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1 | C-H Activation, C-C Bond Forma-
tion and Bifunctional Catalysis:
a General Introduction

One way to achieve sustainability is by applying green chemistry. This concept was
introduced in the early 1990’s and readily became popular among academics and sci-
entists. Green chemistry deals with the design of chemical processes that reduce
or eliminate the use and generation of hazardous substances. 1 Catalysis is one of
the fundamental pillars of green chemistry.2 By replacing stoichiometric amounts of
reagents for catalytic processes, environmental protection as well as economic bene�t
are achieved, as many catalysts reduce the amount of waste, save energy, or reduce
the number of steps needed to get to the target molecule.

Heterogeneous catalysts are preferred for industrial oil processes, while for the
conversion of petrochemicals homogeneous catalysts are used as well, for example in
the Ni-catalyzed SHOP process or Rh-catalyzed carbonylation of methanol.3 The most
obvious advantage of transition metal-based homogeneous catalysts is the ability to
convert substrates with high chemo-, regio- and enantioselectivity, that can be steered
by the steric and electronic properties of the surrounding ligands. By gaining a deep
understanding of the mechanism of catalytic transformations as well as a great insight
into the architecture of molecular systems, it is possible to rationally design new and
improved transition metal-based molecular catalysts.

Fundamental knowledge on the strength and reactivity of metal-carbon bonds is
essential for the understanding of catalytic mechanisms behind common organic reac-
tions, which often involve the formation and cleavage of such bonds. For example, de-
tailed mechanistic studies on Pd-catalyzed cross-couplings resulted in the wide variety
of organic transformations for C-C bond-forming reactions we have access to today,4

and has allowed for the development of processes based on cheaper and more benign
metals, such as Ni and Fe (Scheme 1.1).5

In this thesis the fundamental reactivity of metal-Csp2 bonds in cyclometalated com-
plexes is studied. On one hand, these type of complexes have interesting properties
and have been employed in various domains of material sciences, such as in sensors,
as anticancers agents, light-emitting diodes and photovoltaic cells.6 On the other hand,
for synthetic chemists they are highly interesting because they are postulated interme-
diates in many catalytic C-H functionalization reactions (Scheme 1.1). 7,8 C-H activation is
a powerful tool to form C-C or C-heteroatom bonds directly from unreactive C-H bonds.
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Scheme 1.1: The upper �gure describes a typical cross-coupling reaction between two activated
substrates to form a Csp2-Csp2 bond. In the lower �gure a typical C-H functionalization reaction
is depicted.

It has gained a huge interest in the past decades and is a very active �eld of research.
Understanding of the mechanism of these organometallic reactions has progressed
considerably which has resulted in many publications on improved methodologies or
discovery of new reactions.

N X
PR2M

Figure 1.1: Structure of the P,N,C-ligand on which the work in this thesis is based.

Part of this thesis is focused on obtaining insight in the fundamental steps of C-H
activation and C-C bond formation at a speci�c P,N,C-platform provided by the ligand
architecture shown in Figure 1.1. This introductory Chapter gives an description and a
short literature overview of C-H activation and cyclometalation in section 1.1. In section
1.2, the reactivity of metal-carbon bonds is discussed with respect to cooperative catal-
ysis which has a long-standing interest of our group. In this case, the metal-carbon
bond reacts reversibly to activate substrates and form products. Section 1.3 gives an
overview of the topics covered in this thesis.

1.1 C-H activation and Cyclometalation

C-H bonds are ubiquitous in organic compounds, which implies that there is a great
potential for organic synthesis if these bonds could selectively be transformed into
a variety of other functional groups by transition metal catalysts. Due to the inert-
ness of C-H bonds, which can be as high as 110 kcal/mol for aromatic C-H bonds, these
types of transformations are challenging and the �rst practical catalyzed C-H activation
procedures were only reported in the past decades. Since then, catalytic C-H function-
alization represents one of the most stimulating and promising areas in research today,
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A General Introduction

because atom- and step-economy can be maximized by eliminating the multiple steps
and limitations associated with the preparation of functionalized starting materials as
in e.g. cross-coupling reactions.

H
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Scheme 1.2: First example on the formation of a M-C bond through C-H bond activation.

Stiochiometric C-H activation has been known since the early 1960s and was �rst
reported as cyclometalation of azobenzene to [NiCp2] (Scheme 1.2).9 In the 30 years
after this pioneering work, many more examples on the synthesis of metalacycles were
published,6 but it was only in the early 1990s that the �rst practical Ru-catalyzed C-H
transformations were discovered. The following intensive research e�orts have led to
the development of various challenging C-H bond functionalizations. In general, key to
success of the progress on catalytic systems was a detailed mechanistic understanding
of the stoichiometric formation of the M-C bond via C-H activation. 10–12 The activation
step can occur in di�erent ways, depending on the nature of the metal fragment. Three
distinct pathways are traditionally considered (Scheme 1.3); (A) oxidative addition for
electron-rich late transition metals, (B) σ-bond metathesis for early transition metals,
and (C) electrophilic activation with electron-poor late transition metals.
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Scheme 1.3: Di�erent pathways for the activation of C-H bond.

More recently it was discovered that the use of certain bases, in particular the class
of carboxylates, can facilitate C-H activation in a superior manner. Detailed experimen-
tal and computational studies provided strong evidence for a di�erent pathway for
metalation based on a favourable six-membered transition state in which the metala-
tion and deprotonation occur in a concerted step (concerted-metalation-deprotonation
(D)). 13 Many catalytic procedures nowadays rely on co-catalytic amounts of carboxy-
lates.
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Chapter 1

1.1.1 Directing groups
One of the ongoing challenges in the �eld of C-H functionalization is the achievement of
regio-selectivity, because organic molecules usually contain many C-H bonds that may
show the same reactivity. 14 The most common strategy to accomplish selectivity is the
use of a directing group (DG). 15 The DG is a functionality that is able to coordinate to
the metal center and is thereby bringing the catalyst in close proximity of a speci�c C-H
bond, which usually is the one in ortho-position to the DG (Scheme 1.4). The resulting
cyclometalated intermediates are often thermodynamically stable species with �ve- or
six-membered metallacycles. Optimally, the DG can be easily installed and removed
after catalysis or transformed in other functionalities. 16,17
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Scheme 1.4: Some of the most used functional groups that can act as directing group to steer
ortho-metalation.

Catalytic C-H functionalization reactions can be steered by the choice of metal,
additional ligands, and reaction conditions, but the choice of directing group can also
determine the outcome of a reaction. Firstly, the DG actually serves as a ligand during
catalysis and secondly, it also in�uences the properties of cyclometalated intermedi-
ates. Pyrdine is a DG that has been used since the early days of catalytic C-H func-
tionalization, as it coordinates strongly to metal centers. This facilitates intramolecular
C-H activation which made it possible to develop many mild reactions for e.g. C-C
bond formation via insertion of alkenes. On the other hand, strong coordination of
the DG also sometimes results in cyclometalated intermediates that are too stable to
react with challenging coupling partners. In contrast, C-H activation is more di�cult for
weaker coordinating DGs, such as alcohols and carboxylates, but they produce more
reactive cyclometalated intermediates that are generally not isolable. The recent use
of this approach has resulted in a broader scope of coupling partners. 16,18,19

Other types of DGs that have become popular in recent years are the bidentate
DGs, especially the ones based on N,N-chelation have attracted much attention.20,21

One of the advantages of the strong anionic-neutral-bidentate coordination of the
DG is the capability to stabilize transition metals in higher oxidation states, e.g. PdIV,
and thereby facilitating the C-H bond functionalization step. Furthermore, the unique
properties of this type of DG has enabled �rst-row transition metal C-H activation
catalysis with Cu, Co, Fe and Ni.8,21–23 Combined experimental and theoretical studies
have provided a uniform understanding of the assisting role played by bidentate DGs
(see Scheme 1.5).24,25 As expected, it was found that bidentate coordination leads to
tighter binding compared to monodentate DGs. The distal neutral coordination site
mostly in�uenced how easy the substrate would coordinate to the metal center, with
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Scheme 1.5: Left: type of bidentate DG that is commonly employed with a variety of transition
metals. Right: Insights in the features of bidentate DGs obtained from theoretical investigations.
Various donor groups were considered for this theoretical study on the e�ects of directing groups
on the C-H activation but all were related to the structure on the left.

stronger binding for more Lewis acidic donors. On the other hand, the nature of the
anionic proximal coordination site has more impact on the transition state barrier for
C-H activation. Replacing this anionic moiety for a neutral one results in an ine�ective
DG according to DFT calculations, because the bidentate coordination is not favourable
due to coordination of anionic acetate ligands in the metal precursor. Other metal
precursors were not considered in this theoretical study.

Overall, the development of new DGs has led to many discoveries of new reactivity
in the �eld of catalytic C-H functionalizations and is still ongoing. To a certain extent,
the understanding of the properties of DGs was and will be important for further
advancement.

1.1.2 Metal-(C-H) interactions
Various types of metal-(C-H) interaction exist which all activate the C-H bond involved
in the interaction. A speci�c type of interaction is the agostic bond which is believed
to be omnipresent in C-H activation reactions. It is de�ned as an interaction of a C-H
bond with a metal center forming a 3-center-2-electron bond.26 Isolated examples of
complexes with such an interaction are typically found for 14-electron or 16-electron
metal complexes. A �lled σ-orbital of the C-H bond interacts with an empty d-orbital
of the metal resulting in stabilization of the metal. At the same time, the C-H bond
itself becomes weaker as electron density is removed from it. This e�ect is ampli�ed
when the metal is electron-rich enough for π-backbonding into the σ*-orbital. When
the backbonding interaction is strong, oxidative addition occurs and the C-H bond is
cleaved to form an M-aryl/M-alkyl and an M-hydride species. In this regard, the agostic
complex can be viewed as an intermediate towards oxidative addition that structurally
resembles the transition state. Agostic interactions also play a role in σ-bond metathe-
sis and, moreover, DFT calculations showed that an agostic interaction is present in
the transition state of acetate-assisted cyclometalation to PdII (CMD mechanism in
Scheme 1.3). 13 The DFT calculations point out that an agostic bond is formed prior
to the deprotonation step. Subsequent H-transfer is almost barrier-less and occurs
in a six-membered cyclic transition state (Figure 1.2). The delicate interplay between
bonding and backbonding interactions determines whether an agostic complex can
be isolated; if the σ-donation is too weak, the interaction will not form, and if the
backbonding is too strong, C-H activation will occur.

Many di�erent types of agostic interactions exist27 and although M-(Calkyl-H) inter-
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Chapter 1

actions are highly important for e.g. polymerization reactions with d0 metals,26,28 they
are not discussed here. Our research deals with the interaction of metals with aromatic
C-H bonds and therefore, an overview on this topic is given.

N
Me Me

Pd
OAc

O

O
MeHδ+

Figure 1.2: Transition state for C-H ac-
tivation for the concerted-metalation-
deprotonation pathway that is accessible
when acetate-bases are used.

M M M

H
Caryl

H
Caryl CarylH

H-Anagostic Agostic C-Anagostic

Figure 1.3: Di�erent type of metal-(C-H)
interactions.

Not every interaction between a C-H bond and a metal can be classi�ed as an
agostic interaction. Another type of interaction that results in short M-H distances
is called an H-anagostic interaction (Figure 1.3). This type of interaction is based on
electrostatic interactions and results from electron donation from a �lled metal orbital
to the hydrogen. It is favoured by electron-rich metal centers and can be described as
a type of hydrogen-bonding.26 On the other hand, C-anagostic interactions are present
in certain type of pincer-complexes and show mainly η1-C-M bonding.29 Finally, short
M-(C-H) distances are sometimes not even the result of a real bonding interaction, but
originate from geometric constraints of the ligand structure, forcing the C-H bond into
proximity of the metal.

Table 1.1: Experimental features for agostic and H-anagostic bonding.

Agostic bonding Anagostic bonding
[3c-2e] bonding [3c-4e] bonding
Distance M· · ·H = 1.8-2.3 Å Distance M· · ·H = 2.3-2.9 Å
6 MHC = 90-140° 6 MHC = 110-170°
NMR signal shifts up�eld NMR signal shifts down�eld
Decreased 1JCH coupling constant No changes in 1JCH coupling constant
= 75-100 Hz

Reduced ν(C-H) frequency No changes in ν(C-H) frequency

The characterization of M-(C-H) interactions can be aided by a set of experimental
criteria that is derived from known agostic and anagostic complexes (see Table 1.1).26

For agostic bonding, typically shorter M· · ·H and smaller 6 MHC are found than for H-
anagostic interactions. The weakening of the C-H bond is re�ected by the decreased
1JCH coupling constant in NMR and reduced ν(C-H) frequency in IR. However, the char-
acterization can be troublesome for complexes that have borderline ful�llment of the
criteria or ful�ll only some criteria. Furthermore, in the case of unpaired metal d-
electrons, paramagnetic character of the resulting metal complex may hamper anal-
ysis. In those cases, DFT calculations can be very helpful to understand the nature
of the interaction.30,31 Figure 1.4 shows some selected recent examples of late transi-
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A General Introduction

tion metals in which short M-(C-H) distances were detected by X-ray crystallography.
The following overview describes the nature of the interaction in these complexes and
shortly explains how the interaction was characterized. Generally, a combination of
experimental and computation methods were used to identify the type of interaction.
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Figure 1.4: Selected examples in which short M-(CPh-H) distances are observed. A full review on
agostic bonds in cyclometalation can be found in literature. 27

The cationic RhI complex 1 reported by Milstein et al. is a classic example of a
pincer complex containing an agostic interaction.32 The agostic proton experiences an
up�eld shift of Δδ 3.1 ppm in 1H NMR upon coordination of the the free ligand (aro-
matic region) to Rh (δ 4.13 ppm). DFT calculations con�rm that electron density is
present between the C-H bond and Rh and a partial bond order was found between
Rh-C and Rh-H. Besides, it was proven that the C-H bond is weaker than normal aro-
matic bonds, as it could be deprotonated with weak bases such as NEt3 and collidine.
With such an electron-rich metal as RhI, it is somewhat surprising that the agostic
interaction is formed instead of oxidative addition. This feature was ascribed to π-π-
respulsion between the Rh-aryl bond and the CO-ligand in trans position. Intriguingly,
addition of a second CO-ligand to 1 resulted in C-H activation of the PCP-ligand forming
the (PCP)Rh(H)(CO)2 complex. DFT-calculations pointed out that the CO-ligand in cis
position can lower π-π-respulsion and thereby facilitate C-H activation.33,34

In the analogous CoI complex 2, the presence of two CO-ligands did not result in
C-H activation, perhaps because low-spin CoI generally favours �ve-coordinate geome-
tries whereas RhI favors a square planar geometry in pincer complexes.35 The agostic
proton in 2 was found at δ 2.23 ppm and computations show that weak bonding exists
between Co-C and Co-H. The acidity of the agostic proton was revealed by deprotona-
tion with pyridine. In this case, oxidative addition of the ligand to form a CoIII-H could
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Chapter 1

be promoted by addition of electron-donating isocyanide ligands.
A di�erent type of interaction can be found for the PCP-RhI complex 3 bearing the

highly electron-poor ligand. Coordination of the ligand to Rh results in a C-anagostic
interaction.36 The signal of the proton bound to the carbon involved in the interaction
can be found at δ 9.81 ppm and is shifted down�eld with respect to the free ligand
(Δδ 1.1 ppm). This is in contrast with the behaviour observed for agostic protons. With
use of specialized DFT calculations, the type of bonding could be described as an ηI-
C-Rh interaction, as signi�cant electron sharing was found between Rh and C but not
between Rh and H.29

A similar η1-C-Rh interaction was observed in RhIII complex 4.37 Coupling of the Rh-
hydride to the proton on the aryl ring was observed with 1H NMR spectroscopy together
with a short Rh-C distance around 2.6 Å. However, due to the large ring size of the
10-membered chelating ring, it is more di�cult for the C-H bond to engage in an agostic
interaction and larger distances are found between Rh and C-H than for true agostic
interactions. Furthermore, the RhIII is less capable of π-backdonation compared to RhI

complexes. With the help of DFT calculations, the type of bonding and the unique
NMR-features were ascribed to an π-type η1-arene interaction.

When ECE-type of pincer ligands are coordinated to d10-metals such as CuI and
AgI (5), similar short M-C distances are observed in the range of 2.61-2.75 Å.38 As the
metals do not possess unoccupied orbitals, it is questionable if these short distances
are the result of electronic e�ects or steric constraints of the ligands. Indeed, no
attractive interaction was found between the metals and the ligand by DFT calculations.

In contrast, an attractive bonding situation was found for a paramagnetic d9-
CuII complex 6.39 Pulsed EPR-experiments (HYSCORE) were used to show hyper�ne
coupling of the Cu-center to a proximal proton. Experimental and DFT results were
combined to describe the attractive interactions as a nonconventional 3-centered-3-
electron bond, which stems from interaction of a C-H σ-bond with the half-�lled dx2-y2
orbital.

H-Anagostic interactions are typically associated with d8 square planar complexes
that have an axial interaction with a C-H bond, as in e.g. complex 7.26,40 Detailed
DFT studies on several H-anagostic complexes shows that this interaction is mostly
electrostatic and sometimes a partial covalence was found for the somewhat stronger
interactions between �lled metal orbitals and the anagostic hydrogen.41

When a ligand brings a C-H bond in proximity of the metal but does not necessarily
enforce short M-(C-H) distances and interactions, much more dynamic systems can be
obtained. In the case of RuII complex 8, a short distance between Ru and the ortho-
C-H bond of the phenyl group was found in the crystal structure. However, it was
observed that the phenyl group of the phenylpyridine ligand freely rotates in solution
at RT because one broad signal is obtained for the two ortho-protons of the phenyl-
group in 1H NMR at δ 6.18 ppm. Decoalescence of the signal was observed when the
NMR-solution was cooled to 173 K, resulting in two new signals at δ 4.14 and δ 8.30
ppm. The up�eld shift of the interacting proton suggested agostic bonding, which was
con�rmed with DFT calculations.

The ’unrestricted’ interaction of a phenyl-group with ruthenium was also investi-
gated at a [RuI-RuI] core supported by several substituted 1,8-naphthyridine-ligands.42

The crystal structures show an axial interaction of [RuI-RuI] with the ortho-C-H bonds.
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A General Introduction

The authors claim an agostic interaction is present in complex 9, but this statement
is only based on a very small up�eld shift (Δδ = -0.12 ppm) for the signal of both
ortho-protons in the 1H NMR spectrum.

It is clear that interactions between a metal and a C-H bond come in many forms,
depending on the nature of the metal, the C-H bond and surrounding ligands, and that
it can be di�cult to assign the speci�c type of bonding. Fortunately, Alikhani et al.
recently reported a set of criteria for descriptors based on a combination of special-
ized DFT calculations, Quantum Theory of Atoms in Molecules (QTAIM) and Electron
Localization Function (ELF) topological analysis, which can provide a qualitative classi�-
cation of this type of weak interactions.31 This work, a set of known agostic complexes
was used to compile a list of criteria for the assignment of the type and strength
of a interaction. The criteria are based on calculations that determine the presence
of topological descriptors and provide some values (e.g. electron density or metal
contribution) associated with these descriptors. An approach for classi�cation of the
interaction is provided in which these speci�c values are combined with geometrical
parameters that describe the system. In Chapter 4, we will use this approach to analyze
an interaction found in a Ni-complex. More detailed information is provided there.

1.2 Metal-ligand cooperativity (MLC)

The reactivity of classical homogeneous catalysts in various transformations is often
based on transition metals that are decorated with organic ligands to stabilize the
metal center. Furthermore, the ligands steer the electronic and steric properties of
the metal center in order to facilitate elementary steps of catalysis, such as oxidative
addition, reductive elimination and insertions. However, they do not participate in
these processes themselves and are therefore called spectator ligands.

One class of catalysts that has emerged as powerful tool in green chemistry are
the so-called bifunctional catalysts, in which the metal center and the ligands bound
to it actively cooperate. During catalytic turnover, the ligands undergo reversible bond-
making and bond-breaking processes for substrate activation and product formation
steps and thus actively participate in catalysis. The great number of studies on cat-
alysts based on metal-ligand cooperativity (MLC) has led to catalysts that show high
activities and to the development of new catalytic reactions that are not possible with
’classical’ catalysts.43,44

The kick-start of the development and interest in bifunctional ligands was Noyori’s
discovery that primary amine ligands have a positive e�ect on the rate of Ru- catalyzed
hydrogenation of ketones in 1995.45 At that time, the remarkable activity of complex 10
was ascribed to a synergy of the Ru-H and the N-H moiety, which a simultaneous de-
livery of a hydride and a proton to the substrate possible (see Scheme 1.6).46 Like this,
the substrate does not have to coordinate to the metal and can be hydrogenated in an
’outer sphere’ mechanism. Furthermore, the deprotonated Ru-amide complex can het-
erolytically split H2. In the years following, many more complexes were developed based
on this ’N-H e�ect’, amongst which Noyori’s Ru(BINAP)(diamine) complexes 11 for the
asymmetric hydrogenation of ketones,47 Ru-MACHO complex 12 for the hydrogenolysis
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Chapter 1

of esters,48, Grützmachers Rh(Trop) catalyst 12 for a wide variety of hydrogenation and
dehydrogenation reactions,49 and the Ru(PNNP) complexes 14 developed by Morris.50 A
complete overview of the N-H functionality in catalysis is provided in a recent review.51
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Scheme 1.6: Simpli�ed mechanism for outer-sphere (transfer-)hydrogenation reactions possible
with complexes bearing amine ligands.

The exact function of the N-H group has been subject of many computational
studies over the last decades with sometimes contradicting outcomes. Recent new
insights, which were summarized by Dub, point out that the mechanism can follow
several accessible pathways.52 One clear �nding is that the substrate is indeed hydro-
genated without ligation to the metal (outer-sphere mechanism). However, the proton
and hydride are not transferred in a concerted fashion but more likely in a stepwise
H-/H+ transfer. The same holds for heterolytic cleavage of H2 which is only possible
when facilitated by solvent proton shuttling. Finally, additional viable pathways were
found where the N-H moiety only serves as hydrogen-bond donor to substrate-alkoxy
intermediates and does not undergo N-H bond cleavage during catalysis.

The properties of nitrogen seem to be perfect for the use as bifunctional motif
in hydrogenation catalysts for polar substrates, because it can accept a proton and
can direct the substrate to the metal center through hydrogen-bonding. Nevertheless,
the discovery of the ’N-H e�ect’ inspired researchers to investigate the possibility to
use other hetero-atoms as bifunctional moiety. Furthermore, besides the activation
of H2, the research scope for using bifunctional ligands was extended to the activa-
tion of substrates containing E-H bonds, including O-H, N-H, S-H, B-H, C-H, and Si-H
bonds. Over the years this has led to the application of bifuntional catalysts in many
di�erent type of reactions, such as dehydrogenative coupling of amines and alcohols,
borylations, silylations and hydrosilylations.44

Metal-alkoxide complexes could in principle act in a similar fashion as metal-amide
bonds, however, due to the lower basicity of coordinated alkoxides compared to amides
and the lability of neutral alcohols in late transition metal complexes, MLC based on
alkoxides/alcohols is less common. Gelman et al. reported iridacycle 15, which gives
outstanding results in the acceptorless dehydrogenation of alcohols (Figure 1.5).53 The
alcohol is indeed labile in the protonated form, but is kept in proximity of the metal
by tethering it to a rigid PCP pincer framework. Thiolate ligands are also occasionally
found to show cooperative behaviour and complex 16 is an example of a Rh-catalyst
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developed by Tatsumi for hydrogenation.54,55 Analogous Ru complexes can activate
Si-H bonds and are used for the silylation of indoles.56

Reactive moieties can also be incorporated in the second coordination-sphere of
the catalyst, which means that they are located at a distal site in the ligand and do not
directly coordinate to the metal. However, protonation of these distal sites often in-
duces changes in the direct coordination-sphere by re-aromatization. Examples of cat-
alysts that are based on this mechanism are complexes 17 and 18. The Fe-bispyrazolato
complex 17 reported by Ikariya has two reactive sites in the ligand that are transformed
to neutral pyrazole moieties when protonated at the distal nitrogens. With the presence
of these two reactive sites in one catalyst, which can take up two protons, it is possi-
ble to disproportionate hydrazine in ammonia.57 The group of Milstein has developed
an approach for metal-ligand cooperation based on dearomatization of lutidine-based
PNP pincer ligands (complex 18). Addition of a base to the neutral pyridine-ligand de-
protonates the -CH2P arm resulting in an exocyclic double bond, which can be used
to activate a wide variety of E-H bonds.43,58 Many di�erent types of reactions can
be performed with catalysts based on the reactive PNP ligand. Its potential has been
recognized by many other groups and nowadays, a plethora of catalysts (and catalytic
reactions) derived from the original PNP systems are known.44,59,60

Besides anionic ligands that can accept protons, it is interesting to investigate lig-
ands that can accept hydrides.61 The group of Peters has shown that boron can act
as such a type of ligand in Ni-complex 19.62,63 Ni-dihydride complexes are normally
unstable but oxidative addition of H2 to Ni0 complex 19 readily occurs. In contrast to
normal donor ligands that donate electrons to metal-based ligands, boron is able to
accept electrons from d-orbitals of the metal.64 When H2 reacts with the Ni-B bond,
the Ni-center is formally protonated, whereas the hydride is stabilized by B, forming
an ’agostic’-type Ni-(B-H) bond. In this form, the Ni-’dihydride’ is stable and readily
hydrogenates ole�ns.

1.2.1 Metal-ligand cooperativity based on M-C bond reactivity

The modes of metal-ligand cooperative bond activation are highly diverse, depending
on the nature of the metal and ligand structures. However, most of the systems are
based on anionic ligands that can accept and deliver a proton during substrate ac-
tivation and product formation, respectively. Furthermore, most of the bifunctional
moieties rely on hetero-atoms that have the right balance between acidity and basic-
ity. For carbon-based reactive moieties, this balance might be more di�cult to �nd
as most C-H bonds are di�cult to deprotonate. On the other hand, with Milstein’s
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complex 18 (Figure 1.5) it is shown that it is possible to have MLC through deproto-
nation/reprotonation of a C-H bond. Figure 1.6 displays more complexes that show
longe-range MLC via a C-H bond in the second coordination-sphere of the metal.
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Figure 1.6: Complexes that show long-range MLC via a basic carbon-moiety in the second
coordination-sphere of the metal. 65–67

In enzymes it is very common that basic residues surrounding the active site help
in the activation of substrates by temporarily accepting a proton. The basicity of
these residues usually relies on amine-groups such as in histidine. Metal-carbon bonds
are rarely found in enzymes, but recently it was discovered that the active site of a
lactate racemase contains a SCS pincer ligand that can act as an hydride acceptor
(Scheme 1.7).68 In this section, the potential use of direct M-C bonds as functional
moiety in synthetic cooperative catalysts is discussed. As was shown in section 1.1.1, the
use of directing groups can enhance the reactivity of otherwise unreactive C-H bonds
and, moreover, they keep the C-H bond in close proximity of the metal. Therefore,
only the reactivity of M-C bonds in metallacycles will be discussed here. The following
overview gives information on what type of M-C bonds are reactive in presence of
E-H bonds. Although the reactivity of the M-C fragment with E-H is not of particular
use for most of the examples, some catalytic systems will be discussed that operate
via reversible cyclometalation. A distinction will be made between M-Csp2, M-Csp3, and
M-Ccarbene bonds.
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Scheme 1.7: Active site of a lactate racemase enzym that contains a SCS pincer ligand as
cofactor. It is believed that this cofactor acts as a hydride acceptor.
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M-Csp2 bonds

Cyclometalations are often reversible in nature,6 which was already noticed in the
late ’70s during investigations on ortho-metalated PPh3 ligands (23, Scheme 1.8). An
Ir-complex bearing such a fragment was found to undergo Ir-C bond cleavage upon
reaction with H2 and MeOH.69 A few years later it was found that anionic Ru-complexes
bearing a cyclometalated PPh3 unit were good (pre)catalysts for hydrogenation reactions
of a variety of substrates. Reactions under D2 showed incorporation of deuterium into
all the ortho-positions of the PPh3 ligands, proving that the formation of the Ru-C
bond is reversible under catalytic conditions. 70 In other cases it was found that such
ortho-metalated Ru complexes are o�-cycle species in hydrogenation reactions, being
formed when the concentration of H2 is too low. 71 Ortho-metalation of the PPh3 occurs
more often, but is usually considered a deactivation pathway.

M PPh3

H
- H2

+ H2

M PPh2

23

Scheme 1.8: Reversible ortho-metalation of the widely used PPh3 ligand.

The incorporation of deuterium in the ortho-positions of the pendant phenyl-group
was also observed for 24 and 25. In these cases, it is possible to use MeOH-d3 as an
deuterium source (Scheme 1.9). 72,73 These complexes were successfully applied in the
catalytic transfer of deuterium to styrene, although a mechanism based on reversible
ortho-metalation was only postulated for 24.
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D
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Scheme 1.9: Incorporation of deuterium into the ortho-position of pendant phenyl-group of 24
and 25 by addition of MeOH-d4 to cyclometalated complexes. These complexes can be used as
catalyst for deuterium transfer to substrates such as styrene.

Due to the rigidity of the ligand structure, ECE pincer ligands with a pivotal aromatic
ring usually give very robust metal complexes that can be used as catalysts for many
di�erent types of reactions. 74 However, some ECE-complexes are �exible enough for
the M-C to react with H2 and form agostic complexes (Scheme 1.10). For Rh-complex
26 harsh conditions are required to cleave the Rh-C bond, as it takes 10 hours at 75
◦C under 35 bar H2.37 After chloride abstraction with NaBArF4, Ru-complex 27 reacts
within minutes under a stream of H2. 75 Complex 28 also has a vacant site for H2
coordination when the Ru-CtBu-H interaction is broken. 76 For this complex, facile Ru-C
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bond cleavage is observed that can be achieved at RT under 1 atm of H2. Although
it was found that these three type of ECE-complexes can heterolytically split H2, they
were not used as catalysts in hydrogenation reactions.
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Scheme 1.10: Cyclometalated ECE-complexes that can heterolytically cleave H2 to form a C-H
bond and a M-hydride.

An example of a reactive PCP-complex that is used in a catalytic reaction is shown
in Scheme 1.11. In 2014, reversible cyclometalation of a PCP ligand was postulated as
possible mechanism for ammonia-borane dehydrogenation catalyzed by Fe-complex
29. 77 In this case, the complex does not react with H2 but abstracts a proton and a
hydride from NH3BH3. Complex 29 was at that time the most active Fe-catalyst and
released up to 2.5 equivalents of H2 per molecule of NH3BH3. Studies on the kinetic
isotope e�ect proved that a concerted hydride and proton transfer was involved in the
RDS, which was attributed to H-/H+ transfer to the Fe-C moiety. Unfortunately, the
catalyst is only stable for a short time and in a later stage of the catalytic reaction,
catalyst degradation and NH3 formation is involved.

In 2013, a computational study on reversible cyclometalation as bifunctional motif in
ammonia-borane dehydrogenation showed that reversible cyclometation of the POCOP
ligand in Ir-complexes did not compete with non-bifunctional pathways because it was
too high in energy. 78 This was attributed to the rigid structure of the POCOP ligand.
The authors showed that when the phenyl-group was in a terminal position of the
ligand, in bidentate or tridentate ligands, reversible cyclometalation becomes a viable
pathway for Ir-complexes and could possibly lead to more active catalysts for NH3BH3
dehydrogenation than the best one reported at that time.

Stoichiometric activation of E-H bonds has been reported for some complexes bear-
ing a �anking cyclometalated phenyl group (Scheme 1.12). In these cases, the reactivity
was unexpected because M-C bonds in pincer complexes are generally considered to
be strong. The cationic Pd-complex 30 reacts smoothly with H2O when 10-20 equiv-
alents are added and forms a palladium dimer with bridging OH-groups as product. 79

The authors speculated that the coordination of water, by replacing the acetone ligand,
is likely a key component in facilitating this reaction. A free coordination site is not
necessary for the cleavage of one of the Au-C bonds of the pincer ligand in complex 31
by protonation with tri�uoroacetic acid.80 It is interesting to note that the unrestricted
Au-C bond at the fourth coordination site is not attacked by the acid. In complex 32,
also one of the Fe-C bonds is selectively cleaved by the addition of one equivalent of
phenylacetylene as weak proton donor.81 When more phenylacetylene was used, total
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Scheme 1.11: Ammonia-borane dehydrogenation catalyzed by cyclometalated Fe-complex 29.
The �rst stage of catalysis is proposed to follow a mechanism based on reversible cyclometalation
of the POCOP-ligand.

decoordination of the ligand was observed.
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Scheme 1.12: Stoichiometric activation of substrated containing an E-H bond by cyclometalated
complexes having the phenyl group in a �anking position.

Ir-complex 33 is a catalyst for the dehydrogenative silylation of phenylpyridines
(Scheme 1.13).82 It was found that a wingtip phenyl group of the perimidine-based car-
bene ligand e�ciently enhanced the catalytic activity, which was attributed to the ability
of the �anking phenyl-group to undergo reversible cyclometalation during catalysis. In
the �rst step of the catalytic cycle, the Ir-C bond is used to activate the Si-H bond of
the Et3SiH substrate forming an Ir-SiEt3 bond and a C-H bond. Insertion of norbornene
in the Ir-H bond is followed by C-H activation to formally lose H2 to hydrogen-acceptor
norbornene. The C-H activation of the Ph-group either occurs through oxidative ad-
dition to form an IrV intermediate or through a σ-bond metathesis pathway. The next
step is formation of a σ-complex of the Si-H of the substrate to Ir. The Si-C is expected
to be formed through a σ-complex assisted metathesis (σ-CAM) pathway. This pathway
is often proposed for E-H bond cleavage at late transition metals and does not involve
oxidation state changes from the metal.83
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Scheme 1.13: Silylation of phenylpyridine catalyzed by Ir-complex 33. The proposed mechanism
involves reversible cyclometalation of the mesityl wingtip substituent.

A special class of cyclometalated complexes are the so-called roll-over complexes
which are formed by C-H activation of e.g. bipyridine ligands, such as 34 (Scheme 1.14).
The structure of Pt-complex 34 o�ered a unique opportunity to study the protonation
of the Pt-C bond, as the kinetic product of reaction with HBF4 is the complex protonated
at the nitrogen atom, which slowly converts to the N’N-coordinated thermodynamic
product that is protonated at the carbon.84 It was discovered that the rate of the
retro-roll-over process was dependent on the electronic properties of the phosphine
ligand in trans-position to the carbon; with the electron-donating PCy3, protonation
of the carbon happened within minutes, while for P(OPh)3 the proton-transfer to the
carbon took three months at RT. Whether the proton-transfer from nitrogen to carbon
occurred via protonation of the metal center, forming a PtIV intermediate that could
undergo C-H reductive elimination, or via a concerted electrophilic attack could not be
veri�ed by these experiments.
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Scheme 1.14: Roll-over C-H activation of a bipyridine moiety and the retro-roll-over process
invoked by addition of an acid. The rate of the last step depends on the nature of the phosphine
in trans position and is only fast in the case of highly donating PCy3.
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A similar roll-over mechanism was proposed as the key step in base-free catalytic
transfer hydrogenation reactions by Ru-complex 35.85 The formation of 35 by loss
of HCl from the precursor was indicated by NMR spectroscopy, kinetic studies, DFT
calculations, and mass experiments and is considered to be the main reason why this
Ru-complex is active in absence of a base (which is usually necessary to activate the
precatalyst). The mechanism for transfer hydrogenation involves protonation of the Ru-
C bond by iPrOH to induce the retro-roll-over process. β-hydrogen elimination occurs
from the alkoxy-group giving a Ru-H complex. Insertion of benzophenone into the Ru-
H bond and subsequent proton transfer from the C-H to the alkoxy-group closes the
catalytic cycle.
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Scheme 1.15: Transfer hydrogenation of acetophenone catalyzed by Ru-complex 35

M-Csp3 bonds

The metal-alkyl bonds of some sp3-cyclometalated complexes were also found to re-
act reversibly with H2 (Scheme 1.16). Amongst them is the rare-earth-metal Lu-complex
36, for which it was observed that the Lu-C bond can undergo reversible addition of
H2 at RT.86 Both the C-H and H2 activation step are supposed to proceed via a σ-
bond metathesis pathway. This was the �rst example of a non-redox H2 addition to
a d0fx metal. The reversible addition of H2 is also seen the early transition metal Zr-
complex 37.87 The deactivated cylometalated product readily forms from the dihydride
zirconocene complex in the absence of H2, but the dihydride could be rapidly regen-
erated under 1 atm of H2, most likely through σ-bond metathesis pathways. The same
reversible C-H activation and deuterium incorporation was found for Ru-complex 38,
although the fundamental steps for this late transition metal presumably follow oxida-
tive addition pathways.88

Ru-complexes 39 and 40 constitute of NHC-ligands of which the wingtip sub-
stituents underwent Csp3-H activation. They both undergo reversible reaction with
H2 and can abstract H2 from primary alcohols, which makes them suitable catalysts
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Scheme 1.16: Cyclometalated complexes that contain a M-Csp3 bond and are capable of het-
erolytic splitting of H2.

for e.g. transfer hydrogenation reactions.89 Moreover, they catalyze C-C bond form-
ing reactions from alcohols and Wittig-reagents via the borrowing-hydrogen principle
(Scheme 1.17).90,91 The mechanism involves dehydrogenation of the primary alcohol and
hydrogenation of the alkene which is formed after reaction of the aldehyde and Wittig-
reagent. Better results for this reactions were obtained for the more electron-donating
alkyl-substituted NHC-ligand in complex 39, because electron rich complexes promote
oxidative addition of the C-H bond to Ru.
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Scheme 1.17: A C-C bond forming reaction catalyzed by Ru-complexes containing a cyclomet-
alated wingtup-substituent. Reversible cyclometalation enables a borrowing-hydrogen mecha-
nism.

M-Ccarbene bonds

PCcarbeneP complexes derived from PCsp3P provide some advantages over the PCsp2P
complexes discussed before with regard to the use as bifunctional catalysts. PCsp3P
ligands are more �exible than PCsp2P ligands, allowing more �exibility in coordination
modes. Furthermore, only one of the bonds of a M-Ccarbene moiety is cleaved after
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activation of substrates which means that the tridentate structure of the ligand stays
intact and can provide the stability that is inherent to pincer ligands.

M

P

P

Hm

Cl

R2

R2

H

+ H2

- H2
M

P

P

Hn

Cl

R2

R2

M = Ir 41, n=0, m=1
M = Os 42, n=1, m=2
M = Ru 43, n=1, m=2

Scheme 1.18: Reaction of M-Ccarbene complexes containing an aliphatic backbone with H2.

An e�cient way to generate PCcarbeneP complexes is double C-H activation of the
central carbon, as was �rst reported by Shaw et al. It was shown that Ir-complex 41 can
be easily formed by initial C-H oxidative addition to IrI, followed by formal H2 reductive
elimination from the IrIII under vacuum and a second C-H oxidative addition of the
aliphatic PCP ligand. Moreover, this reaction was reversible as the M-Ccarbene bond
reacted easily with H2 (Scheme 1.18).92 Later on, Gusev et al. found similar reactivity
for Os and Ru complexes bearing this PCP ligand (42 and 43), but also discovered
that facile β-hydride elimination occurs from the aliphatic backbone, making these
complexes unsuitable for further reversible reactivity studies.93
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Scheme 1.19: Reaction of M-Ccarbene complexes containing a ligand with phenyl-linkers.

This problem was circumvented by the incorporation of phenyl-linkers between the
carbene and the phosphines as reported by Piers et al. Using this ligand, Ir-complex 44
and Rh-complex 45 could be synthesized, although the synthesis of 45 was cumber-
some due to formation of unreactive trans (C-H vs. M-H) complexes after the �rst C-H
activation step.94–96 For Ir-complex 46, a more dynamic system was obtained after the
�rst C-H activation and H2 was easily achieved by vacuum cycles. It was found that
there is a di�erence in the electronic nature of the carbene with the aliphatic backbone
and the carbene with the diphenylmethylene backbone. The aliphatic pincer produces
a nucleophilic, Schrock-type carbene invoking ylide character to the M-C linkage be-
cause it is polarized towards carbon, whereas the pincer with the diphenylmethylene
backbone produces a more electrophilic, neutral L-type Fischer carbene (Scheme 1.20).
This implies that the metal centers in 44 and 45 are formally MI d8 systems. The
electrophilic nature of the carbene explaines why these complexes react with H2, pre-
sumably through oxidative addition to the metal, while they are unreactive to other
E-H substrates.

Coordination of the same ligand to Ni a�ords complex 46 (Scheme 1.21). The M-
Ccarbene bond is formed in two steps; �rst C-H bond activation via an electrophilic
mechanism losing HBr and secondly, a dehydrohalogenation step with KN(SiMe3)2 as
base. In this case, the ligand coordinates as a dianion to a formally square planar
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Scheme 1.20: Two types of carbenes that are di�erent in electronic nature. A Fischer-type
carbene can be seen as σ-donation from the lone pair of the carbene to the metal center
together with π-back donation from the metal into the empy p-orbital of the carbene. In this
case the carbene is electrophilic. In Schrock-type carbenes, the bonding can be viewed as a
coupling of a metal triplet state and a carbene triplet state. In this case, these bonds are
polarized towards carbon, which makes the carbene nucleophilic in nature.
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Scheme 1.21: Pd and Ni complexes that bear the PCcarbeneP ligand. The nucleophilic character of
the carbene, visualized by the ylide resonance structure, enables E-H bond activation of various
substrates.

NiII center, which renders the carbene nucleophilic in nature. This was proven by the
facile activation of several E-H bonds by Ni-complex 46, amongst which MeOH, H2O,
PhCCH, and even the very strong N-H bond of ammonia.97 Furthermore, it was shown
that a substrate with reversed polarity, Ph3SiH, reacts initially in a concerted fashion
with the silyl-group attaching to the carbon and the hydrogen to the Ni-center. This
intermediate converts to the more thermodynamically stable product in which the silyl
and hydrogen switch places.98 So far, the only catalytic activity reported for 46 is the
selective hydration of nitriles to amides.99

The analogous Pd-complex 47 was synthesized by the group of Iluc in a similar
manner as complex 46 and shows similar behaviour as Ni-complex 46. 100 The nucle-
ophilic character of the carbene was demonstrated by DFT NBO analysis, which shows
that the bond order between Pd-C approximates a single bond and that the carbon
bears more electron density than the Pd center. The nucleophilicity of the carbon was
also illustrated by a reaction with MeI, in which a C-C bond was formed with the CH3

+

fragment. Complex 47 also reacts with a variety of E-H and C-H bonds but a catalytic
application has not been discovered yet. 101,102

It was also published that the electronic character of the carbene can be switched
from nucleophilic to electrophilic upon oxidation of complex 47 (Scheme 1.22). 103 The

24



A General Introduction

M

R2R1

M

R2R1

M

R2R1

- e- - e-

C Pd C Pd C Pd

nucleophilic electrophilic

Pd-C:     2.076(3) Å                2.022(3) Å                 1.968(3) Å

13C NMR:    136.06 ppm        (EPR: g = 2.000)             284.47 ppm

Scheme 1.22: Stepwise oxidation of Pd complex 47, which resulted in an Umpolung of the
carbene character.

HOMO of complex 47 consists of an antibonding π-type interaction between a p-orbital
at carbon and a d-orbital at Pd. Upon the �rst oxidation, an electron is removed from
the p-orbital of carbon which produced a ligand-centered radical as was proven by EPR
spectroscopy (g-value around 2.00). The ligand-centered radical reacts selectively with
PhSSPh to form a C-S bond. The second oxidation yields a stable cationic complex
that is susceptible to attack by nucleophiles at the carbon center.
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Scheme 1.23: Reaction of Ir-complex 48 with one equivalent of N2O forming an IrIII iridaepoxide
by formal loss of N2. The iridaepoxide reacts with H2 to form H2O and 48, resulting in a net
hydrogenation of N2O to N2 and H2O.

A variation of the phenyl-linker in this type of ligand was made by Piers et al., who
were able to introduce 2,3-benzo[b]thiophene groups as linkers between the donor
atoms. 104 When coordinated to Ir, complex 48 shows similar electronic features as
complex 44 and is described best as a Fischer-type carbene. The rigidity of this ligand-
framework allowed for the isolation of an irida-epoxide (Scheme 1.23) upon reaction with
N2O, an intermediate that could not be observed for reaction of N2O with 44 due to
decomposition of that complex. The irida-epoxide can react with H2 to form H2O which
makes the whole reaction a formal hydrogenation of N2O to N2 and H2O. The reaction
of 48 and intermediates with H2 has precluded the development of a catalytic process.
More insight in the reaction was obtained by detailed mechanistic studies, which show
that the adaptability of the ligand plays an important role in these processes. 105

Another type of M-Ccarbene complex can be obtained by coordination of methandi-
ide ligands, which consist of a doubly deprotonated methane unit supported by two
heteroatoms (Scheme 1.24). 106 The chemical shift of the carbene in 13C NMR indicates
that the electronic character of this type of carbene lies somewhere between a Schrock
and Fischer carbene and this was con�rmed by DFT calculations. This complex can
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Scheme 1.24: MLC in Ru-complexes 49 that is based on a methandiide ligand. The M-C bond
can be used to heterolytically split H2 and dehydrogenate alcohols and formic acid. Complex 49
can be used as transfer hydrogenation catalyst.

easily activate H2 and alcohols and can dehydrogenate iPrOH and formic acid. Complex
49 catalyzes the transfer hydrogenation of ketones albeit with low activity due to high
barriers for a pathway via the Ru-Ccarbene moiety. 107 Addition of PPh3 ensures higher
catalytic activity, but mechanistic studies show that then reversible ortho-metalation
of the -SO2-Ph group is involved in the mechanism. How to exploit the use of this
cyclometalation is currently under investigation.
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Scheme 1.25: MLC in an Ir-complex 50 that is based on a methandiide ligand. The M-C bond can
be used to heterolytically split H2 and dehydrogenate alcohols, but the resulting hydride-complex
is not stable and undergoes C-H activation of the -SO2Ph moiety of the ligand.

Ir-complex 50 is electronically slightly di�erent than Ru-complex 49 because the
M-C interactions are more polarized towards carbon, making the carbon more nucle-
ophilic but the interaction with the metal weaker (Scheme 1.25). 108 Because of the
weaker coordination to the metal, loss of ligand is observed when 50 is reacted with
alcohols. On the other hand, reactions with H2 and iPrOH are possible, but the product
that is formed by activation of these substrates is unstable and intramolecular C-H
activation of the -SO2Ph group takes place.
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Scheme 1.26: A Ni-NHC complex that can activate the inert N-H bond of ammonia.

N-Heterocyclic carbenes are usually considered unreactive at carbon due to sta-
bilization by the electron-withdrawing nitrogen-substituents. However, Ni-complex 51
can activate NH3 and forms an equilibruim between the amine and amide form, which
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changes in di�erent solvents. 109 The non-innocence of a Ni-di-NHC in a catalytic de-
hydrogenation reaction of ammonia-borane was already shown by Hall et al. 110 DFT
calculations show that the NHC-carbon is protonated by an N-H bond and undergoes
subsequent C-H activation to form a Ni-hydride species.

1.3 Outline of this thesis

C-H activation and the reactivity of the corresponding M-C bond are interesting re-
search topics from di�erent point of views. Catalytic C-H bond functionalization has
emerged as a highly active research area for the development of greener construc-
tion of C-C and C-heteroatom bonds. Fundamental knowledge on the mechanism of
stoichiometric activation and functionalization of C-H bonds can lead to improved cat-
alytic reactions. Furthermore, the reversible nature of C-H activations could account
for metal-ligand cooperativity. At the start of this research, only few reports on this
topic had appeared.

In this thesis the reactivity of a P,N,C(H)-ligand is described, with emphasis on re-
versible C-H activation and selective functionalization or utilization of the correspond-
ing M-CAr cyclometalated species. In Chapter 2, P,N-coordination and subsequent C-H
activation of this ligand to RhI is shown. The reversibility of cyclometalation is probed by
the reactivity of the P,N,C-complex with strong acid and carbon-based electrophiles.
Chapter 3 describes the investigation on bifunctional activation of E-H bonds with
this P,N,C-RhI-complex via M-C bond cleavage, which �nally led to the development of
a catalytic system based on RhI for formic acid dehydrogenation. In Chapter 4, facile
stoichiometric C-H activation of P,N,C(H)-ligands at a NiII complex is reported leading to
well-de�ned nickelacyclic compounds. Besides for ECE ligands, the direct metalation of
C-H bonds to NiII which is a rare reaction. The isolation of reactive complexes having
a Ni-(CPh-H) interaction is discussed, including the type of bonding between Ni and
the C-H fragment. In Chapter 5, the oxidation-induced CPh-Csp3 bond formation from
cyclometalated P,N,C-NiIIR complexes is described, which led to an unexpectedly facile
C-CF3 coupling.
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