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Populärvetenskaplig sammanfattning 

Katalys är ryggraden i många processer i vardagen. Även människokroppen styrs 
huvudsakligen av katalysatorer. Detta viktiga koncept tillåter oss att på ett 
miljövänligt sätt konvertera råmaterial som råolja och naturgas till värdefulla och 
oersättliga produkter, till exempel motorbränslen, läkemedel och agrokemikalier. 
En katalysprocess drivs av en katalysator, vilket således är en substans som, utan att 
förbrukas under processen, gör reaktionen snabbare och mer selektiv genom att 
förändra reaktionsvägen. 

Kolvätebindningar (C–H-bindningar) är bland de mest stabila och oreaktiva 
kemiska bindningarna och dessa återfinns i hög utsträckning i de flesta kolkällor i 
naturen, inte minst råolja. Att hitta en miljövänlig väg för att konvertera eller klyva 
C–H-bindningar är en process som brukar kallas C–H aktivering, och denna metod 
för att producera användbara material har blivit en central frågeställning för 
organiska kemister under de senaste decennierna. Utveckling av katalysatorer är en 
av nycklarna för att lösa detta. 

I denna avhandling framställdes palladium baserade molekyler som deponerats på 
bärare för att få heterogena katalysatorer för C–H-aktiveringsreaktioner, som till 
exempel oxidation och halogenering av arener, vilket är väldigt viktiga 
transformationer inom läkemedels- och agrokemikalieindustrin. Heterogena 
katalysatorer kännetecknas av de är lätta att separera från reaktanter och produkter. 
För att simulera storskaliga applikationer testades dessa katalysatorer också i 
kontinuerlig flödesproduktion, där de visade sig ha hög aktivitet och stabilitet över 
tiden.  

Avhandlingen uppfyllde framgångsrikt de uppställda målen att syntetisera, tillämpa 
och förstå dessa katalysatorer. 
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1. General Introduction  

1.1. C–H Activation  

Everything in the universe seeks to be stable, and this stability can be reached when 
it is at the lowest level of energy. In chemistry, all chemical elements tend to reach 
the lowest energy state (highest entropy) by achieving noble gas configurations. 
However, this is done according to the laws of Nature either by losing, acquiring, 
or sharing an electron or more from the outer shells to obtain what is known to us 
in this era as the chemical bond. 

Carbon–hydrogen (C–H) bonds are among the most stable and unreactive 
chemical bonds in Nature. In organic chemistry, we usually draw the benzene 
moiety for instance without indication to C–H bond. This invisibility of C–H bonds 
reflects their lack of reactivity and their prevalent nature in our world. However, 
this characteristic inactive nature is due to the significant high bond dissociation 
energies (BDEs) required to cleave C–H bonds as shown in Figure 1.1. From the 
kinetics’ point of view, the C–H bonds are free of appropriate lone pairs of electrons 
to make them reactive and facilitate the cleaving transformations.1, 2 

 

 

 

 

 

 

 

 

Figure 1.1. Experimental bond dissociation energies (BDEs) of common carbon–hydrogen bonds. 
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The majority of organic products for example engine fuels, pharmaceuticals, and 
agrochemicals are obtained from feedstocks such as crude oil and natural gas. 
However, these organic molecules contain diverse functional groups in their 
chemical structure (Figure 1.2), therefore finding environmentally friendly 
pathways to convert crude carbon sources to useful materials has become a central 
concern of organic chemists in the past decades. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2. Common examples of desired commodity chemicals and pharmaceutical products. 
 

Illustrated by Table 1.1, traditional chemical industry processes using stoichiometric 
reagents offer high E-factor, meaning greater negative environmental impact 
according to Sheldon.3 The central challenge confronting us today is, how do we 
produce the prevalent chemical products cheaply, greenly and by an efficient way? 

 
Table 1.1. Waste generation in different types of industry. Adapted from ref. 3. 

Industry process  Product tonnagea E-factor (Kg waste/ Kg product) 
Oil refining  106-108 <0.1 

Bulk chemicals 104-106 <1-5 

Fine chemicals  102-104 5->50 

Pharmaceuticals  10-103 25->100 
aAnnual production volume of a product at one site. 
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However, mother nature has engineered over billions of years ago to carry 
out the chemical transformations in water and at ambient temperature, in high 
efficiency, with shorter synthesis steps, low toxicity of chemical products, and low 
E-factor. A very good example in this regard, methanol production by Methane 
monooxygenase (MMO) multiprotein complexes found in methanotrophic bacteria, 
which shows a high capability to activate the C–H bond in methane under aerobic 
conditions. The mechanistic manifold involves, when two equivalents of NAD(P)H 
(reducing agent) split the O–O bond of oxygen, one oxygen atom is reduced to water 
and the second atom is incorporated into the substrate, yielding methanol as shown 
in Figure 1.3. 4, 5 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Pathway of aerobic methane oxidation by Methane monooxygenase (MMO) multiprotein.  
 

Obviously in this example, the methane oxidation reaction carried out over an iron-
iron core, which enables the reaction to proceed by stabilizing the intermediates, 
without being consumed, and minimizing the waste during the process. From this 
point, an important concept is proposed, which is considered as the key to green 
chemistry and an important tool in organic reactions called Catalysis. 
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1.2. Background to catalysis  

The concept of Catalysis was introduced for the first time in 1820 by J. J. 
Berzelius in his annual review articles to the Royal Swedish Academy of Sciences. 
Later, M. Faraday assumed (without explanation) that the hydrogen and oxygen 
have to adsorb at platinum surface in order for the electrolysis of water take place.6  
In 1835, Berzelius described and defined the observed phenomenon as a Catalysis. 
This term remained incomprehensible for the chemical society and the scientists 
until 1900, where W. Ostwald (Nobel laureate in chemistry 1909) accomplished the 
definition of the catalyst as “A substance which affects the rate of a chemical 
reaction without being part of its end products”.7 According to this definition, the 
catalysis is considered as a kinetic phenomenon. 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.4. Catalysts reduce the required activation energy, thereby increasing the rate of reaction. 

 

In the present day, Catalyst is accurately defined as a substance that makes 
the reaction go faster and more selective by changing the path of the reaction or by 
stabilizing the reaction transition states, without being consumed during the process. 
Figure 1.4 shows the difference in activation energy between an uncatalyzed 
reaction (of R1 and R2 reagents) and a catalyzed reaction in the presence of a 
catalyst (C). However, the uncatalyzed reaction displays a high energy barrier, 
which leads to a slow reaction in the end. In contrast, the reaction of R1, R2 and C 
is energetically more favored (lower energy barrier), therefore it accelerates the 
reaction via combining and stabilizing R1 and R2 reagents with help of C (in a 
transition state #) in the way that makes them more capable to react and form the 
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final product. The regenerated catalyst (C) is unconsumed and able to be used in 
another cycle.  

1.3. Catalysis: A step towards a sustainable world  

From a fundamental perspective, adding an excess of R1 or R2 reagent or 
heating the reaction in Figure 1.4, waste formation, production of stoichiometric 
amounts of byproducts, and waste of energy are inevitable. However, catalysis is 
considered as a clean and efficient alternative way to produce the desired 
commodity chemicals and pharmaceutical products in high atom economy. A good 
example of this is the transformation of secondary alcohol to a ketone. The 
uncatalyzed oxidation of methylbenzyl alcohol using stoichiometric quantities of 
Jones reagent (chromium trioxide in sulfuric acid) offers acetophenone in 44% atom 
economy as shown in Scheme 1.1a.8 The formation of chromium sulfate as a 
byproduct and using carcinogenic chromium(VI) reagent are the main drawbacks of 
this reaction.  

 

Scheme 1.1. Oxidation of methylbenzyl alcohol to acetophenone via a) uncatalyzed, and b) catalyzed 
pathway. Modified from ref. 8, 9. 
 

OH

OH

3 + 2CrO3 + 3H2SO4
O3 + Cr2(SO4)3 + 3H2O

+ 0.5 O2
O + H2O

Jones oxidation

atom economy = 44 %
Cr-containing waste

atom economy = 91%
water as waste

— catalyst: water soluble Pd (II) complex 
— air as oxidant
— aqueous biphasic system
— no organic solvent
— catalyst recycled via phase separation

a)

b)

N

N

NaO3S

NaO3S

Pd(OAc)2



21 

In contrast, water soluble Pd(II) catalyzed solvent free aerobic oxidation of 
methylbenzyl alcohol affording the corresponding ketone in high yield and 91% 
atom economy, with no loss of activity (Scheme 1.1b).9 

1.4. Heterogeneous, homogeneous, and heterogenized 
catalyst 

In line with the context of this thesis, it is very important to highlight and understand 
the term heterogeneous in catalysis world, because it will be used many times in the 
following chapters. Thus, heterogeneous catalysis is the catalytic process in which 
the catalyst and the reactants are in different phases. In this case and based on the 
modern definition of catalysis, a heterogeneous catalyst is “a functional material 
that continually creates active sites with its reactants under reaction conditions, 
these sites change the rates of chemical reactions of the reactants localized on them 
without changing the thermodynamic equilibrium between the materials”10. 
Approximately 90% of the industrial catalytic processes are heterogeneously 
catalyzed,11 some examples are shown in Table 1.2.  

Due to its competitive advantages, like economical, high stability and reactivity, 
easy to separate and recover, recyclable, and their use in continuous flow processes, 

Table 1.2. Examples of industrial processes using heterogeneous catalysis.    
process  Reaction Cat. Product 

Fischer-Tropsch 
process  

Fe, Co 
C5-C11 
hydroc-
arbons 

Methanol 
production 

 Cu/ZnO/
Al2O3 

Methanol 
Haber-Bosch 

process 
 

Fe NH3 

Dehydrogenation 
process 

 

Pt/ Al2O3
 Alkenes 

Polymerization 

 

Ziegler–
Natta 

catalyst 
Ti 

Polymers 

Margarine 
manufacture/ 

Hydrogenation 
  

Ni or Pd 

saturated 
organic 

compou-
nds 

  

(2n+1) H2 + n CO
[Cat.]

CnH(2n+2) + n H2O

+ 3H2
[Cat.]

[Cat.]
)(

Isotactic polypropylene

O
O
O

O
O
O

Ni/ H2
O
O
O

O
O
O

CO  +  2H2

[Cat.]
CH3OH

N2  +  2H2

[Cat.]
2NH3
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heterogeneous catalysts have a considerable standing in the industry and green 
chemistry disciplines. 

Nevertheless, low selectivity, difficulties to tune and modify, and the requirements 
of the specialized set of advanced techniques to define the structure and reaction 
mechanisms (e.g. X-ray methods, operando spectroscopies…etc.) remain unsolved 
issues in heterogeneous catalysts.12 In homogeneous catalysis, reactants, product(s), 
and the catalyst are in the same phase, therefore, this process faces major challenges, 
like product separation, economic cost, metal contamination, short catalyst life time 
and recovery. Thus, the presence of homogeneous catalytic processes in the 
chemical industry is significantly more modest compared to the heterogeneous 
catalytic reactions. However, although the instability factor related to most 
homogeneous catalysts, homogeneous catalysts are employed in many important 
industrial processes as shown in Table 1.3.   

 
Table 1.3. Examples of industrial processes using homogeneous catalysis.    

process  Reaction Cat. Product 
Shell higher 
olefins process 
(SHOP)13  

NiII 
Medium-

long chain 
olefins 

Hoechst-Wacker 
oxidation 
process14  

PdII/
CuII 

Acetald-
ehyde 

 

Hydroformylation 
(Oxo process), 
aldehydes from 
alkenes. 

  

Co0 

or 
Rh0 

Aldehyde 

Monsanto 
process/ Cativa 
process  

IrII or 
RhII 

Acetic 
acid 

  

On the other hand, homogeneous catalysis uses reaction conditions milder than for 
heterogeneous catalysis, and the high activity and selectivity can be possibly tuned 
either by using different ligands/ additives or by modifying the ligand/ catalyst 
system. Additionally, investigation of the reaction mechanism directly in solution is 
possible, by using common spectroscopic methods such as IR, NMR, UV-Vis, MS... 
etc..  

Today, tethering these two fields by attaching covalently (but not always15 as we 
will see in papers IV and V) well defined and discrete catalyst molecules to an 
insoluble support, is still an ongoing goal in catalysis (example of that shown in 
Figure 1.5). The modification of homogeneous catalysts, which is so called- 

 

H2C CH2
80-120 oC

69-138 bar
H2C CH(CH2CH2)x-1Hx

H2C CH2
[PdCl4]-2/

+  1/2O CH3CHO
CuCl2/ HCl

CO/ H2H3C

H

H

H [Cat.]

CH3

H H

H H

C
H Onormal

CH3

H
H H

HC
H O iso

CH3OH +
[Ir(CO)2I2]- or [Rh(CO)2I2]-

CH3COOHHI
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Figure 1.5. Immobilization of palladium N-heterocyclic carbene cross-coupling reactions catalyst in the 
core of a star polymer, makes it  easily recoverable and recyclable catalyst. Modified from ref. 17.  
 

-heterogenization, will adjust the homogeneous nature of the original catalyst, by 
making it:16 

1) Easily recoverable and reusable (easy product separation, less waste, and less 
expensive). 

2) More efficient (taking advantages from the support to increase selectivity, 
affinity…etc.). 

3)  Discrete catalyst sites (no dimerization or agglomeration increasing the life 
time of the catalyst).  

4) Possible to use in continuous flow process (facilitate the continuous 
implementation of synthetic reactions, as described in paper III). 

Although, massive efforts have been made in immobilization of homogeneous 
catalysts, none of these immobilized catalysts have been used by industry so far.18 
The main reasons for that is due to: 

1) Instability of the homogeneous catalysts, thus heterogenizing them is 
pointless. 

2) Use of an expensive support.  
3) Metal leaching and low turnover numbers, making these catalysts not suitable 

for industrial use.  
4) The heterogenized system could be too complicated to characterize and 

develop.  

However, to get a heterogenized catalyst fitting to the industrial applications 
(Generally, for industrial applications, the TOF and TON have to be in the ranges 
10-2-102 s-1 and 106-107 respectively),19 the shortcomings mentioned need to be 
addressed, and this is the main theme of this thesis. 
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1.5. N-heterocyclic carbene: Synthetic toolkit 

Since the first crystalline free carbene was isolated by A. J. Arduengo in 1991, N-
heterocyclic carbene (NHC) ligands have garnered considerable attention in both 
academia and industry.20, 21 However, NHC has emerged as a powerful metal 
supporting ligand in many important chemical transformations such as 
hydrogenation,22 olefin metathesis,23 water splitting,24 hydrosilylation,25 solar energy 
and photocatalysis,26, 27 etc., due to the tuning capability of electronic and steric 
properties of the metal complexes (Figure 1.6a). The electronic structure of M–NHC 
bond shows a domination of σ-donation from the HOMO of the NHC ligand, located 
on the carbene C atom to empty d orbitals of the metal. However, the most recent 
model suggests the π-acid feature of the NHC ligands by accepting back-donation 
from filled d orbitals of metals (Figure 1.6a). 28-31 

 
Figure 1.6. The electronic features of M–NHC. b) positions can be used to heterogenize M–NHC 
complexes. 
 
Tuning the electronic properties of NHC ligand has a significant influence over the 
ligand donicity, therefore it is a critical issue when optimizing the catalytic activity 
of transition metal based complex. However, structural modification is required to 
tune the donation ability, which predominantly includes: 

1) The substituents on the NHC backbone.32 
2) The N-substituents.33 

The positions which are available to use to immobilize M–NHC complexes are 
summarized in Figure 1.6b.  

N
R

R

R
R

M

.. ..
..

N N

M
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N-Substituent

Metal

Polymer, Silica, Carbon, 
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HeterogenizationElectronic properties tuning

Steric tuning

a) b)

N
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1.6. C–H activation in continuous flow reactors 

The operation of a chemical reaction in a continuous manner under controlled 
conditions and using mini or micro flow reactors, is known as a Continuous Flow 
Synthesis. Compared to the batch reaction mode, continuous flow processes made a 
significant mutation from the early stage lab research to industrial sector in the past 
decades. However, it offers attractive advantages in terms of the safety (no 
accumulation of highly unstable intermediates), reaction efficiency (saving in time 
and materials), and atom economy (by reducing in the use of environmentally 
harmful chemicals, and minimizing side reactions).34 In recent years, supported 
palladium N-heterocyclic carbene complexes catalyzing C–H activation and C–C 
bond formation in continuous flow regimes have gained a great interest in the 
catalysis communities.35-40 However, the advantages that a continuous flow process 
brings is more efficient, high catalytic activity even at room-temperature, and high 
selectivity (will be discussed later in paper III) for C–C and C–H functionalization 
reactions, which meets the standards for production of biologically active molecules 
and pharmaceutical industry.41 

1.7. Objective of this thesis 

This thesis aims at: 

i. Developing heterogeneous transition metal based catalyst materials for 
selective C–H activation of hydrocarbons based on self-supporting and π−π 
stacking methodologies. The proposed methodologies are able to combine the 
high chemical reactivity of the synthesized metal complexes with the unique 
properties of the solid supports. 

ii. Understanding the nature and character of these novel systems, based on 
spectroscopy techniques, microscopy, operando spectroscopy and theoretical 
calculations. The center of attention is to improve the catalyst design in such 
a way that increases the activity, reusability, and sustainability of these 
systems. 

iii. Applying the catalysts for continuous flow conditions to allow scale up of the 
process and to fully utilize the potential of heterogeneous catalysis in C–H 
activation. 
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2. Functionalized Pd(II)–NHC 
complexes: Synthesis and 
characterization (Papers I-V) 

2.1. Introduction 

Since the discovery of the synthesis routes of N-heterocyclic carbene (NHC) ligands 
and complexes particularly with the transition metals (TMs), TMs–NHC have 
become universal complexes in organometallic, inorganic coordination chemistry, 
and homogeneous catalysis. Free carbenes show a considerable stability under inert 
conditions, however these reaction intermediates are unstable in the presence of 
oxygen and moisture, thus hindering their commercial availability in large quantity. 
Therefore, the unusual stability of imidazolium precursor over free carbenes made 
them significant and easy alternative substrates to synthesize TMs–NHC 
complexes. The historical success story begins in 1968, when Öfele and Wanzlick 
reported the first TM–NHC complexes derived from the reaction of imidazolium 
salts with a transition metal hydride, and transition metal acetate respectively as 
shown in Scheme 2.1. 42-46 

 

Scheme 2.1. Synthesis pathways of the first TM–NHC complexes. Modified from ref. 46. 
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2.2. Synthesis of functionalized imidazolium salts and 
silver(I)–carbene complexes  

In general, there are three synthetic routes to obtain imidazolium salts bearing 
different functionalities, which is required to immobilize or support homogeneous 
catalyst into insoluble materials: 

1) Nucleophilic substitution on the imidazole heterocycle ring.45 
2) Modification of functional groups already present in the backbone of 

imidazolium salts or imidazole heterocycle ring to appropriate substituents.  
3) Building up the imidazole heterocycle ring with the desired functional group 

already in place.45 

The first method, Direct Quaternization, is the most straightforward to generate 
functionalized imidazolium salts in one synthesis step. Mostly, by reacting 
functionalized or unfunctionalized alkyl halides with N-substituted imidazoles the 
products are afforded as precipitated salts (easy to purify and separate by washing 
with solvents and simple filtration respectively) in good to excellent yields as shown 
in Scheme 2.2.21, 47 

 

 

Scheme 2.2. Selected examples of direct quaternization method to form functionalized imidazolium 
salts. Modified from ref. 21. 

N
N N
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In our study, we started to synthesize different functionalized imidazolium salts 
based on the desired heterogenization method, adapting the Direct Quaternization 
method. As shown in Scheme 2.3, the procedure to install either one or two 
polymerizable arms on the N-heterocycle ring is a well-known nucleophilic 
substitution reaction that usually proceeds under mild reaction conditions affording 
moderate to good yields.48-51 Adapting a similar reaction fashion, imidazolium salts 
tagged either with one or two anthracene moieties were produced successfully in 
comparable yields. 50, 52 

 

Scheme 2.3. Synthesis of 1-5 

Furthermore, we were interested in expanding the scope of double tagged species, 
and our choice was centered on pyrene, due to the extraordinary π-stacking 
character of such ligand.53 Attempts to synthesize an imidazolium chloride salt from 
1-(chloromethyl)pyrene and 1-(trimethylsilyl)-1H-imidazole were unsuccessful, 
due to the lack of reactivity of the ligand. However, substituting chlorine with iodine 
in-situ by adding sodium iodide to the reaction offered imidazolium iodide salt 5 in 
good yield.  
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Scheme 2.4. Examples of modification of functional groups already present in the backbone of 
imidazolium salts. Modified from ref. 54, 55. 

In contrast, to get the required substituents for the heterogenization purposes, the 
functionalization step might occur on a functional group that is already attached to 
the imidazolium salts or imidazole heterocycle ring at an earlier synthesis stages. In 
the Grubbs lab, they reported Pt(0) catalyzed hydrosilylation of  functionalized 
NHC chloride salt using HSiCl3 and subsequent treatment with ethanol/NEt3 
produced the triethoxysilyl backbone functionalized NHC salt (Scheme 2.4a).55 In 
another example, Yaghi and co-workers reported the deprotection of the synthesized 
diester with HBF4·OEt2 affording the desired dicarboxyl functionalized NHC 
precursor for Metal-Organic Framework (MOF) synthesis (Scheme 2.4b).54, 55  

In line with this, and for the modification purposes, the vinyl group on the backbone 
of 4-vinylimidazole was installed by decarboxylation of urocanic acid as illustrated 
in Scheme 2.5.56 The preparation of 1-vinylimidazolium salt 6, which has been 
similarly described in the same literature, does not present the synthetic challenges 
inherent in the sensitivity of the 1-trimethylsilyl-4-vinylimidazole analogues to air 
and moisture. 
 

 
Scheme 2.5. Synthesis of 6 via functional group modification strategy.  
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All the precipitated salts (1-6) were simply isolated by filtration or recrystallization 
method, purified by washing with organic solvents, characterized by 1H NMR, 13C 
NMR spectroscopy and elemental analysis, and they are easy to handle and store 
under ambient conditions. 

 

Other synthetic routes 

Many examples have been reported in the literature outlining the cyclization 
synthetic steps, to prepare functionalized imidazolium salts. Generally, there are 
many procedures depending on the final ring closing step, in which the use of a 
cyclization reagent, usually ortho-formate, is inevitable (Scheme 2.6).21, 55 

 
 

 
 
 
Scheme 2.6. Introduction of C2 carbon to form the functionalized NHC salts at the final step via 
cyclization synthetic route. 
 
Silver(I)–carbene complexes (Ag(I)–NHC) 

 Ag(I)–NHC complexes are easy to synthesize and less air sensitive than free 
carbenes, therefore they gained a considerable role as carbene transferring agents. 
The lability of Ag–Ccarbene bond allow them to be easily used in further 
transformations such as transmetallation to diverse transition metals.46, 57, 58 Hence, 
and in addition to the mentioned advantages of the silver intermediates, we noticed 
in our study that the use of silver intermediates precluded any radical polymerization 
of the vinyl moiety at an earlier stage. Other protocols use harsh reaction conditions 
under which such unwanted side reactions could occur.59 A series of Ag(I)–NHC 
chloride complexes were prepared by the reaction of functionalized imidazolium 
salts with Ag2O or Ag2CO3 at ambient temperature as shown in Scheme 2.7. 3a and 
4a were obtained in good yields using methanol as a reaction solvent instead of 
dichloromethane.  
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Scheme 2.7. Synthesis pathways of Ag(I)–NHCs intermediates (1a-4a and 6a). In all reactions, Ag2O 
was added to the soluble mixture except for 6a, where Ag2CO3 was used in order to increase the yield.  
 
13C NMR spectra of these silver intermediates showed the characteristic carbene 
signals around 169-180 ppm.60-62 All reactions were carried out with exclusion of 
light, and the products slowly decomposed within a week to a month under air and 
light. 

2.3. Functionalized Pd(II)–NHC complexes 

(For example, but not limited to), N-heterocyclic carbene transition metal 
complexes are synthesized by:63  

1) The in situ reaction of a transition metal complex with a free carbene. 
2) The reaction of a transition metal complex with an imidazolium salt 

possessing a basic anion. 
3) The use of carbene transfer agent. 
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4) The reaction a transition metal salt with an imidazolium salt in the presence 
of a weak base.  

In our study, we employed the carbene transfer agent methodology, due to the 
above-mentioned reasons, to synthesize functionalized N-heterocyclic carbene 
Pd(II) (Pd(II)–NHC) complexes as summarized in Scheme 2.8.    

 
 
 

 
 
 
 
Scheme 2.8. A summary of the synthesis pathways (via carbene transfer agent) of functionalized Pd(II)–
NHC complexes. In all reactions, PdCl2(PhCN)2 was added to the soluble mixture of Ag(I)–NHCs in 
CH2Cl2 or CH3CN. The final products are formed by addition of pyridine derivatives to Pd(II)–NHC dimers. 
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Scheme 2.9. Putative dynamic equilibrium. 
 
Noteworthy, transmetallation of Ag(I)–NHCs with PdCl2(PhCN)2 afforded 
functionalized Pd(II)–NHC dimers, which showed broad signals in 1HNMR spectra 
due to the dynamic equilibrium between monomeric and dimeric species as shown 
in Scheme 2.9. Adding pyridine derivatives gave the functionalized Pd(II)–NHC 
monomers (bearing polymerizable vinyl moieties) in excellent yields (Scheme 2.8). 
The complexes were characterized by 1H, 13C NMR spectroscopy, and the molecular 
structures were confirmed by X-ray diffraction (XRD) analysis (Figure 2.1). 

 

 

 
 
Figure 2.1. Molecular structures of 1b, 2b, 1c, and 3c with thermal ellipsoids displayed at 50% probability. 
Disorder was observed in the crystal of 1b. Selected bond lengths (Å) and bond angles (o) with estimated 
standard deviations of 2b crystal: Pd1–C4 1.9532 (16), Pd1–N3 2.0938 (14), C4–Pd1–N3 179.52(6), Cl1–
Pd1–Cl2 176.789 (17). Modified from papers I and II. 
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Figure 2.1. Continued. 

 
Single and double anthracene tagged Pd(II)–NHC complexes (4d and 4e 
respectively) were synthesized in a similar fashion to the functionalized Pd(II)–
NHC monomer analogues. However, the solubility of complex 4a was very 
challenging through the synthesis steps, therefore it was difficult to run the reaction 
at ambient temperature. However, refluxing intermediate 4a in CH3CN afforded 4e 
in good yield. The formation of complex 4d was remarkably more facile than 
preparation of analogue 4e, and the reaction could be performed at ambient 
temperature. The product was characterized by NMR spectroscopy and XRD as 
illustrated in Figure 2.2. Initial attempts to prepare a double tagged pyrene Pd(II)–
NHC complex 4g from 5 proved difficult, due to the lack of solubility of the 
imidazolium salt in many solvents. The in situ reaction of PdCl2(PhCN)2 precursor 
with the corresponding free carbene to form 4g was revealed to be an ineffective 
approach and afforded very low yield (Scheme 2.9). The resulting compound was 
studied by NMR spectroscopy and X-ray methods as shown in Figure 2.2.  

 
 
 

Scheme 2.9. Synthesis of 4g via free carbene route. 
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Figure 2.2. Molecular structures of 4d and 4g with thermal ellipsoids displayed at 50% probability. 
Hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and bond angles (o) with 
estimated standard deviations of 4d crystal: Pd1–C 1.909 (2), Pd1–N3 2.16(2), I1–Pd1–I2 177.04 (13). 
Modified from paper V. 
 

2.4. Conclusions 

In conclusion, we have described the design of novel functionalized N-
heterocyclic carbene Pd(II) complexes bearing diverse functionalities on the N-
heterocycle ring. Direct quaternization and/or the use of a carbene transferring agent 
are indeed compatible synthesis approaches with most functional groups in the 
present work. The synthesis of an imidazolium chloride containing two pyrene 
moieties was more difficult than expected. The functionalized Pd(II)–NHC 
complexes were synthesized and insightfully characterized by means of a 
combination of 1H NMR, 13C NMR spectroscopy, X-ray methods, and elemental 
analysis. Preparation of the Pd(II)–NHC precursors is straightforward and they 
exhibit high stability at ambient conditions. 

4d 4g 
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3.  Supported Pd(II)–NHC 
complexes: Heterogenization 
strategies and characterization 
(Papers II-VI) 

3.1. Introduction 

Considering the immobilization (heterogenization) conditions, immobilization 
position, and the nature of supporting materials, the immobilization strategies of N-
heterocyclic carbene-transition metal (TM–NHC) complexes can be classified into: 

 

i) Covalent immobilization. 
ii) Noncovalent interactions. 

 
Chapter 3 highlights the more predominant methods under these two main 
categories and the major techniques implemented to characterize the heterogenized 
systems. In the covalent immobilization of TM–NHC complexes, heterogeneous 
metalation, homogeneous metalation, and self-supporting method are the most 
common strategies among the various immobilization methods. On the other hand, 
electro-static interaction, π−π stacking, and physical interaction are the main 
methods in noncovalent pathways.  
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3.2. Immobilization via covalent bonding 

Heterogeneous metalation route 

In this route, the functionalized NHC salts/ precursors are immobilized into the solid 
support, which are subsequently reacted with metal salts/ precursors in the 
metalation step under heterogeneous conditions (Scheme 3.1, route I).21 Two 
important issues must be taken into consideration during the construction of the 
immobilized TM–NHC complexes via the heterogeneous metalation route. First, 
mass transport into the porous supporting materials, and second, the supports and 
the metal complex should maintain its structure and original oxidation state of the 
metal respectively after immobilization step. However, reduction of the metal center 
during metalation steps, aggregation of metal nanoparticles, and inhomogeneous 
metalation leading to differentiation of the metal centers remain unsolved problems 
in many cases.  Examples where the heterogeneous metalation pathway results 
reduction of Pd(II) species to Pd(0) (Scheme 3.2a), and fabricating supported 
materials bearing undefined  and multi-transition metal centers (Scheme 3.2b), were 
reported previously.64, 65 

 

 
 

Scheme 3.1. Common strategies to immobilize TM–NHC complexes. Modified from ref. 21. 
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Homogeneous metalation route 

Initially, metalation of functionalized NHC salts/ precursors occurs under 
homogeneous conditions, thereafter the metallated precursors are immobilized in a 
second step under heterogeneous conditions as illustrated in Scheme 3.1, route II. 
Importantly, in this route, the metalation reaction conditions have to be accordant 
with the functional groups of the NHC salts/ precursors. In addition to that, the 
functionalized TM–NHC complexes have to be able to maintain their catalytic 
activity after the immobilization step.66 

 

 
Scheme 3.2. (a) and (b) show selected examples of heterogeneous metalation route. (c) shows example 
of homogeneous metalation route. Modified from ref.64-66. 
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Scheme 3.2. Continued. 

 
Self-supporting route 

In this process, small molecules or monomers containing a metal center are 
converted into solid materials in a single step reaction (Scheme 3.1, route III), for 
example, the formation of metal-organic assemblies, polymerization, sol-gel...etc. 
Easy tuning of the metal loading on the supports, well defined and homogeneous 
dispersion of catalytically active centers, are the main advantages of self-supporting 
method. An example of that, is the copolymerization of the Ru–NHC complex with 
a dianhydride in NMP solution affording polyimide supported Ru–NHC complex 
as shown in Scheme 3.3.67, II 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 3.3. Immobilization of Ru–NHC complex by copolymerization. Modified from ref.67. 
 
Therefore, in our study, the utilization of the self-supporting route as an 
immobilization method of the functionalized Pd(II)–NHC monomers was set on 
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achieving supported catalysts in a controllable and well-defined fashion which leads 
to greater efficiency. In particular, the degree of cross-linking is expected to vary 
with the number of vinyl groups in the monomer, which could lead to a difference 
in stability or selectivity of the supported polymer systems. Based on that, we chose 
the monomers that either have one or two polymerizable arms. Palladium monomers 
1b, 2b, 1c, 2c, 3c, and 2f were co-polymerized with divinylbenzene (DVB) using 
precipitation polymerization (Scheme 3.4).II, III 
 

 

Scheme 3.4. Immobilization of Pd(II)–NHC complexes via copolymerization, and pyridine derivatives 
removing step from the cross-linked polymers. Pd wt% (reported in parentheses) Modified from papers 
II and III. 
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Scheme 3.4. Continued.  

 

The Pd:DVB ratio was 1:4 and the total monomer concentration used in our study 
was around 2 % (w/v) of the solvent. The polymerization conditions formed a clean 
surface of microspheres and porous polymer beads, which is very important for 
catalysis. Importantly, under these conditions, the metal center is not influenced by, 
for example, the free radical initiator AIBN.II The polymerization afforded polymers 
P@1b, P@2b, P@1c, P@2c, P@3c, and P@2f (Scheme 3.4). The use of the 
different pyridines could have induced differences in the shape of the polymer 
cavity. Therefore, to study the impact of the pyridines on the catalytic performance 
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and regioselectivity, the ligands were removed through protonation with triflic 
acid/CH3CN solution; giving the acetonitrile adducts P@1bAN, P@2bAN, 
P@1cAN, P@2cAN, and P@3cAN as shown in Scheme 3.4.  

3.3. Immobilization via non-covalent interactions 

Electro-static interaction, physical interaction, and π−π stacking are common 
heterogenization methods using weaker interaction modes between the NHC species 
and the support. Even though the immobilization by these methods are less utilized 
due to the weak interaction effect, and low stability against leaching, they can still 
be applicable as an immobilization strategy. This can be achieved by a special care 
in the selection of the catalytic complex, tuning the reaction conditions, and nature 
of the support. Interestingly, immobilization by these methods usually does not 
require additional functionalization or modification of the ligand or complex (which 
probably could change the original reactivity of the catalyst) that aid the anchoring 
step to the solid surface.21, 53  

 

Electro-static interaction 

Using this method, charged complexes or ligands are deposited onto the support 
materials bearing opposite charge by an exchange reaction. Pahlevanneshan et al.68 
reported the immobilization of a sulfonated palladium(II) N-heterocyclic carbene 
complex by an electrostatic interaction method (Scheme 3.5).  

 

 
Scheme 3.5. Preparation of PdI2(NHC)2(SO3)2@PVP catalyst. Modified from ref. 68. 
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The immobilization process was carried out by mixing the protonated poly-
vinylpyridine with the corresponding sulfonated Pd–NHC complex in water at room 
temperature for 24 h. 

 

Physical interaction 

An Ru–NHC catalyst was immobilized by a direct absorption method as shown in 
Figure 3.1.  Although the immobilization process was performed under effortless 
conditions, the supported catalyst suffered from leaching especially in polar 
solvents. 

 
 
 
Figure 3.1. immobilization of Ru–NHC catalyst by direct absorption. Modified from ref. 69. 
 
 

π−π stacking 

π−π stacking or π−π interaction is one of the most common non-covalent bonding 
fashion. The relative dissociation energies of π−π or CH−π non-covalent interaction 
with graphenic materials are less than 50 kJ mol−1.70 As we mentioned, the nature of 
the support plays a very important role, not only as a tool for supporting or 
π−interacting materials but also tuning the catalytic activity by avoiding aggregation 
and aiding the interaction between substrates and active catalytic center.53 
Undoubtedly, graphene (two-dimensional carbon sheet), has gained a tremendous 
interests due to its unique chemical, mechanical, thermal and electronic properties. 
Figure 3.2 illustrates the general π−π interaction types observed between aromatic 
molecules and graphenic surface, where CH···π, face-to-face and edge-to-face 
interactions are very likely.70 
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Figure 3.2. π–π and C−H···π interactions types observed from benzene or naphthalene molecules 
above the basal plane of graphene. Modified from ref. 70. 
 

Graphene oxide (GO) and reduced graphene oxide (rGO), are typical supports 
utilized in the immobilization of TM–NHC complexes for catalytic purposes due to 
the high specific surface area (for graphene ca. 2600 m2/g), stability, inertness, and 
large-scale availability.53 The capability of π−π interaction depend on the number 
of aromatic rings in contact with the surface.71 The adsorption of some polycyclic 
aromatic hydrocarbons PAHs (i.e., naphthalene, anthracene, and pyrene) on rGO 
was studied as a function of pH. Increasing the pH from 2 to 11 did not influence 
the adsorption of PAHs on rGOs. However, theoretical modeling reveals that the 
most stable stacked structures of naphthalene, anthracene, and pyrene on the surface 
of rGO have interplanar distances of 3.389, 3.447, and 3.455 Å respectively, and the 
binding energy increases with an increasing number of aromatic rings.72According 
to recently reported results,73 the π–π interactions of pyrene-tagged ruthenium 
carbene complex on the surface of single-walled carbon nanotubes SWNTs 
(Scheme 3.6) were found to be greatly affected by the polarity of the solvent. 

 

 

 

 

 

 

 
Scheme 3.6. Pyrene-tagged ruthenium carbene complex π–π interacts on the surface of SWNTs 
(surface area ≥700 m2/g). Modified from ref. 73. 
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In our study, rGO (Surface area= 400-500 m2/g) was selected as supporting surface. 
GO was prepared from the graphite powder by Hummers method.74 Subsequently 
it was reduced in water with hydrazine hydrate to obtain rGO as shown in Figure 
3.3.75 Treating the GO with hydrazine hydrate lead to the formation of pyrazoles at 
the edges of the rGO sheets,76 therefore, elemental analysis indicates that rGO 
contains 0.19% N in the structure. Double and single anthracene-tagged Pd(II) 
carbene complexes were simply π-stacked onto rGO by sonication of the supporting 
materials in dry CH2Cl2. Subsequently, the metal complex was added to the 
sonicated rGO and the mixture was stirred vigorously for two days at room 
temperature as shown in Scheme 3.7. 

 

 

 

Scheme 3.7. Preparation of rGO@1 and rGO@2. Pd wt% (reported in parentheses). Modified from 
papers IV and V. 
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Figure 3.3. preparation of rGO. Modified from ref. 76. 

3.4. Techniques employed to characterize 
heterogeneous catalysts 

3.4.1. Solid-State nuclear magnetic resonance (SS-NMR) 

Cross Polarization-Magic Angle Spinning (CP-MAS) 

CP-MAS is one of the most commonly employed method in SS-NMR technique. It 
can be used, when the nuclei of interest suffer from low sensitivity due to low natural 
abundance. It combines cross-polarization (CP) and magic angle spinning (MAS), 
to offer a high-resolution SS-NMR by increasing the sensitivity of nuclei of interest. 
In our study, basically, the SS-NMR signal was enhanced by spinning the sample at 
the magic angle (ca. 54.74°) and transferring the polarization from the abundant 
proton (1H) spins to the low natural abundance spins (13C). Polymers are finely 
powdered and packed tightly in rotors suitable for high speed rotation, where spin 
stability is influenced by the packing of the samples. If the spinning rate of the 
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sample is less than the magnitude of the anisotropic interaction, sidebands will 
appear in the SS-NMR spectrum; they are spaced by a distance equal to the spinning 
rate in Hertz. Therefore, in our 13C CP-MAS experiments, the measurements were 
performed at 296-298 Kelvin, using spinning rates in the range of 7.2-10 kHz, which 
was somewhat enough to eliminate the sidebands.77-80 

  

 

Figure 3.4. (a) SSNMR spectrum of P@1b, spinning rate is 10 KHz. (b) SSNMR spectrum of P@1bAN, 
spinning rate is 7.5 KHz. Modified from paper II. 
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All polymers show almost identical 13C CP-MAS spectra. For different polymers 
containing pyridine, shoulder peaks in the range of 150-151 ppm are present, but 
these shoulder peaks disappeared if the pyridine ligands were displaced. For 
example, the pyridine shoulder peak at 150 ppm in the structure of P@1b polymer 
disappeared from SSNMR spectrum of P@1bAN polymer (Figure 3.4a and 3.4b); 
which is a good evidence for the success of the washing process and formation of 
pyridine free polymer P@1bAN in this case. On the other hand, 13C CP-MAS 
experiments provide valuable information about the polymer structure. Importantly, 
it reveals the presence of unreacted vinyl linkers in the poly-DVB skeleton, as seen 
from two peaks around 113 and 138 ppm assigned to the terminal and internal 
carbons, respectively (Figure 3.4). II 

 

3.4.2. Transmission Electron Microscopy (TEM) 

In general, TEM is an analytical technique that utilizes the interaction of energetic 
electrons with the sample to form an image and providing compositional, 
morphological and crystallographic information of an object. A TEM is used in two 
modes depending on the beam. Transmission electron microscopy (TEM) mode if 
the beam is parallel and broad, and scanning transmission electron microscopy 
(STEM) mode if the beam is focused. In the TEM mode, the incident electrons 
(waves) interact with the thin sample. Some are transmitted through, without 
interaction, and others are diffracted by the presence of atoms and their crystals. The 
transmitted and the diffracted waves have different phases. In the STEM mode, the 
beam is focused to a very small probe, which is scanned back and forth on the 
specimen, and when the coming electrons see atoms they can scatter, while between 
the atoms they don’t. Thus, light elements scatter less strongly than heavy elements. 
Inside a TEM, various signals are generated that can be used for different purposes 
as shown in Figure 3.5 for the STEM mode. For instance, X-ray energy dispersive 
spectroscopy (XEDS) can determine elemental composition present in the chemical 
structure of the sample. Additionally, information of density and its variations over 
the sample can be provided by collecting high-angle scattered electrons with an 
annular detector, high-angle annular dark-field (HAADF) images. The bright field 
(BF) detector collects the non-scattered transmitted beam, therefore samples appear 
dark against the bright background, while a dark field (DF) detector excludes the 
transmitted beam, thus the samples appear bright.81, 82 For selected polymers, high-
resolution TEM (HRTEM) images were recorded. Subsequently, a Fast fourier 
transform (FFT) analysis of HRTEM images is performed in order to detect easily 
the presence of lattice fringes in the sample. For example, the FFT analysis of 
HRTEM images for P@2b and P@2f polymer showed no indication of that metallic 
palladium was formed during the polymerization reaction (Figure 3.6a and 3.6d).III 
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Figure 3.5. Various signals that are used in STEM. X-ray energy dispersive spectroscopy (XEDS); high-
angle annular dark-field (HAADF); bright-field (BF) and dark-field (DF). Modified from ref. 81. 

 

XEDS mapping provide information about the homogeneous dispersion of Pd and 
Cl (as brighter areas) in the P@2b and P@2f matrixes (Figure 3.6b and 3.6e) and it 
also showed that the Pd and Cl are present exclusively inside the polymeric particles 
(Figure 3.6c and 3.6f). High resolution transmission electron microscope (HRTEM) 
image of the native rGO support shows an intralayer distance around 3.8-4.3Å 
(Figure 3.7a). Figure 1b shows a HRTEM image of the rGO@1. No indication of 
metallic Pd particles from the process of attaching the Pd-containing molecules 
could be found. XEDS data confirmed the presence of Pd and Cl exclusively inside 
rGO@1 (Figure 3.7c). A homogeneous dispersion of Pd and Cl (as brighter areas) 
was determined by EDX mapping in rGO@1 catalyst (Figure 3.7d). In addition to 
that, other elements were detected, for instance sulfur and potassium in both rGO 
and rGO@1 as a result of using sulfuric acid and potassium permanganate in the 
synthesis of rGO support.  
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Figure 3.6. (a) and (d) Dark-field STEM images of P@2b and P@2f respectively, the gray boxes mark 
the areas for which the elemental mapping was carried out. (b) and (e) Pd and Cl elemental mapping on 
the edge of P@2b and P@2f particles respectively. (c) and (f) XEDS spectra for three sites (blue and 
red from within the polymers, yellow from outside the polymers) on the images of P@2b and P@2f. 
Modified from paper III. 

 
Figure 3.7. (a) and (b), HRTEM images of rGO and rGO@1 respectively, showing resolved individual 
graphene-like sheets with insets enhancing the lattice from which distances are measured. Some 
measurements are marked in both images. (c) EDX spectra, averaged for three sites of rGO@1 (red 
line) and three sites of rGO (blue line). (d) High angle annular dark-field (HAADF) STEM image and 
XEDS-mapping of rGO@1. The red box in the STEM image marks the areas for which the elemental 
mapping was carried out. Note that there is no indication of Pd or Cl on the amorphous carbon film from 
the TEM support grid (upper part of the image). 
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Figure 3.7. Continued. 

 
 
3.4.3. X-ray techniques 

 
Powder X-ray Diffraction (PXRD) 

Is considered as a common analytical technique that has numerous advantages in 
solid state characterization, like effortless sample preparation, high sensitivity, easy 
to operate and easy to analyze the outcome data. The technique is based on the 
interactions of the incident X-rays (the source is either Cu Ka or Mo Ka) with the 
atoms in a sample. These atoms sit on sets of lattice planes spaced by the interplanar 
distance dhkl, where h, k, l (Miller indices) denotes the orientation of the family of 
the respective planes. Thus, X-rays are diffracted when the conditions follow 
Bragg’s law (Scheme 3.8): 

𝑛𝜆 = 2𝑑 sin q 

where n is the order of reflection, λ is the wavelength of the incident X-rays, d is the 
interplanar spacing of the crystal, and q is reflection angle. The powder sample 
contains many individual crystalline phases in random orientations. However, the 
crystallites need to be large enough to give a high amount of constructive 
interference of diffracted photons. Otherwise diffraction intensity is to small and the 
sample is amorphous. A diffraction pattern plots intensity against the angle of the 
detector 2θ. In our study, samples were scanned in a 2q range of 10-100°. In order 
to identify the phases, the observed diffraction peaks from the samples were 
compared with the experimental diffraction pattern of pure references available by 
International Center for Diffraction Data (ICDD).83-85  
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Scheme 3.8. Bragg's law reflection. Modified from ref. 84. 

 

X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) or Electron spectroscopy for chemical 
analysis (ESCA) is a powerful technique for surface chemical analysis and for 
studying physical and chemical phenomena occurring at surfaces of materials. 
Fundamentally, the XPS technique is based on the emission of electrons when light 
is shone onto a matter (photoelectric effect), an effect discovered by Heinrich Hertz 
in 1887. This discovery and the experimental data from the photoelectric effect was 
explained by Einstein, who was awarded the Nobel Prize in Physics in 1921 for his 
discovery of the law of the photoelectric effect. Later, in 1981, Kai Siegbahn 
obtained the Nobel Prize in Physics for improving and developing the ESCA 
method, which today is an important technique in many scientific fields. In this 
technique, X-rays, often from a Mg Kα (1253.6 eV), Al Kα (1486.6 eV), or 
synchrotron source, are used as the exciting photon source. The X-ray photon 
(photon energy hn)interacts with a core level electron or valence electron, that has 
a binding energy (Eb), causing electron emission by the photoelectric effect as 
shown in Figure 3.5. These emitted photoelectrons have a kinetic energy (Ek), and 
𝜙*	is the work function of the spectrometer: 

𝐸- = ℎ𝑣 − 𝜙* − 𝐸1 

Thus, another electron from a higher-level will fall to occupy the resulting core hole 
due to the electron emitting, and energy gained during this relaxation will transfer 
to another electron (Auger electron) causing emission of that electron.86-88 
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Figure 3.8. Schematic representation of the photoemission process. Modified from ref. 86. 
The emitted photoelectrons consist of characteristic peaks in the X-ray 
photoelectron spectra (XP spectra) related to the binding energy of the photo-
ionized element. XPS can provide information about the chemical composition, 
oxidation state metals, and the changes in chemical environments around metal 
centers. 

X-ray Absorption Spectroscopy (XAS)  

X-ray Absorption Spectroscopy (XAS) is a synchrotron based technique to 
measure the x-ray absorption coefficient (μ) at energies near and above the x-ray 
absorption edge of an element in a material. Scheme 3.9 shows the basic 
configuration of a XAS beamline in a transmission mode. XAS spectrum is obtained 
by tuning the x-ray energy while following the corresponding x-ray absorption 
coefficients of the sample. Generally, a XAS spectrum can be divided into two 
spectral regions, X-ray absorption near edge spectroscopy (XANES) and Extended 
x-ray absorption fine structure (EXAFS) (see figure 10). The information about the 
oxidation state and symmetry of the absorbing atoms can be obtained by XANES 
spectrum while bond distances and coordination numbers can be determined by 
EXAFS spectrum.89 Figure 10a shows the XAS spectra of Pd foil and rGO@1. 
Their spectra have significant differences indicating a local structure differences in 
those two materials. 
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Scheme 3.9. Schematic representation of the incident and transmitted X-ray beam in XAS. Scheme 
made by Ning Yuan. 

 

In catalysis, XAS is a powerful tool for probing the local structure of active 
center in a catalyst regardless the sample state. In situ XAS provides opportunities 
to monitor the possible structural changes of a catalyst under reaction conditions 
which can improve our understanding about pre-catalyst activation, catalytically 
active species and possibly deactivation mechanism. A custom-made in situ reactor 
(see Figure 10b) was used for in situ XAS measurement with the catalytic reactions 
performed in the vessel. The evolution of the Pd species in the system was 
successfully followed. 

 

 
 
 
 

Figure 3.10. a) XA spectra of supported Pd(II) 
catalyst showing the edge divided into the 
XANES and EXAFS regions. b) Schematic of 
the in situ cell that have been used in this 
study. Reprinted with permission from 
Heidenreich et al., Rev. Sci. Ins., 2017. Ref. 90. 
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FIG. 2. Schematic of the in situ cell
(left) and close-up view of the entrance
(top right) and exit (bottom right) win-
dows.

temperature, a flow of compressed air is automatically directed
onto the heating mantle.

The temperature data are measured at two different points
using K-type thermocouples. One thermocouple (Electronic
Sensor GmbH) is integrated in the heating mantle, while the
second thermocouple (Reckmann GmbH) is embedded in the
glass vessel screw cap and monitors the temperature inside the
reaction vessel (Fig. 4). The glass vessel screw cap is made
from glass-fiber reinforced polyphenylsulfide (PPS, Bohlen-
der GmbH) with a custom-built PTFE inset that seals the cap
and holds the thermocouple. To prevent corrosion, the thermo-
couple is coated with a PTFE/PFA-two-component shrinking

tube (Polytetra GmbH, PFA = Perfluoroether). Additionally
a second layer of PTFE/PFA-two-component tube is applied
right below the PTFE inset. This second layer acts as a restraint
to prevent the thermocouple from being pushed out in reactions
at high autogenous pressures. The same technique is also used
for the injection tubes (Sec. II D).

The data of both K-type thermocouple modules are regis-
tered by a compact chassis (National Instruments) and trans-
ferred to the connected laptop. A set of proportional–integral–
derivative (PID) parameters integrated in the reactor operating
software controls the heating of the reaction vessel to keep the
temperature as close as possible to the specified target value.

FIG. 3. Schematic of the two sizes of borosilicate glass
vessels (left) and top view of the reaction cell with the
reduction inset (right, solid aluminum depicted partly
transparent) used to change between the two sizes.
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PXRD was used to confirm the results from TEM analysis. P@1c polymer 
was treated with ascorbic acid to reduce any Pd(II) to Pd(0) and form P@1c 
(reduced). A PXRD pattern was recorded for P@1c (reduced), which was used as 
a reference phases for the native polymers. The PXRD patterns of the native 
polymers are featureless, but the PXRD pattern of P@1c (reduced) shows peaks at 
40.8, 47.8, and 67.8 2q which can be assigned to the (111), (200), and (220) crystal 
planes of Pd(0) particles in the polymer matrix (Figure 3.11). By the obtained PXRD 
results, the native polymers don’t contain Pd(0) which are only obtained upon 
reduction.II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. XRD patterns of various polymers in comparison with P@1c (reduced) polymer. The 
spectra show the absolute intensities (a.i). Modified from paper II. 

 

In our study, we employed XPS to investigate and characterize the elemental 
composition, oxidation state, and coordination environment of the Pd species in the 
synthesized monomers and fresh polymers. Pd 3d core level spectra of the monomer 
1c and fresh polymers before and after removing the phenylpyridine ligand show 
the Pd 3d5/2 and Pd 3d3/2 peaks at approximately 340 and 345.5 eV binding energy in 
agreement with the energies expected for a Pd(II) species (Figure 3.12a).II In the 
same context, the XP spectra of 2b, 2f, P@2b, and P@2f show Pd 3d5/2 and Pd 3d3/2 
peaks at approximately 338.3 and 343.8 eV binding energy compatible with the 
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energies for a Pd(II) species (Figure 3.12a).III In general, XP spectra of all polymers 
show small shifts to lower or higher binding energy, and line broadening in 
comparison with the monomers. These observations can be probably due to the 
polymerization and concomitant change in the Pd environment (polydispersity in 
the Pd 3d spectra), or it is related to the replacement of phenylpyridine ligands by 
solvents. The N 1s spectrum of 1c shows a high energy peak (ca. 402.4 eV) related 
to the imidazole nitrogen atoms, and a lower energy peak (ca. 401.7 eV) associated 
with the phenylpyridine nitrogen in 2:1 ratio as expected (Figure 3.12c). Peak 
broadening it can be assigned to the variation of the N chemical environment by 
polymerization and washing steps. II 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. (a), (b), and (c) Pd 3d, Cl 2p, and N 1s XP spectra of the indicated samples. Modified from 
paper II. 

 

XPS analysis played a very important role to monitor the changes in the surrounding 
environment of the Pd center. For example, In the Cl 2p spectrum of polymer 
P@1cAN a high binding energy species at around 201.9 eV is found, which 
indicates the formation of C–Cl bond due to H–Cl addition to the vinyl groups 
occurring to some extent during washing with triflic acid (Figure 3.12b). Another 
example, specifically in N 1s spectrum of 2f, a peak broadening towards higher 
binding energies (ca. 401.9 eV) is observed (Figure 3.13b).III Apparently, the two 

(c) 
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nitrogen atoms of this NHC ligand are sufficiently different to give a broadened 
peak. Calculations show a noticeable difference of two NHC nitrogen atomic 
charges for, at least, one of the coexistent conformers of 2f. This difference can be 
attributed to the electronic effects of the vinyl group, as well as different geometrical 
parameters, caused by the orientation of bulky NHC arms (more details about 
computational calculations are shown in Paper III, the Supporting Information). 
However, the XP spectrum of the intentionally reduced polymer P@1c(Reduced) 
(P@1c was treated with ascorbic acid to reduce Pd(II) to Pd(0)), show Pd 3d5/2 and 
Pd 3d3/2 peaks at approximately 335 and 340.3 eV binding energy corresponding to 
the binding energy of Pd(0) (Figure 3.13c). At this point we can conclude, that in 
all polymers there are no peaks that correspond to the binding energies of Pd in the 
metallic state, and thus no reduction to Pd(0) takes place during polymers synthesis 
and washing process.  

 

 

Figure 3.13. (a) and (c) Pd 3d XP spectra of the indicated samples. (b) N 1s XP spectrum of the indicated 
samples. Modified from paper II and III. 

(a) 

(c) 

(b) 
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In the π-stacked systems, Pd 3d spectra of complex 4e and rGO@1 show the 
Pd 3d5/2 and Pd 3d3/2 peaks at approximately 337.9 and 343.4 eV binding energy in 
the range of the expected energies for a Pd(II) species (Figure 3.14a). Remarkably, 
a new peak at lower binding energy at around 337.6 eV is seen as the result of the 
supporting of 4e onto rGO. The occurrence of this new peak in XP spectra of 
rGO@1 (which is still within the Pd(II) region), can probably be explained by the 
replacement of the chloropyridine ligand during the immobilization step. The 
mentioned observation was in agreement with Cl 2p spectra of 4e complex and 
rGO@1. Thus, the Cl 2p3/2 XP spectrum of 4e shows a lower energy peak and a 
higher energy peak (ca. 197.9 and 198.7 eV respectively) which are assigned to the 
palladium chlorine, and chloropyridine chlorine in 2:1 ratio as expected (Figure 
3.14b). However, Cl 2p spectrum of rGO@1 showed significant broadening in the 
spectral features and shifts by 1.5 eV toward higher binding energies (Figure 3.14b); 
indicating that the chloropyridine ligands probably dissociate to large extent on rGO 
surface during the preparation of the catalyst.  

 

 

Figure 3.14. (a) and (b) Pd 3d and Cl 2p XP spectra of the indicated samples. Modified from paper IV. 

 

(a) (b) 
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In order to thoroughly identify whether the change in Cl 2p binding energy is due to 
the displacement of chloropyridine on the support surface, we performed XPS 
analysis for only chloropyridine deposited onto rGO (Chloropyridine@rGO). XP 
spectrum of Chloropyridine@rGO shows Cl 2p3/2 peak at higher binding energy 
around 200.28 eV, in match with binding energy for the dissociated chloropyridine 
species in rGO@1 (Figure 3.14b). Worth mentioning, without going into the 
detailed XPS analysis, is that the earlier noticed displacement of chloropyridine 
ligand in rGO@1 catalyst, has been observed in a similar fashion in rGO@2 catalyst 
(Figure 3.15a and 3.15b). Even though chloropyridine ligand dissociates on rGO 
support, the π-stacked materials rGO@1 and rGO@2 are free of Pd in metallic state 
in their structure.  

 

 

 

Figure 3.15. (a) and (b) Pd 3d and Cl 2p XP spectra of the indicated samples. Modified from paper V. 

 

(a) (b) 
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In addition to the above mentioned techniques that have been used to 
characterize different heterogeneous systems in this study, other techniques were 
also employed to gain more information about the nature of these heterogeneous 
systems. Such techniques are scanning electron microscopy (SEM), inductively 
coupled plasma-optical emission spectroscopy (ICP-OES), thermogravimetric 
analysis (TGA), and surface area analysis. 

3.5. Conclusions 

The synthesis of polymer supported Pd(II)–NHC complexes bearing 
polymerizable vinyl moiety in different positions in the structure of the N-
heterocyclic carbene ligands is described. The immobilization of double and single 
anthracene-tagged Pd(II) carbene complexes on rGO support is carried out by π-
stacking method. Characterization of Pd(II)–NHC polymers showed the presence of 
Pd(II) species in these polymers without any trace of Pd(0) nanoparticles. Although, 
the chloropyridine ligands are probably displaced during the immobilization step of 
π-stacked systems, the palladium oxidation state is the same as the original 
oxidation state of Pd(II) in the parent molecular complexes.  
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4. Supported Pd(II)–NHC catalyzed 
undirected C–H activation/ 
oxygenation reaction (Papers II, 
IV and VI)  

4.1. Introduction 

 
In general, the development of methods for the direct replacement of unactivated 
carbon–hydrogen bonds with functional groups (such as O, N, C, Halogen) remains 
a critical challenge in organic chemistry. The inert nature of most carbon–hydrogen 
bonds is the hardest challenge. A multitude of efforts have been made to overcome 
these challenges by developing new functionalization strategies, but limitations are 
always presence. One of the most important strategies which received considerable 
attention was by demonstrating that transition metals such as Ru, Rh, Pt, and Pd can 
react under mild conditions with C–H bonds to produce C–M bonds (which are far 
more reactive than their C–H counterparts) in a process known as C–H activation.91, 

92 So far, the success of this strategy is constrained by the necessity of using specific 
types of reactants (ligand-directed C–H functionalization approach), in which a 
heteroatom controls the regioselectivity; and specific conditions (such as rather low 
temperatures to avoid the decomposition of the catalyst).93, 94 Thus, the undirected 
C−H bond functionalization method (functionalization of a C−H bond without the 
assistance of chelation) are much less developed than the directed C−H bond 
functionalizations approach, due to the many challenges faced. For instance, the 
requirements to control site selectivity in molecules that contain diverse C–H groups 
is very difficult to fulfil. However, no limitation on use substrate bearing a 
heteroatom is found in this strategy. Therefore, substantial research efforts have 
been devoted during several decades to develop transition metal based catalysts for 
the undirected C–H activation of hydrocarbons.95-97 Important to mention, there are 
various mechanisms for C−H bond cleavage by transition metal complexes, and 
these mechanisms are depending on the relative reactivity of different classes of 
C−H bonds.98-101 
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Scheme 4.1. Proposed mechanisms of C–H bond cleavage and C–H bond oxygenation of arene. 
Modified from ref.99-102. 

 

Under undirected C−H bond activation, the first step in the reaction mechanism is 
C–H activation (it can be termed as a palladation step, if Pd is used). Basically, C−H 
bond cleaves to form Aryl–M intermediates, which is probably the rate-limiting step 
according to the experimental data. Scheme 4.1 is showing the possible pathways 
of C−H bond cleavage (Arene–H bond in our study) by transition metal (for 
example, Pd).99, 100, 102, 103 
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Electrophilic C–H Bond Activation pathway  

Aromatic C–H bonds are activated by an electrophilic C–H activation in a fashion 
similar to a Freidel-Craft type metallation mechanism, followed by rearomatization 
to form aryl–M intermediates (Scheme 4.1). It is very common to occur with 
electrophilic palladium(II) catalysts such as Pd(OAc)2, PdCl2, Pd(TFA)2, and it is 
selective for electron-rich arenes. 

Concerted metallation deprotonation (CMD) pathway 

It depends on the acidity of the C–H bond being cleaved rather than arene 
nucleophilicity. Remarkably, computational studies have confirmed that the 
carboxylate assists C−H activation by forming short M···C−H and C−H···O 
interactions that facilitate the heterolytic cleavage of the C−H bonds within a variety 
of catalytic processes as shown in Figure 4.1.104-106 

 

 

 

Figure 4.1. Computed reaction profiles for C−H activation of C6H6 at [Pd(κ2-CO2H)2]. Modified from 
ref.106.  
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In oxygenation of arenes, and after the palladation step, the reaction mechanism 
could involve the oxidation of Pd(II) center by an oxidant (diacetoxyiodo benzene 
(PIDA) in Scheme 4.1). Subsequently, reductive elimination step affords C–O bond 
formation and a released Pd(II) catalyst.107  

4.2. Supported palladium(II) carbene complexes 
catalyze C–H acetoxylation of arenes 

Homogeneous Pd(II)–NHC catalysts are active in both ligand-directed108 and 
undirected C–H bond acetoxylation,107, 109-111 mainly using PhI(OAc)2 or its 
derivatives as an oxidant. Besides that, Pd(II)–NHC catalysts are capable of 
catalyzing a wide range of C–C cross-coupling transformations.112, 113 However, 
water-soluble PEPPSI type Pd(II)–NHC complex generated Pd nano particles (NPs) 
with narrow size distributions after the first run of Suzuki-Miyaura cross-coupling 
reaction: according to TEM analysis, kinetic studies and mercury poison 
experiments (Figure 4.2).114  

  

Figure 4.2. (a) and (b) TEM images of Pd NPs generated after the first run of the coupling reaction with 
the indicated complex. Modified from ref. 114. 

 

In our study, the activities of palladium(II) carbene complexes supported by 
different strategies in selective oxidation of C–H bonds have been examined. As a 
reference for homogeneous catalysts, we used a PEPPSI-iPr (PE-iPr) and 4e 
catalysts in comparison with polymer and graphene supported catalysts. Full details 

occurs, resulting in reduced catalytic performance, especially
when less active substrates are used for the recycling
experiments.

Considering the lower activities in the consecutive runs and
the formation of a black precipitate, Pd NP formation seemed
to be a reason for the observed activity decrease. Therefore,
TEM analysis was performed after the first and the fourth run
of the coupling reactions between 4-bromoanisole and phenyl-
boronic acid. After the reactions, the black solid was isolated
by centrifugation and was washed with methanol (5 × 3 mL)
and water (5 × 3 mL) five times each. The black solid was again
centrifuged and dispersed in ethanol for TEM measurements.
The TEM pictures in Fig. 3 clearly show the presence of Pd NPs
both after the first run and the fourth run (Fig. 3, 3a and 3c).
It is noteworthy that the Pd NPs form in quite narrow size dis-
tributions with approximate sizes of 3.0 ± 0.5 nm in both cases
(Fig. 3, 3b and 3d) and originate from the active homogeneous
catalyst which has already been reported for comparable cata-
lytic systems.3b,19

In order to get insight into the potential catalytic activity of
the particles, a mercury poisoning test of the reaction between
4′-chloroacetophenone and phenylboronic acid at 100 °C using
0.1 mol% of 2d was performed but does not result in
decreased activity (99% yield, reaction time: 2 h). Furthermore,
the isolated Pd NPs (obtained from 1 mol% of 2d) were directly
applied in catalytic coupling of 4′-chloroacetophenone and
phenylboronic acid in water at 100 °C over a period of 24 h;
however, no conversion is observed. These results clearly
strengthen the assumption that the presented transformation
is homogeneously catalyzed.

Conclusions
An easily-prepared and effective catalytic system for aqueous
Suzuki–Miyaura cross-coupling reactions, working at room
temperature with water-soluble Pd-NHC catalysts, has been
developed. Four sulfonated water-soluble Pd complexes
(2a–2d) ligated with the well-developed PEPPSI NHC system
have been prepared via a two-step synthesis in good yields.
Complex 2d bearing a 2,6-diisopropylphenyl substituent dis-
plays the best catalytic performance and coupling of aryl
bromides can even be conducted at room temperature while
the catalyst can be recycled and used in at least four consecu-
tive runs. TEM analysis, kinetic studies and mercury poison
experiments of 2d reveal that Pd nanoparticles with narrow
size distributions are formed during the catalytic reactions.

Experimental section
General information

All chemicals were purchased from commercial suppliers and
used without further purification. Liquid NMR spectra were
recorded on a Bruker Ultrashield 400 (1H NMR, 400.13 MHz;
13C NMR, 100.53 MHz) at 298 K. The spectra were calibrated
using the residual solvent shifts as internal standards. Chemi-
cal shifts were referenced in parts per million (ppm). Abbrevi-
ations for signal multiplicities are as follows: singlet (s),
doublet (d), triplet (t), quartet (q), multiplet (m), and broad
(br). Spectral assignments are based on HMQC and COSY.
Mass spectra were recorded with a Finnigan MAT 311 A and a
MAT 90 Spectrometer. Elemental analyses were performed by
the microanalytical laboratory of the TUM.

General procedure for the preparation of ligands 1a–1c

A mixture of imidazole (1.5 equiv.) and sodium 2-bromoethane-
sulfonate (300 mg, 1.42 mmol) in toluene (3.0 mL) was stirred
at 150 °C in a pressure tube for 48 h. The reaction mixture was
filtered and the resulting solid was washed with CH2Cl2 and
ether. The product was dried in vacuo to afford the corres-
ponding compound.

1a: white solid, yield: 70%. 1H NMR (DMSO-d6 400 MHz):
δ 9.72 (s, 1H, Himid), 8.05–7.98 (m, 2H, Ar–H), 7.69–7.66
(m, 2H, Ar–H), 4.74 (t, J = 8.0 Hz, 2H, NCH2CH2), 4.08 (s,
3H, NCH3), 3.04 (t, J = 8.0 Hz, 2H, CH2CH2SO3). 13C NMR
(DMSO-d6 100 MHz) δ 33.1 (NCH3), 43.8 (NCH2CH2), 48.7
(CH2CH2SO3), 113.5 (aromatic), 126.2 (aromatic), 126.4
(aromatic), 130.8 (aromatic), 131.6 (aromatic), 143.6 (Himid).
Anal. Calcd for C10H12BrN2NaO3S·1.85CH2Cl2: C, 27.89;
H, 2.81; N, 6.51. Found: C, 28.01; H, 3.17; N, 6.07.

1b: white solid, yield: 82%. 1H NMR (DMSO-d6 400 MHz):
δ 9.17 (s, 1H, Himid), 7.80 (s, 1H, Himid), 7.68 (s, 1H, Himid),
4.40 (t, J = 8.0 Hz, 2H, NCH2CH2), 3.83 (s, 3H, NCH3), 2.99 (t,
J = 8.0 Hz, 2H, CH2CH2SO3). 13C NMR (DMSO-d6 100 MHz)
δ 35.62 (NCH3), 45.9 (NCH2CH2), 50.2 (CH2CH2SO3), 122.5
(Himid), 123.1 (Himid), 137.1 (Himid). Anal. Calcd for

Fig. 3 TEM images of Pd NPs generated from complex 2d: (a) and (b)
after the first run of the coupling reaction of 4-bromoanisole and
phenylboronic acid; (c) and (d) after the fourth run of the coupling
reaction of 4-bromoanisole and phenylboronic acid.
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of the optimization of the catalytic reaction conditions for different catalysts are 
described in papers II and IV. As a benchmark for the activity and selectivity of 
our supported systems, we chose the undirected C–H acetoxylation of biphenyl. 
Having the optimized conditions in hand, we proceeded with catalysis under the 
reaction conditions given in Table 4.1. 

 

 

There is no reaction in the absence of catalyst (Table 4.1, Entry 1). In all catalyst 
systems, the yield of ortho-substituted biphenyl was formed as a minor product in 
comparison with meta- and para-substituted biphenyls, due to the steric hindrance 
in the biphenyl substrate. However, X-ray quality crystals were obtained after the 
catalysis with P@2bAN, confirming the molecular structure of the minor 
formation of ortho-acetoxybiphenyl product (Figure 4.3). In general, the polymer 
and graphene supported Pd(II)–NHC catalysts show similar or superior efficiency 
compared to homogeneous analogues in C–H oxygenation of biphenyl (Table 4.1). 
However, rGO@1 catalyst recorded the highest turnover number among all the 
supported systems under optimized reaction conditions (Table 4.1, Entry 10).  

Table 4.1.  C–H acetoxylation of biphenyl using Pd(II) based catalysts. 
 

 

E [Catalyst] PIDA 
[M] 

Cat. 
Mol. (%)  

Biphenyl 
(equiv.) 

Temp. 
(oC) 

Yield 
(%)[a] TON 

1 None 0.05 - 5 104 n.f - 

2 PE-iPr 0.05 5 5 104 44 - 

3 Pd(OAc)2 0.05 2 5 104 58 29 

4 P@2b 0.05 4 5 104 38 - 

5 P@2bAN 0.05 4 5 104 56 14 

6 P@1c 0.05 4 5 104 52 - 

7 P@1cAN 0.05 4 5 104 50 - 

8 P@1cAN[b] 0.05 4 5 104 56 - 

9 4e 0.6 0.3 2.5 92 59 197 

10 rGO@1 0.6 0.3 2.5 92 56 187 

[a] Yield and selectivity were determined by GC using a calibration curve based on decane as an  internal standard. 
[b] [Oxidant]= MesI(OAc)2. 

1 equiv.  [PIDA]

AcO

[Catalyst]

AcOH:Ac2O (9:1), 24h
OAc

OAc+ +

majorminor
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Figure 4.3. Molecular structures of ortho-acetoxybiphenyl with thermal ellipsoids displayed at 50% 
probability. Selected bond lengths (Å): C1–O1 1.4804, C2–O1 1.4100, C2–O2 1.1666. 
 

All NHC–Pd(II)–MeCN polymers, in general, afforded higher yield of 
acetoxybiphenyl products compared to the NHC–Pd(II)–pyridine derivative 
polymers. No notable differences were observed in the regioselectivities among all 
catalysts. 

4.3. Oxidation of other arenes  

Further, we investigated the scope of C–H acetoxylation for other arenes 
using the optimized reaction conditions. With naphthalene as a substrate, NHC–
Pd(II)–pyridine derivative polymers showed a remarkable increase in selectivity 
compared to homogeneous ones and NHC–Pd(II)–MeCN polymers in favors of b-
substitution (Figure 4.4). No improvement in selectivity was obtained for NHC–
Pd(II)–MeCN polymers even when using a bulky oxidant MesI(OAc)2. Thus, the 
presence of phenylpyridines increase the selectivity substantially and this goes 
hand in hand with a decreased activity. Dramatically, the selectivity improved to 
(11:89) upon addition of one equivalent of 4-phenylpyridine (with respect to Pd) 
to the reaction mixture using P@2cAN, while a lower activity was found compared 
to previously reported systems.115, 116 However, the polymeric catalysts showed 
lower activity than the homogeneous ones. In the C–H oxygenation of benzene, 
rGO@1 catalyst shows higher activity offering 50% yield, compared to 
homogeneous and polymeric catalysts (Figure 4.4).  
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Figure 4.4. C–H acetoxylation of naphthalene mediated by Pd(II) based catalysts, Isolated yields 
(reported in parentheses). [a] Oxidant= MesI(OAc)2. [b] PEPPSI-iPr= 5 mol%. [c] mol. catalyst/ mol. 
Oxidant= 0.3%. [d] Yields and selectivity were determined by GC using a calibration curve and based on 
decane as an internal standard. [f] Only two products B and A or C were obtained.  [g] Three products 
A, B and C were obtained. [h] 1 equiv. of 4-Phenylpyridine/Pd added to the reaction mixture. Modified 
from paper II and IV.  

 

 

In contrast, particularly in the acetoxylation of toluene, the polymeric 
catalyst P@2c exhibited higher yields (33%) of acetoxylated products compared 
to homogeneous and graphenic catalyst. Finally, we examined the polymeric 
catalyst in C–H acetoxylation of a polycyclic arene substrate, the polymer showed 
modest yields but a higher selectivity compared with PEPPSI- iPr (Figure 4.4). 

P@2c                (27%)        A+C 9%[f]; B 91%
P@2c[a]             (25%)        A+C 11%[f]; B 89%
PEPPSI-iPr[b]    (27%)       A+C 16%[g]; B 84%

[Catalyst] 
[mol. catalyst/ mol. oxidant]= 4%

Arene OAc
Arene (excess)

AcOH:Ac2O (9:1)
92 or 104°C, 24h

PhI(OAc)2
or

MesI(OAc)2
(1 equiv.)

A/C
OAc
A/C

B

OAc

CH3

OAc

P@2c             32%[d]                
P@2c[a]          29%[d]        
PEPPSI-iPr[b] 45%[d]        
rGO@1[c]        50%[d]            
4e[c]                 42%[d]

P@2c               (33%)            
P@2c[a]            (15%)             
PEPPSI-iPr[b]   (18%)
rGO@1[c]         (24%)[d]          
4e[c]                  (26%)[d]

OAc
α

β

P@1c               18%[d]          α 17%;    β  83%
P@1cAN          26%[d]          α 54%;    β  46%
P@2c               15%[d]          α 20%;    β  80%
P@2cAN          19%[d]          α 47%;    β53%
P@2cAN[h]         9%[d]          α 11%;    β89%
PEPPSI-iPr[b]   33%[d]          α 33%;    β  67%

Oxidant: MesI(OAc)2
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4.4. Reusability and heterogeneity  

The polymer and graphene supported Pd(II)–NHC catalysts can all be separated and 
recovered easily from the reaction mixture by a simple centrifugation process. Thus, 
the recovered P@1c catalyst was shaken with 5 ml of 3-phenylpyridine/CH2Cl2 
solutions after each cycle and then washed with CH3CN to remove the remaining 
non-bonded phenylpyridines. The treated catalysts were dried and used directly for 
the next reaction cycle. P@1c was found to be effective in four cycles (probably in 
more, but this was not tested) of the acetoxylation of biphenyl (Figure 4.5c). The 
slight increase of activity that is observed could possibly mean that the polymer 
material opens up during the reaction giving better access to the palladium and 
therefore a slightly higher activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. (a) C–H acetoxylation reaction of biphenyl over P@1c, P@1cAN and PEPPSI-iPr catalysts. 
(b) Pd 3d XP spectra of 1c, P@1c fresh and P@1c after each reuse. (c) Reusability and productivity of 
P@1c and P@1cAN; the results are compared to those for a [PEPPSI-iPr] catalyst at 5 mol %. (d) Time 
profile and hot filtration study of P@1c catalyzed C–H acetoxylation of biphenyl. Modified from paper II. 
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Impressingly, the kinetic profile for the four runs was more or less identical (Figure 
4.5d). However, the catalysis stops almost completely after eight hours and we 
found by using 1H NMR spectroscopy, no traces of PhI(OAc)2 left in the catalysis 
mixture. Interestingly, the reaction continues and the yield of acetoxybiphenyl 
derivatives approximately doubles upon addition of 1 additional equivalent of 
PhI(OAc)2 into the reaction vessel after eight hours, confirming that the yields are 
controlled by the access to oxidant not by the stability of the catalyst. A hot filtration 
test reveals the heterogeneous nature of the catalyst with a complete inhibition of 
the activity after removal of the solid catalyst (Figure 4.5d). ICP-OES analysis 
detected only a small leaching of Pd from the polymer after each catalytic cycle (Pd 
wt % = 6.58, 6.52, 6.41, and 6.30 after the 1st, 2nd, 3rd, and 4th catalytic cycle, 
respectively). 

As we mentioned early, one of the central goals is to investigate the character of 
these novel systems, not only after the synthesis but even after many catalytic 
cycles. Therefore, we probed the palladium oxidation state of P@1c by XPS, the Pd 
3d5/2 and Pd 3d3/2 binding energies after each catalytic cycle (ca. 339.3 and 344.6 eV, 
respectively) showed only a small shift compared to those of the monomer and fresh 
polymer (Figure 4.5c). This shift is probably related to ligand exchange between 
chloride and acetate. Importantly, the palladium remains in oxidation state (II) for 
all cycles. Similar results were obtained for P@1cAN after the fourth catalytic 
cycle. Next, we focused our attention to the Cl 2p core level of P@1c after each 
catalytic cycle, which showed significant broadening in the spectral features and 
shifts by 2 eV toward higher binding energies compared to the spectra of the 
monomer and fresh polymer (Figure 4.6). One system gave rise to two Cl atoms, 
one Cl with a 2p3/2 at binding energy of 199.8 eV, which fits with the monomer and 
corresponds to a Pd–Cl species. The second Cl 2p3/2 peak at 201.9 eV, can be 
assigned to a C–Cl species in agreement with the literature.117, 118 Thus, and 
according to the XPS results, the majority of the chlorine (around 75%) has been 
transferred to the polymer matrix, while the rest is still coordinated to Pd; around 
15 % have been washed out from the catalyst according to the ICP analysis that 
confirms that the ratio between Pd:Cl is almost 1:2 (85% of Cl is still present in the 
catalyst). 

13C CP-MAS experiments were performed for P@1c before and after 
catalysis at two different spin rates, in order to understand this remarkable change 
in Cl 2p binding energy and to differentiate between any new peaks that could 
appear and side bands. A new peak detected after catalysis at 169.8 ppm corresponds 
to (C=O) of an acetate group (Figure 4.7).119, 120 In contrast, the peaks related to 
terminal and internal carbons of vinyl linkers at around 113 and 138ppm, 
respectively, observed for the fresh catalyst are absent after catalysis. The obtained 
data suggest that PhI(OAc)2 can functionalize unreacted vinyl groups in the absence 
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of a catalyst, and in the presence of a catalyst we suggest that all remaining vinyl 
groups in the polymer are acetoxylated or chlorinated during catalysis.  

rGO@1 was analyzed by XPS after C–H acetoxylation of benzene. Broadening 
toward lower and higher binding energies compared to fresh rGO@1 were observed 
after the acetoxylation reaction (Figure 3.12a, Chapter 3). This broadening is 
probably related to the existence of slight differences in the chemical environments 
of the Pd atoms after catalysis and to ligand exchange between chloride and acetoxy 
group. These data were confirmed by XPS analysis of Cl 2p core level of rGO@1 
after catalysis, where the two Cl atoms corresponding to a Pd–Cl species were 
completely absence as shown in Figure 3.12a, Chapter 3. However, and importantly, 
the palladium remains in oxidation state (II) after the reaction. These results are in 
line with the previous observations from the XPS of the polymeric catalyst.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Cl 2p XP spectra of 1c, P@1c fresh and P@1c after each catalytic cycle. Modified from 
paper II. 
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Figure 4.7. 13C CP-MAS NMR spectra of 1c, P@1c before and after catalysis, side bands are marked 
with asterisks. Modified from paper II. 
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4.5. Mechanistic investigation of rGO@1 catalysed C–
H acetoxylation reaction 

In complement to our study (Paper IV) and in order to rationalize the nature of the 
active species of rGO@1 catalysed undirected C−H acetoxylation of benzene, 
which gives 50% yield of acetoxybenzene (see Figure 4.4), we set out to investigate 
the mechanism using in situ X-ray absorption spectroscopy (XAS). Figure 4.8 
shows XANES and Fourier transformed EXAFS spectra of rGO@1 after the 
activation step (15 min at room temperature and then the reaction heated to 90 °C 
for 5 min). Catalyst rGO@1 changes its coordination environment around the Pd 
center, without any change in the oxidation state of Pd(II). The structure evolution 
from fresh rGO@1 to its active state in the reaction was represented by significant 
shifts of the main peak leftwards probably due to the partial loss of a Cl atom as 
shown in Figure 4.8b. The modeling used for the EXAFS refinement proposes the 
replacement of a Cl atom by an acetoxy group (AcO) at the Pd(II) center. In order 
to follow the possible changes at different reaction stages, in situ XAS 
measurements were performed. Figure 4.8c shows almost identical XANES spectra 
of activated catalyst and after 8 and 24 hours reactions, confirming no change of the 
dominant Pd active species during the catalysis, however the average oxidation 
states were slightly higher (peak shift of ca. 1 eV) which might be an indication of 
the partial formation of Pd (III) or (IV) oxidation state. Importantly, the Fourier 
transformed EXAFS spectra of activated rGO@1 catalyst after 8 and 24 hours 
acetoxylation reaction revealed that a small amount of the Pd complexes were 
reduced into metallic Pd nanoclusters as shown in Figure 4.8d. 

 

 
Figure 4.8. (a) XANES spectra and (b) Fourier transformed EXAFS spectra without phase correction of 
rGO@1 and its active phase during initial step of the reaction. Modified from paper VI. 
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Figure 4.8. Continued. 

 

 

4.6. Conclusions 

The catalytic activity and selectivity in undirected acetoxylation of arenes was 
evaluated for all graphene and polymer supported Pd(II)–NHC catalysts with and 
without phenylpyridine as supporting ligands on the palladium. The presence of 
phenylpyridines increased the selectivity and decreased the activity of the polymers 
in the acetoxylation of naphthalene. The graphene supported Pd(II)–NHC catalyst 
exhibited higher activity in C–H acetoxylation of benzene, compared to 
homogeneous and polymeric catalysts. XAS study confirmed that the oxidation state 
of Pd center remains +2 during the changes in coordination environment upon the 
initial activation step. Furthermore, this active species was partly reduced into small 
Pd nanoclusters over the course of the reaction. Polymer supported Pd(II)–NHC 
catalysts show no reduction to Pd(0) state after the catalysis. The polymeric catalyst 
can be recycled four times without any loss of activity, and no significant leaching 
of Pd from the polymer after each catalysis cycle was detected. The polymeric 
catalyst was shown to be truly heterogeneous in a hot filtration test. The reactive 
vinyl moieties in the backbone of the polymer are acetoxylated or chlorinated during 
catalysis.  
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5. C–H activation/ halogenation 
reactions catalysed by Pd based 
heterogeneous catalysts (Papers 
III and V) 

5.1. Introduction 

Utilizing transition metals to activate/halogenate unreactive C–H bonds and 
form C–Halogen bond has been an attractive area of research for a long time; it 
could facilitate the production of heterocyclic halides which are representing a very 
important class of compounds in pharmaceuticals and agrochemicals industry 
(Figure 5.1).121-127 This importance encouraged chemists to develop numerous 
transformations for preparation of organic halides assisted by, for example, Pd based 
complexes. 

 

 

Figure 5.1. Examples of drugs and agrochemical contain halogenated heterocycles. 

 

In traditional halogenation pathways, harsh reaction conditions, low yield, 
overhalogenations, poor regioselectivity, and low atom efficiency are among many 
of the drawbacks.128, 129 Therefore, researchers accomplished several methodologies 
based on a central assisting concept: metal insertion into C–H bonds. One of the 
promising methodologies to selectively activate/ halogenate C–H bonds is taking 
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advantage of the chelating possibility of functional groups in the substrates that 
direct the metal into C–H bonds allowing selective functionalization. It has been 
proposed that the directed C–H bond functionalization processes takes place via two 
main reaction mechanisms, both of which are based on a central step which is C–H 
activation and formation of cyclometalated intermediate as shown in Figure 5.2. In 
the first functionalization pathway, the functionalized product is delivered by a 
reductive step through PdII/Pd0/PdII catalytic cycle.  In the second functionalization 
pathway, the cyclometalated intermediate reacts with an electrophilic agent 
(oxidant). In this case, the reaction between the oxidant and cyclometalated 
intermediate can undergo several mechanisms130-132: 

 

 

  

Figure 5.2. Reductive and electrophilic functionalization mechanistic pathways based on Pd(II) as a 
metal center. Modified from ref. 132. 
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i. Direct electrophilic cleavage of M–C bond accompanied by no change in 
oxidation state of the metal center. 

ii. One electron oxidation of cyclometalated intermediate. 

iii. Two electron oxidation of cyclometalated intermediate to form either MIV 

intermediate or MIII~MIII dimer depending on the chemical environment at the 
metal center. 

 

5.2. Supported palladium(II) carbene complexes 
mediated C–H halogenation of arenes 

Halogenation of C–H bonds under heterogeneous catalysis conditions has 
demonstrated great potential to synthesize valuable and structurally complex 
products from simple starting materials.133-136 Encouraged by the success of our 
previous results in undirected oxygenation of Csp2–H bond, we set out to apply our 
heterogeneous catalysts also in directed Csp2–H halogenation of arenes. After we 
optimized the reaction conditions, the scope of the C–H chlorination of different 
aryl pyridines catalysed by P@2b, P@2f (bearing the polymerizable vinyl arm in 
the backbone of the NHC ligand), rGO@2 and 2c (homogeneous analogue of 
rGO@2) was investigated (Figure 5.3). In the chlorination of the indicated aryl 
pyridines in Figure 5.3, P@2b showed the best activity and regioselectivity (except 
for substrates 4 and 5) among all our catalyst systems under this study. In the 
bromination of benzo[h]quinoline 2, Although, P@2f afforded 82% total yield and 
regioselectivity 67:33 for mono- and di-brominated adducts, P@2b provided the 
mono-brominated product in 68% yield and 100% regioselectivity. Even though the 
heterogeneous catalysts in this study showed no ability to form C–I bond during the 
iodination of benzo[h]quinoline 2, these systems exhibited very good activity and 
excellent regioselectivity in catalytic iodination reaction of aryl pyridines (Figure 
5.3). In contrast, the homogeneous analogue afforded 98% total yield of 1-I and 1-
I2, but the regioselectivity was 82:18 for mono- and di-iodinated adducts. 
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Figure 5.3. Scope of direct C–H halogenation of arylpyridines catalyzed by supported Pd(II) catalysts. 
[a] Isolated yields were monitored by 1HNMR spectroscopy and HRMS. GC yields and conversions 
(reported in parentheses) were determined by GC using a calibration curve based on decane as an 
internal standard. [b] Traces of di-substituted product was detected by GC-MS. [c] Regioselectivity is 
67:33 of 1-Br:1-Br2. [d] Traces of mono-chlorinated adduct was detected in GC-MS and analyzed by 
1HNMR spectroscopy. Modified from paper III and V. 
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5.3. Recyclability and the nature of the supported Pd 
based catalysts 

The recyclability of P@2b, P@2f and rGO@2 was examined using 
iodination of 2-phenylpyridine as the model reaction under the conditions described 
in Figure 5.4.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Reusability and productivity of P@2b, P@2f and rGO@2 catalysed C-H iodination reaction 
of 2-phenylpyridine. Yields were determined by GC using a calibration curve based on decane as an 
internal standard. Modified from paper III and V. 
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The activity for polymeric catalysts was constant up to six runs (Figure 5.4), while 
rGO@2 exhibited a fluctuation in GC yields of the mono-iodinated product during 
five times reuse. A very small leaching into the supernatant (0.011 and 0.009 ppm) 
was detected by ICP-OES analysis after the 6th run with P@2b and P@2f 
respectively. XP spectra disclosed that the palladium is present in oxidation state 
(II) up to 6 cycles (and likely more), see paper III for more details. Then, we set out 
to follow the formation of the product with time. The kinetic profile for P@2b and 
P@2f are more or less identical. The catalysis stopped after eight and ten hours in 
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oxidant through the catalysis reaction (Figure 5.5a). According to the reaction 
conditions that is shown in Figure 5.5b, a time profile study of rGO@1 was 
performed. No induction period was observed and the catalysis almost stopped after 
12 hours. A hot filtration test was performed to confirm the heterogeneous nature of 
the catalysts. No further reaction was observed for all three catalysts, which is 
indicating that no catalytically active catalyst remained in the filtrates (Figure 5.5b), 
corroborating that the catalysts are heterogeneous in nature.  

 

 

 

Figure 5.5. a) Time profile and hot filtration study of P@2b and P@2f catalyzing the indicated reaction. 
b)  Time profile and hot filtration study of rGO@2 catalyzing the indicated reaction. Yields were 
determined by GC using a calibration curve based on decane as an internal standard. Modified from 
paper III and V. 
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i) The environmental and safety regulations, where no accumulation of highly 
unstable intermediates occurs, the chemical waste is reduced and side 
reactions are minimized. 

ii) The reaction efficiency (time and cost effective process). 

 

To our knowledge there are no examples of N-directed C–H functionalizations that 
make use of heterogeneous catalysts in a packed-bed reactor under continuous flow. 
Therefore, a packed-bed reactor was employed to investigate the prolonged activity 
and stability of P@2b catalyst under C–H oxidation conditions. As was previously 
mentioned, the catalysis reaction of benzo[h]quinoline 2 in CH3CN afforded non-
directed chlorination in 21% yield; we predicted that the shorter interaction of the 
product with the catalyst would improve the selectivity in a continuous process. 
Using the optimal reaction conditions, the continuous flow process was 
implemented as shown in Figure 5.6. 

 

 

Figure 5.6. Schematic of the continuous flow reactor system. Modified from paper III. 
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During the whole experiment, we used 0.5 mol% of P@2b inside the reactor, one 
batch of reactants solution, 60 µl/min flow rate, where this can adjust the residence 
time of the reactants with the catalyst to be short. In the filtration test, we realized 
that the small particles of the catalyst (<100 nm) easily skipped through the standard 
filters of the continuous flow system. Therefore, molecular sieves (3Å, powder) 
were added at the bottom of the reactor to act as an even smaller filter to retain the 
polymer particles (see the Supporting Information of paper III for details about 
catalyst packing and experimental procedure under continuous flow). Samples were 
collected continuously every hour using an auto sampler attached to the reactor 
outlet. After 5 h reaction time, GC detected only 39% yield of 10-
chlorobenzo[h]quinoline 2-Cl. However, the conversion required 10 h to stabilize 
and attain consistently ~ 90% yield and 100% regioselectivity of the product until 
the end of the experiment after ~ 6 days (140h) as shown in the conversion plot 
(Figure 5.7).  

 

 

 

 

 

 

 

 

 

 

Figure 5.7. Conversion and Pd leaching of P@2b catalyzed C-H chlorination under flow conditions. Yield 
and selectivity were determined by GC using a calibration curve based on decane as an internal 
standard. Modified from paper III. 

 

The Pd leaching was determined by ICP-OES analysis. Initially, a low level of Pd 
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increasing the time to record very low levels under the detection limit of ICP 
technique (0.04, <0.005, <0.005, <0.005, <0.005, and <<0.005 ppm at 40, 87, 100, 
110 and 140 h respectively) as shown in Figure 5.7. Importantly, the recovered 
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catalyst after 6 days continuous reaction shows no significant peak in Pd 3d 
spectrum, on the level of the spectral noise, associated with Pd(0) Figure 5.8. 
Additionally, the Pd 3d5/2 and Pd 3d3/2 signals at ca 338.5 and 344 eV binding energy 
match the energies expected for a Pd(II) species. In line with that, the binding energy 
for the Cl after 6 days continuous reaction (Figure 5.8) is in good agreement with 
2b. The XPS results confirmed the long-term stability of P@2b and is probably 
explained by its robust microsphere polymer structure which maintains the Pd(II) 
oxidation state during the flow process.  

 

 
 
Figure 5.8. XP spectra of the Cl 2p and Pd 3d core level of P@2b respectively, obtained after 140 h 
catalysis under continuous flow conditions. Modified from paper III. 

5.5. Conclusions 

P@2b, P@2f and rGO@2 can be successfully recovered and reused without loss 
of reactivity over several cycles in batch mode C–H iodination. The polymeric 
catalysts active as heterogeneous catalysts with an inconsiderable leaching of Pd. 
Remarkably, the synthesized heterogeneous catalyst P@2b exhibited a tremendous 
stability and activity under the oxidation conditions, and could be used continuously 
for at least ~ 6 days without losing its activity; it maintains the original oxidation 
state of Pd(II) under long-term continuous flow conditions. The heterogeneous 
character of these catalysts was explored, and the catalysts were heterogeneous 
according to the hot filtration tests.  
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6. Perspective and outlooks 

This work presented efforts to develop and describe new classes of Pd(II)-NHC 
based heterogeneous catalysts using several synthetic methods and a variety of 
characterization techniques. The catalytic activity of these novel catalysts was 
evaluated in C–H activation reactions involving different arenes and 
phenylpyridines. 

In chapter two, we have described the synthesis and characterization of the 
Pd(II)–NHC precursors bearing diverse functionalities on the N-heterocycle ring, 
by using different approaches. It was shown, that some of these methods are not 
effective for obtaining Pd(II)–NHC complexes containing two pyrene moieties in 
high yields. Future efforts can be aimed at performing other kinds of synthetic 
approaches that could lead to increased yield of such Pd(II)–NHC precursors. 

In chapter three, we presented our efforts to immobilize Pd(II)–NHC 
complexes using two different types of supporting systems/ materials and by 
employing different supporting strategies. We successfully synthesized polymer 
supported Pd(II)–NHC complexes by co-polymerization method, and attached 
double and single anthracene-tagged Pd(II) carbene complexes on an rGO support 
using π-stacking approach. We showed that before performing any catalytic studies, 
it is important to characterize and understand the prepared catalytic systems. Future 
efforts can be focused on improving the π-stacking approach in the way that is able 
to increase the Pd loading in the supported material. 

In C–H activation/ oxygenation and halogenation of arenes, the catalytic 
activity and the selectivity of the supported Pd(II)–NHC catalysts, in comparison to 
homogeneous analogues, was tested and this is the main themes of chapter four and 
five. Moreover, we found that the polymer based catalyst has a tremendous stability 
and activity and it could be used under long-term continuous flow conditions. 
Therefore, it is worth to apply these new supported catalysts for other catalytic 
transformations under batch and flow processes. 

To further our understanding, we also attempted to investigate the reaction 
mechanism of a newly developed π-stacked catalyst. The study provided us with 
important details about the nature of the catalyst during the reaction; this needs to 
be expanded in the future to reveal more details about the active species during 
catalysis. 
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The title compound, [PdCl2(C11H9N)(C13H14N2)], represents a new class of

palladium-based polymerizable monomer which could give a potentially

catalytically active polymer. It was synthesized via transmetallation from the

corresponding silver complex. The PdII ion coordinates two Cl anions, one C

atom from the N-heterocyclic carbene (NHC) ligand and one N atom from the

4-phenylpyridine ligand, displaying a slightly distorted square-planar geometry.

The dihedral angle between the imidazole ring and the pyridine ring is

34.53 (8)�. The Pd—C bond length between the NHC ligand and the PdII ion is

1.9532 (16) Å. In the crystal, weak non-classical C—H� � �Cl hydrogen bonds link

the molecules into a tape structure along [101]. A weak �–� interaction is also

observed [centroid–centroid distance = 3.9117 (11) Å].

1. Chemical context

In the last few years, palladium complexes with N-heterocyclic

carbene ligands (Pd-NHCs) have received attention, inter alia

as catalysts for cross-coupling in organic synthesis (Hadei et

al., 2005; Nasielski et al., 2010; Valente et al., 2010, 2012). NHC

complexes derived from vinyl imidazolium salts are of growing

significance in organometallic transformations because of

their potential as precursors in heterogeneous catalysis,

biocompatibility, anti-microbial activity and fuel cell applica-

tions (Dani et al., 2015; Ghazali-Esfahani et al., 2013;

Anderson & Long, 2010; Kim et al., 2005; Kuzmicz et al., 2014;

Seo & Chung, 2014; Li et al., 2011). The crystal structures of 1-

methyl-3-(4-vinylbenzyl) imidazolium hexafluoridophosphate

and silver complexes with 1-methyl-3-(4-vinylbenzyl) imida-

zole as a carbene ligand have been reported previously (Lu et

al., 2009, 2010). Here we report on the crystal structure of a

new type of Pd-NHC complex belonging to the group of

PEPPSI (pyridine-enhanced precatalyst preparation stabili-

zation and initiation) catalysts, which are stable towards air

and moisture, and have the advantage of being easy to

synthesize and handle (Hadei et al., 2005).

2. Structural commentary

In the title compound, the PdII ion coordinates the five-

membered NHC ligand with a Pd1—C4 bond length of

1.9532 (16) Å and the 4-phenylpyridine ligand with a Pd1—N3
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bond length of 2.0938 (14) Å. The two mutually trans Cl ions

fulfil the coordination sphere (Fig. 1). Bond angles in the so-

formed distorted square-plane are all close to 90� with the

C4—Pd1—Cl angles slightly less than 90� and the others

slightly more. The C4—Pd1—N3 angle shows an expected

value 179.52 (6)�, while Cl1—Pd1—Cl2 exhibits a slightly

distorted angle of 176.789 (17)�, probably due to the steric

influence of the aromatic rings (Sevinçek et al., 2007). The

dihedral angle between the N1/C4/N2/C3/C2 and C6–C11

rings in the NHC ligand is 77.90 (5)�.

The dihedral angles between the N1/C4/N2/C3/C2 ring on

one hand and the N3/C14–C18 and C19–C24 rings on the

other are 34.53 (8) and 65.78 (7)�, respectively. The C12—C13

bond length of the vinyl group is 1.299 (3) Å, corroborating

the double-bond character. The same goes for the C2—C3

distance which is 1.330 (3) Å. The N2—C4—Pd1—N3, N1—

C4—Pd1—Cl2, C18—N3—Pd1—Cl2 and C17—C16—C19—

C24 torsion angles are �30 (7), 81.15 (15), �49.40 (15) and

32.42 (3)�, respectively. A Cambridge Structural Database

(CSD) search to validate the Pd—Cl and Pd—N bonding was

performed over 47 entries. The Cl—Pd—Cl and N—C—N

angles range from 170 to 180� and from 104.8 to 106.2�,

respectively; the Pd—Cl bond lengths are in the range 2.286–

2.318 Å. The bond lengths and angles of the title compound 4

are comparable to the literature values.

3. Supramolecular features

In addition to dispersion interactions, the crystal of title

compound 4 shows a �–� interaction between the C19–C24

phenyl rings of neighbouring molecules with a centroid–

centroid distance of 3.9117 (11) Å (Fig. 2). Two weak non-

classical C—H� � �Cl hydrogen bonds are detected (Table 1).

No C—H� � �� contacts are present in the crystal packing

diagram of compound 4 (Fig. 3).

4. Synthesis and crystallization

General: Solvents and chemicals were purchased from

commercial suppliers and used as received. The imidazolium

salts 1 and 2 were prepared according to previously reported
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Figure 1
The molecular structure of the title compound (4). All non-H atoms are
represented as displacement ellipsoids drawn at the 50% probability level
and H atoms as small spheres with arbitrary radii.

Table 1
Hydrogen-bond geometry (Å, �).

D—H� � �A D—H H� � �A D� � �A D—H� � �A

C20—H20� � �Cl1i 0.95 2.81 3.6021 (18) 142
C23—H23� � �Cl2ii 0.95 2.74 3.6537 (19) 162

Symmetry codes: (i) �xþ 1;�y;�zþ 2; (ii) �x;�y;�zþ 1.

Figure 2
The dimer of the title compound (4) linked through the �–� interaction.



procedures (Kim et al., 2005; Lu et al., 2009). The title

compound 4 was synthesized according to the carbene

silver(I) route, as shown in Fig. 4. Transmetallation of the

ligand from the tetrameric silver complex 2 gave the chlorido-

bridged palladium dimer 3. Cleavage of the dimer with

phenylpyridine afforded complex 4 in excellent yield. With its

vinyl groups it can serve as a precursor in co-polymerization

reactions with e.g. styrene to form polymeric materials with

catalytic properties.

[PdCl2(bmim)]2 (3). A 100 ml Schlenk flask was charged

with 2 (7.0 g, 20.5 mmol), 50 ml of dry CH2Cl2 and

Pd(PhCN)2Cl2 (7.8 g, 20.5 mmol). The mixture was stirred for

48 h at room temperature, during which time the solution

changed colour to cloudy light brown. It was filtered through

Celite and the filtrate was reduced to ca 10 ml. Upon addition

of n-hexane, a light-brown solid was formed, which was

collected on a frit and dried under vacuum to give 5.97 g (yield

78%).

[PdCl2(bmbim)(4-Phenylpyridine)] (4). 4-Phenylpyridine

(0.085 g, 0.55 mmol) was added to a 40 ml solution of 3 (0.25 g,

0.26 mmol) in dry CH3CN and stirred at ambient temperature

for 24 h, during which time the solution changed colour to

clear yellow. The mixture was filtered through Celite and all

solvents were evaporated. The solids were dissolved in CH2Cl2

and, upon addition of n-hexane, a yellow solid was formed,

which was collected on a frit and dried under vacuum to give

0.153 g (93%) of 4.

Single crystals of 4 suitable for X-ray diffraction were

obtained by slow diffusion of n-hexane into a saturated

CH2Cl2 solution of the compound.

5. Refinement details

Crystal data and structure refinement details are summarized

in Table 2. H atoms were treated as riding, with C—H = 0.95–

0.99 Å, and with Uiso(H) = 1.2Ueq(C).
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Figure 4
Synthesis pathway of the title compound (4).

Table 2
Experimental details.

Crystal data
Chemical formula [PdCl2(C11H9N)(C13H14N2)]
Mr 530.75
Crystal system, space group Triclinic, P1
Temperature (K) 183
a, b, c (Å) 7.8768 (3), 12.2939 (5), 12.6120 (4)
�, �, � (�) 95.692 (3), 97.267 (3), 103.574 (3)
V (Å3) 1167.09 (8)
Z 2
Radiation type Mo K�
� (mm�1) 1.04
Crystal size (mm) 0.39 � 0.27 � 0.1

Data collection
Diffractometer Agilent Xcalibur Ruby
Absorption correction Analytical (CrysAlis PRO; Agilent,

2012)
Tmin, Tmax 0.727, 0.916
No. of measured, independent and

observed [I > 2�(I)] reflections
28730, 7116, 6179

Rint 0.037
(sin �/	)max (Å�1) 0.714

Refinement
R[F 2 > 2�(F 2)], wR(F 2), S 0.027, 0.068, 1.04
No. of reflections 7116
No. of parameters 272
H-atom treatment H-atom parameters constrained
�
max, �
min (e Å�3) 0.45, �0.42

Computer programs: CrysAlis PRO (Agilent, 2012), SUPERFLIP (Palatinus & Chapuis,
2007), SHELXL2013 (Sheldrick, 2015) and OLEX2 (Dolomanov et al., 2009).

Figure 3
A crystal packing diagram of the title compound (4). The non-classical
C—H� � �Cl hydrogen bonds are shown by dotted lines.
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Polymer-Supported Palladium(II) Carbene Complexes: Catalytic
Activity, Recyclability, and Selectivity in CˇH Acetoxylation of
Arenes
Maitham H. Majeed,[a] Payam Shayesteh,[b] L. Reine Wallenberg,[a, c] Axel R. Persson,[a, c]

Niclas Johansson,[b] Lei Ye,[d] Joachim Schnadt,[b] and Ola F. Wendt*[a]

Abstract: Heterogeneous catalysts for selective oxidation of
CˇH bonds were synthesized by co-polymerization of new
N-heterocyclic carbene-palladium(II) (NHC-PdII) monomers
with divinylbenzene. The polymer-supported NHC-PdII-cata-
lysed undirected CˇH acetoxylation of simple and methylat-
ed arenes as well as polyarenes, with similar or superior effi-
ciency compared to their homogeneous analogues. In partic-
ular, the regioselectivity has been improved in the acetoxyla-

tion of biphenyl and naphthalene compared to the best ho-
mogeneous catalysts. The new polymer-supported catalysts
maintain the original oxidation state of PdII after repeated
catalytic reactions, and exhibit no significant leaching of pal-
ladium. In addition, the new catalysts have been successfully
recovered and reused without loss of activity over several
cycles of reactions.

Introduction

The selective oxidation of undirected CˇH bonds can simplify
the functionalization of hydrocarbons and is therefore poten-
tially very useful in the synthesis of both fine and bulk chemi-
cals.[1] Thus, it can help in reducing waste in large-scale trans-
formations, and in the synthesis of more complex molecules it
can enable late-stage functionalization. So far, the most suc-
cessful approach to the selective oxidation of CˇH bonds has
been ligand-directed CˇH functionalization, in which a heteroa-
tom controls the regioselectivity.[2, 3] However, although some
progress has been made,[4, 5] there are still no general, regiose-
lective methods for the functionalization of simple alkanes or
arenes neither by homogeneous nor heterogeneous catalysts.
To address this shortcoming substantial research efforts have
been devoted during several decades to developing Pd cata-

lysts for the undirected CˇH acetoxylation of arenes using dif-
ferent oxidants.[6–8] One successful strategy has been the use of
Pd(OAc)2 as a catalyst, PhI(OAc)2 as an oxidant, and pyridine
derivatives as supporting ligands,[9] a system that catalyses the
acetoxylation of undirected arenes via non-radical pathways.[10]

As a ligated alternative to the Pd acetate catalyst in CˇH acti-
vation NHC-Pd complexes have been reported recently.[11–18]

The ligand adds stability to the system due to the strong
NHC···M interaction, and it also enables functionalization and
ligand control.[15, 19, 20] Moreover, to further aid catalyst separa-
tion and recovery, the NHC-M complex can be heterogen-
ized.[21] Indeed, the development of stable heterogeneous cata-
lysts would substantially facilitate any industrial application.[22]

There are many examples of supported PdII catalysts,[23–27] and
polymer-supported NHC-Pd complexes have been successfully
used in many applications and for different chemical transfor-
mations, and advances in support strategies have been made
recently.[26, 28–35] However, metal leaching, reduction of the PdII

species during preparation steps and catalysis and aggregation
of Pd0 nanoparticles inside the polymer matrixes remains an
unsolved problem in many cases.[36, 37] However, although di-
rected CˇH activation over supported Pd complexes has been
reported, there are no examples of the application of such cat-
alysts for undirected CˇH activation reactions.[38–41]

Herein we report on the synthesis and characterization of
a PdII containing a polymeric material based on the co-poly-
merization of polymerizable arms in the structure of an N-het-
erocyclic carbene ligand and divinylbenzene (Scheme 1). Our
concept gave a material which is stable towards reduction and
recyclable with no or little loss in activity. Its reactivity and re-
gioselectivity in the CˇH oxidation of arenes is reported to-
gether with the effect of various stabilizing pyridine ligands.
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Productivity is equal to the corresponding homogeneous cata-
lysts and selectivity is in many cases substantially better.

Results and Discussion

Monomers: synthesis and characterization

Imidazolium chloride precursors [bmim]Cl 1 a and [bvbim]Cl
1 b were synthesized according to previously reported proce-
dures.[42–45] We chose these precursors based on that they
either have one (1 a) or two (1 b) polymerizable arms to investi-
gate whether this leads to a difference in stability or selectivity.
In particular, the degree of cross-linking is expected to vary
with the number of vinyl groups in the monomer. Direct met-
allation using literature procedures afforded [Ag(bmim)2]2

[Ag2Cl4] 2 a[46] and Ag[bvbim]Cl complex 2 b in good yield
(Figure 1). 13C NMR spectra showed the characteristic carbene
signals at 180.7 and 180.9 ppm for 2 a and 2 b, respective-
ly.[46–50] The use of silver intermediates precluded any radical
polymerization of the vinyl moiety at an earlier stage; some
other protocols use harsh reaction conditions under which
such unwanted side reactions could occur.[51] Transmetallation
with PdCl2(PhCN)2 gave NHC-PdII dimers 3 a and 3 b (Ref. 47
and Figure 1), which showed broad signals in the 1H NMR
spectra due to the dynamic equilibrium between monomeric
and dimeric species as previously shown.[16] Adding pyridine
derivatives cleaved the dimer and afforded NHC-Pd complexes
4 a, 4 b, 5 a, 5 b and 6 b in excellent yield with one (a) or two-
vinyl (b) moieties and 3-phenylpyridine (4), 4-phenylpyridine
(5), and 9-chloroacridine (6) as stabilizing ligands, respectively
(cf. Figure 1 and Scheme 2). They were characterized by 1H and
13C NMR spectroscopy and elemental analysis. All signals were
sharp and, again, characteristic carbene signals around
150 ppm were observed in the 13C NMR spectra in CDCl3.[51, 52]

Slow diffusion of n-hexane into a CH2Cl2 solution of the com-
plexes gave X-ray quality crystals and an X-ray diffraction (XRD)
analysis confirmed the molecular structures of 4 a, 5 a,[47] 4 b

Scheme 1. Polymerized NHC-PdII monomer can catalyse CˇH acetoxylation of undirected arene.

Figure 1. Synthesis of NHC-PdII monomers and crystal structure of 4 b with
thermal ellipsoids displayed at 50 % probability. Hydrogen atoms have been
omitted for clarity.
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and 6 b. They are given in Figures 1 and S1; all details includ-
ing selected bond distances and angles are, likewise, found in
the Supporting Information.

Polymers: synthesis and characterization

Palladium monomers 4 a, 4 b, 5 a, 5 b, and 6 b were co-poly-
merized with divinylbenzene (DVB) using precipitation poly-
merization which has been previously shown to give micro-
spheres.[53–55] The polymerization conditions did not influence
similar palladium complexes without polymerizable arms, that
is, the metal centre is not influenced by for example, the free
radical initiator AIBN (see Supporting Information for details).
The polymerization gave polymers 7 a, 7 b, 8 a, 8 b and 9 b, re-
spectively (Scheme 2).

Neat acetonitrile or a mixture of acetonitrile and toluene,
which are near q-solvents for DVB-type polymers, were used.
These solvents are known to form a clean surface of micro-
spheres of 2–5 mm and to create porous polymer beads, which
is very important for catalysis.[56–59] The Pd:DVB ratio was 1:4
and the total monomer concentration used in this study was
around 2 % (w/v) of the solvent; all preparation details are
given in the Supporting Information, Table S3. In order to
study the impact of the pyridine ligands on the catalytic per-
formance they were removed through protonation in one
series of catalysts, giving the acetonitrile adducts 7 aAN,

7 bAN, 8 aAN, 8 bAN, and 9 bAN (Scheme 2). This procedure in
principle renders the metal centres of the a and b series identi-
cal. However, the different catalysts within each series (a and
b) could still display different activities and selectivities, since
the use of the different pyridines could have induced differen-
ces in the shape of the polymer cavity.

All polymers were characterized by an inductively coupled
plasma (ICP) analysis. For selected polymers we also performed
Solid state NMR spectroscopy (SS-NMR), High resolution trans-
mission electron microscopy (HRTEM), X-ray energy-dispersive
spectroscopy (XEDS), and X-ray photoelectron spectroscopy
(XPS). The solid-state 13C-cross polarization magic angle spin-
ning (CP-MAS) spectra are almost identical for the different
polymers except a shoulder peak which is present near
150 ppm for the pyridine polymers, but absent in the acetoni-
trile series. This is shown in Figure S2 for 7 a and 7 aAN and
provides good evidence for the success of the washing pro-
cess. Figure S3 in the Supporting Information show similar de-
tails for polymers 8 b and 8 bAN, respectively. Peaks near 30,
41, and 55 ppm are assigned to the aliphatic CH3-, CH2-, and
CH- carbons for the NHC-PdII and poly-DVB skeleton. Unreact-
ed vinyl linkers in the poly-DVB skeleton exhibit two peaks
around 113 and 138 ppm assigned to the terminal and internal
carbons, respectively.[60] Aromatic phenyl, aromatic phenylpyri-
dine, aromatic poly-DVB skeleton and C10, C11 of the imidazol-
yl show resonances near 129, 138 and 146 ppm, respectively.

Scheme 2. Precipitation polymerization of NHC-PdII monomers and pyridine derivatives removing step from the microspheres.
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HRTEM images were recorded for polymer 7 bAN. EDX data
show a low, but detectable level of Pd and Cl inside the parti-
cles of 7 bAN (Figure S4a and S4b), whereas the concentrations
of those two elements were below the detection limit outside
the particles. Furthermore, HRTEM images showed no metallic
palladium particles in the polymer (Figure 2 a and 2b). This was

confirmed by fast Fourier transform (FFT) analysis of HRTEM
images which revealed no spots corresponding to lattice fring-
es. The palladium found is thus homogeneously dispersed and
presumably molecular,; although no information on the oxida-
tion state can be inferred. Using bright-field STEM mode, an
EDX mapping of the edge of the particles of 7 bAN was per-
formed. Again, Pd and C are clearly visible (as brighter areas)
in the particles, while the area outside the particles contains
very little Pd and C (Supporting Information Figure S6). To con-
firm the previous results (and address the issue of oxidation
state), 7 b was treated with ascorbic acid to reduce any PdII to
Pd0. Powder X-ray diffraction (PXRD) patterns were recorded
for the native polymers and compared with that of the re-
duced polymer 7 b(red). The PXRD patterns of the native poly-
mers are featureless, but the PXRD curve of 7 b(red) shows
peaks at 408, 478, and 678 which can be assigned to the (111),
(200), and (220) crystal planes of Pd0 particles in the polymer
matrix (Supporting Information Figure S5a). These results dem-
onstrate the presence of PdII in the native polymer which only
upon reduction gives Pd0 particles.[61] To further characterize
and investigate the elemental composition, oxidation state,
and coordination environment of the Pd species in the mono-
mer and fresh polymer XPS was employed. Pd 3d core-level
spectra of the monomer 4 b and polymers 7 b and 7 bAN show
the Pd 3d5/2 and Pd 3d3/2 peaks at approximately 340 and
345.5 eV binding energy in agreement with the energies ex-
pected for a PdII species (Figure 2 c).[62] A small shift to lower

binding energy between the lines of 4 b and 7 b is seen as the
result of the polymerization and concomitant change in Pd en-
vironment, while the shift to somewhat higher binding energy
between 7 b and 7 bAN likely is related to the replacement of
phenylpyridine by acetonitrile. The occurrence of a small
shoulder at around 337.5 eV, which is still within the PdII

region, can probably be explained by a variation of the chemi-
cal environment of the Pd ion.[63, 64] More importantly, there are
no peaks that correspond to the binding energies of Pd in the
metallic state. This confirms that no reduction to Pd0 takes
place during the polymer synthesis and washing steps.[65, 66] For
comparison, the XP spectrum of 7 b(red) shows peaks at
around 335 and 340.3 eV binding energy corresponding to the
binding energy of Pd0 (Supporting Information Figure S14).
The Cl 2p3/2 and Cl 2p1/2 peaks at 199.8 and 201.4 eV are clearly
visible for monomer 4 b (Figure 2 d). In addition, the Cl 2p X-
ray photoelectron (XP) spectrum of 7 b exhibits an additional
component to lower energy. The presence of several compo-
nents can probably be attributed to the larger variation of
chemical environments upon polymerization. A corresponding
line broadening due to polydispersity is observed in the Pd 3d
spectrum of 7 b. In the Cl 2p spectrum of polymer 7 bAN
a high binding energy species at around 201.9 eV is found.
Such high Cl 2p energies are typical for CˇCl bonds and thus
are an indication that HˇCl addition to the vinyl groups occurs
to some extent during washing with triflic acid.[67–69] The N 1s
spectra for 4 b, 7 b, and 7 bAN are shown in Figure S7 (Sup-
porting Information). The high energy peaks (ca. 402.4 eV) are
related to the imidazole nitrogen atoms,[62, 70] and the lower
energy peaks (ca. 401.7 eV) are associated with the phenylpyri-
dine nitrogen. The ratio between the imidazole and phenylpyr-
idine peaks is 2:1 as expected. Peak broadening towards lower
and higher binding energies is observed in the N 1s spectra of
7 b and 7 bAN ; as above it can be assigned to the variation of
the N chemical environment by polymerization and washing
steps.[71–73] Polymers 7 b and 7 bAN are spherical particles
within a size range of several hundred nm to 4 mm according
to scanning electron microscopy (SEM) (Supporting Informa-
tion Figures S5b, S5c, S5d, and S5e). In general, the polymer
beads were found to have a more uniform size distribution
after removing the phenylpyridine, probably due to loss of the
nanospheres (less than 1 mm) during the washing process. De-
tails of the N2 adsorption experiment and ICP analyses of all
polymers are given in the Supporting Information, Figure S16
and Table S3. There were no considerable differences in the
palladium loading, which is between 6–8 %. Thermogravimetric
analysis (TGA) shows that all polymers possess a high thermal
stability up to 200 8C (see Figure S8a and S8b for details).

Activity in CˇH activation

Homogeneous PdII catalysts are active in both ligand-direct-
ed[3, 75–77] and non-directed CˇH bond acetoxylation,[4, 10, 78–80]

mainly using Pd(OAc)2 as a catalyst, pyridines as ancillary li-
gands, and PhI(OAc)2 as an oxidant. As a benchmark for the ac-
tivity and selectivity of our palladium-containing polymers we
chose the non-directed CˇH acetoxylation of arenes, and for

Figure 2. (a) and (b) TEM-images of 7bAN. (c) and (d) Pd 3d and Cl 2p XP
spectra of the indicated samples.
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the optimization of reaction conditions we used biphenyl as
the substrate, so that there would also be a selectivity issue. A
PEPPSI-iPr[52] catalyst was employed as a reference homogene-
ous catalyst. Although monomers 4–6 would have been pre-
ferred these are not stable towards polymerization under the
reaction conditions. It is expected that the electronic proper-
ties of PEPPSI-iPr are not substantially different than those of
4–6.[81, 82] The initial screening of oxidants using polymer 8 bAN
as catalyst revealed that only PhI(OAc)2 and MesI(OAc)2 gave
any turnover in the reaction with 45 and 49 % yields, respec-
tively (Supporting Information Table S4). We clearly observed
that the catalysis reaction proceeded without formation of
chlorinated biphenyl products. Traces of phenyl iodide were,
however, detected in the gas chromatography (GC) analysis.
Subsequently, we tested different temperatures (Table 1, en-
tries 1–6). The results show traces of acetoxybiphenyl deriva-

tives at 70 8C and 18 % yield at 92 8C with a ca 61:39 regioselec-
tivity in favour of the para-substituted over the meta-substitut-
ed. The yield of acetoxybiphenyl derivatives increased to 45 %
(Table 1, entry 3) at 104 8C with a decrease in the regioselectivi-
ty to around 45:43 for para- and meta-substituted positions,
while ortho-substituted biphenyl was formed as a minor prod-
uct due to the steric hindrance in the biphenyl substrate. At
higher temperatures the yield decreased (entries 4–6); this de-
crease can be attributed to the decomposition of PhI(OAc)2 in

the reaction mixture in accordance with a previous study.[83]

There is no reaction in the absence of catalyst (entry 7).
The homogeneous PEPPSI-iPr (5 mol %) catalyst shows very

similar productivity and selectivity as 8 bAN (entry 8) and the
same is true for Pd(OAc)2/pyridine (1:1), a known homogene-
ous PdII system with high activity in CˇH oxygenation of
arenes (entry 18).[79] Comparing the different polymeric catalyst
all NHC-PdII(MeCN) polymers in general afforded higher yield
of acetoxybiphenyl products compared to the NHC-PdII (pyri-
dine derivative) polymers (Supporting Information Table S5, en-
tries 1–9). However, 7 bAN and 8 bAN show comparable activi-
ty to 7 b and 8 b, respectively in the presence of PhI(OAc)2. No
prominent differences were observed in the regioselectivities
among the polymeric catalysts except for 7 aAN (Table 1,
entry 10), which exhibited a regioselectivity of around 58:29
for para- and meta-substituted positions as opposed to the 1:1
selectivity for the other types of catalysts including the homo-
geneous one. MesI(OAc)2 increased the yields compared to
PhI(OAc)2 except for 9 bAN (Table 1, entry 17) when used as an
oxidant with the acetonitrile series of polymers. However, with
the pyridine containing polymers a decrease of the yields was
observed using MesI(OAc)2 as an oxidant (Table S5, entries 1–
9). The origin of this observation is likely connected to an in-
creased steric congestion in the pyridine derivatives. The use
of various pyridine ligands was introduced to probe if there is
any effect on the polymer cavity induced by the different pyri-
dines. An increase in yields was identified when 7 a and 7 b
were used in the reaction compared to 8 a and 8 b (Table S5,
Entries 1, 3–7). This is possibly due to the creation of a larger
cavity when using the 3-phenylpyridine during polymerization.
There was no significant influence of increase of the reaction
time on the yield of acetoxybiphenyl derivatives (Table 1, en-
tries 14 and 15).

The fact that the polymer bound catalysts behave similarly
as the molecular catalysts in terms of oxidation state and reac-
tivity suggests a similar reaction mechanism as previously pro-
posed for molecular PdII systems.[16]

Reusability and heterogeneity

All the polymer-based catalysts 7–9 were evaluated for recycla-
bility and they can all be separated easily from the reaction
mixture by a simple centrifugation process. We chose to inves-
tigate 7 b further since this gave the best turnover in the catal-
ysis (Table S5). Additionally, we also tested 7 bAN for recyclabil-
ity to shed some light on the issue of pyridine vs. acetonitrile
ligand. Thus, the recovered 7 b was shaken with 5 mL of 3-phe-
nylpyridine/CH2Cl2 solutions for 30 min after each cycle and
then washed with MeCN to remove the remaining non-
bonded phenylpyridines, a procedure which, however, was not
entirely effective for all cycles as can be seen from the shifts in
the N 1s spectra in Supporting Information Figure S7. 7 bAN
was shaken only with MeCN. The so-treated catalysts were
dried and used directly for the next reaction cycle. Both 7 b
and 7 bAN were found to be effective in four cycles (probably
in more, but this was not tested) of the acetoxylation reaction.
No significant change in the productivity and selectivity of the

Table 1. NHC-PdII polymer-catalysed CˇH acetoxylation of biphenyl.

Entry [Cat.][a] Temp. [oC] Yield[b] [%] Selectivity [%]
o- m- p-

1 8bAN 70 trace – – –
2 8bAN 92 18 – 39 61
3 8bAN 104 45 12 43 45
4 8bAN 115 28 22 32 46
5 8bAN 125 28 22 32 46
6 8bAN 135 30 27 30 43
7 None 104 0 – – –
8 PE-iPr[c] 104 44 13 41 46
9 8aAN 104 56[d] 13 41 46
10 7aAN 104 45 13 29 58
11 7aAN[e] 104 53 13 40 47
12 7bAN 104 50 12 42 46
13 7bAN[e] 104 56 14 41 45
14 7bAN[f] 104 51 14 41 45
15 7bAN[g] 104 46 13 41 46
16 9bAN 104 53 13 41 45
17 9bAN[e] 104 47 15 38 47
18 Pd(OAc)2 104 58[h] 10 46 44

[a] Pd loading described in Table S3. [b] Yield and selectivity were deter-
mined by GC using a calibration curve based on decane as an internal
standard. [c] PE-ipr = PEPPSI-iPr (5 mol %). [d] TON⇡14. [e] [Oxidant] = Me-
sI(OAc)2. [f] Reaction time = 48 h, [g] Reaction time = 72 h, [h] 2 mol % of
Pd(OAc)2 and 2 mol % of pyridine (1:1 ratio of [Pd] to [pyr] ; catalyst load-
ing relative to oxidant) Ref. [79] .
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recovered catalysts was observed (Figure 3 c and Supporting
Information Figure S9), and importantly the kinetic profile for
the four runs was more or less identical (Figure 3 d). The slight
increase of activity that is observed could possibly mean that
the polymer material opens up during the reaction giving
a better access to the palladium and therefore a slightly higher
activity. The catalysis stops almost completely after eight hours
and 1H NMR spectroscopy showed no traces of PhI(OAc)2 in
the catalysis mixture. However, in terms of mass balance what
has not been converted to acetoxylated product is almost ex-
clusively unreacted starting material. Thus, upon addition of
1 additional equivalent of PhI(OAc)2 into the reaction vessel
after eight hours, the reaction continues and the yield of ace-
toxybiphenyl derivatives approximately doubles (Table S5,
entry 10). The yields are thus primarily controlled by the access
to oxidant not by the stability of the catalyst. In line with this
the recycled catalysts have (within error) the same activity as
the fresh one. A hot filtration test (Figure 3 d) underlines the
heterogeneous nature of the catalyst with a complete inhibi-
tion of the activity after removal of the solid catalyst. These re-
sults were supported with results from an ICP-OES analysis, in
which only a small leaching of Pd from the polymer is detect-
ed after each catalytic cycle (Pd wt % = 6.58, 6.52, 6.41, and
6.30 after the 1st, 2nd, 3rd, and 4th catalytic cycle, respectively).
To probe the palladium oxidation state after catalysis, 7 b was
analysed by XPS. The Pd 3d5/2 and Pd 3d3/2 binding energies of
7 b after each catalytic cycle (ca. 339.3 and 344.6 eV, respective-
ly) showed only a small shift compared to those of the mono-
mer and fresh polymer (Figure 3 b). This shift is probably relat-
ed to ligand exchange between chloride and acetate. It is
clear, however, from the spectra that the palladium remains in
oxidation state (II) for all cycles. Similar results were obtained
for 7 bAN after the fourth catalytic cycle (Supporting Informa-
tion Figure S15). Subsequently, we focused our attention to
the Cl 2p core level of 7 b after each catalytic cycle, which

showed significant broadening in the spectral features and
shifts by 2 eV toward higher binding energies compared to the
spectra of the monomer and fresh polymer (Supporting Infor-
mation Figure S10). The spectrum can be convoluted into two
peaks, one corresponding to a PdˇCl species (with a Cl 2p3/2

binding energy of 199.8 eV) and a second Cl 2p3/2 peak at
201.9 eV, which can be assigned to a CˇCl species according
to literature.[67–69] In order to understand this remarkable
change in Cl 2p binding energy, we also characterized 7 b
before and after catalysis with SS-NMR spectroscopy. 13C CP-
MAS NMR spectra (which were performed at two different
spinning rates to differentiate between peaks and side bands)
revealed a new peak after catalysis at 169.8 ppm, which corre-
sponds to (C=O) of an acetate group (Supporting Information
Figures S11 and S12).[84–87] In contrast, the peaks related to ter-
minal and internal carbons of vinyl linkers at around 113 and
138 ppm, respectively observed for the fresh catalyst are
absent after catalysis (Supporting Information Figure S12). For
comparison the biphenyl acetoxylation reaction was carried
out in the presence of poly(divinylbenzene) under the de-
scribed reaction conditions. This gave no conversion of bi-
phenyl but, again, 13C CP-MAS NMR spectra showed a sharp
peak from an acetate group at 169.5 ppm and the intensities
of carbon peaks related to vinyl linkers were reduced (Support-
ing Information Figure S13). These data suggest that PhI(OAc)2

can functionalize unreacted vinyl groups (but not aromatic
groups) in the absence of a catalyst. In the presence of a cata-
lyst we therefore suggest that all remaining vinyl groups in the
polymer are acetoxylated or chlorinated during catalysis. These
results were supported by elemental analysis of 7 b after catal-
ysis, which confirmed that the ratio between Pd:Cl is almost
1:2 (85 % of Cl is still present in the catalyst). Thus, the majority
of the chlorine, around 75 % according to the XPS results, have
been transferred to the polymer matrix, while the rest is still
coordinated to Pd; around 15 % have been washed out from
the catalyst according to the ICP analysis.

Oxidation of naphthalene and other arenes

We further investigated the scope of CˇH acetoxylation for
other arenes using the optimized reaction conditions. With
naphthalene as a substrate (Table 2) the polymeric catalysts
showed a significant increase in selectivity compared to homo-
geneous ones. Thus, PEPPSI-iPr showed no regioselectivity
using PhI(OAc)2 as an oxidant, while a moderate regioselectivi-
ty of around 33:67 in favour of the b-substitution was ob-
served with MesI(OAc)2 (Table 2, entries 2 and 3). This is in line
with other homogenous catalysts such as Pd(OAc)2 and sulfi-
nyl-NHC-Pd complexes reported previously.[16, 79] On the other
hand, the polymeric catalysts are significantly better with a re-
gioselectivity in favour of acetoxylation at the b-position of
around 28:72 using 7 b/PhI(OAc)2 (Table 2, entry 4). This im-
provement in selectivity was diminished significantly using
7 bAN, in slight favour of acetoxylation at the a-position (a :b=
56:44) (Table 2, entry 5). For the acetonitrile-supported systems
no improvement in selectivity was obtained using MesI(OAc)2,
but for 8 b and 7 b the bulky oxidant gave an even better se-

Figure 3. (a) CˇH acetoxylation reaction of biphenyl over 7 b and 7 bAN cat-
alysts using PhI(OAc)2 as an oxidant. (b) Pd 3d XP spectra of 4 b, 7 b fresh
and 7 b after each reuse. (c) Reusability and productivity of 7 b and 7 bAN ;
the results are compared to those for a [PEPPSI-iPr] catalyst at 5 mol %.
(d) Time profile and hot filtration study of 7 b-catalyzed CˇH acetoxylation
of biphenyl.
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lectivity of a :b= 20:80 and 17:83, respectively. Thus, the pres-
ence of phenylpyridines increase the selectivity substantially
and this goes hand in hand with a decreased activity. To con-
firm the improved selectivity one equivalent of 4-phenylpyri-
dine (with respect to Pd) was added to the reaction mixture
using 8 bAN. As expected this gave a lower activity compared
to previously reported Pd(OAc)2 systems (Table 2, entries 11
and 12), but a dramatically increased selectivity (11:89) (Table 2,
entry 10). In general the polymeric catalysts showed lower ac-
tivity than the homogeneous ones. Finally, we tested catalyst
8 b under the optimized reaction conditions in CˇH acetoxyla-
tion of mono- and polycyclic arene substrates. It exhibited
modest yields but a higher selectivity (compared with PEPPSI-
iPr) when employed to the acetoxylation of pyrene. For simple
aromatic substrates the polymeric catalyst offered only
a modest improvement in terms of selectivity but surprisingly,
some improvement in terms of activity in the acetoxylation of
toluene (Supporting Information Table S6).

Conclusion

The development of a catalytically active, reusable and selec-
tive NHC-PdII polymer based on co-polymerization of divinyl
benzene with vinyl moieties in the structure of the N-heterocy-
clic carbene ligand is described. Characterization of the NHC-
PdII polymers showed the presence of PdII species in the native
polymer without any trace of Pd0 nanoparticles. The catalytic
activity and selectivity in direct acetoxylation of unactivated
CˇH bonds in arenes was evaluated for all polymers with and
without phenylpyridine as supporting ligands on the palladi-
um. The presence of phenylpyridines increased the selectivity
and decreased the activity of the polymers, reaching a 9:1 se-

lectivity in the acetoxylation of naphtalene. While the catalysis
stops almost completely after eight hours due to decomposi-
tion of the oxidant it can be restarted through addition of
fresh oxidant and there is no indication that the catalyst loses
its activity. Thus, it can be recycled four times without any loss
of activity, but likely it will be effective for many more cycles.
Moreover, the catalyst was shown to be truly heterogeneous in
a hot filtration test. No significant leaching of Pd from the
polymer after each catalysis cycle was detected. The supported
polymer contains reactive vinyl moieties in the backbone of
the polymer, and these are acetoxylated or chlorinated during
catalysis. The present system is the first heterogeneous catalyst
for acetoxylation of non-functionalized arenes. The heteroge-
neous nature of these catalysts could open up for continuous
flow catalysis.

Experimental Section

Procedure for the acetoxylation of biphenyl catalysed by
NHC-PdII heterogeneous catalysts

The catalytic reactions were performed in a glass-threaded vial
with a magnetic stir bar, which was loaded with biphenyl (0.2 g,
1.29 mmol, 5 equiv), PhI(OAc)2 (0.083 g, 0.25 mmol, 1 equiv), cata-
lyst (4 mol % proportion to the amount of the oxidant), glacial
acetic acid (4.5 mL), and acetic anhydride (0.5 mL) and sealed tight-
ly by using a screw cap. The mixture was stirred at ambient tem-
perature for 10 min before it was heated to 104 8C using a heating
block. At the end of the reaction the vessel was cooled to room
temperature, and the catalyst was separated by centrifugation. The
mixture was diluted with Et2O (5 mL), shaken for 2 min, and ex-
tracted with saturated aqueous solution of K2CO3 (9 m in distilled
water, 3 î 2 mL). The organic layer was then separated and the sol-
vent was removed by evaporation. CH2Cl2 (1.2 mL) and decane
(20 ml, as an internal standard for quantitative GC analysis) were
added to the resulting solids and analysed by GC.

Recyclability, heterogeneity and time study experiments

Recycling experiment: The acetoxylation reaction was carried out
under the same reaction conditions as described above. The reac-
tion mixture was centrifuged after it had reached room tempera-
ture. The remaining solid was washed with a pyridine derivative/
CH2Cl2 solution (1 î 5 mL) and MeCN (3 î 10 mL), dried, and reused
for the following run. Using these conditions, the recyclability
study was performed at designated reaction times (2, 4, 6, 8, 12,
20, and 24 h).

Hot filtration test: The acetoxylation reaction was carried out
under identical reaction conditions as described above. After 4 h
(yield 28 %) the catalyst was filtered off at the reaction temperature
(104 8C) and the catalyst free filtrate was allowed to stir under iden-
tical reaction conditions. The GC analysis of the products after 8 h,
18 h, and 24 h revealed no further acetoxylation of biphenyl (GC
final yield 26 %).
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ABSTRACT: Two N-heterocyclic carbene palladium(II) complexes containing a vinyl group in different positions in the backbone of the N-
heterocycle were synthesized and fully characterized. The monomers were copolymerized with divinylbenzene to fabricate robust polymer 
supported NHC-Pd(II) complexes and these polymers were applied as heterogeneous catalysts in directed C–H halogenation of arenes with 
a pyridine type directing group. Both catalysts demonstrated high catalytic activity with up to 90% conversion and 100% selectivity in chlorin-
ation, heterogeneous character and recyclability (up to 6 times) with no significant leaching of palladium in batch mode catalysis. The best 
catalyst also disclosed an exceptional activity (90% conversion) and 100% selectivity for the mono-halogenated product under continuous 
flow conditions for up to 6 days, with no leaching of palladium, no loss of activity and an ability to maintain the original oxidation state of 
Pd(II).  

The continued increase in the use of halogenated organic com-
pounds to synthesize natural products, pharmaceuticals and agro-
chemicals has attracted organic chemists to develop numerous 
transformations for this demanding purpose.1-10 Overhalogena-
tions, harsh reaction conditions, poor regiocontrol, low yield and 
low atom efficiency due to the use of stoichiometric reagents are 
common disadvantages of traditional halogenation routes.11-15 
Therefore, many methodologies have been employed in order to 
address these drawbacks and selectively install diverse functional 
groups into aromatic carbon-hydrogen bonds. One of these meth-
ods is the application of transition metals to regioselectively cata-
lyse C–H bond activations/ functionalizations which has addressed 
many of the problems.16-25 The pioneering work by Sanford and co-
workers using palladium in chelate-directed functionalization of C–
H bonds is one promising route to selectively halogenate arenes.26-

33 While these reaction typically are carried out in the homogene-
ous phase, heterogeneous catalysts undoubtedly are more common 
in industrial applications, due to their significant advantages in 
terms of robustness, recyclability and ease of separation, but there 
are few examples of such catalysts for selective C–H activation. 
Recently, we reported an example of a polymer-supported N-
heterocyclic carbene palladium(II) (NHC-Pd(II)) complex which 
selectively catalysed C–H oxygenation of unfunctionalized arenes  

Scheme 1. Supported NHC-PdII polymer catalyze C–H chlorination of arenes 
under batch and continuous flow regimes. 

 
with very good regioselectivity,34 and there are also examples of N-
chelation-directed C(sp2)-H halogenation reactions using support-
ed catalysts.35-38 The reactions above were run in batch mode and 
this does not fully utilize the potential of heterogeneous catalysis. 
On the contrary, continuous flow reactions offer attractive ad-
vantages in terms of safety (no accumulation of highly unstable 
intermediates) and reaction efficiency (time and cost effective pro-
cess).39-43 However, to our knowledge there are no examples of N-
directed C–H functionalizations that make use of heterogeneous 
catalysts in a packed-bed reactor under continuous flow. Herein we 
report on a modification of our previously reported heterogeneous 
catalyst by installing the polymerizable vinyl moiety in the back-
bone of the NHC ligand (Figure 1b). Together with our original 
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system this modified catalyst was applied in directed C–H halogen-
ation of arenes. The reactivity, regioselectivity and recyclability of 
both systems under batch reaction conditions was evaluated and 
they show excellent selectivity for the formation of mono-
halogenated products in many cases. In addition, the best catalyst 
was investigated under continuous flow conditions. This is the first 
example of such a reaction and the catalyst tolerates up to 6 days of 
continuous flow conditions in a packed-bed reactor giving excellent 
yields and 100% selectivity of the mono-halogenated product (see 
Scheme 1) with no loss of activity over time. 
  

Results and Discussion 
Monomer synthesis 
 
Polymer P1 was synthesized according to previously reported 
methods (Figure 1a).44-47 The imidazolium chloride precursor 
3b was prepared by means of a slightly modified reaction pro-
tocol in moderate yield from the known compound 2b.48,49 
The intermediate product 4b was obtained in a good yield via 
direct metallation, and it was characterised by 1H and 13C 
NMR spectroscopy showing the characteristic downfield shift 
of the carbene carbon around 169.93 ppm confirming metalla-
tion. Transmetallation of intermediate 4b with PdCl2(PhCN)2 

followed by phenylpyridine addition afforded monomer 5b in 
good yield (Figure 1b). The 13C{1H} NMR spectrum of 5b 
exhibited the expected carbenic carbon (Pd-Ccarbene) signal at 
150.99 ppm.45  

 

 

Figure 1. Heterogenization strategies and general synthesis of monomer and 
polymer supported NHC-PdII complexes. 

Polymer synthesis and characterization 

A typical precipitation polymerization protocol based on a 
copolymerization reaction of monomer 5b with divinylben-
zene DVB (molar ratio of Pd:DVB= 1:4), was used to offer 
polymer P2 (Figure 1 and Supporting Information for more 
experimental details). As stated in our previous investigation,34 
the polymerization proceeded to form clean surfaces and po-
rous microspheres (2-5 µm) without changing the oxidation 
state of the metal centre. The palladium loading of polymers 
P1 and P2 was confirmed by an inductively coupled plasma-
optical emission spectroscopy (ICP-OES) analysis (Table S1, 
Supporting Information). All polymers were also character-
ised by Solid state NMR spectroscopy (SS-NMR), High reso-
lution transmission electron microscopy (HRTEM), X-ray 
energy-dispersive spectroscopy (XEDS), Powder X-ray dif-
fraction (PXRD) and X-ray photoelectron spectroscopy 
(XPS). Figure S4 in the Supporting Information compares 
solid-state 13C-cross polarization magic angle spinning (CP-
MAS) spectra of P1, P2 and polydivinylbenzene (PDVB) pol-
ymers. In all cases, the aliphatic CH3-, CH2-, and CH- carbons, 
aromatic phenyl and aromatic PDVB skeleton and unreacted 
vinyl linkers exist and show signals in the following regions: 
29, 40, 54 ppm, 128, 145 ppm and 112, 137 ppm, respective-
ly.50 Moreover, the aromatic phenylpyridine resonance is pre-
sent and identical in the spectra of P1 and P2 at 151 ppm, and 
no similar peak in the spectrum of PDVB was observed. Fast 
Fourier transforms (FFT) analysis of high-resolution TEM 
images of P1 and P2 showed no indications of formation of 
metallic palladium during the polymerization reaction. XEDS 
mapping was conducted to reveal the homogeneous disper-
sion of Pd and Cl (as brighter areas) in the P1 and P2 matrixes 
(Figure 2b and 2e) and it also showed that the Pd and Cl are 
present exclusively inside the particles (Figure 2c and 2f).  

 

 
Figure 2. (a) and (d) Dark-field STEM images of P1 and P2 respectively. The 
gray boxes in the STEM images marks the areas for which the elemental map-
ping was carried out. (b) and (e) Pd and Cl elemental mapping on the edge of 
P1 and P2 particles respectively. (c) and (f) XEDS spectra for three sites (blue 
and red from within the polymers, yellow from outside the polymers) on the 
images of P1 and P2 respectively. 
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In the PXRD pattern for the native polymers P1 and P2 no 
characteristic peaks of Pd(0) particles were observed (Sup-
porting Information Figure S1a). For comparison, polymers 
known to contain Pd(0) show small peaks at q = 40o and 47o 
indexed to the Pd(111) and Pd(200) Bragg reflections of 
Pd(0) particles (see Supporting Information Figure S1b). 
Thus the native polymers P1 and P2 only contain Pd(II).34, 51, 

52 To further support the absence of Pd(0), the oxidation state 
of Pd of both monomers and polymers was investigated using 
XPS analysis as shown in Figures 3 and S6a (Supporting In-
formation). The XP spectra of 1a, 5b, P1 and P2 show Pd 3d5/2 
and Pd 3d3/2 peaks at approximately 338.3 and 343.8 eV bind-
ing energy in agreement with the energies expected for a 
Pd(II) species (Figure 3).53 Overall, these results confirm that 
there is no reduction of palladium during the polymerization 
reaction, and the synthesized polymers contain no Pd in the 
metallic state.54 Figure S6 illustrates that, despite the overall 
similarity in binding energy, a broadening is observed in the Cl 
2p spectra measured at different stages. We relate this broad-
ening to the existence of slight differences in the chemical 
environments of the Cl atoms in the different samples. The 
effect is also seen for the monomer samples 1a and 5b. The N 
1s spectra for 1a, 5b, P1, and P2 are shown in Figure S6b 
(Supporting Information). Monomer 1a exhibits a high ener-
gy peak (ca. 401.2 eV) which is assigned to the imidazole ni-
trogen atom, and a lower energy peak (ca. 400.5 eV) assigned 
to the phenylpyridine nitrogen.34 The ratio between the imid-
azole and phenylpyridine peaks is 2:1 as expected. In contrast, 
a peak broadening towards higher binding energy (ca. 401.9 
eV) is observed in 5b. Apparently, the two nitrogen atoms of 
this NHC ligand are sufficiently different to give a broadened 
peak. This is consistent with DFT calculations: there is a no-
ticeable difference in the two NHC nitrogen atomic charges 
for, at least, one of the coexisting conformers of 5b. This can 
be attributed to the electronic effects of the vinyl group, as well 
as geometrical changes caused by the orientation of the NHC 
arms. In the case of 1a model system, both NHC nitrogen 
atoms are calculated to be very similar. N 1s spectra of P1 and 
P2 show a significant peak broadening, which is probably due 
to the polydispersity of the N chemical environment upon  

 

 
Figure 3. Pd 3d XP spectra of 1a, 5b monomers and P1 and P2 fresh polymers. 

polymerization. Selective scanning electron microscopy 
(SEM) images of P1 and P2 reveal that P1 microspheres vary 
in size (within a range of several hundred nm to 4 µm), while 
highly uniform spherical microspheres are obtained in the case 
of P2 (3 µm) (Supporting Information Figure S2). According 
to the Thermogravimetric analysis (TGA), P2 possesses a 
high thermal stability up to 200 °C (see Figure S3 for details), 
as previously observed for P1.34 Details about the Kr adsorp-
tion experiment and BET surface areas of P1 and P2 are given 
in the Supporting Information.  

 

Optimizing reaction conditions in batch mode 

C–H halogenation under heterogeneous catalysis conditions 
has been studied in multiple instances.35-38, 55-57 As a part of our 
ongoing work on heterogeneous catalysis, we were interested 
to compare the activity of P1 and P2 as catalysts in C–H halo-
genation under mild reaction conditions. As a benchmark 
reaction, we chose the chlorination of 2-phenylpyridine with 
different chlorinating agents (PhICl2 and N-
chlorosuccinimide (NCS)) and solvents using different load-
ings of P1. As shown in Table 1, NCS/glacial acetic acid 
(GAcOH) and NCS/acetonitrile (MeCN) offered mono-
chlorinated product 1-Cl in 50% and 56% yield respectively 
(selectivity almost 100%; only traces of di-chlorinated product 
1-Cl2; Table 1, entries 1 and 2). In contrast, PhICl2 worked 

Table 1. Optimization of P1-catalyzed C–H chlorination of 2-phenylpyridine in batch 
mode. [a] 

 

En. Oxidant [Ox]
/M Solvent 

Isolated yield (%)[b] 

1-Cl 1-Cl2 D.P. 

1 NCS  0.05 GAcOH 50 traces 0 

2 NCS  0.05 MeCN 56 traces 0 

3 PhICl2  0.05 
GAcOH 22 2 0 

4 PhICl2 0.05 MeCN 30 23[d] 0 

5 PhICl2  0.2 GAcOH/Ac2O[c] 30 1 0 

6 PhICl2  0.4 GAcOH/Ac2O[c] 38 <1 0 

7 PhICl2  0.6 GAcOH/Ac2O[c] 32 traces 0 

8 NCS  0.2 GAcOH/Ac2O[c] 56 0 0 

9 NCS  0.4 GAcOH/Ac2O[c] 75 0 0 

10 NCS  0.6 GAcOH/Ac2O[c] 55 0 0 

11 NCS [e] 0.4 GAcOH/Ac2O[c] 90 traces 0 

12 NCS [e,f] 0.4 GAcOH/Ac2O[c] Products were not formed 

13 NCS [e] 0.4 MeCN 67 multiple products  

 [a] Pd loading is 5.8 wt%, reactions temperature is 100 °C. [b] Isolated yields were 
monitored by 1HNMR and HRMASS. [c] GAcOH:Ac2O = 9:1. [d] Traces of trichlo-
rophenyl-pyridine detected by HRMASS. [e] Halogenating reagent 2.3 equiv. [f] 
Without P1. 
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poorly irrespective of solvent and in MeCN a tri-chlorinated 
adduct was detected by GC-MS (Table 1, entry 3-4). These 
results can be attributed to the expected instability of PhICl2 
under the reaction conditions.26 For NCS, a mixed solvent 
system (GAcOH/Ac2O) worked better than neat GAcOH as 
previously observed,58, 59 and, interestingly, the yield was sensi-
tive to the concentration of the NCS (Table 1, entries 8-10) in 
preference of 0.4 M, which gave 75% yield and 100% regiose-
lectivity (Table 1, entry 9). Increasing the excess of halogenat-
ing reagent to 2.3 equivalents gave 90% yield and almost 100% 
regioselectivity of mono-chlorinated product 1-Cl in 
GAcOH/Ac2O solvent (Table 1, entry 11). The highest yield 
of mono-chlorinated product 1-Cl reported so far is 55%, 
which was achieved by using 10 mol% of a heterogeneous 
catalyst and 1.2 equivalents of the oxidant.35 Without catalyst 
there was no product formation (Table 1, entry 12). Im-
portantly, for all optimized chlorination reactions, the dimeric 
product was not observed.37, 60 Using P2 as a catalyst under 
optimized conditions gave the corresponding product 1-Cl in 
a moderate isolated yield (47%) (see Figure 4). 13C CP-MAS 
NMR spectra of fresh P1 and P2 display peaks for terminal 
and internal vinyl carbons at around 112 and 137 ppm, respec-
tively, but these are absent in the spent catalyst. This suggests 
that functionalization of unreacted vinyl groups takes place in 
both polymers during catalysis (see Figures S4a, S4b, and 
S5a).34 On the basis of these results, we conclude that a highly 

selective formation of mono-chlorinated product 1-Cl can be 
achieved by tuning the reaction conditions. Importantly, 
PXRD patterns of P1 and P2 after catalysis under the men-
tioned reaction conditions showed no peak intensities belong-
ing to the Pd(111), Pd(200), and Pd(220) planes of metallic 
Pd (Figure S1a, supporting Information).  

C–H chlorination of aryl-pyridine derivatives under batch 
mode conditions 

Under the optimized reaction conditions, the scope of the C–
H chlorination of different aryl pyridines catalysed by P1 and 
P2 was investigated (Figure 4). With (GAcOH/Ac2O) solvent 
system, the chlorination of benzo[h]quinoline 2 gave a lower 
yield and no regioselectivity (almost 50:50 of 2-Cl:2-Cl2 prod-
ucts) using P1 or P2 as a catalyst for the model reaction. How-
ever, in MeCN P1 offered 78% yield of the products with a 
regioselectivity around 73:27 for mono- and di-chlorinated 
adducts, while P2 provided the corresponding products in 
59% yield and 71:29 regioselectivity. The chlorination of 2-
phenylpyrines carrying electron rich functional groups was 
also examined. Significantly, P1 catalyses the transformation 
of 2-(4-tolyl)pyridine 3 into 3-Cl in 68% yield and almost 
100% regioselectivity. In contrast, P2 exhibited 62% yield and 
very low regioselectivity 65:35 for mono 3-Cl and di-
chlorinated 3-Cl2 derivatives. 2-(4-Methoxyphenyl)pyridine 4 
substrate was more reactive than 2-(4-tolyl)pyridine 3, yield-
ing one mono-chlorinated product 4-Cl, and two different di-

 

 

Figure 4. Scope of P1 and P2 catalyze direct C–H chlorination of arylpyridines derivatives. Pd loading (see table S1, Supporting Information), [a] Isolated yields 
were monitored by 1HNMR and HRMASS, [b] Traces of di-chloro substituents detected by GC-MAS. [c] The best isolated yield of 6-Cl was reported by V. Pas-
canu (See Reference 37). 



 

chlorinated products 4-Cl2a and 4-Cl2b. Surprisingly, P1 and 
P2 disabled C7 chlorination, and gave C8 chlorination in 37% 
and 67% yield respectively (Figure 4). As expected electron 
poor substrates such as 4-(pyridin-2-yl)benzonitrile 5, gave 
lower conversions. P2 exhibited the best catalytic activity re-
ported so far, producing 5-Cl and 5-Cl2 in moderate yield, 
36%, and very good regioselectivity, 98%, of the mono-
chlorinated adduct. Finally, switching the position of the func-
tional group from the phenyl to pyridyl group (4-(pyridin-2-
yl)benzonitrile 6) increased the activity and gave the mono-
chlorinated product with 100% regioselectivity in 57% and 
37% yield for P1 and P2, respectively. To the best of our 
knowledge these are the best yield of 6-Cl reported so far.  

 

C–H chlorination under continuous flow conditions 

A packed-bed reactor was employed to investigate the activity 
and stability of the polymeric catalysts in C–H oxidation un-
der continuous conditions. P1 was chosen as a catalyst, since it 
displays a higher reactivity in most of the C–H chlorinations 
of arylpyridines (as shown in Figure 4). Benzo[h]quinoline 2 
was chosen as a model substrate, so we could also investigate 
directed vs. non-directed catalysis under flow conditions. As 
previously mentioned, the catalysis of 2 in MeCN afforded 
non-directed chlorination in 21% yield; possibly the shorter 
interaction of the product with the catalyst would improve the 
selectivity in a continuous process. Using the optimal reaction 
conditions, the continuous flow process was implemented as 
shown in Figure 6, with the amount of catalyst set at 0.5 mol% 
(with respect to the substrate); this afforded approximately 22 
min residence time inside the reactor. Using standard filters 
for continuous flow system was ineffective, giving substantial 
leakage of the smallest of the catalyst particles (<100 nm). 
Therefore, molecular sieves (3Å, powder) was added in the 
end of the reactor to act as an even smaller filter (see the Sup-
porting Information for details about catalyst packing and 
experimental procedure under continuous flow). The reactor 
column was packed with P1 (5.8 wt% Pd) and the flow rate 
was set to 60 µl/min during the whole experiment. The mo-
lecular sieves and the packed catalyst were washed with ace-
tonitrile to make sure the particulate bed was settled. When 
the pressure was stable substrate solution was introduced and 
samples were collected continuously every hour by an auto 
sampler attached to the reactor outlet. The collected samples 
were analysed by GC to measure the conversion, and the Pd 
leaching was determined by ICP-OES analysis. After 5 h, 39% 
conversion was achieved (with 100% selectivity to 2-Cl). 
However, the conversion required 10 h to stabilize and at that 
point it stayed constant at ~ 90% and 100% regioselectivity 
until the end of the experiment after ~ 6 days (140 h) as 
shown in the conversion plot (Figure 5a). A low level of Pd 
leaching was detected by ICP analysis after 10 h run (0.29 
ppm), and the leaching gradually decreased as the reaction 
continued to reach levels below the detection limit of the ICP 
technique (0.04, <0.005, <0.005, <0.005, <0.005, and <<0.005 
ppm at 40, 87, 100, 110 and 140 h respectively) as shown in 
Figure 5a. The recovered catalyst was washed with acetonitrile 
and then characterized to shed some light on the leaching is- 

-sue. PXRD pattern of the recovered catalyst after 6 days reac-
tion was featureless and no Bragg reflections related to metal-
lic Pd were detected (Figure S1a, Supporting Information). 
Figures 5c and 5d show the core level XP spectra of the Cl 2p 
and Pd 3d core level of P1, obtained after 140 h catalysis under 
continuous flow conditions. Importantly, no significant peak, 
on the level of the spectral noise, associated with Pd(0) was 
observed in Pd 3d spectrum (for a description of the peak 
treatment, cf. Figure S13 and accompanying text in the Sup-
porting Information). Moreover, the Pd 3d5/2 and Pd 3d3/2 

signals at ca 338.5 and 344 eV binding energy match the ener-
gies expected for a Pd(II) species. The binding energy for the 
Cl 2p3/2 and Cl 2p1/2 appeared at 198.6 and 200.2 eV in good 
agreement with 1a. The XPS results demonstrated the long-
term stability of P1 and is probably explained by its robust 
microsphere polymer structure which maintains the Pd(II) 
oxidation state during the flow process. The CP-MAS spec-
trum confirmed again the activation of unreacted vinyl moie- 

 

	
Figure 5. (a) Conversion and Pd leaching of P1 catalyzed C-H chlorination under 
flow conditions. Yield and selectivity were determined by GC using a calibration 
curve based on decane as an internal standard. (b) Turnover Frequencies of P1 
over . (c) and (d) XP spectra of the Cl 2p and Pd 3d 
core level of P1 respectively, obtained after 140 h catalysis under continuous flow 
conditions. 

	



 

	

Figure 6. Schematic of the continuous flow reactor system. 

-ties as shown in Figure S5b, Supporting Information. It can 
be concluded that the initial level of leaching observed is not 
due to the decomposition of the catalyst, but most probably 
due to the fact that the smallest particles escaped through the 
molecular sieves in the beginning of the continuous process. 
Overall, the heterogeneous P1 catalyst exhibits a tremendous 
stability and activity under flow conditions. The maximum 
turnover frequency during catalysis was 1.38 h-1 and the overall 
turnover number was 178 (Figure 5b), based on the palladium 
remaining after the first hours of leaching.35, 61  

 

Selective mono-bromination and mono-iodination under 
batch reaction conditions 

Catalysts P1 and P2 were also tested for iodination and bro-
mination of different arylpyridines. There are no universal 
reaction conditions for all substrates and reagents,15, 27 and, 
thus, the reaction conditions were optimized for each reaction.  
Table S2 in the Supporting Information outlines the optimiza-
tion for the bromination and iodination of benzo[h]quinoline 
2. We found that P1 catalyses the bromination reaction of 2, 
with 68% conversion. However, a significant improvement 
was obtained using P2 under the same conditions, giving a 
conversion of 82% as shown in Figure 7. The regioselectivity 
was the same for P1 and P2: 67:33 for 2-Br:2-Br2 (see Figure 7 
and Table S2 entry 9).  In contrast, the iodination of 2 was not 
successful neither with P1 nor with P2 (Figure 7), which may 
be a result of the highly planar benzo[h]quinoline 2 and the 
size of the iodine atom.27 Using P1 as the catalyst and phe-
nylpyridine 1 as the substrate GAcOH was the best solvent to 
give mono-brominated 1-Br or iodinated 1-I products in 40% 
and 76% yield respectively with 100% regioselectivity (Table 
S3, entries 3 and 6). Increasing the temperature gave lower 
regioselectivity due to over-halogenation of the substrates and 
formation of 1-Br2 and 1-I2 products (Table S3, entries 5 and 
9). P2 was inferior to P1 for both halogenations (Figure 7). 
Moreover, for halogenation of 6, P1 was also the better cata-
lyst (Figure 7). Noteworthy, di-brominated and di-iodinated  

products were not observed during P1 and P2 catalysed halo-
genation of 4-(pyridin-2-yl)benzonitrile 6, but these di-
substituted adducts were formed as over functionalization 
products under catalysis with Pd@MOF nanocomposites.37 

 

Recyclability and the heterogeneous nature of catalysis  

The effortless catalyst separation and recycling after catalysis, 
are the main potential advantages of heterogeneous catalysts. 
In line with that, the recyclability of P1 and P2 was examined 
using iodination of 2-phenylpyridine as the model reaction. 
The recovered catalysts were separated easily by centrifuga-
tion after each run, and then washed with 5 mL of 4-
phenylpyridine/CH2Cl2 solutions for 30 min followed by 
washing with MeCN to remove the remaining non-bonded 
phenylpyridines (see the Supporting Information for details). 
For the catalysis, a fresh reactant solution was mixed with the 
catalyst, and the reaction was run under the conditions de-
scribed in Figure 8a. The activity for P1 and P2 was constant 
for six runs (Figure 8b), thus showing the stability and recy-
clability of these catalysts. The kinetic profile for P1 and P2 are 
more or less identical (Figure 8c). Although GC analysis 
showed unreacted 2-phenylpyridine 1 in the catalysis mix-
tures, catalysis stopped after eight and ten hours in case of P1 
and P2, respectively. This could possibly suggest that the oxi-
dant is either consumed or degraded through the catalysis 
reaction as previously reported.34 Thus, when more NIS (2.3 
additional equivalents) was added to the reaction mixtures  

 

 
Figure 7. P1- and P2-catalyzed bromination and iodination of arylpyridines. 
Isolated yields were monitored by 1HNMR and HRMASS. GC yields and 
conversions (reported in parentheses) were determined by GC using a 
calibration curve based on decane as an internal standard.1Regioselectivity is 
67:33 of 1-Br:1-Br2. 

	



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8. a) Reaction conditions of C–H iodination reaction of 2-
phenylpyridine. b) Reusability and productivity of P1 and P2. c) Time profile 
and hot filtration study of P1 and P2 catalysed C–H iodination reaction of 2-
phenylpyridine. d) Pd 3d XP spectra of P1 and P2 fresh and after 1st and 6th 
reuse. 

after eight and ten hours for P1 and P2, respectively, and the 
reactions allowed to continue, mono-iodinated product 2-I 
was ultimately obtained in 97% and 92% yield, respectively 
(Table S3, entries 10 and 11, Supporting Information). A hot 
filtration test was performed to confirm the heterogeneous 
nature of the catalysts. No further reaction was observed in the 
filtrate over time (Figure 8c), corroborating that the catalyst is 
heterogeneous in nature. These results were supported with 
results from ICP-OES and XPS analysis. Hence, only a very 
small leaching into the supernatant (0.011 and 0.009 ppm) 
was detected after the 6th run with P1 and P2 respectively. In 
addition to that, XP spectra disclosed that the palladium is 
present in oxidation state (II) up to 6 cycles (and likely more), 
Figure 8d. Therefore, it can be concluded, that P1 and P2 can 
be successfully recovered and reused without loss of reactivity 
over several cycles in batch wise C–H iodination. The synthe-
sized polymers operate as heterogeneous catalysts with an 
inconsiderable leaching of Pd. 

Conclusions  
New classes of polymer supported molecular NHC-Pd(II) 
complexes were synthesized via the copolymerization method, 
and fully characterized with, SS-NMR, SEM, HRTEM, XEDS, 
PXRD as well as ICP-OES analysis. These solids work as ro-
bust and highly efficient heterogeneous molecular catalysts in 
the directed C–H halogenation of arenes. Both catalysts 
demonstrated a high catalytic activity and an excellent regiose-
lectivity in batch mode catalysis. Importantly, the catalysts 
could be reused up to 6 runs without loss of activity and with 
no significant leaching of palladium. The heterogeneous char-
acter of both catalysts was explored, and the catalysts were 
heterogeneous according to the hot filtration tests. In packed-
bed reactor, the best catalyst disclosed an exceptional activity 
and 100% selectivity of the mono-halogenated product for up 
to 6 days under continuous flow conditions. No loss of activi-
ty, no leaching of palladium, and ability to maintain the origi-
nal oxidation state of Pd(II) were remarkable observations 
under long-term continuous flow conditions. 
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Experimental part 
1. General considerations 

All manipulations were conducted under ambient conditions, unless noted. Solvents 

and chemicals were purchased from commercial suppliers and used as received. 

Divinylbenzene-80 (DVB-80) was passed through an aluminum oxide column to 

remove the inhibitor p-tert-butylcatechol before the use. AIBN was purified by 

recrystallization in warm methanol solution. 1a was synthesized by the 

decarboxylation of urocanic acid.1 P1 polymer and 2b were synthesized according to 

previously reported procedures.2-4 In order to identify the retention time of the product 

in the gas chromatogram, 10-chloroobenzo[h]quinolone, 10-

bromobenzo[h]quinolone, and 2-(2-iodophenyl)pyridine have been synthesized as in 

previously reported procedure. 5-7 NMR spectra were acquired on a Bruker Avance 

400 FT-NMR spectrometer (1H: 400.1 MHz) or a Varian Unity INOVA 500 

spectrometer (1H: 499.76 MHz). 1H and 13C NMR chemical shifts are reported in parts 

per million and referenced to the signals of deuterated solvents. Multiplicities are 

abbreviated as follows: (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiplet 

and (br) broad. Elemental analyses were performed by H. Kolbe Microanalytisches 

Laboratorium, Mülheim an der Ruhr, Germany. 

 

2. Synthesis of NHC-Pd(II) monomer and its characterization 

 

1,3-bis(4-isopropylbenzyl)-4-vinyl-1H-imidazol-3-ium 3b 
       
 
 
 
 
 
 

 

 

In a Straus flask, freshly distilled 1-(trimethylsilyl)-5-vinyl-1H-imidazole 2b (1.20 g, 

7.2 mmol) was transferred inside a nitrogen atmosphere glovebox to 4-

isopropylbenzyl chloride (2.92 g, 17.3 mmol) and 4-tert-butylcatechol (TBC) (0.053 

g, 0.31 mmol) in 25 ml of dry MeCN. The reaction mixture was stirred at 115 oC, 

during the stirring the solution changed color to orange. After 48h, the reaction 
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stopped and when the solution cooled down, complex 3b is formed directly. The 

formed white solids were filtered, washed with diethyl ether and pentane (2 x 25 ml) 

and dried under vacuum to afford 3b as a white powder (1.3 g, 46%). 1H NMR (400 

MHz, CDCl3): δ 11.27 (s, 1H, H12), 7.38 (d, J = 8.2 Hz, 2H, HAromatic), 7.29-7.20 (m, 

overlapping, 6H, HAromatic), 7.12 (s, 1H, H10), 6.38 (dd, J = 17.5, 11.3 Hz, 1H, H13), 

5.70 (d, J = 17.5 Hz, 1H, H14A), 5.53 (d, J = 11.4 Hz, 1H, H14B), 5.50 (d, J = 2.2 Hz, 

4H, H9), 2.90 (dq, J = 20.3, 6.9 Hz, 2H, H2), 1.22 (dd, J = 9.6, 6.9 Hz, 12H, H1). 13C 

NMR (400 MHz, CDCl3): δ 150.7 (C3), 150.2 (C3´), 138.6 (C12), 138.5 (C13), 130.3 

(C6´), 130.0 (C6), 129.2 (C5´ and C7´), 127.9 (C5 and C7), 127.7 (C4´ and C8´), 

127.6 (C4 and C8), 123.1 (C10), 119.8 (C11), 117.1 (C14), 53.6 and 51.1 (C9 and 

C9´), 34.0 and 33.9 (C2 and C2´), 23.9 (C1). Anal. Calcd for C26H34ClN2: C, 76.02; H, 

7.91; N, 7.09. Found: C, 75.16; H, 7.97; N, 7.41. 

 
 
1,3-bis(4-isopropylbenzyl)-4-vinyl-3l-imidazol-2-yl) silver(I) chloride 4b 
 

 
 
 
 
 
 
 
 
 

In a nitrogen purged and aluminum foil covered 50 mL Schlenk flask, 1,3-bis(4-

isopropylbenzyl)-4-vinyl-1H-imidazol-3-ium salt 3b (0.305 g, 0.77 mmol) and freshly 

prepared silver carbonate (0.106 g, 0.38 mmol) were transferred under nitrogen in 30 

ml of dry dichloromethane. The reaction mixture was stirred at room temperature. 

After 24h, the reaction stopped and the suspension was filtered through plug of Celite, 

all solvents removed under vacuum, the dried residues afford 4b as a yellow solid 

(0.37 g, 95%). 1H NMR (400 MHz, CDCl3) δ 7.26 - 7.17 (m, 6H, HAromatic), 7.08 - 7.00 

(m, 3H, HAromatic), 6.31 (dd, J = 17.7, 11.5 Hz, 1H, H13), 5.51 (d, J = 17.3 Hz, 1H, 

H14A), 5.32 (s, 2H, H9), 5.28 (d, J = 11.8 Hz, 1H, H14B), 5.23 (s, 2H, H9´), 2.90 (tt, J 

= 13.8, 6.9 Hz, 2H, H2), 1.24 (dd, J = 8.6, 6.9 Hz, 12H, H1). 13C NMR (400 MHz, 

CDCl3) δ 168.93 (C12), 149.80 (C3), 149.26 (C3´), 134.11 (C14), 132.84 (C4), 

132.60 (C6, C6´), 128.05 (C5´, C7´), 127.41 (C5, C7), 127.27 (C4, C8), 126.72 (C4´, 
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C8´), 121.93 (C10), 119.29 (C11), 117.91 (C13), 56.06 (C9´), 53.17 (C9), 33.98 (C2), 

33.91 (C2´), 24.02 (C1, C1´).  

 
 
 
1,3-bis(4-isopropylbenzyl)-4-vinyl-3l-imidazol-2-yl) (4-phenylpyridine) palladium(II) 
chloride 5b 
 

 
1,3-bis(4-isopropylbenzyl)-4-vinyl-3l-imidazol-2-yl) silver(I) chloride 4b (0.36 g, 

0.71 mmol), 30 mL of dry CH2Cl2 and Pd(PhCN)2Cl2 were charged in a nitrogen 

purged and aluminum foil covered 50 mL Schlenk flask. The reaction mixture was 

stirred at room temperature. After 24h, the reaction stopped and the red suspension 

was filtered through plugs of Celite and silica, then 4-phenylpyridine (0.146 g) was 

added to the filtrate and stirring of the mixture was continued at room temperature. 

During the stirring the solution changed colour to clear yellow. After 6h, the reaction 

stopped and the solution was filtered through Celite and all solvents removed under 

vacuum, the residue was crystallised in CH3CN to afford 5b as yellow crystals (0.41 

g, 83%). 1H NMR (400 MHz, CDCl3) δ 8.99 (dd, J = 5.2, 1.5 Hz, 2H), 7.60 (dd, J = 

7.7, 1.8 Hz, 2H), 7.50-7.44 (m, 11H, HAromatic), 7.31-7.21 (m, 2H, HAromatic), 6.85 (s, 1H, 

H10), 6.19 (dd, J = 17.5, 11.3 Hz, 1H, H13), 5.95 (s, 2H, H9), 5.88 (s, 1H, H9´), 5.34 

(d, J = 17.5 Hz, 1H, H14A), 5.08 (d, J = 11.4 Hz, 1H, H14B), 2.91 (tt, J = 13.7, 6.9 Hz, 

2H, H2), 1.25 (dd, J = 10.0, 6.9 Hz, 12H, H1). 13C NMR (400 MHz, CDCl3) δ 151.50 

(C15, C19), 150.99 (C12), 150.50 (C17), 149.38 (C3), 148.66 (C3´), 136.98 (C25), 

134.82 (C14), 133.32 (C6), 132.81 (C6´), 129.97 (C22), 129.42 (C21, C23), 129.13 

(C20, C24), 127.59 (C4, C4´), 127.27 (C5, C5´), 127.19 (C7, C7´), 127.02 (C8, C8´), 

122.31 (C16, C18), 122.23 (C10), 118.37 (C11), 117.84 (C13), 54.91 (C9´), 52.70 

(C9), 34.02 (C2´), 33.93 (C2), 24.09 (C1, C1´). Anal. Calcd for C36H39Cl2N3Pd.H2O: 

C, 60.98; H, 5.83; N, 5.93. Found: C, 61.15; H, 5.32; N, 5.51. 
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3. Polymerization procedure 

NHC-Pd(II) monomer 5b (0.25 g, 0.361 mmol), the crosslinker DVB-80 (0.188 g, 

1.44 mmol), and the initiator AIBN (0.04 g) were dissolved in 22 ml CH3CN in 

borosilicate glass-threaded vial.  The total monomers concentration was 2 % (w/v) of 

the solvent. The mixture was purged with a gentle flow of nitrogen for 5 min and then 

sealed by using Teflon cap. The polymerization reaction mixture in borosilicate glass 

vial was fixed in a horizontal position in the hybridization oven and heated at 60 °C 

under rotation speed of 45 rpm for 48 h. After the polymerization, the resulting 

polymers were separated by centrifugation and washed successively three times with 

acetonitrile and acetone, then dried under vacuum to afford P2 as an off-white powder 

(0.25 g).  

 

 

 

 
4. Inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis  

Pd loadings were measured by a PerkinElmer Optima 8300. Samples (2 mg) were 

treated with a muffle stove at 1000 °C for 4 h. After cooling to room temperature, 3 

mL of aqua regia was added and stirred for 1 h at 100 °C. The resulting solution was 

filtrated and the filtrate was diluted to 25 mL with distilled water. 

 

 

 

 

 

 

 

 

 

 
 

Table S1.  Pd loadings were analysed by ICP-OES 

Entry Polymer  Pd (wt%) 

1 P1 5.8 

2 P2 4.5 
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5. Powder x-ray diffraction (PXRD) analysis  

Diffraction patterns were recorded using a STOE & CIE GmbH diffractometer using 

Cu Kα radiation and Bragg–Brentano geometry with a curved Ge-monochromator. 

Samples were scanned in a 2θ range of 10-100°. All measurements were done at 

room temperature and ambient pressure.  

 

Reducing procedure of polymer P1 and P2  

The experimental steps were according to a method reported in the literature. [16] (0.05 

g) of P1 or P2 and (0.1 g) of ascorbic acid were dissolved in 50 mL of water and the 

mixture sonicated continuously (up) till a homogeneous brown solution was formed. 

The dispersed solution was stirred at 95 °C for 24 h, followed by centrifugation and 

washing with water. The remains were dried under vacuum overnight to obtain P1-

reduced or P2-reduced. 
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Figure S1. (a) XRD patterns of polymers before and after catalysis reactions (in batch and continuous 

flow mode), (b) XRD patterns of polymers P1 and P2 after treatment with ascorbic acid, the spectra 

show the absolute intensities (a.i). 
 

 



	
 

S10 

6. Scanning electron microscopy (SEM)  

The characterization was carried out using an SEM LEO 1560 (Zeiss, Oberkochen, 

Germany) operated at 10 kV. To avoid charging the samples were coated with a 10 

nm Pt coating prior to SEM imaging. 

 
Figure S2. (P1) and (P2) SEM images of polymers P1 and P2, respectively. 
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7. Thermogravimetric analysis (TGA) measurements  

The thermal stability of the polymers was investigated by using a Q500 analyser (TA 

Instruments). Before collecting the data, the polymers were dried under vacuum to 

remove the washing solvents residues. The first heating scan was from 25-500 °C 

under N2 and the second heating scan was from 500-600 °C under air, the heating 

rates were 10 °C/min. 

 
 

 
 
Figure S3. TGA curves of polymer P2 and poly(divinylbenzene).  
 
 
 

8. Solid state nuclear magnetic resonance (SS-NMR) measurements  

Magic angle spinning (MAS) experiments were carried out using a Bruker Avance II 

500 instrument at 296 K and different mass spinning frequencies. 
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Figure S4. 13C CP-MAS NMR spectra of (a) poly(divinylbenzene) and P1 before and after catalysis, (b) 
polymer P2  before and after catalysis. Side bands are marked with asterisks. 
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 Figure S5. 13C CP-MAS NMR spectra of P1 after (a) catalysis with PhICl2, (b) 140 h continuous flow 
reaction. Side bands are marked with asterisks. 
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9. High-resolution transmission electron microscopy (HRTEM) analysis  

Polymers P1 and P2 were sectioned to thin slices by using Agar 100 as an embedding 

resin. Agar 100 (20 ml), hardener DDSA (16 ml), hardener MNA (8 ml), and 

accelerator BDMA (2 ml) were mixed all together at room temperature. The polymer 

was transferred to a dry conical mold followed by transferring the embedding 

medium, all components were warmed in an oven at 60 °C for 24 h. After the blocks 

had returned to room temperature, the blocks were trimmed using a diamond knife. 

The slices of the polymers were imaged using a JEOL 3000F transmission electron 

microscope (field emission gun, operated at 300 kV) with a point resolution of 0.17 

nm. The instrument contained also an Energy-dispersive x-ray spectroscopy (EDX) 

system from Oxford Instrument with a silicon drift detector (SDD). On areas of 

interest as well as the whole images, fast fourier transform  analysis was performed to 

detect peaks in the reciprocal plane corresponding to the lattice distances in the 

images, in order to search for any existence of metallic Pd in the sample.  

10. X-ray photoelectron spectroscopy (XPS) 

The measurements were carried out at the XPS end station of the HIPPIE beamline 

of the MAX IV Laboratory in Lund, Sweden. The analysis chamber is equipped with 

a SCIENTA SES-200 hemispherical electron energy analyser and a separate 

preparation chamber, which is equipped with surface analysis and preparation tools. 

The presented data were collected using a SCIENTA SAX100 Al Ka X-ray anode 

combined with a VG SCIENTA XM780 monochromator (photon energy 1486.7). 

The anode was operated at 10 kV electron acceleration voltage and 25 mA emission 

current. The experiment was performed at a pressure lower than 10-9 mbar. Single 

crystal samples were dissolved and polymer samples were dispersed in 

dichloromethane and then the samples were dropped onto the highly oriented 

pyrolytic graphite HOPG surface. All spectra were energy calibrated with respect to 

the C 1s core level of graphite of HOPG at 284.42 eV.8 No signs of sample charging 

were detected: all lines could be reproduced reliably at the same energy. In 

particular, the C 1s line was always found at the same binding energy. Background 

removal was done by using a Shirley or low-degree polynomial background in the 

case of the Pd 3d spectra and a Shirley background in the case of the Cl 2p spectra. 
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For N 1s spectra a polynomial background removal was applied. Curve fitting of the 

Cl 2p and N 1s spectra was carried out using the Igor Pro software package of 

Wavemetrics, Inc. using symmetric Voigt lineshapes. The spin-orbit split 

components in the Cl 2p spectra were restrained to have a 1:2 area ratio between the 

Cl 2p1/2 and Cl 2p3/2 peaks.  

The molecular sieves that were used to keep the catalyst in place in the reactor 

contain Al. Al has a KLL Auger peak with a kinetic energy of ~1150 eV, which 

appears in the XP spectra at the same binding energy as the Pd 3d core level. This 

causes the spectrum to have a high and shaped background. In order to be able to 

remove this background related to the molecular sieves, we measured an Auger 

spectrum on the clean molecular sieve material (spectrum in red colour in Figure 

S13). A fourth degree polynomial was fitted to the curve and then re-normalized to 

match the background of the spectrum measured on the P1 sample after catalysis 

(black line). Subtraction of the so-obtained background led to the spectrum displayed 

in Figure 5d.  We refrained from subtracting the Auger background spectrum itself 

from the Pd 3d spectrum since the noise of the resulting spectrum would have been 

very large. The here chosen method is valid due to the absence of narrow features in 

the Auger spectrum.  
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Figure S6. a) Cl 2p XP spectra of monomers 1a and 5b and fresh polymers P1 and P2. b) N 1s XP 
spectra of monomers 1a and 5b, fresh polymers P1 and P2 and of polymer P1 after ~ 6 days continuous 
flow. 

 

 

11. Surface area analysis 

Krypton sorption isotherms were obtained by using a Micromeritics 3Flex surface 

characterization analyser.  All samples were degassed at 368 K for 12 h prior to the 

analysis. BET surface area of P1 and P2 were 1.8 and 3.0 m2/g respectively. 

12. Chromatography and mass analysis  

Gas chromatography (GC) 

The analyses were done using a Hewlett-Packard 5890 II instrument with a flame 

ionization detector (FID) and a capillary column (CP-Sil 19CB 14% cyanopropyl-

a  
 

b 
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phenyl/86% dimethylpolysiloxane, 0.2 μm, 0.2 mm, 25 m) with decane as an internal 

standard. The retention times of different compounds in the gas chromatogram were 

identified using commercially available and synthesized pure compounds.  

High resolution mass spectroscopy (HRMS) 

The measurements were done by direct infusion of samples dissolved in methanol. A 

Waters XEVO-G2 QTOF equipped with electrospray ionization, run in positive 

mode, was used. 

 

13. Procedure for catalyst packing and experiments under continuous flow  

The reactor consisted of steel tubing (150 mm length) with an inner diameter of 

approximately 7 mm (3/8” outer diameter); attached to an HPLC-pump that feeds the 

premixed and continuously stirred reactants solution into the reactor.  At each end of 

the reactor, filters are mounted to keep the catalyst in the tube. Molecular sieves were 

added at the bottom of the reactor as it is depicted in Figure 6. Pressure in the reactor 

was controlled using a needle valve after the reactor. The catalyst bed, including the 

molecular sieves, has enough restriction to increase the pressure at the reactor inlet to 

4-5 bar(g), (which is presumably the same pressure over the catalyst bed), with 0 

bar(g) at the outlet during normal operation. The reactor is externally heated by means 

of an electrically heated mantle. The temperature was controlled to maintain the 

desired outlet temperature out of the reactor.  

 

 

Catalyst Packing 

Prior to running experiments, 0.25 g of the molecular sieves (3 Å, powder) is added to 

the reactor followed by pumping acetonitrile for a few hours to allow the molecular 

sieves time to settle in the reactor. After washing with solvents, P1 catalyst (0.306 g, 

10 mol%) was added to the reactor on top of the molecular sieves followed by 

additional washing  
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Experimental procedure  

N-chlorosuccinimide (9.555 g, 71.5 mmol), benzo[h]quinolone (5.5758 g, 31.11 

mmol) and decane (3.85 ml) as internal standard in 539 ml of acetonitrile were stirred 

during the whole 140 h run. Samples were continuously collected every hour by an 

auto sampler attached to the reactor outlet. Flow rate was almost consistent at 60 

µl/min or 3.6 ml/hour and pressure remained constant at 4-5 bar(g) during the 140 

hour run. Temperature was controlled to keep 100 °C at the reactor outlet during the 

experiment. 

 
Figure S7. Molar Yield of benzo[h]quinoline 2 (BQ) vs. time under flow conditions, Pd loading is 5.8 
wt%, yield and selectivity were determined by GC using a calibration curve based on decane as an 
internal standard.  
 
 

14. General method for catalysis under batch conditions 

In a sealed GC vial, a solution of pyridine derivative (1 equiv.), halogenated or 

oxidant reagent (2.3 equiv.) and P1 or P2 (5 mol% proportion to the amount of the 

halogenated reagent or oxidant) in AcOH:Ac2O (9:1) or MeCN was stirred at 100 °C 

using a heating block for 24h. At the end of the reaction the vessel was cooled to 

room temperature, and the catalyst was separated by centrifugation. The solvent was 

removed by rotovap, the crude product was dissolved in CH2Cl2, filtered through a 

pad of silica and washed with a 50/50 mixture of n-hexane/ethyl acetate 25 ml. The 
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filtrate was concentrated and the residue subjected to thin layer chromatography on 

silica gel with the eluents. 

 

15. Bromination of benzo[h]quinoline 2 
Optimization the reaction conditions of bromination of benzo[h]quinoline 2 was 

performed using P1 as a catalyst. As shown in Table S2, initial experiments were run 

using N-iodosuccinimide 2.3 equiv. (0.25 M] as an oxidant and MeCN as a solvent at 

different temperatures. Multiple products were formed in 99% conversion, when the 

reaction temperature raised up to 80-100 °C (Table S2, entries 1 and 2). Decreasing 

the temperature to 50 °C gave no conversion, while switching to more acidic solvent 

yielding traces of brominated products (Table S2, entries 3 and 4). Attempt to 

decrease the equivalents of the oxidant (to avoid over bromination) and increasing the 

temperature slightly up to 60 °C, resulted in 8% conversion to 2-Br and 2-Br2 in 

66:34 regioselectivity respectively (Table S2, entry 5). Interestingly, increasing the 

concentration of the oxidant up to 0.4 M offered 36% conversion, however the 

conversion raised slightly upon running the experiment at 72 h (Table S2, entries 6 

and 7). Finally, a good improvement on the conversion at mild reaction conditions 

was rfound, especially when the amount of the oxidant duplicated up to 2.3 equiv. and 

the concentration kept at 0.4 M (Table S2, entry 8). Repeating the same experiment 

under the same reaction conditions but without catalyst showed only trace conversion 

according to GC analysis (Table S2, entry 9). 
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Table S2. Optimization of 

 

NXS/ Solvent/ 24h
air atmosphere

+
[P1] 5 mol%

N N
X

N
X

X

+ N
N

2-X 2-X2 Dimeric product
(1 equiv.)
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16. Catalyst Recycling 

Iodination reaction was chosen as a model reaction to carry out the recyclability test 

for P1 and P2 under the same reaction conditions as described in Table 6a. The 

reaction mixture was centrifuged after it had reached room temperature. The solids 

were washed with a 4-phenylpyridine/CH2Cl2 solution (1 x 5mL) and MeCN (3 x 10 

mL), dried, and reused immediately for the following run. Using these conditions, the 

time profile study was performed at designated reaction times (0.5, 1, 4, 6, 8, 10, 12, 

16, 20, and 24) h. 

17. Hot filtration experiment 
The iodination reaction was carried out under identical reaction conditions as 

described in Table 6a. After 5h (32% yield), and 2h (15% yield), P1 and P2 were 

filtered off respectively at the reaction temperature (60 °C) and the catalyst free 

filtrates were allowed to stir under identical reaction conditions. No further iodination 

of 2-phenylpyridine, according to the GC analysis of the products after 8 h, 20 h, and 

24 h.  

Table S3. Optimization of 

 

NXS (2.3 equiv.) 
Solvent/ 24h

air atmosphere

+
[P1] 5 mol%

N N
X

N
X

+ N
N

1-X 1-X2

(1 equiv.)

X

Dimeric product
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18. Computational details 

 
General information 

Calculations were performed in ORCA 4.09 interfaced to NBO610,11. No 

solvation effects were taken into account. Split-RI-J approximation was applied to 

GGA DFT functionals in order to speed up calculations.12 In case hybrid DFT 

functionals RIJCOSX13 approximation was used. In both cases default auxiliary basis 

set Def2/J was used14, in the cases it wasn’t available, AutoAux feature of ORCA was 

employed.15 DIIS/KDIIS in conjugation with SOSCF technique were employed in 

order to speed up SCF convergence.16–18 

 
Geometry optimization 

Geometry optimization was performed in redundant internal coordinates, 

using Almoef's initial Hessian and BFGS update method. Default criteria for 

optimization were tightened: Energy Change tolerance 1.0000e-06 Eh, Max. Gradient 

tolerance 1.0000e-04 Eh/bohr, RMS Gradient tolerance 3.0000e-05 Eh/bohr, Max. 

Displacement tolerance 1.0000e-03 bohr, RMS Displacement tolerance 6.0000e-04 

bohr. SCF convergence criteria were tightened as well:  Energy change tolerance 

1.0000e-08, MAX-Density change tolerance 1.0000e-07, RMS-Density change 

tolerance 5.0000e-09, Orbital Gradient tolerance 1.0000e-05, Orbital Rotation 

Tolerance 1.0000e-05. Integration grid was tightened to GRID5 and no final grid was 

used.  

The following basis sets (BS1) were used for geometry optimization: for Pd 

Def2–TZVP and corresponding core potential Def2–SD,19 for atoms directly bonded 

to Pd (CNHC, 2Cl, NPyr) Def2–TZVP basis set, and for the rest of atoms Def2–SVP.20 

A few DFT functionals were tested for geometry optimization: B97–D3BJ, 

revPBE, and B3LYP. All of them were used in conjugation with Grimme’s empirical 

dispersion correction D3 and BJ damping, in the case of revPBE and B3LYP three 

body term (ABC) was also taken into account.21,22 All employed methods gave the 

same geometry of the test structure, thus B97–D3BJ functional was chosen as the 

most cost effective and in the meantime accurate method, which is in line with the 

benchmark data, obtained by Grimme et all., where this functional was found to be 

the most accurate among all pure GGA DFT functionals.23  
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The nature of located stationary points was verified by frequencies 

calculations, no imaginary frequencies were obtained. Quasi-RRHO approach was 

used for computing entropic contributions.24  

 
Wave function analyses 

In order to obtain accurate wave function for further population analyses, 

scalar relativistic all-electron calculations in the framework of Douglas-Kroll-Hess 

method of the second order (DKH2) were performed on a top of obtained geometries, 

and Picture-Change Effect was taken into account. Accurate integration grid was used 

(GRID7) with no final grid, also radial grid on Pd atom was tightened 

(SpecialGridIntAcc 10). Very accurate SCF convergence criteria (EXTREMESCF) 

were used as well. In the case of PBE0, more accurate COSX grid was employed 

(GRIDX7 NOFINALGRIDX). Following basis sets (BS2) were used: old-DKH-

TZVP for Pd, DKH-def2-TZVP for non-hydrogen atoms, and DKH-def2-SVP for 

hydrogens. Auxiliary basis sets were generated by employing AutoAux feature. 

Calculations were performed by using two different DFT functionals: revPBE (pure 

GGA) and PBE0 (hybrid GGA). 

 
Description of the results 

For the model of complex 5b, two conformers were obtained, which were 

compared to the model molecule of 1a, as well as an analog of conformer 2, in order 

to clarify the role of the vinylic moiety (Figure S8). 

 
 

Figure S8. Structures, used in calculations. 
 

Differences in Gibbs Free energies of both conformers (computed in vacuum 

at 298.15 K) are very small. Also, they are similar for two different methods. For 

B97–D3BJ/BS1 conformer 2 is less stable than conformer 1 with 0.42 kcal/mol. For 
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DKH2–PBE0–D3BJ(ABC)/BS2//B97–D3BJ/BS1 conformer 2 is less stable than 

conformer 1 with 0.45 kcal/mol. Corresponding Boltzmann populations confirm 

coexistence of both conformers (Figure S9).  

Obtained results suggest, that both conformers should be taken into account 

for further analyses. 

 
Figure S9. Boltzmann Populations of two conformers of 5b model system. 

 

Many schemes for obtaining charges are available and this circumstance 

brings some ambiguities into calculations and eventually into interpretation of the 

obtained results. In order to get consistent results we compared a few different charge 

definitions: charges based on Natural Population Analysis (NPA)25, Charges from 

Electrostatic Potentials using a Grid-based method (CHELPG)26, Atomic Dipole 

Corrected Hirshfeld atomic charges (ADCH)27, original Becke atomic charges28 with 

applied atomic dipole correction (ADCB; correction is very similar to the one in 

ADCH). Calculations were performed with two different methods DKH2–

revPBE/BS2 and DKH2–PBE0/BS2.  

Noticeable differences in charges of the two nitrogen atoms of the NHC 

moiety clearly depict differences in chemical environment of at least one of two 

conformers of 5b model system. These differences are greater, than differences in the 

case of model of 1a (Figure S10). Results of NPA and CHELPG are somewhat 

independent with respect to the choice of DFT method. In contrast to that, ADCH and 

ADCB are much more sensitive, sometimes even changing the sign of ∆q(N1–N2), 

but, still showing the difference between the two nitrogen atoms. Also, by comparison 

of conformer 2 and its analog, which has a hydrogen atom instead of a vinylic moiety, 

we can conclude that such a conformation already creates a difference in the chemical 

environment, and the vinylic group increases it further. 
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Figure S10. A). Differences in charges between N1 and N2 calculated at DKH2–revPBE/BS2.  
B). Differences in charges between N1 and N2 calculated at DKH2–PBE0/BS2. 
 
 
Original charge values are summarized on Figure S11 and Figure S12. 
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Computed charges 
 

 
 
 
Figure S11. Charges computed using DKH2–revPBE/BS2 level of theory 
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Figure S12. Charges computed DKH2–PBE0/BS2 level of theory. 
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Figure S13. Fitting procedure on XP spectrum of Pd 3d core level after ~6 days continuous flow. 

 

19. Experimental details and spectroscopic characterizations of synthesized 
products 

 

2-(2-Chlorophenyl)pyridine 1-Cl  

 
 
 
 
 

1-Cl was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 25% EtOAc/ 75% n-

hexane. The product was isolated as a clear oil (36.2 mg, 90%). 1H NMR (400 MHz, 

CDCl3): δ 8.72 (d, J = 3.9 Hz, 1H), 7.76 (td, J = 7.7, 1.8 Hz, 1H), 7.65 (d, J = 7.9 Hz, 

1H), 7.60 (dd, J = 7.0, 2.4 Hz, 1H), 7.48 (dd, J = 7.6, 1.6 Hz, 1H), 7.41-7.31 (m, 2H), 

7.29 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H). 13C NMR (400 MHz, CDCl3): δ 157.04, 149.71, 

139.35, 135.97, 132.28, 131.68, 130.24, 129.71, 127.14, 125.00, 122.53. HRMS 

(ESI): calcd. For C11H8ClN [M+H]+ 190.0424; found 190.0424. 

 

 

 

N
Cl
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10-Chlorobenzo[h]quinoline 2-Cl  

 
 
 
 
 
 

2-Cl was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 40% DCM/ 60% n-

hexane. The product was isolated as a yellow solid (0.035 g, 78%). 1H NMR (400 

MHz, CDCl3) δ 9.12 (dd, J = 4.3, 1.9 Hz, 1H), 8.18 (dd, J = 8.0, 1.9 Hz, 1H), 7.87-

7.82 (m, 2H), 7.79 (d, J = 8.8 Hz, 1H), 7.70 (dd, J = 34.8, 8.8 Hz, 1H), 7.56 (ddd, J = 

7.8, 5.9, 1.6 Hz, 2H). 13C NMR (400 MHz, CDCl3): δ 147.8, 146.6, 136.4, 135.8, 

132.5, 131.7, 128.34, 128.30, 127.8, 127.76, 127.71, 126.7, 121.8. HRMS (ESI): 

calcd. For C13H8ClN [M+H]+ 214.0424; found 214.0430. 

 
 
 
 
 
 
 
5,10-Dichlorobenzo[h]quinoline 2-Cl2 

 
 

 

 

 

2-Cl2 was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 40% DCM/ 60% n-

hexane. The product was isolated as a yellow solid (0.0255 g, 57%). 1H NMR (400 

MHz, CDCl3) δ 9.16 (dd, J = 4.3, 1.8 Hz, 1H), 8.69 (dd, J = 8.3, 1.8 Hz, 1H), 7.92 (s, 

1H), 7.83 (dd, J = 7.7, 1.3 Hz, 1H), 7.77 (dd, J = 7.9, 1.0 Hz, 1H), 7.68 (dd, J = 8.3, 

4.3 Hz, 1H), 7.57 (t, J = 7.8 Hz, 1H). 13C NMR (400 MHz, CDCl3): δ 148.0, 146.2, 

135.8, 133.7, 132.7, 132.1, 129.9, 128.7, 127.8, 127.2, 126.2, 125.9, 122.4. HRMS 

(ESI): calcd. For C13H7Cl2N [M+H]+ 248.0034; found 248.0032. 

 

 

N
Cl

N
Cl

Cl
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2-(2-chloro-4-methylphenyl)pyridine 3-Cl  

 

 

 
 

3-Cl was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 60% petroleum ether/ 

30% diethyl ether. The product was isolated as a yellow oil (0.0304 g, 68%). 1H NMR 

(400 MHz, CDCl3) δ 8.71 (d, J = 4.2 Hz, 1H), 7.74 (td, J = 7.7 Hz, 1H), 7.64 (dd, J = 

7.9, 0.7 Hz, 1H), 7.49 (d, J = 7.8 Hz, 1H), 7.30 (s, 1H), 7.29-7.22 (m, 1H), 7.17 (d, J 

= 7.8 Hz, 1H), 2.38 (s, 3H). 13C NMR (400 MHz, CDCl3): δ 157.0, 149.6, 140.0, 

136.4, 135.9, 131.8, 131.4, 130.65, 127.9, 125.0, 122.3, 21.0. HRMS (ESI): calcd. For 

C12H10NCl [M+H]+ 204.0580; found 204.0579. 

 

 

     
 
 
 

2-(3-chloro-4-methoxyphenyl)pyridine 4-Cl 

 

 
4-Cl was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 60% petroleum ether/ 

30% diethyl ether. The product was isolated as a white solid (0.0316 g, 67%). 1H 

NMR (400 MHz, CDCl3) δ 8.66 (dd, J = 4.9, 0.8 Hz, 1H), 8.04 (d, J = 2.3 Hz, 1H), 

7.92 (dd, J = 8.6, 2.3 Hz, 1H), 7.76 (td, J = 7.7, 1.8 Hz, 1H), 7.67 (dd, J = 8.0, 0.8 Hz, 

1H), 7.23 (ddd, J = 7.4, 4.9, 1.0 Hz, 1H), 7.01 (d, J = 8.6 Hz, 1H), 3.94 (s, 3H). 13C 

NMR (400 MHz, CDCl3): δ 156.04, 155.47, 149.07, 137.66, 132.02, 128.92, 126.59, 

123.11, 122.19, 120.27, 112.20, 56.37. HRMS (ESI): calcd. For C12H10NOCl [M+H]+ 

220.0529; found 220.0531. 
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2-(2,5-dichloro-4-methoxyphenyl)pyridine 4-Cl2b 
 

 
 

4-Cl2b was obtained according to the general procedure for catalysis, the crude 

product was subjected to thin layer chromatography on silica gel with 60% petroleum 

ether/ 30% diethyl ether. The product was isolated as a white solid (0.0069 g, 13%). 

1H NMR (400 MHz, CDCl3) δ 8.75 (d, J = 6.7 Hz, 1H), 7.87 (t, J = 7.8 Hz, 1H), 7.72 

(d, J = 8.0 Hz, 2H), 7.71 (s, 1H), 7.39 (ddd, J = 7.5, 5.1, 1.0 Hz, 1H), 2.99 (s, 3H). 13C 

NMR (400 MHz, CDCl3): δ 156.01, 154.48, 148.28, 137.74, 132.79, 132.75, 131.29, 

125.65, 123.06, 121.95, 113.83, 56.73. HRMS (ESI): calcd. For C12H9NOCl2 [M+H] + 

254.0139; found 254.0140. 

 

 
 
 
 

 

2-(3,5-dichloro-4-methoxyphenyl)pyridine 4-Cl2a 
 

 
 
4-Cl2a was obtained according to the general procedure for catalysis, the crude 

product was subjected to thin layer chromatography on silica gel with 60% petroleum 

ether/ 30% diethyl ether. The product was isolated as a white solid (0.0051 g , 11%). 
1H NMR (400 MHz, CDCl3) δ 8.89 (d, J = 4.6 Hz, 1H), 8.09 (t, J = 7.8 Hz, 1H), 8.06 

(s, 2H), 7.84 (d, J = 8.0 Hz, 1H), 7.64 – 7.52 (m, 1H), 3.97 (s, 3H). 13C NMR (400 

MHz, CDCl3): δ 158.79, 152.55, 152.17, 146.90, 146.79, 141.45, 141.40, 130.66, 

128.33, 124.13, 122.61, 77.48, 77.16, 76.84, 61.14. HRMS (ESI): calcd. For 

C12H9NOCl2 [M+H]+ 254.0139; found 254.0136. 
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3-chloro-4-(pyridin-2-yl)benzonitrile 5-Cl 
 

 
5-Cl was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 74% hexane/ 25% ethyl 

acetate/ 1% petroleum ether. The product was isolated as a white solid (0.0165 g, 

36%). 1H NMR (400 MHz, CDCl3) δ 8.75 (d, J = 4.8 Hz, 1H), 7.88 – 7.78 (m, 2H), 

7.75 (d, J = 8.0 Hz, 1H), 7.67 (ddd, J = 11.1, 8.0, 1.2 Hz, 2H), 7.36 (dd, J = 8.6, 4.9 

Hz, 1H). 13C NMR (400 MHz, CDCl3): δ 155.08, 150.09, 143.68, 136.32, 133.71, 

133.33, 132.57, 130.61, 124.92, 123.48, 117.50, 113.60. HRMS (ESI): calcd. For 

C12H7N2Cl [M+H]+ 215.0376; found 215.0379. 

 

 

 

 

 

 

 
3,5-dichloro-4-(pyridin-2-yl)benzonitrile 5-Cl2 

 
5-Cl2 was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 74% hexane/ 25% ethyl 

acetate/ 1% petroleum ether. The product was isolated as a white solid (g, %). 1H 

NMR (400 MHz, CDCl3) δ 8.77 (d, J = 4.9 Hz, 1H), 7.86 (td, J = 7.7, 1.7 Hz, 1H), 

7.71 (s, 2H), 7.40 (ddd, J = 7.8, 4.8, 1.2 Hz, 1H), 7.33 (d, J = 7.8 Hz, 1H). 13C NMR 

(400 MHz, CDCl3) δ 153.96, 150.10, 140.09, 136.94, 136.16, 131.51, 124.76, 123.85, 

116.31, 114.30. 
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6-(2-chlorophenyl)nicotinonitrile 6-Cl 
 

 
6-Cl was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 74% hexane/ 25% ethyl 

acetate/ 1% petroleum ether. The product was isolated as a white solid (0.0263 g, 

57%). 1H NMR (400 MHz, CDCl3) δ 9.00 (d, J = 1.4 Hz, 1H), 8.05 (dd, J = 8.2, 2.2 

Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 7.66 – 7.62 (m, 1H), 7.53 – 7.50 (m, 1H), 7.44 – 

7.40 (m, 2H). 13C NMR (400 MHz, CDCl3): δ 160.13, 152.22, 139.34, 137.27, 

132.24, 131.78, 131.06, 130.65, 127.51, 125.16, 116.72, 108.76. HRMS (ESI): calcd. 

For C12H7N2Cl [M+H]+  215.0376; found 215.0374. 

 

 
 
 
 
 
 
 
 
 
10-Bromobenzo[h]quinoline 1-Br  

 

 
 
 
1-Br was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 60% hexane/ 40% 

dichloromethane. The product was isolated as white crystals (g, %). 1H NMR (400 

MHz, CDCl3) δ 9.12 (dd, J = 4.3, 1.8 Hz, 1H), 8.18 (dt, J = 16.9, 8.5 Hz, 1H), 8.11 

(dd, J = 7.6, 1.2 Hz, 1H), 7.90 (dd, J = 7.9, 1.0 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.72 

(d, J = 8.8 Hz, 1H), 7.58 (dd, J = 8.0, 4.3 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H). 13C NMR 

(400 MHz, CDCl3): δ 147.18, 135.80, 135.66, 128.53, 128.31, 128.09, 126.70, 

122.03. HRMS (ESI): calcd. For C13H8BrN [M+H]+ 257.9918; found 257.9918. 



	
 

S34 

2-(2-Iodophenyl)pyridine 2-I 

 
1-I was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 90% hexane/ 10% ethyl 

acetate. The product was isolated as a yellow oil (0.04 g, 67%). 1H NMR (400 MHz, 

CD3CN) δ 8.63 (ddd, J = 4.9, 1.7, 0.9 Hz, 1H), 7.97 (dd, J = 8.0, 1.1 Hz, 1H), 7.80 

(td, J = 7.7, 1.8 Hz, 1H), 7.49 – 7.43 (m, 2H), 7.40 (dd, J = 7.6, 1.9 Hz, 1H), 7.34 

(ddd, J = 7.6, 4.9, 1.1 Hz, 1H), 7.12 (ddd, J = 7.9, 7.3, 1.9 Hz, 1H). 13C NMR (101 

MHz, CD3CN) δ 161.75, 150.03, 146.29, 140.62, 137.21, 131.21, 130.78, 129.34, 

125.18, 123.70, 97.16. HRMS (ESI): calcd. For C11H8IN [M+H]+ 281.9783; found 

281.9780. 

 

 

 

 
2-(2,6-diiodophenyl)pyridine 2-I2 

 

 
 
1-I2 was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 90% hexane/ 10% ethyl 

acetate. The product was isolated as a yellow oil (7.2 mg, 25%). 1H NMR (400 MHz, 

CD3CN) δ 8.66 (d, J = 4.9 Hz, 1H), 7.97 (d, J = 7.9 Hz, 2H), 7.85 (td, J = 7.7, 1.8 Hz, 

1H), 7.39 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 7.24 (dt, J = 7.8, 1.1 Hz, 1H), 6.81 (t, J = 7.9 

Hz, 1H). 13C NMR (400 MHz, CD3CN) δ 165.36, 150.09, 149.48, 140.10, 137.72, 

132.35, 124.98, 124.43, 97.54. HRMS (ESI): calcd. For C11H7I2N [M+H]+ 407.8747; 

found 407.8746. 
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2-(2-bromophenyl)pyridine 2-Br 

 
1-Br was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 90% hexane/ 10% ethyl 

acetate. The product was isolated as a yellow solid (0.0184 g, 37%). 1H NMR (400 

MHz, CDCl3) δ 8.73 (dd, J = 4.9, 0.9 Hz, 1H), 7.79 (td, J = 7.7, 1.8 Hz, 1H), 7.68 (dd, 

J = 8.0, 1.1 Hz, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.55 (dd, J = 7.7, 1.7 Hz, 1H), 7.41 (td, 

J = 7.5, 1.1 Hz, 1H), 7.32 (ddd, J = 7.5, 4.9, 1.1 Hz, 1H), 7.29 – 7.23 (m, 1H). 13C 

NMR (400 MHz, CDCl3) δ 158.10, 149.11, 140.78, 136.43, 133.44, 131.59, 130.04, 

127.71, 125.10, 122.70, 121.87. HRMS (ESI): calcd. For C11H8BrN [M+H]+ 

233.9917; found 233.9916. 

 

 

 

 

 

 

 

2-(2,6-dibromophenyl)pyridine 2-Br2 

 
1-Br2 was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 90% hexane/ 10% ethyl 

acetate. The product was isolated as a yellow solid (7.5 mg, 15%). 1H NMR (400 

MHz, CDCl3) δ 8.75 (d, J = 4.9 Hz, 1H), 7.82 (td, J = 7.7, 1.8 Hz, 1H), 7.64 (d, J = 

8.1 Hz, 2H), 7.35 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H), 7.31 (dt, J = 7.8, 1.1 Hz, 1H), 7.13 

(t, J = 8.0 Hz, 1H). 13C NMR (400 MHz, CDCl3) δ 152.82, 149.44, 142.48, 136.54, 

131.88, 131.88, 130.62, 124.66, 123.76, 123.06. HRMS (ESI): calcd. For C11H7Br2N 

[M+H]+ 311.9026; found 311.9024. 
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6-(2-Iodophenyl)nicotinonitrile 6-I 
 

 
6-I was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 74% hexane/ 25% ethyl 

acetate/ 1% petroleum ether. The product was isolated as a white solid (0.050 g, 

76%). 1H NMR (400 MHz, CD3CN) δ 8.95 (dd, J = 2.1, 0.9 Hz, 1H), 8.15 (dd, J = 

8.2, 2.2 Hz, 1H), 8.00 (dd, J = 7.9, 1.2 Hz, 1H), 7.67 (dd, J = 8.2, 0.9 Hz, 1H), 7.49 

(td, J = 7.5, 1.1 Hz, 1H), 7.42 (dd, J = 7.6, 1.8 Hz, 1H), 7.17 (ddd, J = 8.0, 7.3, 1.9 

Hz, 1H). 13C NMR (400 MHz, CD3CN) δ 164.74, 152.97, 144.67, 140.92, 140.87, 

131.63, 131.27, 129.54, 125.44, 117.75, 109.51, 96.32. HRMS (ESI): calcd. For 

C12H7IN2 [M+H]+  306.9732; found 306.9738.  
 

 

 

 

 
 
 
6-(2-bromophenyl)nicotinonitrile 6-Br 
 

 
6-Br was obtained according to the general procedure for catalysis, the crude product 

was subjected to thin layer chromatography on silica gel with 74% hexane/ 25% ethyl 

acetate/ 1% petroleum ether. The product was isolated as a white solid (0.0404 g, 

73%). 1H NMR (400 MHz, CDCl3) δ 8.98 (dd, J = 2.2, 0.9 Hz, 1H), 8.03 (dd, J = 8.2, 

2.2 Hz, 1H), 7.79 (dd, J = 8.2, 0.9 Hz, 1H), 7.70 (dd, J = 8.0, 1.2 Hz, 1H), 7.55 

(dd, J = 7.7, 1.8 Hz, 1H), 7.45 (td, J = 7.5, 1.2 Hz, 1H), 7.32 (ddd, J = 8.1, 7.4, 1.8 

Hz, 1H). 13C NMR (400 MHz, CDCl3) δ 161.66, 152.28, 139.58, 139.09, 133.77, 

131.55, 130.96, 127.95, 124.94, 121.50, 116.78, 108.68. HRMS (ESI): calcd. For 

C12H7 Br2N2 [M+H]+  258.9871; found 258.9873.  
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Abstract 
An N-heterocyclic carbene palladium (II) complex containing two anthracene side 
arms was immobilized on the surface of reduced graphene oxide (rGO) by π- 
stacking. The activity of the homogeneous analogue and the supported complex in 
undirected C–H acetoxylation reaction of arenes was studied. The results show 
that the catalytic efficiency in acetoxylation of benzene is improved in the 
immobilized materials compared to the homogeneous analogue. According to an 
XPS analysis, the immobilized catalyst maintains the original oxidation state of 
Pd(II) after the catalytic reaction.  

Introduction 
Considerable efforts have been spent on heterogenizing homogeneous catalysts on 
an insoluble support as an attempt to not only aid catalyst separation but also to 
allow recovery and recycling of the catalyst several times; this is a crucial both 
from an economic and sustainability standpoint.1 Un-directed metal-catalyzed 
oxidation of simple arenes is an attractive methodology to obtain valuable 
chemicals with important applications in many areas.2 Palladium-catalyzed C–H 
acetoxylation of organic molecules without directing groups has been described in 
many reports,3-6 and the vast majority of these examples employs homogeneous 
catalysts, particularly Pd(OAc)2. In many cases these systems have problems with 
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Pd black formation and catalyst separation.6-9 To this end palladium N-heterocyclic 
carbene catalysts have been used to stabilize the higher oxidation state and allow 
for heterogenization and such materials exhibit a remarkable catalytic activity and 
selectivity in C–O, C–halogen, and C–C bond formation under both batch and 
flow conditions.10-22 However, in many cases the additional functionalization of the 
ligand that aid the anchoring or immobilization step leads to high costs of 
preparation and sometimes lead to changes in the original reactivity of the 
catalyst.23 Furthermore the supports are often expensive and new, efficient and 
inexpensive methods to heterogenize and modify homogeneous catalysts are 
greatly needed by the catalysis community. 

In light of this, there has been a recent development of non-covalent support 
methodologies via π-interactions which minimizes the need for chemical 
modification of the homogeneous catalyst or the support. The group of Peris 
recently demonstrated that immobilization of N-heterocyclic carbene Pd(II) or 
Ru(II) complexes onto a graphene surface by noncovalent interactions gave 
efficient and highly recyclable catalysts for many chemical transformations.24-26 
We have previously used a polymerizable Pd(II) NHC complex for the formation 
of a heterogeneous C–H activation catalysts.20 Encouraged by the results of Peris, 
we set out to modify the π-stacking capability of our Pd(II) system by installing 
two anthracene moieties in the backbone of the NHC ligand (Scheme 1).  

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. π-Stacked NHC-Pd(II) complex catalyzes undirected C–H acetoxylation of arenes. 
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This modified complex was supported on reduced graphene oxide (rGO) and the 
so obtained system was applied in undirected C–H acetoxylation of arenes. The 
reactivity and regioselectivity of the heterogeneous system was evaluated and 
shows good activity for the formation of acetoxylated products in many examples. 

Results and discussion 
NHC–PdII complex synthesis 

The synthesis of 1a was reported previously.27 The carbene transfer agent 1b was 
prepared by the silver oxide route in moderate yield.28, 29 The metalation step was 
confirmed by 1H and 13C NMR spectra, which showed a clear downfield shift of 
the carbene carbon around 183.1 ppm. Transmetallation of 1b with PdCl2(PhCN)2 
followed by chloropyridine addition gave 1c in good yield (Scheme 2). The 13C 
NMR spectrum of 1c exhibited a signal at 147.4 ppm, which was assigned to the 
carbenic carbon (Pd-Ccarbene). 

 

π-Stacked catalyst synthesis and characterization 
Complex 1c was supported onto reduced graphene oxide (rGO) (see Scheme S1) 
by mixing the complex and rGO in dichloromethane in an ultrasound bath for 40 
min and stirring the mixture for 1 day (Scheme 2). Notably, the colour of the 
solution turned from intense yellow to pale yellow, indicating that complex 1c was 
retained on the rGO material. The resulting material containing the NHC–PdII 
complex π-stacked onto rGO (1@rGO), was separated by centrifugation and 
washed extensively with dichloromethane to remove unsupported 1c.  

 

 

 

  

 

 

 

 
Scheme 2. Synthesis and heterogenization of double anthracene-tagged Pd(II) carbene complex  
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The 1H NMR spectrum of the supernatant revealed the presence of 1c in the 
solution; thus, all the complex had not been deposited onto rGO during the 
immobilization step. The palladium content of 1@rGO was determined by an 
inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis. 
The results confirmed 2.5 wt % of Pd loaded on the rGO. Figure 1a shows high 
resolution transmission electron microscope (HRTEM) image of the native rGO 
support. The rGO sheet shows an intralayer distance around 3.8-4.3Å in areas 
where the sheets can be viewed edge-on.30 Figure 1b shows a HRTEM image of 
the 1@rGO. No indication of metallic Pd particles from the process of attaching 
the Pd-containing molecules could be found. X-ray energy-dispersive 
spectrometry (XEDS) data confirmed the presence of Pd and Cl at the 1@rGO 
sheets, whereas these elements were absent in the native rGO support (Figure 1c).  

Figure 1. (a) and (b), HRTEM images of rGO and 1@rGO respectively, showing resolved individual 
graphene-like sheets with insets enhancing the lattice from which distances are measured. Some 
measurements are marked in both images. (c) EDX spectra, averaged for three sites of 1@rGO (red 
line) and three sites of rGO (blue line). (d) High angle annular dark-field (HAADF) STEM image and 
XEDS-mapping of 1@rGO. The red box in the STEM image marks the areas for which the elemental 
mapping was carried out. Note that there is no indication of Pd or Cl on the amorphous carbon film 
from the TEM support grid (upper part of the image). 
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the XEDS mapping (Figure 1d) of 1@rGO shows a homogeneous dispersion of 
Pd and Cl at the graphene sheets. 

X-ray photoelectron spectroscopy (XPS) analysis gives a direct evidence about the 
oxidation state of Pd of 1@rGO as shown in Figures 2. The X-ray photoelectron 
(XP) spectra of complex 1c and 1@rGO show the Pd 3d5/2 and Pd 3d3/2 peaks at 
approximately 337.9 and 343.4 eV binding energy in the range of the expected 
energies for a Pd(II) species (Figure 2a).20, 31 In addition, a peak at lower binding 
energy at around 337.6 eV is seen as the result of supporting 1c on rGO. This shift 
to lower binding energy must be associated with a change in the Pd environment. 
The occurrence of this new peak, which is still within the Pd(II) region, in the XP 
spectrum of 1@rGO, can probably be explained by the replacement of the 
chloropyridine ligand by a noncovalent π-interaction of the polycyclic aromatic 
system of rGO. The Cl 2p3/2 XP spectrum of 1c exhibits a low-energy peak (ca. 
197.9 eV) which is assigned to the palladium chlorine atom and a high-energy 
peak (ca. 198.7 eV) assigned to the chloropyridine chlorine (Figure 2b).32 The ratio 
between the palladium and chloropyridine chlorine peaks is 2:1 as expected. Cl 2p 
spectrum of 1@rGO showed significant broadening in the spectral features and 
shifts by 1.5 eV toward higher binding energies compared to the spectrum of 
complex 1c (Figure 2b). Such a shift could be due to a transfer of chloropyridine 
from palladium to the rGO surface during the support reaction. The spectrum 
could also contain more components, and providing a more complicated scenario 
for the dissociated chloropyridine ligand (for more details see the Supporting 
Information Figure S1a). In order to investigate the fate of the chloropyridine and 
understand the change in Cl 2p binding energy, we performed an XPS analysis for 
only chloropyridine deposited onto rGO (chloropyridine@rGO) (see the 
Supporting Information for details). In the Cl 2p3/2 XP spectrum of 
chloropyridine@rGO only one peak at higher energy around 200.28 eV is found, 
matching the shifted peak in 1@rGO (Figure 2b). In all, these results corroborate 
that there is no reduction of palladium during the formation of 1@rGO, although 
the chloropyridine ligand is displaced by the π-interaction with the support. The N 
1s spectra for 1c is shown in Figure S1b (Supporting Information). The high 
energy peak (ca. 401.1 eV) is related to the imidazole nitrogen25, 33 and the lower 
energy peak (ca. 400.4 eV) is assigned to the chloropyridine nitrogen; the ratio 
between the peaks is 2:1 as expected. Peak broadening towards lower and higher 
binding energies is observed in the N 1s spectra of 1@rGO. This significant 
broadening can be assigned to the variation of the N chemical environment, as a 
consequence of the pyrazole formation at the edges of rGO during the synthesis of 
the rGO support34 and the dissociation of chloropyridine, which opens up different 
interaction possibilities as shown in Scheme S1 in the Supporting Information. 
Thermogravimetric analysis (TGA) shows that 1@rGO possesses a high thermal 
stability (see Figure S2 for details).  
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Figure 2. (a) and (b) Pd 3d and Cl 2p XP spectra of the indicated samples.  

 
 
Activity in non-directed C–H acetoxylation  
Benzene was chosen as a model substrate for non-directed acetoxylation and it 
was used in excess over the oxidant PhI(OAc)2 (PIDA) (5:1). The catalyst 
(1@rGO) loading was 0.3 mol %, and, initially, different solvent systems were 
sceened as summarized in Table 1. The best combination was HFIP/Ac2O giving 
over 50 turnovers but, gratifyingly, the inexpensive GAcOH/Ac2O solvent system 
also worked we set out to optimize conditions for this.   

 

 

a) b) 
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The optimization of the concentration of the oxidant (PIDA) is shown in Figure 
3a. The results show a significant increase in the yield up to 40% of Ph–OAc 
product upon increasing [PIDA] to 0.6 M. Using an excess of benzene also further 
increased the yield with the best result of 50% found at 30 eq. of benzene and 
[PIDA] = 1.0 M. Lower concentrations of PIDA (0.6 M) gave a slightly lower 
yield of 46% (Figure 3b). After catalysis, 1@rGO was analyzed by XPS. The Pd 
3d5/2 and Pd 3d3/2 peaks after acetoxylation reaction showed a broadening towards 
lower and higher binding energies compared to fresh 1@rGO (Figure 2a). The 
identified broadening is probably related to an increased variation in the chemical 
environments of the Pd atoms after catalysis and to ligand exchange between 
chloride and acetoxy group, similarly to what was previously observed.20 
Undoubtedly, though, the XPS results show that the palladium remains in 
oxidation state (II) after the reaction. 

Table 1. 1@rGO

5 equiv.

 [mol. catalyst/ mol. oxidant]= 0.3%
1 equiv.  [PhI(OAc)2]

Solvent:Anhydride (9:1)
104oC, 24h

OAc

[1@rGO]a

Ph–OAc
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Figure 3. a) Optimization of PIDA concentration, b) optimization of amount of benzene using 
[PIDA]=1M.  

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 4. aPd loading in the catalyst is 2.5 wt%. [PIDA]= 1 M. bYields were determined by GC using a 
calibration curve based on decane as an internal standard. c30 equiv. of benzene was used. d2.5 equiv. 
of biphenyl was used and [PIDA]= 0.6 M. e5 equiv. of toluene was used. fNo products were formed. 
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Oxidation of other arenes  
The scope of C–H acetoxylation for other arenes using the reaction conditions as 
shown in Figure 4 was investigated. In the acetoxylation of benzene, 1@rGO 
showed an increase in the yield of acetoxybenzene compared to homogeneous 
catalyst 1c (Figure 3b and Figure 4). Furthermore, 1@rGO and 1c showed similar 
GC yields for acetoxylation of substrates biphenyl and toluene. Without catalyst, 
no formation of acetoxybiphenyl derivatives was observed according to GC. 

Conclusions 
A new heterogeneous catalytic system for undirected C–H oxidation reaction of 
arenes is described. It is based on depositing an NHC Pd system with anthracene 
side arms on a reduced graphene oxide surface. Characterization shows that the 
complex retains the oxidation state Pd(II) upon deposition and that the supporting 
pyridine ligand is displaced and deposited on the surface. The catalytic efficiency 
of the supported catalyst in acetoxylation of benzene is improved compared to the 
homogeneous analogue. Furthermore, the immobilized catalyst catalyzed 
undirected C–H acetoxylation of toluene as well as biphenyl with similar 
efficiency compared to the homogeneous analogue.  

 

Experimental details 
All manipulations were conducted under ambient conditions, unless noted. 
Solvents and chemicals were purchased from commercial suppliers and used as 
received. The imidazolium salt 1a was prepared according to a previously reported 
procedure.27 Graphene oxide was prepared from graphite powder (natural, 
universal grade, 200 mesh, 99.9995%) by Hummer’s method.35 The reduced 
graphene oxide was prepared by reduction of a suspension of exfoliated graphene 
oxide sheets in water with hydrazine hydrate.36 NMR spectra were acquired on a 
Bruker Avance 400 FT-NMR spectrometer (1H: 400.1 MHz) or a Varian Unity 
INOVA 500 spectrometer (1H: 499.76 MHz). 1H and 13C NMR chemical shifts are 
reported in parts per million and referenced to the signals of deuterated solvents. 
Multiplicities are abbreviated as follows: (s) singlet, (d) doublet, (t) triplet, (q) 
quartet, (m) multiplet and (br) broad. Elemental analyses were performed by H. 
Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr, Germany. 
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1. Procedure for acetoxylation of benzene catalyzed by 1@rGO 
catalysts 

The catalytic reactions were performed in a glass vial with a magnetic stir bar. The 
vial was loaded with benzene (0.60 g, 7.7 mmol, 30 equiv.), PhI(OAc)2 (0.083 g, 
0.25 mmol, 1 equiv.), catalyst (0.3 mol% with respect to the oxidant), glacial 
acetic acid (230 μl), and acetic anhydride (25.7 μl) and sealed tightly by using a 
screw cap. The mixture was heated to 92 °C using a heating block. At the end of 
the reaction the vessel was cooled to room temperature, and the catalyst was 
separated by centrifugation. The mixture was diluted with Et2O (5 ml), shaken for 
2 min, and extracted with a saturated aqueous solution of K2CO3 (9M in water, 
3×2ml). The organic layer was then separated and the solvent was removed by 
evaporation. CH2Cl2 (1.2 ml) and decane (20 μl, as an internal standard for 
quantitative GC analysis) were added to the resulting solids and analyzed by GC.  

 

2. Synthesis of 1c 
1,3-bis(Anthracen-9-ylmethyl)-imidazol-2-ylidene silver chloride (I) 1b 

 

 

 

 

 

Silver (I) oxide (0.10 g, 0.43 mmol) was added to a 70 ml dry CH3OH solution of 
1a (0.37 g, 0.76 mmol) and the reaction vessel was covered by aluminium foil and 
stirred at ambient temperature for 24 h. The suspension was filtered through celite 
and the solvent was removed in vacuum. The solids dissolved in CH2Cl2 and upon 
addition of n-pentane, a yellowish solid product 1b was formed immediately, 
which was filtered on a frit and dried under vacuum in 44% yield (0.20 g).  

 

Characterization of complex 1b: 

1b: 1H NMR (400 MHz, CDCl3): δ 8.56 (s, 2H), 8.24 (dd, J = 8.9, 1.0 Hz, 4H), 
8.05 (dd, J = 8.5, 1.4 Hz, 4H), 7.66 (ddd, J = 8.9, 6.6, 1.3 Hz, 4H), 7.52 (ddd, J = 
8.5, 6.6, 1.0 Hz, 4H), 6.3 (s, 4H), 6.2 (s, 2H). 13C NMR (400 MHz, CDCl3) δ 
183.06, 136.86, 131.42, 130.76, 129.48, 129.24, 127.39, 125.33, 124.64, 122.95, 
118.95, 43.05. 
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Dichlorido(3-chloropyridine-N)[1,3-bis(anthracen-9-ylmethyl)imidazol-2-
ylidene] palladium(II) 1c 

 

 

 

 

 

 

Pd(PhCN)2Cl2 (0.11 g, 0.3 mmol) was added to a solution of 1b (0.18 g, 0.3 mmol) 
in 100 ml of CH3CN and the reaction mixture was stirred at room temperature for 
24 h. (0.15 g, 1.3 mmol) of 3-chloropyridine was added to the suspension, then 
filtered through Celite after 3 h. The solvent was removed in vacuum and a yellow 
solid of 1c was precipitated by addition of pentane, isolated by filtration and 
washed with pentane in 47% yield (0.18 g).  

 

Characterization of complex 1c: 

1c: 1H NMR (400 MHz, CDCl3): δ 9.33 (d, J=2.3 Hz, 1H, H16), 9.23 (dd, J=5.5, 
1.3 Hz, 1H, H13), 8.53 (d, J=10.0 Hz, 6H, H1, H5 and H9), 8.04 (d, J=8.5 Hz, 4H, 
H4 and H6), 7.86 (ddd, J=8.2, 2.2 and 1.3 Hz, 1H, H15), 7.64-7.47 (m, 8H, H2, 
H3, H7 and H8), 7.44 (dd, J=7.8 and 5.5 Hz, 1H, H14), 6.86 (s, 4H, H10), 5.92 (s, 
2H, H11 and H12). 13C NMR (400 MHz, CD3CN): δ 150.6 (C16), 149.5 (C13), 
147.3 (C12a), 138.3 (C15), 132.9 (C10a), 131.5 (C4a), 131.4 (C5a), 129.8 (C1a 
and C9a), 129.2 (C4 and C6), 127.6 (C1 and C9), 125.5 (C2, C3, C7 and C8), 
125.1 (C15a), 124.2 (C5), 124.1 (C14), 120.5 (C11 and C12), 47.7 (C10). Anal. 
Calcd for C38H28Cl3N3Pd: C, 61.73; H, 3.82; N, 5.68. Found: C, 60.78; H, 4.15; N, 
5.33. 

  

3. Supporting procedure and characterization of 1@rGO catalyst 
0.02 g of rGO were suspended in 7 ml dry CH2Cl2 and sonicated for 45 min. 0.01 
g of complex 1c in 5ml dry CH2Cl2 were added to the sonicated rGO and stirred 
vigorously for two days at room temperature. The supported catalyst was 
separated by centrifugation, washed extensively with CH2Cl2, and dried under 
vacuum.  
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Scheme S1. Synthesis of rGO and the proposed scenario of chloropyridine decomposition after the 
immobilzation step of 1c.  

 

High-resolution transmission electron microscopy (HRTEM). The 
samples were imaged using a JEOL 3000F transmission electron microscope (field 
emission gun, operated at 300 kV using both conventional TEM and scanning 
TEM), with a point resolution of 0.17 nm in conventional TEM mode. Sample 
preparation was performed by dipping a copper TEM-grid covered by a lacy 
carbon film into a dispersion of the rGO or 1@rGO in ethanol. The microscope 
was equipped with an energy-dispersive X-ray spectrometer (XEDS) system from 
Oxford Instrument with a silicon drift detector (SDD) for compositional analysis. 
High resolution TEM (HRTEM) images were scrutinized for Pd particles and 
investigated by Fourier analysis. 

 

X-ray photoelectron spectroscopy (XPS). The measurements were carried 
out at the XPS end station of the HIPPIE beamline of the MAX IV Laboratory in 
Lund, Sweden. The analysis chamber is equipped with a SCIENTA HiPP-3 
hemispherical electron energy analyser and a separate preparation chamber, which 
is equipped with surface analysis and preparation tools. The presented data were 
collected using a SCIENTA SAX100 Al Ka X-ray anode combined with a VG 
SCIENTA XM780 monochromator (photon energy 1486.7 eV). The anode was 
operated at 10 kV electron acceleration voltage and 25 mA emission current. The 
experiment was performed at a pressure lower than 10-9 mbar. Single crystal 
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samples were dissolved and polymer samples were dispersed in dichloromethane 
and then the samples were dropped onto the highly oriented pyrolytic graphite 
HOPG surface. All spectra were energy-calibrated with respect to the C 1s core 
level of graphite of HOPG at 284.42 eV.37 No signs of sample charging were 
detected: all lines could be reproduced reliably at the same energy. In particular, 
the C 1s line was always found at the same binding energy. Background removal 
was done by using a Shirley or low-degree polynomial background in the case of 
the Pd 3d spectra and a Shirley background in the case of the Cl 2p spectra. From 
the N 1s spectra a polynomial background was removed. Curve fitting of the Cl 2p 
and N 1s spectra was carried out using the Igor Pro software package of 
Wavemetrics, Inc. using symmetric Voigt lineshapes. The spin-orbit split 
components in the Cl 2p spectra were restrained to have a 1:2 area ratio between 
the Cl 2p1/2 and Cl 2p3/2 peaks.  

 

Preparation of Chloropyridine@rGO  

0.02 g of rGO were suspended in 7 ml dry CH2Cl2 and sonicated for 45 min. 3-
chloropyridine (3.7 mg, 0.033 mmol) was added to the sonicated rGO and stirred 
vigorously for two days at room temperature. The solids were separated by 
centrifugation, washed extensively with CH2Cl2, and dried under vacuum.  

 

Inductively coupled plasma-optical emission spectroscope (ICP-
OES). Pd loadings were measured by a PerkinElmer Optima 8300. Samples (20 
mg) were treated with a muffle stove at 1000 °C for 4 h. After cooling to room 
temperature, 3 ml of aqua regia was added and stirred for 30 min at 100 °C. The 
resulting solution was filtrated and the filtrate was diluted to 50 ml with distilled 
water.  

 

Thermogravimetric analysis (TGA). The thermal stability of the samples 
under study was investigated by using a Q500 analyser (TA Instruments). The first 
heating scan was from 25-500 °C under N2 and the second heating scan was from 
500-600 °C under air, the heating rates were 10 °C/min. 

 

Gas chromatography analysis (GC). The analyses were done using an 
Hewlett-Packard 5890 II instrument with a flame ionization detector (FID) and a 
capillary column (CP-Sil 19CB 14% cyanopropyl-phenyl/86% 
dimethylpolysiloxane, 0.2 μm, 0.2 mm, 25 m) with decane as an internal standard. 
The retention times of different compounds in the gas chromatogram were 
identified using commercially available and synthesized pure compounds.  
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Figure S1. a) Cl 2p XP spectra of fresh 1@rGO, showing the proposed fitting for extra components. b) 
N 1s XP spectra of complex 1c, fresh 1@rGO, 1@rGO after acetoxylation reaction, and chloropyridine 
deposited on rGO. 

 

 

 

 

 

 

 

 

 

 

Figure S2. TGA curves of rGO and 1@rGO. The heating rate was 10 °C min-1 under N2 over a 

temperature range 25-500 °C and under air over a temperature range 500-600 °C.  

a 

b 
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Abstract 
A new catalytic system based on π-π stacking of an N-heterocyclic carbene 

(NHC) palladium complex on reduced graphene oxide (rGO) was synthesized and 
characterized. The system exhibited excellent regioselectivities in ligand directed 
C–H activation/halogenation reactions with different heterocyclic organic 
substrates. The catalyst was successfully re-used up to five runs with operational 
simplicity and ease of recovery. Hot filtration test confirmed the heterogeneous 
character of the catalytically active solids. 

Introduction 
 

Using transition metal catalysis to functionalize unreactive C–H bonds into 
C–halogen bonds is an intense area of research as it could facilitate the production 
of bulk chemicals and minimize the chemical waste by shortening the reaction 
pathways in a large number of transformations. The halogenation of heterocyclic 
compounds can yield various pharmaceuticals that are important and irreplaceable 
components in everyday life (Fig. 1). The presence of halogen atoms in the 
structures has a direct impact on the activity, solubility and pharmacokinetics of 
the drug.1-5 
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Figure 1. Examples of chemical structures of drugs containing halogenated heterocycles: a) a 
psychoactive drug, b) an antifungal agent, c) an antibiotic and d) an antiviral agent.4 

The selective directed C–H bond halogenation of arenes (functionalization of C−H 
bond with the assistance of chelation) is an important methodology and has 
profound applications in organic synthesis.6-11 Thus, in the current work we 
investigate ligand-directed C–H halogenation using an N-heterocyclic carbene PdII 
(NHC-PdII) complex supported on reduced graphene oxide by noncovalent 
interactions (π-π stacking) with the aim of showing their efficiency and 
regioselectivity in a number of heterogeneously catalyzed reactions. The catalyst 
shows a superior regioselectivity compared to the homogeneous analogue in C–H 
iodination and bromination of phenylpyridine. Moreover, the π-stacked catalyst 
can easily be separated, recovered and recycled up to five times with 100% 
selectivity of the mono-halogenated product. 

Results and discussion 

Synthesis and characterization 
Complex 1 was synthesized according to a previously reported method.12 The 
metallated complex 1 showed a downfield shift of the carbene carbon around 180 
ppm, according to 1H and 13C NMR spectra. Addition of PdCl2(PhCN)2 to 1 in the 
transmetallation step, followed by chloropyridine addition gave 2 in good yield 
(Scheme 1). The 13C NMR spectrum of 2 exhibited a signal at 147.56 ppm, which 
is assigned to the carbenic carbon (Pd-Ccarbene).  

 

Scheme 1. Synthesis and heterogenization of an anthracene-tagged Pd(II) carbene complex. 
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Figure 2. Molecular structure of 2 with thermal ellipsoids displayed at 50% probability. Hydrogen atoms 
have been omitted for clarity. Selected bond lengths (Å) and bond angles (o) with estimated standard 
deviations of 2 crystal: Pd1—C 1.956(2), Pd1—N3 2.141(2), Cl1—Pd1—Cl2 174.01 (11). 

 

The structure of complex 2 was confirmed by X-ray diffraction (XRD) and the 
molecular structure with selected bond distances and angles is shown in Fig. 2.  
Subsequently, freshly sonicated reduced graphene oxide (rGO) flakes were stirred 
vigorously for two days with 2 in dry dichloromethane (Scheme 1). At the end of 
the supporting procedure, the palladium complex π-stacked on rGO (PdII@rGO) 
was separated by centrifugation and washed extensively with dichloromethane to 
remove any unsupported complex 2.  

 

 
Figure 3. (a) and (b) SEM and STEM images of PdII@rGO catalyst.  
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A scanning electron microscopy (SEM) image revealed crumpled features in the 
support layers in the structure of PdII@rGO (Fig. 3a). High resolution 
transmission electron microscope (HRTEM) images and Fast fourier transform 
(FFT) analysis did not detect any presence of metallic palladium in PdII@rGO 
after the immobilization step (Fig. 3b). The density and dispersity of elements Pd, 
Cl, N and C in PdII@rGO were evaluated by X-ray energy-dispersive 
spectroscopy (XEDS) and EDX mapping. Pd, Cl and N are found to be 
homogeneously dispersed on the surface of the graphene sheets in PdII@rGO, 
while the high density of C element is expected and inevitable in the immobilized 
solids (Fig. 4a and 4b). However, as can be also seen in Fig. 4b, the native rGO 
support is free of Pd, Cl and N. Inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) analysis confirmed that the loading of palladium in 
PdII@rGO is 2.0 w%. The PdII@rGO possesses a high thermal stability 
according to thermogravimetric analysis (TGA) (see Figure S1 for details).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) STEM image and dark-field STEM of PdII@rGO, the red box in the STEM image marks 
the areas for which the elemental mapping was carried out. (d) EDX spectra of PdII@rGO (red line) 
and rGO (blue line). 
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 Directed C–H halogenation of benzo[h]quinoline 
Initially, we screened the directed C–H bromination of benzo[h]quinoline 3 at 
different temperatures using N-bromosuccinimide as an oxidant and PdII@rGO as 
a catalyst under the reaction conditions as summarized in Table 1. A significant 
improvement in the yield of 3-Br up to 16.2 % was found when the temperature 
was increased from 60 to 100 °C (Table 1, Entries 1 and 2). No di-substituted or 
dimeric products (due to homo coupling) were observed, but traces of the mono-
chlorinated adduct was detected by GC-MS analysis, probably originating from 
the chlorides on the palladium in 2. Increasing the temperature further up to 120 
°C lead to a decrease in the yield of 3-Br to 9.4% and formation of the di-
substituted product 3-Br2 in trace amounts. This is probably due to un-catalyzed 
bromination taking place at this temperature (Table 1, Entry 4). Switching to 
GAcOH as a solvent afforded only 9% yield of 3-Br (Table1, Entry 3); in the 
absence of catalyst there was no conversion at 100 °C (Table1, Entry 5). For 
comparison, 3-Br was obtained in a lower yield of 13 % upon using complex 2 as 
a homogenous catalyst, in addition to formation of 3-Br2 in trace amounts (Table 
1, Entry 6). Furthermore, mono-chlorinated and di-chlorinated products were 
formed in 27% and 12% yield, respectively using NCS as an oxidant and 
PdII@rGO as a catalyst. There is no formation of iodo-substituted products using 

Table 1.  C–H halogenation of  benzo[h]quinoline using Pd(II) based catalysts. 
 

 

Entry Catalyst Temp. oC X 3-X (%)[a] 3-X2 (%)[a] D.P. (%)[a] 

1 PdII@rGO 60 Br 5.6 n.f n.f 
2 PdII@rGO 100 Br 16.2[c] n.f n.f 

3 PdII@rGO [b] 100 Br 9 n.f n.f 

4 PdII@rGO 120 Br 9.4 traces n.f 

5 None 100 Br n.f n.f n.f 

6 2 100 Br 13.3 traces n.f 

7 PdII@rGO 100 Cl 27 12 n.f 

8 PdII@rGO 100 I n.f n.f n.f 

9 PdII@rGO [b] 100 I n.f n.f n.f 

[a] Yield and selectivity were determined by GC using a calibration curve based on decane as an  internal 
standard. D.P.= dimeric product, n.f.= not formed. [b] Solvent is GAcOH. [c] Traces of mono-chlorinated  
adduct was detected in GC-MS and analyzed by 1HNMR. 
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different solvents (Table 1, Entries 8 and 9), which could be related to the high 
planarity of benzo[h]quinoline substrate and the size of the iodine. 

Time profile and hot filtration test 
The time profile study was done according to the reaction conditions shown in Fig. 
5. No induction period was observed and the catalysis almost stopped after 12 
hours. Furthermore, a hot filtration experiment was performed, where the solid 
catalyst was filtered off after 20 minutes of reaction and the filtrate was evaluated 
after 18 h. From this it is clear that the reaction did not proceed in the absence of 
the solid catalysts, corroborating its heterogeneous character (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 5. Time profile and hot filtration test of the indicated catalysis reaction. 
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Bromination and iodination of phenylpyridine 
Generally, phenylpyridine 4 was smoothly transformed into the corresponding 
brominated and iodinated products at mild reaction conditions as shown in Fig. 6. 
Notably, PdII@rGO showed a high regioselectivity compared to the homogeneous 
analogue, affording only mono-brominated 4-Br and mono-iodinated 4-I products 
in moderate to good yields (30 and 52% respectively) as shown in Fig. 6a and 6b.  

 

  

 

 

Figure 6. Heterogeneous, homogenous and uncatalyzed reaction yields in bromination and iodination 
of 4. Yields and selectivity were determined by GC using a calibration curve based on decane as an 
internal standard. 

It is worth noting that although 2 was less selective for bromination and iodination 
of phenylpyridine it gave higher yields of mono-halogenated products of the 
indicated catalysis reactions. There was no dimeric product in either reactions and, 
without catalyst, there is no conversion (<1%) and one can rule out any non-
catalytic parallel reactions such as electrophilic aromatic substitution reactions.  
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Recyclability of PdII@rGO 
With these results in hand, we set out to test the reusability of PdII@rGO in the 
iodination of phenylpyridine. The results shown in Fig. 7 indicate that although 
there is some loss of activity after the first run, the following four runs show no 
apparent loss of activity within the experimental fluctuation.  

  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Recyclability test of PdII@rGO catalyzed iodination reaction of phenylpyridine. Yields were 

determined by GC using a calibration curve based on decane as an internal standard. 

XPS study before and after catalysis 
To evaluate the oxidation state of the Pd in our heterogeneous catalyst system, it 
was analyzed using X-ray photoelectron spectroscopy (XPS) before and after 
catalysis. The XP spectra of 2 and PdII@rGO (Fig. 8) show the Pd 3d5/2 and Pd 
3d3/2 peaks at approximately 337.8 and 343.2 eV binding energy binding energy 
(BE) respectively, which is within the range of the BE of a Pd(II) species (Fig. 8a).  
Due to the π-stacking and the subsequent change in the Pd environment, we 
observed significate changes associated with the XP spectra of PdII@rGO (Fig. 8a 
and 8b). Firstly, a peak at lower binding energy of around 337.6 eV appeared in 
the Pd 3d5/2 spectrum and secondly the Cl 2p peaks shows broadening in the 
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spectral features of PdII@rGO and a new peak shifted by 1.5 eV toward higher 
binding energies compared to the spectrum of 2 (Figure 8b). This could be 
interpreted as a dissociation of the chloropyridine ligand onto the rGO surface 
during the supporting reaction, which has previously been observed with a similar 
type of catalyst.13 This was confirmed through an XPS analysis of supported neat 
chloropyridine on rGO; the Cl 2p spectrum of this is in agreement with the new 
peak in PdII@rGO (Figure 8b). Furthermore, the intensities of the Cl 2p peaks 
associated with the Pd–Cl species were substantially decreased after chlorination, 
bromination and iodination catalytic reactions (Figure 8b). Indeed, these results 
point to a substitution of chloride on palladium by other ligands which could be 
bromide, iodide or acetate. This is in line with GC-MS and 1H NMR analyses, 
where traces of mono-chlorinated adduct were detected during the bromination 
reaction of benzo[h]quinoline using PdII@rGO (see Table 1).  

 
 

 

Figure 8. (a) and (b) Pd 3d and Cl 2p XP spectra of the indicated samples.  

 

a) b) 
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Thus, we conclude that during the reductive elimination step the palladium 
intermediate can eliminate Cl– benzo[h]quinoline and in general the chlorides on 
palladium tend to be lost during catalysis. Importantly, the supported material 
PdII@rGO contains no Pd in the metallic state, and it retains the Pd(II) oxidation 
state even after five catalysis cycles. The N 1s spectrum of 2 shows a higher 
energy peak (ca. 401.2 eV) related to the imidazole nitrogen and a lower energy 
peak (ca. 400.5 eV) associated with the chloropyridine nitrogen,13 and the ratio 
between the peaks is 2:1 as expected (Fig. S2 in the Supporting Information). Peak 
broadening towards lower and higher binding energies is observed in the N 1s 
spectra of PdII@rGO both before and after catalysis, indicating a higher dispersity 
in the N chemical environment.  

Conclusions 
We describe a new heterogeneous catalytic system based on supporting a 
palladium NHC complex with one anthracene arm on reduced graphene oxide 
through p-p stacking. This material catalyzes the directed C–H halogenation of 
(hetero)arenes with fair-good yields and excellent regioselectivity. HRTEM, 
XEDS, EDX mapping, and XPS analysis results confirmed the that catalyst 
maintains its molecular Pd(II) state in the supported material and that it is 
homogeneously dispersed on the surface. The recyclability of this supported 
system was shown for iodination of phenylpyridine and this also shows that the 
material maintains the Pd (II) oxidation state after five runs with no reduction to 
Pd nanoparticles. There is, however, a slow substitution of chlorides on the 
palladium during catalysis. 

 

Experimental data 
General. All manipulations were conducted under ambient conditions, unless 
noted. Solvents and chemicals were purchased from commercial suppliers and 
used as received. Complex 1 was prepared according to a previously reported 
procedure.14 Graphene oxide and the reduced graphene oxide were prepared by 
reported methods.15,16 NMR spectra were acquired on a Bruker Avance 400 FT-
NMR spectrometer (1H: 400.1 MHz) or a Varian Unity INOVA 500 spectrometer 
(1H: 499.76 MHz). 1H and 13C NMR chemical shifts are reported in parts per 
million and referenced to the signals of deuterated solvents. Multiplicities are 
abbreviated as follows: (s) singlet, (d) doublet, (t) triplet, (q) quartet, (m) multiplet 
and (br) broad. Elemental analyses were performed by H. Kolbe 
Mikroanalytisches Laboratorium, Mülheim an der Ruhr, Germany. 

High-resolution transmission electron microscopy (HRTEM). The samples were 
imaged using a JEOL 3000F transmission electron microscope (field emission 
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gun, operated at 300 kV using both conventional TEM and scanning TEM), with a 
point resolution of 0.17 nm in conventional TEM mode. Sample preparation was 
performed by dipping a copper TEM-grid covered by a lacy carbon film into a 
dispersion of the rGO or PdII@rGO in ethanol. The microscope was used with an 
energy-dispersive X-ray spectroscopy (XEDS) system from Oxford Instrument 
with a silicon drift detector (SDD) for compositional analysis. Additionally, high 
resolution TEM (HRTEM) in combination with Fast Fourier transform analysis 
were used for detection of lattice fringes in the search for the existence of metallic 
Pd in the sample. 

Inductively coupled plasma-optical emission spectroscopy (ICP-OES). Pd 
loadings were measured by a PerkinElmer Optima 8300. Samples (20 mg) were 
treated with a muffle stove at 1000 °C for 4 h. After cooling to room temperature, 
3 ml of aqua regia was added and stirred for 30 min at 100 °C. The resulting 
solution was filtrated and the filtrate was diluted to 50 ml with de-ionized water.  

Thermogravimetric analysis (TGA). The thermal stability of the samples under 
study was investigated using a Q500 analyser (TA Instruments). The first heating 
scan was from 25-500 °C under N2 and the second heating scan was from 500-600 
°C under air; the heating rates were 10 °C/min. 

Gas chromatography analysis (GC). The analyses were done using a Hewlett-
Packard 5890 II instrument with a flame ionization detector (FID) and a capillary 
column (CP-Sil 19CB 14% cyanopropyl-phenyl/86% dimethylpolysiloxane, 0.2 
μm, 0.2 mm, 25 m) with decane as an internal standard. The retention times of 
different compounds in the gas chromatogram were identified using commercially 
available and synthesized pure compounds according to previously reported 
methods.17  

Scanning electron microscopy (SEM). The characterization was carried out using 
a SEM LEO 1560 (Zeiss, Oberkochen, Germany) operated at 10 kV. To avoid 
charging the samples were coated with a 10 nm Pt coating prior to SEM imaging. 

X-ray photoelectron spectroscopy (XPS). The measurements were carried out at 
the XPS end station of the HIPPIE beamline of the MAX IV Laboratory in Lund, 
Sweden. The station houses an analysis chamber equipped with a Scienta Omicron 
HiPP-3 hemispherical electron energy analyser and a separate preparation chamber 
equipped with surface analysis and preparation tools. The XPS data were collected 
using a Scienta Omicron SAX100 Al Ka X-ray anode combined with a VG 
SCIENTA XM 780 monochromator (photon energy 1486.7 eV). The anode was 
operated at 10 kV electron acceleration voltage and 25 mA emission current. The 
experiment was performed at a pressure lower than 10-9 mbar. Single crystal 
samples were dissolved and graphene samples were dispersed in dichloromethane 
and then the samples were dropped onto the highly oriented pyrolytic graphite 
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HOPG surface. All spectra were energy calibrated with respect to the C 1s core 
level of graphite of HOPG at 284.42 eV.18 No signs of sample charging were 
detected: all lines could be reproduced reliably at the same energy. In particular, 
the C 1s line was always found at the same binding energy. Background removal 
was done by using a Shirley or low-degree polynomial background in the case of 
the Pd 3d spectra and a Shirley background in the case of the Cl 2p spectra. In the 
case of the N 1s spectra a polynomial background removal was applied. Curve 
fitting of the Cl 2p and N 1s spectra was carried out using the Igor Pro software 
package of Wavemetrics, Inc. using symmetric Voigt lineshapes. The spin-orbit 
split components in the Cl 2p spectra were restrained to have a 1:2 area ratio 
between the Cl 2p1/2 and Cl 2p3/2 peaks.  

Synthesis of complex 2. Complex 1 (0.55 g, 1.3 mmol), 50 ml of dry CH2Cl2 and 

Pd(PhCN)2Cl2 (0.50 g, 1.3 mmol) were charged in a 50 ml Schlenk flask. The 
reaction was stirred for 24 h and (0.66 g, 5.8 mmol) of 3-chloropyridine was added 
to the cloudy solution; after 3h the mixture was filtered through Celite. The yellow 
solid product 2 was precipitated by addition of pentane, filtered on a frit and dried 
under vacuum giving 0.67 g (91% yield).  

 

 

 

 

 

 

Characterization of 2. 1H NMR (400 MHz, CD3CN): δ 9.19 (d, J= 2.3 Hz, 1H, 
H17), 9.09 (dd, J= 5.5, 1.3 Hz, 1H, H14), 8.59 (s, 1H, H5), 8.46 (d, J= 8.8 Hz, 2H, 
H4 and H6), 8.07 (d, J= 8.4 Hz, 2H, H1 and H9), 7.82 (ddd, J= 8.2, 2.3, 1.3 Hz, 
1H, H16), 7.64-7.47 (m, 4H, H2, H3, H7 and H8), 7.38 (ddd, J= 8.2, 5.5, 0.5 Hz, 
1H, H15), 6.76 (s, 2H, H10), 6.76 (s, 1H, H12), 6.12 (s, 1H, H11), 4.20 (s, 3H, 
H13). 13C NMR (400 MHz, CD3CN): δ 150.5 (C17), 149.4 (C14), 147.5 (C12a), 
138.3 (C16), 132.9 (C10a), 131.5 (C4a), 131.4 (C5a), 129.8 (C1a and C9a), 129.3 
(C4 and C6), 127.7 (C1 and C9), 125.6 (C2, C3, C7 and C8), 125.0 (C16a), 124.1 
(C5), 124.0 (C15), 122.7 (C12), 121.0 (C11), 47.4 (C10), 38.2 (C13). Anal. Calcd 
for C42H40Cl4N4Pd2: C, 51.18; H, 3.58; N, 7.46. Found: C, 50.81; H, 3.97; N, 7.26. 
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Bromination of 3 catalyzed by PdII@rGO. 1 equivalent (19.2 mg, 0.1 mmol) of 
benzo[h]quinoline 3, 2.3 equivalents (43.9 mg, 2.4 mmol) of N-bromosuccinimide 
(NBS) and 5 mol% (29.1 mg) PdII@rGO were stirred at 100°C in a Teflon-cap 
screw vial with approximately 1 ml CH3CN. The reaction proceeded for 24 hours. 
At the end of the reaction, the reaction mixture was diluted with CH2Cl2 and then 
centrifuged for 15 minutes. The catalyst was shaken with CH2Cl2 (3 ml x 5), 
centrifuged, and the solvents collected and evaporated. To refresh the catalyst, 
PdII@rGO was washed with 3-chloropyridine, centrifuged and dried overnight. A 
final wash and centrifugation was carried out to wash away unbonded 3-
chloropyridine. The evaporated mother layers from catalysis were either subjected 
to a preparative TLC for analysis or injected into the GC in the cases where 
calibration curves were available. All products were analyzed by GC-MS and 
NMR spectroscopy. 

 

 

 

 

 

 

 

 Figure S1. TGA curves of rGO and PdII@rGO. 
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Figure S2. N 1s XP spectra of the indicated samples. 
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Abstract 
The mechanism of undirected C−H oxygenation reaction catalysed by a Pd(II)–
NHC  p-stacked onto reduced graphene oxide was successfully investigated using 
in situ X-ray absorption spectroscopy (XAS) study. The supported complex is 
activated in the initial step of the reaction by changing its coordination 
environment around the Pd centre, while the oxidation state of Pd(II) is retained. 
Over the reaction, the active species is partially reduced to Pd(0) forming small 
nanoclusters. 

Introduction 
The formation of carbon–oxygen (C–O) bonds from C–H bonds could enable the 
green synthesis of pharmaceuticals and other important compounds. Such 
transformations are usually catalysed by transition metals (TMs) and in general 
very attractive strategies for organic synthesis. Most examples include 
homogeneous catalysts, but heterogenized transition metal catalysts are in 
demand, not only because these supported systems are recyclable and easy to 
separate from the reaction mixture, but also for their potential to introduce novel 
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chemical reactivity.1-3 Recently, reduced graphene oxide (rGO) was successfully 
applied as a supporting material for different types of transition metal N-
heterocyclic carbene TM–NHC complexes and applied for many transformations.4-

8 This includes examples of C−H oxygenation and, although mechanistic 
information for Pd(II)–NHC catalysed undirected C−H oxygenation under 
homogeneous reaction conditions is available,9 the mechanism of such reactions 
catalysed by heterogeneous Pd(II)–NHC catalysts remains unclear. Specifically, 
there are no in-depth studies yet reporting an insight into the catalytically active 
species that is present during the reaction in rGO supported TM–NHC complexes. 
Therefore, here we present results from an X-ray absorption spectroscopy (XAS) 
study that sheds some light on the above mentioned issue. XAS, as an element 
selective method, is a powerful tool to investigate the oxidation state of a specific 
element and its local structure even in a multi-element compound. Different 
sample states (solid, liquid or gas) can be measured by XAS even with 
concentrations of investigated elements in the low millimolar range. These 
advantages make XAS a suitable technique to study catalysts where the major 
focus is on the structure of catalytically active centres, such as the structure of 
palladium complexes imbedded in metal organic frameworks.10-11 The preparation 
of a catalyst can also be investigated by measuring the catalyst at different 
synthetic stages in an ex situ manner.12 With reasonable time resolution of XAS 
measurements and proper reactors that can be adapted to the beamlines, in situ 
XAS measurement has provided opportunities to follow the structural changes of 
the catalytic center during various reactions in both gas-solid13 and liquid-solid14 
systems. Together with other techniques, the active species of a catalyst during the 
reaction and its recyclability can be understood, which can pave the way to 
develop catalysts with better performance and longer lifetime. Recently, Wendt 
and co-workers focused on developing and applying supported heterogeneous 
Pd(II)–NHC catalysts in undirected C–H oxygenation of benzene.2 Although, 
these systems afforded good yields of the acetoxylated product up to 50%, the 
reaction pathway and the nature of the catalytically active center are still not fully 
understood. Here we report on a mechanistic investigation of C–H acetoxylation 
of benzene catalysed by a Pd–NHC supported on rGO. 

Experimental section 
Reactor for in situ XAS measurement 

A custom-made reactor (Figure 1) developed at Christian-Albrechts University 
(Kiel, Germany) in cooperation with the beamline staff at the P08 beamline, 
PETRA III, DESY (Hamburg, Germany) was used to perform the reactions and 
collect in situ XAS data.15 Basically, the reactor consists of an aluminum casing 
that holds Duran© glass vials with a maximum volume of 6 ml.  
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Figure 1. The reactor that was used to collect in situ XAS data. 
 

The inner diameter of the vials is 10 mm and the thickness of the glass wall is 1.0 
mm. It includes an in-built miniaturized stirring plate and temperature and the 
addition of reagents can be controlled remotely. The whole reactor was aligned on 
the beamline in transmission geometry.  

 
XAS experiments 

In situ XAS measurements were performed at the beamline P64 at DESY 
(PetraIII), Hamburg, Germany. Pd K-edge (24.35 keV)16 radiation was used with 
an energy range from 24.15 to 25.00 keV in a continuous scanning mode. All XAS 
data collection was in transmission mode and the acquisition of each XAS scan 
was set at 5 min with considerations of both time resolution and data quality. The 
XAS data were either treated as individual scans or an average of several scans 
with identical features to improve the data quality. A palladium foil reference was 
always measured simultaneously and its first inflection point of the absorption 
edge was defined as Pd K-edge position. The data treatment was performed with 
the EXAFSPAK package including pre-edge subtraction, spline removal, 
normalization and Fourier transformation.17 The experimental k3-weighted EXAFS 
oscillations were analyzed by non-linear least-squares fits of the data to the 
EXAFS equation, refining the model parameters, number of backscattering atoms 
(N), mean interatomic distances (R), Debye-Waller factor coefficients (σ2) and 
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threshold energy (Eo). FEFF7 was used to calculate the theoretical phases and 
amplitudes.18 It should be noticed that the distances read in Fourier transformed 
EXAFS spectra were without phase correction and true distance values were 
determined from EXAFS refinements. The standard deviations reported for the 
refined parameters were obtained from k3 weighted least-squares refinements of 
the EXAFS function c(k), and without including systematic errors. For a well-
defined interaction, the accuracy of the distances given for an individual complex 
is between ±0.005 and ±0.02 Å. 

Catalytic reactions for in situ XAS measurement 

Benzene (1.75 g, 22.44 mmol, 21.77 equiv.), PhI(OAc)2 (0.33 g, 1.03 mmol, 1 
equiv.), 1@rGO (0.10 g, 9 mol% with respect to the oxidant), glacial acetic acid 
(1.50 ml), and acetic anhydride (0.17 ml) were transferred into the reaction vessel 
which was sealed in the preparation room and transported immediately to the 
hutch for measurements. The reaction mixture was stirred at 90 °C during the in 
situ XAS measurements. 

Results and discussion 
Preparation of 1@rGO 

Complex 1 was synthesized according to a previously reported procedure.19 
Complex 1 was supported onto rGO according to an adaptation of the procedure 
by Peris and co-workers,6 as summarized in Scheme 1. XAS data of complex 1 
and 1@rGO were collected in powder form using regular sample holders. Figure 
2a shows the X-ray absorption near edge spectra (XANES) spectra of these two 
materials together with Pd foil. Both complex 1 and 1@rGO have an edge 
position at ca. 24354 eV which is 4 eV higher than the Pd foil reference. This 
confirms that the Pd has an oxidation state of +II in both catalysts.20 The XANES 
features of 1@rGO are a little bit smeared out compared to the unsupported 
complex, indicating a slight but noticeable local structure difference between 
complex 1 and 1@rGO. 

 
Scheme 1. Immobilization of complex 1 on rGO results 1@rGO catalyst. 

1 1@rGO 

rGO 

CH2Cl2 



5 

However, their Fourier transformed EXAFS spectra (Figure 2b) are almost 
identical confirming the same coordination environment around the Pd atoms. The 
results of EXAFS refinements (k: 2-11.5 Å-1) agree well with the crystal structure 
of complex 1. The main peaks at ca. 1.5 Å without phase correction correspond to 
Pd-N/C bonds. The bond distances were determined to be 1.97 Å for complex 1 
and 1.95 Å for 1@rGO with a coordination number of two for both of them. 
Debye-Waller factor coefficients of Pd- N/C single scattering are relatively high 
which proves that the ligands bound to Pd at this distance are different. The main 
peaks at ca. 1.8 Å correspond to Pd–Cl bonds. The bond distances in both 
materials were determined to be 2.30 Å with a coordination number of two and a 
small bond distance distribution. By combining XANES and EXAFS it can be 
concluded that during the loading of complex 1 onto rGO, the complex remained 
intact, but the geometry of the ligands around Pd slightly changed according to the 
XANES spectra.  

 

 
Figure 2. (a) XANES spectra and (b) Fourier transformed EXAFS spectra without phase correction of 
complex 1 and 1@rGO.  
 

Activation of 1@rGO  

The activation mechanism for 1@rGO in the acetoxylation reaction of benzene 
was investigated. The XAS data acquisition was conducted at room temperature 
for 15 min and for 5 minutes at 90 °C in the in situ reactor. However, the XAS 
data quality of the individual in situ scans were fairly poor (most probably due to 
the low concentration of Pd in the reaction mixture) at this initial stage, therefore it 
was not possible to analyze them in detail. Therefore, the catalyst, after the 
altogether 20 min measurement, was centrifuged and the catalyst suspension was 
transported to a regular solid sample holder for measurement. With this procedure 
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XAS data with acceptable quality were obtained and are presented in Figure 3. 
Significant changes were observed in both XANES spectra (Figure 3a) and 
Fourier transformed EXAFS spectra indicating a structure evolution from fresh 
1@rGO catalyst to its active phase in the reaction mixture. The Pd remains in the 
oxidation state +II even in the active phase. The change in the XANES spectra 
could indicate a partial loss of chloride. In Figure 3 the EXAFS range for both 
materials are from 2 to 9 Å-1 for better comparison (a.k.a. the resolutions of the 
peaks are the same). Under this resolution, the main peaks consist of signals from 
both Pd–N/C and Pd–Cl bonds. It is noted that the main peak shifts leftwards from 
fresh 1@rGO to its active state, probably due to a partial loss of Cl. A model of 
Pd–N/C/O with a coordination number of three together with one Pd–Cl was used 
to perform EXAFS refinement and the quality is acceptable (Supporting 
Information, Figure S1). In this case, one Cl was replaced by an acetoxy group.  

 
 

 
 
Figure 3. (a) XANES spectra and (b) Fourier transformed EXAFS spectra without phase correction of 
1@rGO and its active phase in the reaction mixture.  
 
 
In situ XAS studies of the C–H activation reaction  

In situ XAS measurements were performed during the C–H activation reaction 
catalyzed by the activated 1@rGO to follow the possible changes of the active 
species at different stages of the reaction. Figure 4a shows selected XANES 
spectra of the measurement. The spectra at 2 and 4 hours are from two individual 
scans during the in situ measurement with slightly lower data quality. 
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Figure 4. (a) Selected in situ XANES spectra that cover the whole experiment of heterogeneous 
catalytic reaction. (b) Selected in situ XANES spectra with focus on the scans with feature 
development. (c) Selected Fourier transformed EXAFS spectra without phase correction focusing on 
the scans with structural evolution.  

 

Their XANES spectra, however, were almost identical confirming that the active 
species remained unchanged during this timeframe. There is a slight shift towards 
higher energies in edge position (ca. 1 eV) but it is still close to that expected for 
Pd(II). This suggests that Pd(II) is the resting state of the catalyst in the catalytic 
cycle, i.e. the state in which most of the Pd atoms are at a specific time. However, 
the slightly higher edge position might indicate that a small part of the Pd atoms 
have higher oxidation states (+III or +IV). This information supports the proposed 
Pd(II–IV–II) reaction mechanism.9 Due to the relatively long reaction time, the 
vial in which the reactions proceeded was moved from the beam after 4 h but the 
heating and stirring was continued under the same conditions and further data was 
collected at 6, 8 and 24 hours after the reaction started. In order to observe the 
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minor but important changes that took place, XANES spectra of the activated 
catalyst and of the system after 8 and 24 hours were selected and plotted in Figure 
4b. Clear changes of the XANES features can be recognized. From the XANES 
spectrum of the activated catalyst to the one 8 hours into the catalytic reaction, the 
small bump at 24355 eV shifted upwards at 8 hours and at 24 hours this feature 
disappeared. Meanwhile, the XANES wave after the absorption edge started to 
flatten and then split into two smaller waves which is a typical XANES feature of 
metallic Pd. The edge position slightly shifted to lower energy also indicating a 
small degree of reduction. Fourier transformed EXAFS spectra in Figure 4c were 
used to determine the coordination environments of Pd atoms in the activated 
catalyst and catalysts at 8 hours and 24 hours. The positions of the main peak had 
a significant shift to shorter distance suggesting further loss of Cl ligands and it 
was confirmed by refinement showing no Pd–Cl signals in the spectra at 8 and 24 
hours. In addition, a peak at ca. 2.2 Å without phase correction became significant 
which is best refined as a Pd–Pd bond. The Pd–Pd bond distance and coordination 
number of distances of the 8 h sample was 2.67 Å and 1.5 respectively. For the 24 
h sample, Pd–Pd bond distance remained similar while the coordination number of 
distances increased to 3. This means that a small amount of the Pd complexes 
were reduced to metallic Pd nanoclusters. The average size of Pd nanoclusters was 
smaller than 1 nm due to the low average coordination number of Pd-Pd bond and 
relatively short bond distance compared with bulk Pd metal and Pd nanoparticles 
in other materials.21,22 The fraction of metallic Pd nanoclusters increased from 8 h 
to 24 h.  

Conclusions 
An in situ XAS study was successfully performed to investigate the reaction 
mechanism of a newly developed supported catalyst, 1@rGO, for the C–H 
oxygenation of benzene. The Pd in 1@rGO was confirmed to have the same 
ligands as in complex 1 but with different geometry. The catalyst went through an 
activation process in the beginning of the reaction by changing the coordination 
environment of Pd atoms while keeping the oxidation state unchanged. There is an 
indication that a small fraction of the Pd atoms have a higher oxidation state at this 
point. One of the Cl ligands was probably replaced by an acetoxy group at this 
stage. This new phase was the active species for the reaction and it was stable up 
to 6 hours under the measurements condition. Then the active species slowly 
underwent a transformation into small Pd nanoclusters while losing the last Cl 
ligand. The catalyst in the end of the reaction consists of a minor fraction of 
metallic Pd nanoclusters and a major fraction of Pd(II) complexes species. 
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 Supporting Information: 

 
 

 
 
 
 

 
 
 
Figure S1. Fit of the Pd K-edge EXAFS spectra (left) and the Fourier transforms (right) of (a) complex 
1, (b) 1@rGO fresh, (c) activated 1@rGO, (d) 1@rGO at 8 h and (e) 1@rGO at 24 h of the operando 
XAS measurement.  
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Figure S1. Continued.  
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Table 1. Refined distances (d/Å), mean number of distances (N) and Debye-Waller factor coefficients 
(σ2) from EXAFS refinements in Figure S1. 
 

 
Catalyst 

d(Pd-
N/C/O) 

(Å)a 

 
CNb 

 
σ2 

d(Pd-
Cl) (Å)a 

 
CNb 

 
σ2 

d(Pd-
Pd) 
(Å)a 

 
CNb 

 
σ2 

Complex 
1 

1.97(1) 2.0 0.010(1) 2.296(4) 2.0 0.0018(4) - - - 

1@rGO 
fresh 

1.951(4) 2.0 0,0112(5) 2.296(1) 2.0 0.0022(1) - - - 

Activated 
1@rGO 

1.998(8) 3.0 0.0093(8) 2.259(7) 1.0 0.0034(8) - - - 

1@rGO 
at 8 h 

2.014(8) 3.5 0.004(1) - - - 2.67(1) 1.5 0.008(1) 

1@rGO 
at 24 h 

2.037(7) 3.0 0.0048(7) - - - 2.62(1) 3.0 0.0124(7) 

 

a The standard deviations in parentheses were obtained from k3-weighted least square refinements of the EXAFS 
function χ(k) and do not include systematic errors of the measurement. b The coordination numbers are average 
values and the estimated error of the coordination is ca. 25% of the given value when refined. Underscored 
parameters have been optimized and fixed in the refinements. 
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