition metals and imply a possible non-

innocent role of the reaction solvent in such transformations. More information 

on the mechanism of such reactions seems required to further develop this 

chemistry. 
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Samenvatting 

 

Bi(hetero)arylen zijn alom vertegenwoordigd in natuurlijke en synthetische 

moleculen en hebben een brede toepassing in de farmaceutische en chemische 

industrie. Vanwege deze essentiële rol trekken bi(hetero)arylstructuren voor al 

meer dan een eeuw de aandacht van synthetisch chemici, en inmiddels zijn er 

meerdere protocollen ontwikkeld voor het vormen van (hetero)aryl-(hetero)aryl 

bindingen gebruikmakend van op overgangsmetalen-gebaseerde katalysatoren. 

Hiervan zijn de Negishi-, Kumada- en Suzuki-reacties zo succesvol dat ze 

routinematig worden toegepast in academische en industriële laboratoria. 

Desalniettemin hebben deze methoden een aantal nadelen. Ten eerste maken ze 

gebruik van kostbare en schaarse edelmetalen, zoals Pd. Ten tweede vereisen 

ze een pre-activering van beide koppelingspartners (Schema 1), wat leid tot een 

verminderde atoomefficiëntie door de vereiste installering en hierop volgende 

verwijdering van deze activerende groepen en de gevormde nevenproducten. 

Ten derde word er giftig, (zwaar-)metaalhoudend afval gegenereerd tijdens 

deze edelmetaal-gekatalyseerde koppelingsreacties.  

 

 

 

Schema 1. Conventionele katalytische bi(hetero)aryl synthese via C–C koppeling. 

 

De directe arylering van aromatische C–H bindingen biedt daarom een 

milieubewuste en atoom-efficiënte alternatieve strategie voor de synthese van 

bi(hetero)arylen, doordat over het geheel genomen de vorming van 
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bijproducten wordt geminimaliseerd en het syntheseproces wordt versimpeld. 

In dit proefschrift is het gebruik van op ijzer-gebaseerde katalysatoren voor 

directe aryleringsreacties onderzocht, met het oog op de ontwikkeling van 

katalysatoren die werken onder niet-inerte condities (aan de lucht) en in niet-

gedestilleerde oplosmiddelen. Daarnaast worden studies naar het mechanisme 

van zulke katalysatoren en pogingen om de activiteit en toepasbaarheid van de 

katalysatoren in organische synthese te verbeteren beschreven.  

 

Hoofdstuk 1 geeft een overzicht van de huidige status in het veld van niet-

edelmetaal gekatalyseerde/gemedieerde directe aryleringsreacties. 

Hoofdzakelijk worden er voorbeelden van directe aryleringen gekatalyseerd 

door Fe, Co, Ni en Cu belicht en besproken. Hierbij komen drie belangrijke 

strategieën voor de directe arylering voor de synthese van bi(hetero)arylen door 

niet-edelmetaalkatalysatoren aan de orde, namelijk i) oxidatieve directe 

arylering met organometaalreagentia; ii) directe arylering van arenen met een 

vertrekkende groep; en iii) dehydrogenerende arylering van simpele arenen. 

Voor de start van het onderzoek beschreven in dit proefschrift waren er slechts 

drie voorbeelden van ijzer-gekatalyseerde directe aryleringen tussen aryl 

haliden en niet-geactiveerde arenen beschreven door Lei, Charette en Shi. Elk 

van deze voorbeelden maakt gebruik van droge, gedestilleerde oplosmiddelen 

en inerte condities. Bovendien word in elk van deze voorbeelden de katalysator 

verkregen door een ijzerzout en organisch ligand simpelweg toe te voegen aan 

het reactiemengsel in plaats van gebruik te maken van geïsoleerde 

ijzercomplexen. 

 

Hoofdstuk 2 beschrijft een op ijzer-gebaseerd katalysator voor de directe 

aryleringsreactie tussen aryl haliden en niet-geactiveerde arenen onder aerobe 

condities, gebruikmakend van niet-gedestilleerd benzeen als oplosmiddel en 

reagens. In dit geval wordt de katalysator apart bereid en geïsoleerd alvorens 
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deze in de reactie te gebruiken. Door FeCl3 en 1,10-fenanthroline (phen) te 

mengen in een molaire verhouding van 1:2 in ethanol wordt de katalysator, 

aangeduid als FP2E, simpelweg als een neerslag verkregen. De opbrengsten van 

de aryleringsreacties gekatalyseerd door FP2E zijn goed met elektron-

donerende groepen (EDG) op de para-positie van de aryl jodide reactiepartner 

(tot 91 %) en gemiddeld met elektron-zuigende groepen (EZG) op dezelfde 

positie (tot 66 %). Het gebruik van radicaalvangers in de reactie toonde de 

mogelijke betrokkenheid van vrije radicalen in het reactieproces aan, hetgeen 

leidde tot het voorstel van een radicaalketen reactiemechanisme voor dergelijke 

reacties (Schema 2). De isolering en identificering van 1-(4-fenylfenyl)-2-(4-

acetylfenyl) ethanon als een bijproduct ondersteunt dit mechanisme. Controle 

experimenten sloten de mogelijkheid uit dat sporen van Pd- en Cu-

verontreinigingen een rol zouden kunnen spelen in de katalyse, alsmede de 

mogelijkheid dat het phen ligand als een katalysator op zichzelf werkt. Echter, 

deze initiële studie volstond niet om een voorstel te kunnen doen over de 

samenstelling en structuur van FP2E.  
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Schema 2. Voorgesteld radicaalketen reactiemechanisme voor FP2E gekatalyseerde directe 

aryleringen. 

Het verkrijgen van structurele informatie over de FP katalysatoren en het 

vergaren van een beter begrip van de betrokkenheid van verschillende 

ijzerverbindingen tijdens de directe aryleringsreacties wordt besproken in 

Hoofdstuk 3. Door gebruik te maken van een combinatie van IR, UV-Vis en 

XAS (XANES en EXAFS) technieken, samen met informatie verkregen uit 

element analyse en ICP-OES, kon worden geconcludeerd dat de 

hoofdcomponent in verschillende FPE katalysatoren bijna hetzelfde is, terwijl 

dit voor de uit methanol verkregen FPM katalysatoren verschilt van elkaar. Er 

kon worden geconcludeerd dat de hoofdcomponenten in FP2E en FP1M 

respectievelijk [Fe(phen)Cl3(CH3CH2OH)] ∙ 0.5 CH3CH2OH ∙ 0.5 phen en 

[Fe(phen)2Cl2][FeCl4] zijn. XAS analyse van (heterogene) reactiemengsels van 

door FP2E-gekatalyseerde directe aryleringsreacties van 4-joodanisole en 
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benzeen aan de lucht gaven verder inzicht in het mechanisme van de reactie. 

De analyse van de XAS-data van de aanwezige vaste stof suggereerde dat de 

ijzerkatalysator verandert tijdens en na de inductieperiode van de reactie en gaf 

aanleiding om FP2E aan te duiden als een prekatalysator. De observatie dat de 

prekatalysator FP2E aanwezig is als vaste stof tijdens de reactie komt overeen 

met het idee dat de vaste stof werkt als een katalysatorreservoir, dat langzaam 

de actieve katalysator genereert tijdens het verloop van de reactie. EXAFS 

analyse van het opgeloste deel van het reactiemengsel gaf aan dat 

liganddissociatie van het FP2E ijzercomplex plaats vindt tijdens de reactie en 

dat de vorming van een ijzerjodide binding mogelijk optreedt. Een onverwacht 

aspect van de EXAFS fitting is de mogelijke vorming van verbindingen met 

een Fe-Fe binding. Verdere experimenten zijn nodig om dit resultaat te 

bekrachtigen en verklaren. 

 

Katalytische systemen gebaseerd op FP2E  zijn verder onderzocht in Hoofdstuk 

4. Als eerste werd een kinetische studie van de door FP2E gekatalyseerde 

directe arylering van 4-joodanisole en benzeen aan de lucht en onder 

refluxcondities uitgevoerd. De observatie van een inductieperiode suggereert 

dat tijdens de reactie twee aparte chemische processen een rol spelen in het 

reactiemechanisme. Gebaseerd op de waargenomen reactieprofielen werden 

een aantal eenvoudige kinetische modellen voorgesteld en gefit met behulp van 

het simulatie programma Dynafit. Na evaluatie van deze modellen werd model 

M2 beschouwd als het beste model (Schema 3). In dit kinetische model 

reageert de prekatalysator (A) met de base (C) om radicaaldrager 1 (D) te 

vormen, deze wordt vervolgens snel omgevormd door de base tot 

radicaaldrager 2. Radicaaldrager 2 reageert daarna met substraat (B) en 

benzeen om het product (F) te verkrijgen en om radicaaldrager 1 te 

regenereren.  
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Schema 3. Kinetisch model M2 en de katalytische cyclus voor M2. 

 

De katalytische reactiviteiten van FPE en FPM katalysatoren werden 

vergeleken in dit hoofdstuk. Uit de resultaten bleek dat alle FPE katalysatoren 

een goede reactiviteit vertonen terwijl alle FPM systemen de directe arylatie 

reactie niet katalyseren. Pogingen om het FP2E systeem te verbeteren door het 

fenanthroline ligand te modificeren werden tevens uitgevoerd in Hoofdstuk 4. 

Een serie van 1,10-fenanthroline-derivaten die elektron-zuigende dan wel 

donerende groepen bevatten op de 4,7-posities werden gebruikt om 

gesubstitueerde varianten van FP2E te synthetiseren (aangeduid als F
s
P2E). 

Kinetische studies aan deze F
s
P2E systemen suggereerden dat prekatalysatoren 

die elektron-rijke liganden bevatten goede kandidaten zijn om de directe 

arylatie reactie te katalyseren. Daar staat tegenover dat de prestaties van deze 

F
s
P2E systemen niet kunnen tippen aan het FP2E systeem vanwege de drastisch 

lagere tolerantie ten aanzien van lucht van de F
s
P2E systemen vergeleken met 

FP2E. 

 

In Hoofdstuk 5 werd onderzocht of FP2E kan worden toegepast in de Heck-

type reactie tussen 4-iodoanisole en styreen in lucht. Echter, de eerste 

resultaten lieten zien dat de simpele combinatie van de toegepaste base en 

alcohol er toe in staat is om dergelijke transformaties te katalyseren in lucht, 

alhoewel met een middelmatige opbrengst (58%). Als gevolg van deze 

observatie werden de effecten van base, alcohol en oplosmiddel op de 

luchttolerantie van dit type reactie onderzocht in dit hoofdstuk. Het gebruik van 
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KO
t
Bu en DMF bleek cruciaal te zijn voor het succes van de Heck-type reactie 

aan de lucht en in niet-gedestilleerd oplosmiddel. Het voorgestelde 

mechanisme van deze reactie omvat radicalen gevormd uit de reactie tussen 

KO
t
Bu en DMF als intermediairen (Schema 4). 

 

 

 

Schema 4. Voorgesteld mechanisme voor de KOtBu-gemedieerde Heck-type reactie in DMF. 

 

Concluderend beschrijft dit proefschrift een nieuw, op ijzer-gebaseerd 

katalytisch systeem (FP2E) dat in staat is om de directe aryleringsreactie tussen 

aryl haliden en niet-geactiveerde arenen te katalyseren, open aan de lucht en 

gebruikmakend van niet-gedestilleerde oplosmiddelen. De voorgestelde 

structuur van het hoofdcomponent in FP2E is een Fe(III) verbinding met 

octaëdrische coördinatie, bestaand uit twee N donoren van het ligand, drie Cl 

donoren en één O donor van het oplosmiddel ethanol, lijkend op het complex 

[Fe(phen)Cl3(EtOH)]. Verder onderzoek gericht op het verbeteren van dit 
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katalytische systeem zou daarom gericht moeten zijn op het synthetiseren van 

Fe(III) complexen met een octaëdrische coördinatie die een enkel diamine-type 

ligand bevatten. Omdat zo’n systeem aryl haliden kan omzetten in aryl 

radicalen, ligt de potentie van FP2E en daarvan afgeleide systemen mogelijk in 

radicalaire ringsluitingsreacties en additiereacties. Resultaten besproken in 

Hoofdstuk 5 geven inzicht in de luchttolerantie van radicaalreacties die geen 

overgangsmetalen bevatten en suggereren een mogelijke ‘niet-onschuldige’ rol 

die het oplosmiddel speelt in deze transformaties. Meer informatie over het 

mechanisme van dergelijk reacties lijkt vereist om de synthetische potentie van 

de reacties verder te kunnen ontwikkelen. 
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