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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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Chapter 1
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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

N
N

[NiCp2]

135 °C, 4h
N

N

Ni

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

H

DG M

M

DG

O O

NR2 H
N

O

NMe2

N N

O

N
N

O

N
H

N

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

8



A General Introduction

H
N
H

O

N
H

M

M

= proximal coordination site,
   influences C-H activation barrier

= distal coordination site,
   influences binding to M

P

P

D

D

P

D

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.

O N N O

R R R R
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N N
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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

11



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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Figure 1.5: Complexes that show MLC based on di�erent hetero-atom donors.

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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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.

20



A General Introduction

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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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

22



A General Introduction

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.
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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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2 | Facile Synthesis and Versatile
Reactivity of an Unusual Cyclo-
metalated RhI Pincer Complex

2.1 Introduction

Cyclometalated complexes 1 are proposed to be intermediates in C-H functionaliza-
tion reactions of aromatic substrates, mediated by directing group ligation to a range
of transition metals.2–5 Reactivity studies have indicated that the M-C bond in cy-
clometalated metal-aryl complexes can interact with a variety of reagents. Pyridine
can be used as directing group to induce selective ortho-metalation of phenyl groups.
The use of phenylpyridine, and close analogues thereof, as substrate has been ex-
plored extensively in catalytic C-H functionalization reactions with late row transi-
tion metals, amongst which RhIII catalysts.6–9 Isolated high oxidation state RhIII com-
plexes featuring a cyclometalated phenylpyridine ligand or substrate sca�old are well-
documented. 10–13 In contrast, besides the ’classic’ orthometalated ECE pincer com-
plexes, 14 well-characterized examples of low oxidation state RhI cyclometalated com-
plexes are rare (Figure 2.1). 15–17 As a consequence, the potential reactivity of the met-
alacyclic RhI-C bond and the scope for follow-up chemistry is unexplored.

Rh

PPh2

Ph2P

N

p-tol

P

Rh PPh2

Ph

P Ph
P Ph=Rh

R

NMe2

Figure 2.1: Overview of known cyclometalated RhI complexes.

Agostic metal-(C-H) interactions can stabilize coordinatively unsaturated, low-valent
and electron-de�cient metals by donating some of the electron density of the C-H bond
to the metal forming a three-center two-electron (3c-2e) bond. 18,19 Additionally, su�-
cient π-back donation of d-orbitals of low valent transition metals into the σ*-orbitals
of agostic C-H bonds embedded in a chelating ligand sca�old should enable facile C-H
activation. Agostic interactions can stabilize 16-electron species20 and are hemilabile in
nature, which could be bene�cial for catalysis with crowded metal-centers.21 As such,
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chelating ligands that easily switch between binding modes with either weak (agostic)
or strong (cyclometalated) metal-ligand interactions by simple protonation and depro-
tonation are highly interesting.

The reactivity of cyclometalated metal-carbon bonds with acidic substrates has
been discussed for a number of metals (RhIII,22 IrIII,23–26 PtII,27 AuIII,28 PdII,29 RuII,30 NiII,31

LuIII,32 rollover complexes33–36) and reversible cyclometalation has been postulated
as a possible ligand-mediated mechanism in catalysis, primarily based on theoretical
calculations.37–40 However, we are unaware of any strategies to exploit both hemilabile
agostic interactions and reversible cyclometalation as part of a reactive ligand concept
in coordination chemistry (see Scheme 2.1).21

N
PR2M

N
M

N
PR2R2P M

+

known for RhIII known for RhI

novel reactive ligand design
reversible cyclometalation at RhI

ligand based substrate activation

N
PR2M

H E

N
PR2M

H Y

E-H
Y-H

N
PR2M

X

R

RX

metal-based transformation

Scheme 2.1: General concept for novel PN(C) ligand design and potential bond activation reac-
tivity available through reversible cyclometalation.

Obviously, the concept requires ligand architectures that permit the agostic C-H
bond to dissociate from the (low-valent) transition metal when needed. This scenario
contrasts with reported examples wherein the agostic C-H bond interaction is enforced
by geometric constraints imposed by other ligand donors, such as the phenyl-based
P(CH)P (P(CH)P = 2,6-bis(phosphinomethyl)benzene) pincer system reported by Milstein,
wherein a RhI(CPh-H) bond was detected as an intermediate toward oxidative addition
of the C-H bond.41–44 Examples of structurally characterized complexes with an agostic
Caromatic-H bond bound to RhI wherein the arene is not supported by �anking donors
but is itself a �anking group have not been described to date, to our best knowledge.i

In this chapter we describe our initial investigations on the use of agostic interac-
tions and reversible M-CAr cyclometalation in the design of new �exidentate ligands.
We chose to work on a RhI platform, because of the availability of vacant sites on the
metal and expected facile oxidation to RhIII upon reaction with a substrate. To assess
whether such a ligand concept could be established for RhI complexes, the fundamen-
tal reactivity of the PN(C)-RhI complex is systematically explored to gain understanding
of the metal-carbon fragment. The main question that is addressed is the potential
for and mechanism of C-H activation of the PN(C)-ligand at RhI. The reversibility of the
cyclometalation is demonstrated by the reactivity of the resulting Rh-C bond with acids

iExamples do exist for RhIII 45 and RuII 46
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and carbon-based electrophiles. Moreover, the novel structure of the PN(C)-ligand al-
lows us to uncover whether a RhI complex with an M-(C-H) interaction can also be
isolated for less conformationally restrictive geometries.

2.2 Results and Discussion

2.2.1 Bidentate versus tridentate coordination of PN(C) ligand to
a RhI species

Addition of ligand 1H to 0.5 molar equiv of [Rh(µ-Cl)(CO)2]2 yielded a yellow solid,
which displays a doublet in the 31P NMR spectrum at δ = 104 ppm (1JRh-P = 160 Hz)
(Scheme 2.2). X-ray crystal structure determination of single crystals, grown from
THF-pentane, con�rmed the square planar geometry expected for this complex 2, for-
mulated as RhCl(CO)(κ2-P,N-1H), as depicted in Figure 2.2. The most striking feature of
the molecular structure is the �anking phenyl ring that strongly points out of the Rh-
coordination plane (Rh1-N1-C5-C15 19.32(18)◦), in order to accommodate the Cl-ligand,
which also results in a somewhat acute P1-Rh1-Cl1 angle of 162.983(15)◦.

NPh
PtBu2

[Rh(µ-Cl)(CO)2]2

NPh
PtBu2RhCl

CO

N
PtBu2Rh

CO
1H

2

3

Rh(acac)(CO)2

HCl

NaOAc

N
Rh

O

O

H
presumably

via

- (acacH)

Scheme 2.2: Synthesis of RhI complexes 2 and 3 that display facile reversible metalation.

Figure 2.2: ORTEP (ellipsoids set at 50 % probability) for complex 2 (front and side view).
Selected bond lengths [Å] and angles [◦]: Rh1-P1 2.2243(4); Rh1-N1 2.1546(12); Rh1-Cl1 2.4128(4); Rh1-
C21 1.8039(16); P1-Rh1-N1 81.95(3); P1-Rh1-Cl1 162.983(15); P1-Rh1-C21 94.07(5); N1-Rh1-Cl1 93.75(3);
torsion angle N1-C5-C15-C16 38.6(2).
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Figure 2.3: ORTEP (ellipsoids set at 50% probability) for complex 3 (front and side view). Selected
bond lengths [Å] and angles [◦]: Rh1-P1 2.3054(3); Rh1-N1 2.0751(11); Rh1-C1 2.0427(14); Rh1-C21
1.8144(16); P1-Rh1-N1 82.87(3); P1-Rh1-C1 162.47(4); P1-Rh1-C21 99.92(4); N1-Rh1-C1 80.26(5); torsion
angle C1-C6-C7-N1 -0.79(17).

Notably, reaction of 1H with Rh(acac)(CO)2 (acac = acetylacetonate) results in a the
red complex 3 with very di�erent spectroscopic features compared to 2. 31P NMR
spectroscopy proved particularly insightful to probe the chemistry occurring at the Rh-
center for the various reactions described herein (Figure 2.4). The 31P NMR spectrum
shows a doublet at δ 76 ppm with a signi�cantly smaller coupling constant (1JRh-P =
101 Hz) than observed for 2, which indicates the presence of a strong σ-donor trans
to the phosphine. Furthermore, the 13C spectrum contains a doublet of doublets at δ
177 ppm (1JRh-C = 82 Hz, 2JC-P = 37 Hz). Formation of free Hacac was con�rmed by 1H
NMR spectroscopy. These observations suggest e�cient and selective C-H activation
of the phenyl side-arm of 1H. The resulting (κ3-P,N,C )-coordination mode of the ligand
in this unusual RhI cyclometalated complex was unambiguously con�rmed by X-ray
structure determination (Figure 2.3). The cyclometalated ligand structure bears consid-
erable strain, with 6 P1-Rh1-C1 at 162.47(4)◦and 6 N1-Rh1-C1 at 80.26(5)◦. The Rh-N and
Rh-C bond lengths are similar as found in RhIII-(pyridylphenyl) and RhIII-(phenylimino)
species47–50 and RhI(CO)(PCP).51
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2 JRh-P: 160 Hz

3 JRh-P: 101 Hz

4 JRh-P: 202 Hz

5 JRh-P: 170 Hz

Figure 2.4: 31P NMR spectra with relevant 1JRh-P coupling constants for RhI complexes 2-5.

2.2.2 In�uence of the base on the mechanism of cyclometalation

The mechanism of acetate-assisted C-H activation has been studied by DFT calcula-
tions. Especially for PdII catalysts it is well-understood that the mechanism for elec-
trophilic activation proceeds through a six-membered transition state wherein the non-
coordinated acetate oxygen of the κ1-O ligated acetate deprotonates the C-H bond.52

In the relevant transition state, the C-H bond forms an agostic complex rather than a
Wheland/arenium intermediate. The same mechanism is operational with RhIII 53 and
Ir.54 Based on this precedent, we speculate that a similar mechanism is plausible for
RhI with acetate as external base and with internal bases (e.g. acac).

For this speci�c case, where the ligand may be expected to be chemically nonin-
nocent in analogy to reported Rh-chemistry with a structurally related PNP ligand (PNP
= 2,6-di(phosphinomethyl)lutidine),55–59 we propose that the use of a strong base re-
sults in a di�erent mechanism for C-H activation. Addition of KOtBu to 2 at -78 ◦C is
proposed to initially result in deprotonation of the methylene unit of the ligand back-
bone, generating 2’ (Scheme 2.3). Besides a distinct darkening of the solution upon
dearomatization of the pyridine fragment, deuteration experiments are indicative for
methylene reactivity. The addition of a DCl solution in toluene right after the addition
of KOtBu at -78 ◦C results in selective deuteration at the -CH2(P) position (Figure 2.5).
However, this dearomatized species rapidly converts to 3 by proton transfer from the
ortho-phenyl position to the CH backbone, even at -78 ◦C, preventing unambiguous
spectroscopic identi�cation of this transient species. This type of mechanism is also
proposed for Csp3-H activation of the backbone of a PNN ligand at RuII, but in this case
the dearomatized species was stable enough to be detected at -35◦C.60

PMe3 was added as co-ligand to stabilize the putative species 2’, which gave com-
plex 2’-PMe3 (Scheme 2.3). Although follow-up C-H activation to give 3 was impeded
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Scheme 2.3: Deprotonation of the reactive side-arm present in 2 concomitant with pyridine
dearomatization and subsequent intramolecular C-H activation of the phenyl arm to generate 3,
in the absence and presence of PMe3 as stabilizing co-ligand.

Figure 2.5: NMR spectra after the reprotonation with DCl of dearomatized species 2’. Lower:
1H NMR spectrum. Upper: 2H NMR showing selective deuterium incorporation at the CH2(P)-arm
(signal at 3.8 ppm).

by exogenous phosphine coordination, this species was too unstable to be isolated un-
der ambient conditions. It was therefore only characterized in situ by 31P and 1H NMR
spectroscopy at -78 ◦C. Moreover, the cyclometalated complex 3 is also susceptible to
deprotonation at the phosphine arm upon reactivity with strong base, but also renders
an unstable product. Hence, this novel ligand PN(C) sca�old displays two distinctly
di�erent modes of proton-responsive reactivity.61

In order to understand the observed reaction sequence of initial deprotonation
at the -CH2(P) arm followed by C-H activation of the phenyl ring and intramolecular
proton transfer, we resorted to DFT calculations. The direct proton transfer from
hydride species 2" has a relatively high lying transition state TS2"→ 3 of 29.5 kcal mol-1
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(Figure 2.6). Therefore, the mechanism most likely involves proton-shuttling via tBuOH,
generated by protonation of KOtBu, which gives a very low barrier of only approximately
1 kcal mol-1 (TS2"-tBuOH→ 3).

Reaction coordinate
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Figure 2.6: DFT (BP86, def2-TZVP, disp3) calculated free energy pro�le (∆G0
298K in kcal mol-1)

of two possible mechanisms for proton transfer from the ortho-phenyl position to the dearoma-
tized backbone. Methyl groups instead of tert-butyl groups on the phosphine are used in these
calculations.

2.2.3 Reactivity of the cyclometalated RhI complex with acid: For-
mation of a RhI-complex with a Rh-(CPh-H) interaction

N
PtBu2Rh

CO

HBF4

3

N
PtBu2Rh

CO

BF4

H

4

Scheme 2.4: Reactivity of RhI complex 3 with one molar equivalent of HBF4, thus resulting in
the rare η2-(C-H) agostic species 4.

Upon addition of ethereal HBF4 to a red solution of species 3 in diethyl ether
(Scheme 2.4), instantaneous precipitation of a yellow solid was observed. Redissolu-
tion of the yellow solid in CD2Cl2 yielded a doublet at δ 121 ppm (∆δ 45.1 ppm vs. 3)
in the 31P spectrum, with a coupling constant 1JRh-P of 202 Hz (∆J 101 Hz vs. 3, see
Figure 2.4). These data indicate the coordination of a weak σ-donor or presence of a
’vacant site’ at RhI trans to phosphorus. Yellow single crystals suitable for single crystal
X-ray structure determination were obtained from CH2Cl2-pentane and the resulting

37



Chapter 2

structure of complex 4 (Figure 2.7) shows a distinct Rh(η2-C-H) interaction, with a Rh1-
C11 bond length of 2.3750(12) Å. The H11 proton was located in the di�erence Fourier
map and re�ned freely. The Rh1· · ·H11 distance of 2.192(19) Å is signi�cantly shorter
than the sum of the contact radii (3.45 Å) and falls in the range observed for agostic
interactions. 18,19 The C-H bond is located outside of the aromatic plane by 15◦ (dihedral
angle C9-C10-C11-H11). This distortion was also observed for [(PCHP)Rh(CO)](BF4),41–43

for which the Rh-(C-H) interaction was identi�ed as agostic by DFT calculations. Fur-
thermore, the X-ray structure does not indicate any distortion in the aromaticity of
the phenyl ring, excluding an arenium (Wheland-type) structure in which the positive
charge of the metal is transferred to the phenyl-group.

Figure 2.7: ORTEP (ellipsoids set at 50% probability) for complex 4 (front and side view). Selected
bond lengths [Å] and angles [◦]: Rh1-P1 2.2259(3); Rh1-N1 2.0594(11); Rh1-C1 2.3750(15); Rh1· · ·H11
2.192(19); Rh1-C21 1.8363(15); P1-Rh1-N1 82.92(3); P1-Rh1-C11 160.08(4); P1-Rh1-C21 94.99(4); N1-Rh1-
C11 77.25(4); torsion angle N1-C5-C6-C11 -31.87(16).

In solution, agostic interactions may result in an up�eld shift up to about 4 ppm
in the 1H NMR spectrum for the respective proton. Another characteristic property
of an agostic interaction is a decreased value for 1JCH due to the decreased electron
density in the C-H bond. In case of 4, the phenyl group has symmetric signals for the
phenyl-group in 1H NMR spectroscopy indicating fast rotation around the CPh-CPy bond.
Cooling the solution down to -90◦C did not slow the rotation down to a point where
the agostic interaction is static (Figure 2.8).62 The signal for the two ortho-CH carbons
does show an up�eld shift to 117 ppm in the 13C NMR spectrum compared to complex
2, but the 1JCH of the ortho-C-H bonds is 152 Hz, only approximately 10 Hz less than
the other aromatic C-H bonds. Values between 50 and 100 Hz are usually found for
agostic interactions. 18,19 Hence, the resulting interaction, if any, between Rh and the
phenyl ortho-C-H protons is deemed to be much weaker in solution than in the solid
state.

DFT calculations clearly con�rm an interaction between the C25-H35 bond of the
phenyl group with rhodium (for labelling see Figure 2.9). This interaction was analysed at
both the BP86/def2-TZVP and the B3LYP/def2-TZVP level, with and without dispersion
corrections in both cases. The relevant bond orders and bond distances for all methods
used are listed in Table 2.1 and Table 2.2 in the experimental section. The agostic
interaction is stronger in the BP86 calculations than in the B3LYP calculations. The use
of dispersion corrections leads to a somewhat stronger Rh-C bond and a somewhat
weaker Rh-H bond in the agostic interaction, and an overall slightly weaker interaction.
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Figure 2.8: Aromatic region of 1H NMR (500 MHz, CD2Cl2) spectra of complex 4 in a variable
temperature experiment ranging from 25 ◦C to -90 ◦C). Spectra are stacked under an angle of
5◦. The signal at 7.78 ppm belongs to the two ortho protons that interact with the Rh center.

The bonding situation is perhaps best described as a combination of a pure agostic
interaction and a Wheland-type interaction, dominated by the agostic contribution but
shifting slightly in the direction of Wheland-type interaction when using dispersion
corrections. This e�ect is observed both for the BP86 and the B3LYP functional. As
the bond lengths found in the X-ray structure are best represented by the B3LYP-disp3
calculations, we compare the values obtained with this method with the ones found in
literature.

The B3LYP-disp3 calculations for complex 4 reveal a Wiberg63 bond order (BO) of
0.241 between Rh and C and 0.098 between Rh and H. The bond order for the C-H
bond is signi�cantly lower than for the other C-H bonds (0.797 vs. 0.954), indicating
weakening of this bond. These results are comparable with the bond order found in
[(PCHP)Rh(CO)](BF4), although the interaction in 4 is slightly weaker than in this PCP
complex. Furthermore, the three-center bond order64,65 between Rh-(C-H) is 0.041,
indicating that the agostic interaction in 4 is rather weak (a three-center BO of 0.10
was found for an agostic Pd complex).66
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Figure 2.9: (A) Atom labelling used to describe the analysis of the DFT computed agostic in-
teraction in complex 4. Methyl groups instead of tert-butyl groups on the phosphine are used
in these calculations. (B) Bond distances in the phenyl group of complex 4-PMe3 as calculated
with B3LYP. (C) Bond distances in the phenyl group of complex 4 in the crystal structure. (D)
Relevant bond angles in the crystal structure of 4.

2.2.4 Methylation of the cyclometalated RhI complex: Involve-
ment of a RhIII intermediate

Reactivity of a Rh-phenyl fragment with methyl iodide to induce selective methylation
of the aryl ring has been reported for a (PCP)RhI(CO) complex, but this reaction proved
to be very sluggish, taking two weeks to complete,67 or it required exogenous coordi-
nation of CO.68–70 In contrast, species 3 reacts very rapidly (< 5 minutes) with MeI at r.t.
to form a single well-de�ned species (Scheme 2.5). Complex 5 resembles compound
2 in its composition and NMR features. In line with this, addition of base to 5 results
in smooth regeneration of a rhodacyclic species based on 31P NMR spectroscopy, with
an almost identical chemical shift (δ 74 ppm) and coupling constant (1JRh-P 100 Hz) as
observed for cyclometalated complex 3. 1H NMR spectroscopy and FD-MS support the
formulation of complex 5 as Rh(CO)(I)(κ2-P,N-1Me), with 1Me being the ortho-tolyl variant
of ligand 1H. The pathway for formation of this complex is proposed to involve metal-
centered oxidative addition of methyl iodide to give RhIII(CO)(I)(Me)(1) A as intermediate,
which subsequently undergoes C-C reductive elimination (Scheme 2.5). This pathway
was supported by variable temperature NMR spectroscopic investigations. The sug-
gested RhIII species could be detected as the major species at -20 ◦C, with a doublet
at 52 ppm (1JRh-P of 66 Hz) in the 31P NMR spectrum and the methyl ligand appearing as
a doublet of doublets at 0.73 ppm (3JRhP 5.0 Hz, 1JRh-H 2.4 Hz) in the 1H NMR spectrum.

To establish a more stable RhIII derivative bearing ligand 1 as cyclometalated entity
for comparison, complex 3 was reacted with I2, resulting in a clean and facile formation
of a deep-red species that exhibited an up�eld-shifted 31P NMR signal at δ 45 ppm (∆δ
31 ppm compared to 3) and a coupling constant 1JRh-P of 69 Hz. IR spectroscopy showed
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Scheme 2.5: Pathway for the conversion of 3 to 5 via RhIII intermediate A and synthesis of the
RhIII model species [Rh(CO)(I)2(1)] (6).

a distinctly shifted CO-band at νCO 2049 cm-1. These observations strongly support
the presence of a RhIII center (Scheme 2.5). X-ray di�raction con�rmed the formulation
as neutral RhIII(CO)(I)2(1). The molecular structure of complex 6 (Figure 2.10) displays
a distorted octahedral RhIII center, with the two iodido ligands in the axial positions,
which suggests a similar SN2-type mechanism as for e.g. MeI addition to electron-rich
metal-centers. The I1-Rh1-I2 angle is rather acute at 161.345(12)◦ as a result of steric
interference with the bulky tBu-groups of the phosphine arm. The Rh1-P1 bond length
is signi�cantly elongated compared to 3 (∆d = 0.18 Å). Heating this species to re�ux
in toluene did not result in reductive elimination, according to 31P NMR spectroscopic
analysis. Notably, RhIII complex 6 does not react with HBF4, which suggests that the
Rh-C can not directly be protonated by the acid and that initial protonation of the
metal is required before Rh-C bond cleavage. Furthermore, preliminary results suggest
that dearomatization of complex 6 by deprotonation of the CH2P arm with a strong
base, such as e.g. KOtBu, is possible. However, the product seems to be unstable
and unreactive to protic reagents and therefore, this type of reactivity was not further
investigated.

Figure 2.10: ORTEP (ellipsoids set at 50% probability) for complex 6 (front and side view).
Selected bond lengths [Å] and angles [◦]: Rh1-P1 2.4853(9); Rh1-N1 2.054(3); Rh1-C1 2.054(3); Rh1-
C21 1.875(4); Rh1-I1 2.7115(3); P1-Rh1-N1 81.20(8); P1-Rh1-C1 160.95(10); P1-Rh1-C21 99.18(10); N1-Rh1-C1
80.26(5); I1-Rh1-I2 161.345(12).
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To test whether the observed methylation of the phenyl group with MeI requires the
tridentate ligand coordination or is intrinsic reactivity displayed by RhI(phenylpyridine)
complexes, a control experiment was performed with [{Rh(µ-Cl)(CO)2}2] and phenylpyri-
dine (2 equiv.) in THF in the presence of NaOAc or NEt3. Addition of MeI to the in situ
formed complex under similar conditions as for complex 3 did not result in well-de�ned
ortho-methylation. Besides, no reaction was observed upon mixing phenylpyridine with
Rh(acac)(CO)2 and phenylpyridine indicating that already cyclometalation requires the
bidentate coordination of the P^N moiety. Furthermore, it is known that addition of
MeI to a non-cyclometalated [{RhCl(CO)2}2]/phenylpyridine mixture leads to the forma-
tion of acyl species via insertion of the methyl group into the Rh-CCO bond. 71

Considering the ease of C-C bond formation from intermediate A and complex 6,
we wondered if C-C reductive elimination could also be established with more chal-
lenging coupling partners, such as CAr-CF3 coupling. The e�ective installation of a CF3
group on an aryl ring gained much attention in recent years because �uoroorganic com-
pounds �nd numerous applications in pharmaceuticals, agrochemicals and polymers
due to their unique properties, such as enhanced lipophilicity and membrane perme-
ability, elevated electronegativity and oxidation resistance. 72 Despite their relevance,
most �uoroorganic molecules are not naturally occurring and have to be synthesized.
Many procedures nowadays rely on Cu, Ag and Pd catalyzed reactions, but these pro-
cesses are considered di�cult and are far from optimal yet. 72–76 One of the reasons
for this is the formation of strong M-CF3 bonds that are reluctant to reductive undergo
elimination.

The only catalytic tri�uoromethylation reaction mediated by Rh is reported for α-
β-unsaturated ketones. 77 Catalytic aromatic tri�uoromethylation is, to the best of our
knowledge, not reported for Rh. Examples of isolated Ar-Rh-CF3 complexes are rare
and such species are normally synthesized by oxidative addition of a PC(CF3)P ligand
to RhI. 78 Actually, Rh-CF3 complexes in general are uncommon and are mostly only
reported for RhI. 79–83

[5-(tri�uoromethyl)dibenzothiophenium]OTf, Umemoto reagent, is a common source
of a CF3+ fragment for electrophilic per�uoroalkylations. Being an electrophile, it re-
sembles the reactivity of MeI and should react in a similar fashion with complex 3.
Moreover, Sanford et al. already showed that this reagent can be used for the selec-
tive 2e- oxidation of Pd and Ni complexes.84,85 In our case, too, [5-(tri�uoromethyl)-
dibenzothiophenium](OTf) readily reacts with complex 3 in MeCN to produce a doublet
of quartets in 31P NMR (δ 65 ppm, 1JRh-P = 63 Hz, 3JP-F = 8 Hz) and a doublet of doublets
in 19F NMR (δ -5.6 ppm, 2JRh-F = 19 Hz, 3JP-F = 8 Hz) (Scheme 2.6). The chemical shift
and JRh-P are comparable with the data found for intermediate A and complex 6 and
suggest the presence of a RhIII center. The chemical shift and multiplicity in 19F NMR
are also consistent for a RhIII-CF3 complex, as well as the νCO (2095 cm-1) observed by
IR spectroscopy. This species is unstable in solution and converts cleanly to another
species within 3 days in MeCN, interfering with attempts to obtain single crystalline
material. The new complex shows similar signals in 31P NMR (δ 55 ppm, 1JRh-P = 69
Hz, 3JP-F = 20 Hz) and 19F NMR (δ -7.1 ppm, 2JRh-F = 11 Hz, 3JP-F = 19 Hz), but with an
increased JP-F coupling constant. Furthermore, a lower frequency for the CO ligand is
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found (νCO = 2077 cm-1). These features indicate that the product still contains a RhIII

center and that only the geometry around the metal is changed. When the reaction
is carried out in the less polar and non-coordinating solvent CH2Cl2 the product at 55
ppm is immediately formed and could be crystallized by layering the solution with pen-
tane. The crystal structure of complex 7 (Figure 2.11) shows that indeed a RhIII complex
is formed with a CF3 group bound to Rh. The complex has an octahedral geometry
with the tri�ate anion coordinating and furthermore, the CF3 group occupies the fourth
equatorial position next to the CNP ligand. This proves that the CO relocates to the
axial position trans to OTf and explains the di�erence in νCO and JP-F values found for
the two RhIII complexes.
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Scheme 2.6: Synthesis of RhIII complex 7 by reaction of complex 3 with [5-
(tri�uoromethyl)dibenzothiophenium]OTf, presumably via intermediate B.

Figure 2.11: ORTEP (ellipsoids set at 50% probability) for complex 7. Selected bond lengths [Å]
and angles [◦]: Rh1-P1 2.472(2); Rh1-C22 2.043(4); Rh1-C1 2.077(6); Rh1-N1 2.102(4); Rh1-C21 1.832(5);
P1-Rh1-N1 80.9(1); N1-Rh1-C1 80.0(2); P1-Rh1-C1 160.3(1); P1-Rh1-C21 97.4(2); C1-Rh1-C22 98.0(2).

Unfortunately, complex 7 is stable and does not undergo reductive elimination to
form a C-CF3 bond, even at elevated temperatures. When [5-(tri�uoromethyl)dibenzo-
thiophenium](BF4) is reacted with 3 in CH2Cl2, to prevent the formation of stable oc-
tahedral complexes, decomposition is observed. The only promising results were ob-
tained in toluene, as, next to the same doublet of quartes at δ 55 ppm, a doublet at
δ 105 ppm (1JRh-P 157 Hz) is observed in 31P NMR. Both the chemical shift and the JRhP
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coupling constant suggest formation of a RhI complex similar to complex 2. However,
this putative species could not be isolated in pure form and no unambiguous analytical
data could be obtained to support the C-CF3 coupling.

2.3 Conclusion

A new strategy to utilize both hemilabile agostic interactions and reversible cyclometa-
lation as part of a reactive ligand concept in coordination chemistry is reported in this
Chapter. The results discussed show that ligand framework 1H can act as a reactive
�exidentate ligand, switching between bi- and tridentate coordination in complexes 2
and 3.

The cyclometalation of ligand 1H to RhI is smooth and can proceed with weak bases
such as acac- or KOAc. When a stronger base (KOtBu) is used, the C-H activation
follows a di�erent mechanism through initial deprotonation of the -CH2P arm resulting
in dearomatization.

The cyclometalated species reacts rapidly with strong acids and the addition of HCl
showes that the cyclometalation is completely reversible. Moreover, the Rh-CPh bond
is selectively cleaved by HBF4, resulting in formation of cationic [RhI(1H)(CO)]+ species 4
that shows a Rh-(C-H) interaction in the solid state as proven by X-ray analysis. Various
NMR experiments and DFT calculations show that the M-(C-H) interaction is weak and
can not be clearly assigned as agostic.

Complex 3 also reacts very smoothly with carbon-based electrophiles. Very rapid
methylation of the phenyl ring was observed by reaction of 3 with MeI to selectively
give species 5. This reaction proceeds via oxidative addition to generate a RhIII(Me)(I)
intermediate. Similar oxidation with CF3+ reagents resulted in stable RhIII complex 7
that does not undergo facile C-CF3 reductive elimination.

In this Chapter, the �exidentate properties of ligand 1H and the reactivity of the
M-C bond in RhI complex 3 were established with stoichiometric reactions. Whether
RhI systems bearing the reactive ligand 1H are competent species in metal-ligand bi-
functional catalysis is discussed in Chapter 3.
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2.4 Experimental section

General Methods. All reactions were carried out under an atmosphere of nitrogen
using standard Schlenk techniques. Reagents were purchased from commercial sup-
pliers and used without further puri�cation. THF, pentane, hexane and Et2O were dis-
tilled from sodium benzophenone ketyl. CH2Cl2 was distilled from CaH2, toluene from
sodium under nitrogen. NMR spectra (1H, 1H{31P}, 31P, 31P{1H}, 31P-1H and 13C{1H})
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were measured on a Varian INOVA 500 MHz, a Bruker AV400 or a Varian MERCURY
300 MHz spectrometer. IR spectra (ATR) were recorded with a Bruker Alpha-p FT-IR
spectrometer. High resolution mass spectra were recorded on a JEOL JMS SX/SX102A
four sector mass spectrometer; for FAB-MS 3-nitrobenzyl alcohol was used as a matrix.

Synthesis of ligand 1H: This is a modi�ed procedure.86 A solution of 2-phenyl-
6-methyl-pyridine87 (0.26 g, 1.54 mmol) in THF (10 mL) was cooled to -78 ◦C, and 1
equiv. of tBuLi (1.6 M in pentane, 0.96 mL, 1.54 mmol) was added. After the solution
was stirred at -78 ◦C for 2 h, ClP(tBu)2 (0.29 mL, 1.54 mmol) was added dropwise. The
solution was stirred at -78 ◦C for another 2 h, after which it was slowly warmed to RT
overnight. The reaction mixture was hydrolyzed with degassed water (10 mL) and the
organic phase was separated. The water layer was washed with pentane two times and
the organic phases were combined and dried over MgSO4. The solvents were evapo-
rated under reduced pressure, yielding the product as a yellow-white powder (0.47 g,
1.50 mmol, 97%). 1H NMR (300 MHz, CDCl3, ppm): δ 8.04-7.98 (m, 2H), 7.60 (app t, J =
7.7 Hz, 1H), 7.50-7.32 (m, 5H), 3.16 (d, 2JPH = 3.3 Hz, 2H, CH2P), 1.20 (d, 3JPH = 11.0 Hz,
18H, (CH3)3CP). 31P NMR (121 MHz, CDCl3, ppm): δ 36.88. 13C NMR (75 MHz, acetone-d6,
ppm): δ 162.99 (d, 2JCP = 14.6 Hz, Py-C), 156.36 (d, 4JCP = 5.3 Hz, Py-C), 140.37 (s, Ph-C),
137.67 (s, Py-CH), 129.52 (Ph-CH), 129.38 (s, 2C, Ph-CH), 127.45 (s, 2C, Ph-CH), 123.18 (d,
3JCP = 8.1 Hz, Py-CH), 117.51 (s, Py-CH), 32.67 (d, 1JCP = 16.8, CH2P), 32.34 (d, 1JCP = 14.9,
(CH3)CP, 30.10 (d, J = 13.8 Hz, (CH3)CP). HR-MS (FAB) calcd for [M+H]+ C20H29NP m/z
314.2038; found, 314.2035.

Synthesis of Rh(Cl)(CO)(κ2-P,N-1H) (2). To a solution of 1H (0.020 g, 0.064 mmol) in
CH2Cl2 (3 mL) was added a solution of [Rh(µ-Cl)(CO)2]2 (0.012 g, 0.032 mmol) in CH2Cl2
(2 mL) and the reaction mixture was stirred overnight. After evaporation of the solvent,
the product was washed with pentane, yielding the desired complex as yellow powder
(0.022 g, 72%). Single crystals suitable for X-ray crystal structure determination were
obtained by slow di�usion of pentane into a CH2Cl2-solution of 2. 1H NMR (300 MHz,
acetone-d6, ppm): δ 8.15-8.07 (m, 2H, Ph), 7.98 (ddd, J = 7.8, 7.8, 0.9 Hz, 1H, Py), 7.65
(dd, J = 7.8, 1.1 Hz, 1H, Py), 7.58 (d, J = 7.9 Hz, 1H, Py), 7.44-7.39 (m, 3H, Ph), 4.03 (d, 2JPH
= 9.3 Hz, 2H, CH2P), 1.41 (d, 3JPH =13.7 Hz, 18H, (CH3)3CP). 31P NMR (121 MHz, acetone-d6,
ppm): δ 104.23 (d, 1JRhP = 160.1 Hz). 13C NMR (75 MHz, acetone-d6, ppm): δ 192.31 (dd,
1JRhC = 72.5 Hz, 2JCP = 14.0 Hz, CO), 163.27 (d, 2JCP = 1.3 Hz, Py-C), 162.98 (dd, 2JCP =
4.5 Hz, 2JRhC = 1.6 Hz, Py-C), 141.77 (s, Ph-C), 139.75 (s, Py-CH), 130.24 (s, 2C, Ph-CH),
129.95 (s, Ph-CH), 128.48 (s, 2C, Ph-CH), 125.16 (s, Py-CH), 122.30 (d, 2JCP = 9.1 Hz, Py-CH),
36.06 (dd, 1JCP = 20.2 Hz, 2JRhC = 2.5 Hz, CH2P), 35.61 (d, 1JCP = 21.0 Hz, (CH3)CP) 29.49
(d, 2JCP = 4.5 Hz, (CH3)CP). IR (ATR, cm-1): νCO 1964. UV-vis (CH2Cl2, nm): λ287 (ε =
8.2×103 L·mol-1·cm-1), 406 (ε = 1.1×103 L·mol-1·cm-1). HR-MS (FAB) calcd for [M-CO]+

C20H28N35ClPRh m/z 451.0703; found, 451.0698. El. Anal. calcd. for C21H28NClOPRh 0.6
CH2Cl2: C, 48.88; H, 5.55; N, 2.64. Found: C, 48.86; H, 5.46; N, 2.63.

Synthesis of Rh(κ3-P,N,C-1)(CO) (3). To a solution of ligand 1H (0.020 g, 0.064
mmol) in CH2Cl2 (5 ml) was added Rh(acac)(CO)2 (0.016 g, 0.064 mmol) and the reac-
tion mixture was stirred overnight. After evaporation of the solvent under reduced
pressure, the product was washed with pentane, yielding the desired complex as a red
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crystalline solid (0.025 g, 0.057 mmol, 89%). Single crystals suitable for X-ray crystal
structure determination were obtained by slow di�usion of pentane into a CH2Cl2-
solution of 3. Alternative synthesis: to a solution of complex 2 (4.7 mg, 0.010 mmol)
in THF (2 ml) was added a 1M solution of KOtBu in THF (11 µL, 0.011 mmol). The color
immediately changed from yellow to red and the 31P NMR spectrum indicated full con-
version to complex 3. 1H NMR (300 MHz, acetone-d6, ppm): δ 7.80 (app td, J = 7.8, 0.8
Hz, 1H, H4), 7.69 (d, 3JHH = 7.4 Hz, 1H, H5), 7.62-7.69 (m, 1H, H9), 7.54 (m, 1H, H6), 7.40
(d, 3JHH = 7.7 Hz, 1H, H3), 7.02 (m, 1H, H8), 6.94 (ddd, 3JHH = 7.5, 7.5, 4J = 1.4 Hz, 1H,
H7), 3.70 (d, 2JPH = 8.2 Hz, 2H, H2), 1.37 (d, 3JPH = 13.3 Hz, 18H, H1). 1H{31P} NMR (400
MHz, acetone-d6, ppm): δ 7.83 (app t, J = 7.8 Hz, 1H, H4), 7.71 (d, J = 7.9 Hz, 1H, H5),
7.67 (ddd, J = 7.1, 1.7, 1.7 Hz, 1H, H9), 7.56 (dd, J = 7.7, 1.2 Hz, 1H, H6), 7.42 (d, J = 7.7
Hz, 1H, H3), 7.04 (ddd, J = 7.2, 7.2, 1.3 Hz, 1H, H8), 6.96 (ddd, J = 7.5, 7.5, 1.4 Hz, 1H, H7),
3.73 (s, 2H, CH2P), 1.39 (s, 18H, (CH3)3CP). 31P NMR (121 MHz, acetone-d6, ppm): δ 76.31
(d, 1JRhP = 101.0 Hz). 13C NMR (75 MHz, acetone-d6, ppm): δ 201.01 (dd, 1JRhC = 78.8 Hz,
2JCP = 11.1 Hz, CO), 176.93 (dd, 1JRhC = 81.8 Hz, 2JCP = 36.5 Hz, Ph-C-Rh), 168.06 (dd, J =
6.7, 3.0 Hz, Py-C), 165.20 (dd, J = 10.1, 1.6 Hz, Py-C), 150.35 (s, Ph-C), 140.33 (d, J = 4.7
Hz), 139.99 (s, Py-CH), 130.36 (dd, J = 5.6, 2.5 Hz, Ph-CH), 124.46 (d, J = 3.5 Hz, Ph-CH),
123.58 (s, Ph-CH), 120.62 (d, J = 9.3 Hz), 116.41 (s, Py-CH), 36.03 (d, 1JCP = 14.0 Hz, CH2P),
35.25 (dd, 1JCP = 12.0 Hz, 2JRhC = 0.8 Hz, (CH3)CP), 29.73 (d, 2JCP = 6.7 Hz, (CH3)CP).
IR (ATR, cm-1): νCO 1933. UV-vis (CH2Cl2, nm): λ 250 (ε = 2.4×104 L·mol-1·cm-1), 277 (ε
= 1.7×104 L·mol-1·cm-1), 321 (ε = 2.1×104 L·mol-1·cm-1), 457 (ε = 2.7×103 L·mol-1·cm-1).
HR-MS (FAB) calcd for [M+H]+ C21H28ONPRh m/z 444.0964; found, 444.0970. El. Anal.
calcd. for C21H27NOPRh: C, 56.89; H, 6.14; N, 3.16. Found: C, 56.62; H, 6.11; N 3.13.

Stabilization of 2’ with PMe3 (2’-PMe3). A solution of complex 2 (10 mg, 21 µmmol)
in THF-d8 (0.6 ml) was cooled to -60 ◦C and PMe3 (2.1 µl, 21 µ mmol) and a 1M solu-
tion of KOtBu in THF (21 µL, 21 µmmol) were added sequentially. An immediate color
change from yellow to dark red was observed. The solution was quickly transferred to
an NMR-tube and placed in the pre-cooled NMR machine. Due to its unstable nature,
this species was only characterized in situ. 1H NMR (500 MHz, THF-d8, ppm, 243 K) δ
8.50-7.30 (m, 5H, Ph), 6.39-6.33 (m, 1H, Py), 5.98 (d, J = 8.7 Hz, 1H, Py), 5.62 (d, J = 6.5
Hz, 1H, Py), 3.36 (d, 2JPH = 6.2 Hz, 1H, CH2P), 1.33 (d, 3JPH = 5.4 Hz, 9H, (CH3)3CP), 1.30
(d, 3JPH = 5.5 Hz, 9H, (CH3)3CP), 0.73 (d, 2JPH = 8.4 Hz, 3H, P(CH3)3). 31P NMR (202 MHz,
THF-d8, ppm, 243 K) δ 86.50 (dd, 2JPP = 297.2 Hz, 1JRhP = 125.1 Hz, (CH3)3CP), -15.05 (dd,
2JPP = 297.7 Hz, 1JRhP = 130.7 Hz, P(CH3)3).

Deprotonation of 3 to form K[Rh(κ3-P,N,C-1)(CO)]. To a solution of complex 3 (7
mg, 16 µmol) in THF-d8 (0.6 ml) was added a 1M solution of KOtBu in THF (16 µl, 16 µmol).
An immediate color change from red to very dark red was visible. No full conversion
was observed, since still 30% of the starting material was present. Due to its unstable
nature, this species was only characterized in situ using NMR spectroscopy. 1H NMR
(500 MHz, THF-d8, ppm, 243 K) δ 7.49-7.45 (m, 1H, Ph), 6.96 (d, J = 7.6 Hz, 1H, Ph), 6.67
(m, 1H, Ph), 661 (ddd, J = 7.4, 7.4, 1.5 Hz, 1H, Ph), 6.08 (ddd, J = 8.6, 6.8, 1.8 Hz, 1H, Py),
5.70 (d, J = 8.7 Hz, 1H, Py), 5.35 (d, J = 6.4 Hz, 1H, Py), 3.02 (s, 1H, CH2P), 1.26 (d, 3JPH =
12.4 Hz, 18H, (CH3)3CP). 31P NMR (202 MHz, THF-d8, ppm, 243 K) δ 69.20 (d, 1JRhP = 102.1
Hz).
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Synthesis of [Rh(κ3-P,N,(C-H)-1H)(CO)]BF4 (4). To a solution of 3 (10 mg, 23 µmol)
in Et2O (5 mL) was added HBF4 (54 wt% in Et2O, 3.7 mg, 23 µmol), resulting in imme-
diate precipitation of a yellow solid. The supernatant was removed and the product
was washed with diethyl ether (1 mL), yielding 4 as a yellow solid in quantitative yield.
Single crystals suitable for an X-ray crystal structure determination were obtained by
slow di�usion of pentane into a THF-solution of 4. 1H NMR (500 MHz, CD2Cl2, ppm):
δ 8.23-8.15 (m, 3H), 7.93-7.84 (m, 3H), 7.83-7.77 (m, 2H), 3.89 (d, 2JPH = 10.0 Hz, 2H,
CH2P), 1.43 (d, 3JPH = 15.6 Hz, 18H, (CH3)3CP). 31P NMR (121 MHz, CD2Cl2, ppm): δ 121.40
(d, J = 202.3 Hz). 13C NMR (126 MHz, CD2Cl2, ppm): δ 190.19 (dd, 1JRhC = 70.2, 2JCP =
16.1 Hz), 162.57 (m, Py-C), 159.27 (s, Py-C), 142.46 (m, Py-CH), 141.14 (s, Ph-C), 139.23 (m,
Ph-CH m), 131.97 (m, Ph-CH p), 123.60 (m, Py-CH), 121.35 (m, Py-CH), 117.02 (br m, Ph-CH
o), 38.00 (dd, 1JCP = 21.0, 2.3 Hz, (CH3)CP), 34.99 (d, 1JCP = 23.3 Hz, CH2P), 29.38 (m,
(CH3)CP). 19F NMR (282 MHz, CD2Cl2, ppm): δ -152.20. IR (ATR, cm-1): νCO 1986. HR-MS
(FAB) calcd for [M-BF4]+ C21H28NOPRh m/z 444.0964; found, 444.1031. El. Anal. calcd.
for C21H28BF4NOPRh: C, 47.49; H, 5.31; N 2.64. Found: C, 46.73; H, 5.24; N, 2.81.

Synthesis of Rh(I)(CO)(κ2-P,N-1Me) (5). To a solution of 3 (20 mg, 45 µmol) in
acetone (5 mL) was added methyl iodide (6 µL, 45 µmol), resulting in a color change
from red to brown within minutes at room temperature. Removal of solvent in vacuo
resulted in the isolation of 5 as a brown solid in quantitative yield. 1H NMR (300 MHz,
acetone-d6, ppm): δ 7.99 (dd, J = 7.3, 1.8 Hz, 1H, Ph), 7.92 (ddd, J = 7.8, 7.8, 0.8 Hz, 1H,
Py), 7.67 (d, J = 7.7 Hz, 1H, Py), 7.42 (d, J = 7.7 Hz, 1H, Py), 7.36-7.19 (m, 3H, Ph), 3.98 (d,
2JPH = 9.6 Hz, 2H, CH2P), 2.42 (s, 3H, Ph-CH3), 1.56-1.23 (m, 18H, (CH3)3CP). 31P NMR (121
MHz, acetone-d6, ppm): δ 109.25 (d, 1JRhP = 169.8 Hz). 13C NMR (75 MHz, acetone-d6,
ppm): δ 163.40 (d, J = 4.6 Hz, Py-C), 163.17 (s, Py-C), 142.74 (s, Ph-C), 138.77 (s, Py-CH),
137.34 (s, Ph-C), 132.07 (s, Ph-CH), 130.46 (s, Ph-CH), 129.78 (s, Ph-CH), 126.63 (s, Py-CH),
125.96 (s, Ph-CH), 122.20 (d, 2JCP = 9.3 Hz, Py-CH), 35.58 (d, 1JCP = 19.4 Hz, (CH3)CP),
29.41 (d, 2JCP = 4.6 Hz, (CH3)CP), 21.82 (s, Ph-Me). Signals for CO and CH2P were not
observed. IR (ATR, cm-1): νCO 1952. HR-MS (FAB) calcd for [M-I]+ C22H30NOPRh m/z
458.1120; found, 458.1199.

Characterization of RhIII(I)(Me)(κ3-P,N,C-1)(CO) (A). Methyl iodide (3 µL), 23 µmol)
was added to a cold solution of 3 (10 mg, 23 µmol) in acetone-d6 (0.6 mL) at -78 ◦C.
The cold solution was transferred to a cold NMR tube and inserted in a pre-cooled NMR
machine. The temperature was slowly raised from -60 ◦C to -20 ◦C during which the
RhIII intermediate formed. When the temperature was raised to 10 ◦C, this intermediate
converted to complex 5 within 60 min. 1H NMR (300 MHz, acetone-d6, ppm, 253 K) δ
8.03-7.89 (m, 2H), 7.80 (ddd, J = 7.8, 2.9, 1.5 Hz, 1H), 7.63 (tt, J = 7.5, 1.3 Hz, 1H), 7.54
(dd, J = 7.2, 1.5 Hz, 1H), 7.18 (tt, J = 7.5, 1.6 Hz, 1H), 7.03-6.94 (m, 1H), 4.08-3.89 (m, 2H,
CH2P), 1.56 (d, 3JPH = 13.2 Hz, 9H, (CH3)3CP), 1.39 (d, 3JPH = 12.5 Hz, 9H, (CH3)3CP), 0.73
(dd, 3JPH = 5.0, 1JRhH = 2.4 Hz, 3H, Rh-CH3). 31P NMR (122 MHz, acetone-d6, ppm, 253 K)
δ 52.22 (d, 1JRhP = 65.6 Hz).

Synthesis of Rh(κ2-P,N-1)(CO)(I)2 (6). To a solution of complex 3 (10 mg, 23 µmol)
in THF (1.5 mL) was added I2 (6 mg, 23 µmol) and the reaction was stirred for 10 min.
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The solvent was evaporated, yielding 7 as a dark red solid in quantitative yield. Single
crystals suitable for an X-ray crystal structure determination were obtained by slow
di�usion of pentane into a CH2Cl2-solution of 7. 1H NMR (300 MHz, CD2Cl2, ppm) δ
7.87-7.69 (m, 4H), 7.38-7.25 (m, 2H), 6.94 (dddd, 3JHH = 7.8, 3JHH = 7.2, 1.1, 0.6 Hz, 1H),
3.91 (d, 2JPH = 8.8 Hz, 2H, CH2P), 1.54 (d, 3JPH = 13.3 Hz, 18H, (CH3)3CP). 31P NMR (121 MHz,
CD2Cl2, ppm) δ 44.66 (d, 1JRhP = 68.9 Hz). 13C NMR (75 MHz, CD2Cl2, ppm) δ 165.65 (d, J
= 6.2 Hz, Py-C), 162.60 (d, J = 6.3 Hz, Py-C), 157.72 (dd, 1JRhC = 101.2 Hz, 2JCP = 18.1 Hz,
Rh-C), 146.10 (s, Ph-C), 141.76 (s, Py-CH), 139.51 (s, Ph-CH), 132.19 (d, J = 8.0 Hz, Ph-CH),
125.16 (d, J = 5.0 Hz, Ph-CH), 123.57 (s, Ph-CH), 119.72 (d, J = 8.4 Hz, Py-CH), 118.45 (s,
Py-CH), 38.51 (d, J = 13.4 Hz), 38.06 (d, J = 5.6 Hz), 31.93 (d, J = 3.4 Hz, (CH3)3CP),
signal for CO was not observed. IR (ATR, cm-1): νCO 2049. HR-MS (FD) calcd for [M]
C21H27I2ONPRh m/z 696.8975; found, 696.9002.

Syntheis of cis-Rh(CF3)(OTf)(κ3-P,N,C-1)(CO) (7). To a solution of complex 3 (20
mg, 45 µmol) in MeCN (1 mL) was added [5-(tri�uoromethyl)dibenzothiophenium](OTf)
(18 mg, 45 µmol) which caused an immediate color change from red to pale yellow. The
initial product that is formed, presumably trans-Rh(CF3)(OTf)(κ3-P,N,C-1)(CO) was only
characterized in situ due to the instability in solution. NMR showed full conversion to
intermediate B. 1H NMR(300 MHz, MeCN-d2, ppm) δ 8.12-7.98 (m, 2H), 7.92-7.86 (m,
1H), 7.80 (t, J = 8.0 Hz, 1H), 7.60 (d, J = 7.2 Hz, 1H), 7.41 (tt, J = 7.5, 1. Hz, 1H), 7.34 (t,
J = 7.3 Hz, 1H), 3.98-3.89 (m, 2H, CH2P), 1.49 (d, J = 14.6 Hz, 9H, (CH3)3CP), 1.29 (d, J
= 13.4 Hz, 9H, (CH3)3CP). 31P NMR (121 MHz, MeCN-d3, ppm) δ 64.76 (dq, J = 62.7 Hz, J
= 7.7 Hz). 19F NMR (282 MHz, MeCN-d3, ppm): -5.57 (dd, 2JRhF = 19.0, 3JFP = 7.5, CF3),
-79.31 (OTf). This product converts to the thermodynamic cis-complex in 3 days in
MeCN. When the same reaction is carried out in CH2Cl2 the product can be isolated
by crystallization from layering with CH2Cl2/pentane (21 mg, 71%). Upon dissolving in
MeCN-d3 and standing for 3 days, the cis-complex is selectively formed. 1H NMR (500
MHz, MeCN-d3, ppm) δ 8.13-7.93 (m, 4H), 7.59 (d, J = 7.3 Hz, 1H), 7.52 (tt, J = 7.5, 2.1 Hz,
1H), 7.48-7.42 (m, 1H), 3.90 (qd, J = 17.4, 9.8 Hz, 2H), 1.42 (d, J = 8.0 Hz, 9H), 1.40 (d, J =
7.7 Hz, 9H). 31P NMR (121 MHz, MeCN-d3, ppm): δ 55.40 (dq, 1JRhP = 69.2 Hz, 3JPF = 19.8
Hz). 19F NMR (282 MHz, MeCN-d3, ppm): δ -7.10 (dd, 3JPF = 20.4 Hz, 2JRhF = 10.7 Hz, CF3),
-79.34 (OTf). 13C NMR (126 MHz, MeCN-d3, ppm): δ 162.23 (d, J = 6.2 Hz, Py-C), 161.34 (d,
J = 3.0 Hz, Py-C), 151.59 (dd, 1JRhC = 90.1, 2JCP = 21.0 Hz, Rh-C), 146.77 (s, Ph-C), 141.32
(s, Py-CH), 136.90 (s, Ph-CH), 132.30 (d, J = 7.8 Hz, Ph-CH), 127.02 (s, Ph-CH), 126.80 (d,
J = 4.5 Hz, Ph-CH), 122.59 (d, 3J = 7.8 Hz, Py-CH), 118.94 (s, Py-CH), 36.72 (d, 1J = 7.2
Hz, (CH3)3CP), 35.65 (d, 1J = 10.1 Hz, (CH3)3CP), 34.86 (d, 1J = 17.8 Hz, H2P), 28.40 (d, 2J
= 4.1 Hz, (CH3)3CP), 28.16 (d, 2J = 3.6 Hz, (CH3)3CP). Signals for CO, CF3 and OTf were
not observed. HRMS(): m/z calcd. for C22H27F3NOPRh: 512,0837 [M]+; found: 512.0820.

X-ray crystallography studies. X-ray intensities were measured on either a Bruker
Kappa ApexII di�ractometer with sealed tube and Triumph monochromator (λ= 0.71073
Å) at a temperature of 150(2) K for 2-4 or on a Bruker D8 Quest Eco di�ractometer
equipped with a Triumph monochromator (λ= 0.71073 Å) and a CMOS Photon 50 de-
tector at a temperature of 150(2) K for 6. Intensity data were integrated with the Eval15
software88 or the Bruker APEXII software.89 Absorption correction and scaling was
performed with SADABS.90 The structures were solved with the programs SHELXT91
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(complexes 2 and 6), SHELXS-9792 (complexes 3 and 4). Least-squares re�nement
was performed with SHELXL-201391 (complexes 2, 4 and 6) or SHELXL-9792 (complex
3) against F 2 of all re�ections. Non-hydrogen atoms were re�ned with anisotropic dis-
placement parameters. All hydrogen atoms were located in di�erence Fourier maps.
Metal bound hydrogen atom H11 in complex 4 was re�ned freely with an isotropic dis-
placement parameter, all other hydrogen atoms were re�ned with a riding model. Ge-
ometry calculations and checking for higher symmetry was performed with the PLATON
program.93 Crystallographic data can be obtained from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

2: C21H28ClNOPRh·CH2Cl2, Mr = 564.70, yellow needle, 0.06×0.07×0.27 mm, mon-
oclinic, P21/c (No: 14), a = 8.47689(19), b = 14.3570(4), c = 20.4259(5) Å, β = 90.149(1)◦,
V = 2486.41(11) Å3, Z = 4, Dx = 1.509 g cm-3, µ = 1.09 mm-1. 46702 Re�ections were
measured up to a resolution of (sin θ/λ)max = 0.65 Å-1. 5708 Re�ections were unique
(Rint = 0.024), of which 5253 were observed [I>2σ(I)]. The structure was re�ned as
a pseudo-orthorhombic twin with a twofold rotation about hkl=(0,0,1) as twin opera-
tion. 269 Parameters were re�ned with no restraints. R1/wR2 [I>2σ(I)]: 0.0189 / 0.0459.
R1/wR2 [all re�.]: 0.0223 / 0.0473. S = 1.051. Twin fraction BASF = 0.01995(18). Residual
electron density between -0.60 and 0.68 e/Å3. CCDC 966374.

3: C21H27NOPRh, Mr = 443.32, red needle, 0.08×0.17×0.44 mm3, monoclinic, C2/c
(No: 15), a = 21.7218(5), b = 12.4856(3), c = 16.3022(4) Å, β = 113.853(1)◦, V = 4043.71(17)
Å3, Z = 8, Dx = 1.456 g/cm-3, µ = 0.93 mm-1. 32483 Re�ections were measured up to
a resolution of (sin θ/λ)max = 0.65 Å-1. 4641 Re�ections were unique (Rint = 0.017), of
which 4230 were observed [I >2σ(I)]. 232 parameters were re�ned with no restraints.
R1/wR2 [I >2σ(I)]: 0.0161 / 0.0418. R1/wR2 [all re�.]: 0.0189 / 0.0427. S = 1.047. Residual
electron density between -0.33 and 0.31 e/Å3. CCDC 966375.

4: [C21H28NOPRh](BF4), Mr = 531.13, orange block, 0.08×0.20×0.25 mm, triclinic, P1
(No: 2), a = 8.0624(3), b = 11.5108(4), c = 12.8859(3) Å, α = 108.143(1), β = 95.856(1), γ
= 96.480(1)◦, V = 1117.18(6) Å3, Z = 2, Dx = 1.579 g/cm-3, µ = 0.88 mm-1. 40925 Re�ec-
tions were measured up to a resolution of (sin θ/λ)max = 0.81 Å-1. 9822 Re�ections
were unique (Rint = 0.020), of which 8640 were observed [I >2σ(I)]. 281 Parameters
were re�ned with no restraints. R1/wR2 [I >2σ(I)]: 0.0260 / 0.0632. R1/wR2 [all re�.]: 0.
0331/ 0.0659. S = 1.034. Residual electron density between -0.70 and 0.91 e/Å3. CCDC
966376.

6: C21H27NOPRhI2, Mr = 697.11, red-orange block, 0.18×0.08×0.05 mm, triclinic, P1
(No: 2), a = 8.9530(4), b = 9.1338(4), c = 16.7107(7) Å, α = 102.541(2), β = 90.866(2), γ
= 119.006(2)◦, V = 1154.94(9) Å3, Z = 2, Dx = 2.005 g/cm-3, µ = 3.493 mm-1. 44618 Re-
�ections were measured up to a resolution of (sin θ/σ)max = 0.81 Å-1. 4059 Re�ections
were unique, of which 3590 were observed [I >2σ(I)]. 250 Parameters were re�ned with
no restraints. R1/wR2 [I >2σ(I)]: 0.0203 / 0.0429. R1/wR2 [all re�.]: 0. 0274/ 0.0451. S =
1.018. Residual electron density between -0.629 and 0.686 e/Å3. CCDC 1038561.

DFT calculations. Geometry optimizations were carried out with the Turbomole
program package94 coupled to the PQS Baker optimizer95 via the BOpt package,96 at
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the spin unrestricted ri-DFT level using the BP8697,98 functional and the resolution-
of-identity (ri) method.99 We optimized the geometries of all stationary points at the
def2-TZVP basis set level, 100 using Grimme’s dispersion corrections (disp3 version) 101

and a tight energy grid (m5). The identity of the transition states was con�rmed by
following the imaginary frequency in both directions (IRC). All minima (no imaginary
frequencies) and transition states (one imaginary frequency) were characterized by
calculating the Hessian matrix. ZPE and gas-phase thermal corrections (entropy and
enthalpy, 298 K, 1 bar) from these analyses were calculated using standard thermody-
namics. Wiberg bond orders63 were calculated from the Turbomole output �les using
the AOMix program. 102,103

Table 2.1: Comparison of bond distances (nm) of selected bonds in complex 4-PMe2 calculated
with two di�erent functionals, with and without dispersion corrections.a

Bond distance (nm) BP86 BP86-disp3 B3LYP B3LYP-disp3 Crystal structure

Rh-H35 2.025 2.050 2.144 2.176 2.19(2)
Rh-C25 2.367 2.353 2.461 2.451 2.3750(15)
C25-H29 1.123 1.120 1.101 1.099 0.926(19)
C26-H29 1.090 1.090 1.082 1.082 0.98

a The (def2-)TZVP basis set was used for all atoms in all calculations.

Table 2.2: Comparison of Wiberg bond orders of selected bond in complex 4.a

BO BP86 BP86-disp3 B3LYP B3LYP-disp3

Rh-H35 0.171 0.158 0.111 0.093
Rh-C25 0.290 0.298 0.236 0.241
C25-H29 0.749 0.751 0.792 0.797
C26-H29 0.942 0.944 0.953 0.954

Rh-H35-C35 0.052 0.050 0.045 0.041

a The (def2-)TZVP basis set was used for all atoms in all cal-
culations.
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3 | Reversible Cyclometalation at RhI

as Motif for Metal-Ligand
Bifunctional Bond Activation
and Base-free Formic Acid
Dehydrogenation

3.1 Introduction

The application of reactive ligands for metal-ligand bifunctional bond activation and
subsequent cooperative catalysis receives much attention, as discussed in Chapter
1. Among the di�erent reactive ligand designs, systems bearing a proton-responsive
group (showing reversible deprotonation activity) are particularly attractive and versa-
tile for substrate activation. Generally, two strategies to incorporate such a fragment
(an ’internal base’) within the ligand structure were developed: i) a site in the coordi-
nation sphere of a metal center and ii) a site at a location not directly connected to
the metal center (2nd coordination sphere). Well-known designs implementing the lat-
ter strategy operate via reversible dearomatization by deprotonation of functionalized
picoline, 1–3 aminopyridine,4–6 or pyridone fragments. 7–10 Regarding the strategy en-
compassing proton-responsive groups in the coordination sphere of a transition metal,
reversible deprotonation of metal-bound functionalized amines 11–13 has been success-
fully applied in a variety of catalytic transformations.

Metal-carbon bonds are typically rather strong, but the bond energy can be in�u-
enced by e.g. strain or non-ideal orbital overlap, as present in cyclometalated species.
Reversible cyclometalation at late transition metals using strong acids has been well-
documented for stoichiometric reactions, 14–25 but examples with low-valent metal ions
such as RhI and applications of this type of reactivity in catalytic turnover are rare, to
the best of our knowledge (see previous Chapters). Metal-ligand bifunctional catalysis
by reversible cyclometalation has been postulated as possible mechanism with a few
systems (Figure 3.1). Mashima et al. discussed this strategy for the dehydrogenative
silylation of phenylpyridines catalyzed by a cyclometalated iridium complex.26 A simi-
lar ’roll-over’ mechanism was suggested for the base-free transfer hydrogenation with
a ruthenium catalyst.27 The cooperativity of a cyclometalated fragment in the ligand
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structure has also been proposed, on the basis of computational studies, to be suit-
able for the dehydrogenation of ammonia-borane.28–30 However, it was experimentally
proven that this mechanism occurs most likely only in the early stage of catalysis29 or
as a way to generate an active species.30

N N

CIrH

N

Ru
N

C

N N

NR2

C Fe

O

O P(iPr)2

P(iPr)2

PMe2PhMeO

Figure 3.1: Complexes that have been proposed to act as cooperative catalysts for di�erent
types of transfomations via reversible cyclometalation by Mashima et al., 26 Thiel et al. 27 and
Guan et al., 30 respectively.

Computational studies by Vanka et al. indicate that reversible cyclometalation with
IrIII could be useful for NH3BH3 dehydrogenation and, furthermore, could also be a
suitable mechanism for formic acid dehydrogenation to CO2 and H2.28 Dihydrogen is
considered a key component of many future renewable energy solutions, but e�cient
and reversible storage and release of H2, e.g. in organic liquids such as formic acid (FA),
are essential for a hydrogen based economy. Most catalytic systems for the dehydro-
genation of HCOOH to H2 and CO2 require the presence of exogenous base,31–33 which
not only decreases the overall hydrogen content from 4.4 wt% (for pure HCOOH) to
2.3 wt% (for a typical 5:2 HCOOH/NEt3 mixture) but also necessitates post-catalysis
processing for fuel cell applications (removal of volatile amines).34–36 Hence, catalytic
formic acid dehydrogenation should ideally be performed in the absence of such ex-
ogenous base, but to date only a handful of systems capable of base-free formic acid
dehydrogenation have been reported.9,37–44

Given our interest in the design of reactive ligand systems for cooperative bond
activation reactions and catalytic processes,45–52 we wondered whether reversible C-H
activation in the coordination sphere of a metal could serve as a new methodology to
facilitate e.g. formic acid dehydrogenation. In such a strategy, a metal-carbon fragment
should function as an internal base for the activation of a suitable protic substrate. A
hypothetical cooperative mechanism based on reversible cyclometalation as a bond-
activation concept involves i) M-C bond assisted E-H bond activation, ii) productive
conversion of the activated M-E moiety into a product-like M-Y fragment and iii) ligand-
assisted Y-H bond reductive elimination (Figure 3.2). Reversible cyclometalation by
protonation of the M-C bond might result in a weakly coordinating agostic C-H bond.53,54

This fragment could be viewed as masking a vacant site at the metal center, without
signi�cant perturbations (structural or electronic) of the global ligand framework, unlike
what is often encountered for other reactive ligands. An agostic C-H interaction might
also assist in stabilizing catalytically relevant intermediates, with bene�cial implications
for the overall energy pro�le of a potential reaction path.

In Chapter 2, the synthesis and reactivity of cyclometalated RhI complex 1 was de-
scribed. The complex bears the deprotonated derivative of ligand LH that can act either
as a neutral bidentate PN-ligand or as anionic tridentate PNC-system, depending on the
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C
N

PR2M

C
N

PR2M

H EC
N

PR2M

H Y

E-HY-H

metal based transformation

Figure 3.2: Proposed pathway involving reversible cyclometalation for metal-ligand bifunctional
bond activation and catalysis.

reaction conditions. Based on these initial results, we speculated that the ligand-based
reactive carbon center in the coordination sphere of RhI could be employed as bifun-
tional motif in metal-ligand cooperativity. In this chapter we investigate the reactivity
of the Rh-CAr bond in cyclometalated P,N,C-complexes with substrates containing E-H
bonds and report the use of complex 1 as catalyst for the dehydrogenation of formic
acid using reversible cyclometalation as cooperative motif.

3.2 Results and discussion

3.2.1 Reactivity of 1 with weak protic donors

The cyclometalated complex 1 was shown to be susceptible to Rh-C cleavage by ethe-
real HBF4 as strong acid in chapter 2. This generates a RhI complex with an agostic
Rh-(CPh-H) bond in the solid state, possibly via protonation of the metal to create a
RhIII(hydride) intermediate, with subsequent C-H reductive elimination. Furthermore,
facile methylation at the cyclometalated carbon results from reaction of 1 with MeI.
Based on these initial results, the activation of less reactive substrates was investi-
gated. Initial attempts to activate alcohols or phenylacetylene at r.t. did not result in
Rh-C cleavage, based on NMR spectroscopy. This may point toward either a pKa mis-
match between these protic substrates and the metal-carbon bond as ’internal base’ or
to unfavorable steric interference that prevents formal oxidative addition at the metal
center.

N
P(tBu)2Rh

CO

SH SH
S

NH2
O

OF3C
N

P(tBu)2Rh
CO

HN

SO
O

F3C

Rh
S
S

Rh
OC

(tBu)2P

P(tBu)2

CO

N

N Ph

Ph

13 2

Scheme 3.1: Reactivity of RhI complex 1 in the presence of 1,3-propanedithiol and tri�uo-
romethanesulfonamide.
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Aliphatic thiols did react smoothly with 1, judging from the rapid color change of the
solution from red to light-yellow (Scheme 3.1). In line with this, the 31P NMR spectrum
shows a doublet at δ 76.31 ppm (1JRhP = 101 Hz) for 1, while the reaction with 1,3-
propanedithiol led to a doublet at δ 69.75 ppm (1JRhP = 151.7 Hz) for complex 2. A
strong IR-band for the carbonyl was present at ν 1938 cm-1 (Δν of 5 cm-1 vs 1), while the
pyridine signals were signi�cantly shifted down�eld in the 1H NMR spectrum. These data
suggest decoordination of the pyridine donor and thus monodentate P-coordination of
the PNCH framework, induced by the tendency of thiolate fragments to bridge to metal
centers. This hypothesis was corroborated by X-ray crystal structure determination on
single crystals of 2 grown from a concentrated acetone-d6 solution (Figure 3.3). The
geometry around each Rh1-center is square planar and the overall structural features
with the gem-dithiolate core resemble those reported in literature.55–57

Figure 3.3: ORTEP (ellipsoids set at 50% probability) for complex 2. Selected bond lengths [Å]
and angles [◦]: Rh1-P1 2.3163(5); Rh1-C211 1.827(2); Rh1-S13 2.3940(5); Rh1-S23 2.3784(5); Rh2-P2
2.3154(6); Rh1-C212 1.808(2); Rh2-S13 2.3833(5); Rh2-S23 2.3948(5); Rh1âRh2 3.0845(2); P1-Rh1-S13
94.682(18); S13-Rh1-S23 82.762(18); P2-Rh2-S23 93.690(19); S13-Rh2-S23 82.642(18). Angle sums
Rh1: 359.99(10); Rh2: 360.44(12) ◦. Dihedral angle between S-Rh-S planes: 61.27(3)◦.

Similar spectroscopic observations were made when reacting 1 with benzyl mer-
captan. Notably, the reaction of 1 with thiophenol gave di�erent spectral features, with
a doublet at δ 99 ppm (1JRhP = 136 Hz) in MeCN-d3. When C6D6 was used as a solvent,
two species with similar shifts and coupling constants as complex 2 were observed,
i.e. doublets at δ 66 ppm (1JRhP = 152 Hz) and δ 72 ppm (1JRhP = 152 Hz). The species
interconvert when the solvent is changed within the same sample. These results could
be an indication that monomeric complexes are formed when polar solvents are used
in the reaction, but no conclusive evidence, such as a crystal structure or mass analy-
sis, could be obtained. Because of the decoordination of the pyridine from the metal,
we did not pursue catalytic (hydroaddition) transformations involving thiols, as the pro-
posed cooperative nature of reversible cyclometalation requires close proximity of the
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C-H bond to the metal mediated by the directing force of the pyridine group.
Tri�uoromethylsulfonamide also reacts rapidly with the Rh-C bond, as evidenced

by a 31P shift for the resulting amide complex 3 at δ 103.7 ppm (1JRhP = 152 Hz)
(Scheme 3.1). The combined spectroscopic data are similar to previously reported
Pd(CH3)(RPN)(tri�amide) species,58 so a similar geometry, with the tri�amide trans to
phosphorus, is proposed, although single crystalline material could not be obtained for
this compound. Unfortunately, complex 1 did not react with less acidic amines and
therefore we also did not pursue catalytic activity based on these type of substrates.
The installment of substituents on the phenyl ring could increase the reactivity, as
they may in�uence the strength of the Rh-C bond, but the synthesis of these adapted
ligands is more cumbersome.

3.2.2 DFT calculations on H2 activation with 1
Next to exploring the stiochiometric reactivity of the M-C with protic substrates, we
sought to apply the concept of reversible cyclometalation in cooperative catalysis. Typ-
ical reactions in which cooperative catalysts are commonly applied with outstanding
results are hydrogenation and dehydrogenation reactions of polar substrates. Hydro-
genation reactions can follow mechanisms in which metal-ligand bifunctional heterolytic
H2 activation is a crucial step. Unfortunately, species 1 appeared stable under an H2
atmosphere (20 bar) at RT, indicating a relatively high barrier for heterolytic cleavage
of H2 to generate putative species A, Rh(H)(CO)(1H). Increasing the H2-pressure to 35
bar and heating an NMR sample for 1 hour at 70 ◦C also did not result in any ob-
servable hydride species. This ’inertness’ to heterolytic H2 activation could also mean
that, instead of a high transition state barrier, the cyclometalated species is just more
stable than intermediate A. If this is the case, H2 evolution from A to generate 1 is
energetically favourable. To obtain more insight in the energy landscape between A
and 1, we performed DFT calculations (BP86, def2-TVZP, disp3 corrections) on mono-
hydride complex A (Figure 3.4). This species may convert, via agostic intermediate
B and subsequent CPh-H oxidative addition, to dihydride C with a low barrier of 7.2
kcal mol-1. This dihydride subsequently undergoes smooth reductive elimination of H2
(6.9 kcal mol-1 barrier) to generate 1 as stable product (ΔG = -7.6 kcal mol-1). As a
result, this cyclometalated complex may thus be a catalytically competent species for
dehydrogenation reactions, which involve H2 production.
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298K in kcal mol-1) of

hydrogen formation from hydride intermediate AMe, in which the tert-butyl groups are substituted
for methyl groups.

3.2.3 Catalytic dehydrogenation of formic acid
To capitalize on the apparent facile loss of H2 from putative species A in combina-
tion with the potential reactivity of the metal-carbon bond in metal-ligand bifunc-
tional dehydrogenative catalysis and to illustrate the concept of reversible metalation
for cooperative bond activation, we studied the dehydrogenation of formic acid as
proof-of-principle reaction. Addition of 20 molar equiv HCOOH to 1 in MeCN instanta-
neously resulted in a yellow complex that can be characterized as formate derivative 4
(Scheme 3.2). Complex 4 (31P: δ 105 ppm, 1JRhP 167 Hz) is the only species present at r.t.,
but upon warming to 55 ◦C in a closed NMR tube, deep-red species 1 is regenerated
within 45 minutes. No trace of remaining HCOOH was observed, and the formation of
H2 was detected (Figure 3.5).

N
P(tBu)2Rh

CO

N
P(tBu)2Rh

CO
O

O
H

10 equiv HCOOH

1 4

Scheme 3.2: Reactivity of RhI complex 1 with 10 molar equiv of HCOOH.

Use of HCOOD resulted in selective deuteration of both ortho-C-H groups on the
phenyl ring in 1, which is in line with cooperative activation of FA over the Rh-C
bond. Smooth catalytic dehydrogenation of HCOOH was established using 0.5 mol% of
species 1 in dioxane at 75 ◦C, with a turnover frequency (TOF) of 169 mol·molcat-1·h-1
(see Figure 3.6 and Table 3.1). The conversion was determined by gas collection with
a water-displacement set-up and the TOF was determined around 20% conversion.
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Figure 3.5: Catalytic reaction (0.02 mmol cat. 1, 0.4 mmol HCOOH, 2 mL MeCN, 55 ◦C→ 60 ◦C)
in 10mm HP-NMR tube, monitored by 1H NMR (left) and 31P NMR (right) over a time span of 45
min. NMR spectra are stacked under an angle of 15◦.

Figure 3.6: Plot of the formation of H2 and CO2 in the HCOOH dehydrogenation reaction cat-
alyzed by 1. Control experiments with complexes 5, 6 and 7 under various conditions are also
depicted.

Addition of external base (NEt3) did not a�ect the catalytic activity, as the rate of the
reaction was not faster when the azeotrope HCOOH/NEt3 = 5:2 is used. However, when
using NEt3, the TOF can be increased by adding more HCOOH (at the same concen-
tration of catalyst). In contrast, increasing the concentration of HCOOH in the absence
of a base results in loss of activity, possibly because a dormant species is formed by
overprotonation of complex 1, i.e. reaction of 1 with 2 equiv. of HCOOH. In CDCl3 and
CD2Cl2 the formation of a new Rh-species is observed in NMR (δ = 112 ppm, 1JRhP = 182
Hz) and IR (2012 cm-1) at high concentration of HCOOH, which supports the formation
of this inactive species. However, in the solvents used for catalysis, MeCN and dioxane,
this new species could not be identi�ed as only some broadening of the NMR signals
is observed at high concentration of HCOOH. This impedes the characterization of a
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tentative dormant species.

Table 3.1: Catalytic activity in HCOOH dehydrogenation for studied complexes.a

Entry Catalyst Additive TOF (h-1)b

1 Complex 1 - 169 ± 12
2 Complex 1 NEt3 155 ± 20
3 Complex 5 - 3
4 Complex 5 1 equiv KOtBu 112 ± 4
5 Complex 6 - 4
6 Complex 7 - 0

a Catalyst (0.01 mmol), HCOOH (2 mmol), (NEt3 (0.8
mmol)), dioxane (1 ml), 75 ◦C. Experiments are performed
at least in duplo.
b TOFs were determined from the slope of the curve
around 20% conversion.

(a) (b)
Figure 3.7: (a) Plot of the formation of H2 and CO2 from HCOOH catalyzed by complex 1 with
intermittent addition of formic acid. Every time, around 65% conversion (indicated by the arrows),
1.3 mmol of extra HCOOH is added. The inset shows an overlay of the consecutive cycles. Only
after the 7th cycle, some loss in activity is observed. (b) Similar plot for a catalytic experiment
with complex 5 after activation with KOtBu.

Catalyst 1 showed reproducible performance during eight consecutive runs (total
TON of 1024, Figure 3.7(a)). Only in the last cycle, some loss in activity is observed. The
gaseous fraction produced during reaction was analyzed by GC and no CO was found
within the detection limit (δ = 10 ppm). Although the TOF achieved is still moderate
under these (unoptimized) conditions, this represents the �rst example of base-free
formic acid dehydrogenation using a Rh1 complex.59,60

To get more insight in the Rh-species present under catalytic conditions, in situ
IR experiments were performed. The CO-group on the active Rh-species gives a nice
handle to follow catalytic experiments. Moreover, the potential formation of detrimental
Rh-COx species can be monitored. Unfortunately, the results in dioxane were not
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conclusive because the solvent residual signals were overlapping with the Rh-CO signals.
In THF, however, the reaction could be monitored, showing that the only two species
present under catalytic conditions are complexes 1 and 4, as indicated by the signals
at 1945 cm-1 and 1988 cm-1, respectively (Figure 3.8). The experiment also shows that
the concentration CO2 (2330 cm-1) increases over time and the concentration HCOOH
decreases (1730 cm-1).

(a) (b)

Figure 3.8: (a) Zoom of the IR spectrum between 1600 and 2400 cm-1 from the catalytic reaction
in dioxane over a time span of 4.5 h. The red spectrum is recorded at the start and the blue
after 4.5 h. The top spectrum is the residual spectrum of dioxane. (b) Zoom of the IR spectrum
between 1600 and 2500 cm-1 from the catalytic reaction in THF over a time span of 5 h. The red
spectrum is recorded at the start and the blue after 5 h.The two Rh-CO peaks present can be
attributed to complex 1 (1945 cm-1) and complex 4 (1989 cm-1). The concentration of complex 4
slowly decreases as it is converted back to complex 1.

To further con�rm that no free CO or Rh-COx species are formed, a catalytic re-
action with H13COOH was followed by 13C NMR (Figure 3.9). This experiment con�rms
that no new Rh-13CO species are formed. Besides that, 31P NMR shows that complex 1
is selectively regenerated after catalysis.

Control experiments using complex 5 ([Rh(Cl)(CO)(PNH]) bearing a bidentate PNH

ligand (Figure 3.10),58,61 lacking the �anking phenyl arm, show very low conversion in
absence of base, likely due to blocking of the fourth coordination site by the chloride
ligand. Upon addition of one equivalent of strong base to deprotonate the PNH ligand
and abstract the chloride ligand to form a vacant site, the system shows a similar
TOF as complex 1. However, a di�erent reaction pro�le is obtained, where the rate
becomes faster at the end of the reaction, suggesting a di�erent catalytic pathway
for this catalyst compared to complex 1 (Figure 3.6). This catalyst is also stable for
more than six hours with intermittent addition of HCOOH (Figure 3.7(b)). For every
cycle, the same reaction pro�le is obtained which show that the catalyst is slower
right after addition of HCOOH, ruling out that an incubation period is present to form
the active catalyst.i We expect that the deprotonation with a base leads to ligand
’dearomatization’, as obtained product is darkly colored before addition of HCOOH.

iThis behaviour is uncommon and suggests substrate inhibition takes place. Possibly, also this catalyst
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Figure 3.9: 13C NMR spectra of a catalytic dehydrogenation reaction with 1 and 200 equiv. of
H13COOH in dioxane at 75 ◦C followed over a time span of 2.5 hours in an open NMR tube. The
experiment shows that no new Rh-CO species are formed under catalytic conditions. Spectra
are stacked under an angle of 20 ◦.

N
P(tBu)2RhCl

CO

N
P(tBu)2Rh

CO
N (tBu)2P P(tBu)2Rh

CO

5 6 7

Figure 3.10: Other RhI complexes that were studied in the dehydrogenation of formic acid.

The same color is obtained when all the HCOOH has been decomposed to CO2 and
H2. However, this does not necessarily mean that the dearomatized species is formed
during catalytic turnover and it is not an explanation for the observed reaction pro�le.
The known RhI-pincer complexes [Rh(CO)(PNN*)] (6)62 and [Rh(CO)(PCP)] (7)63 (PNN*
= 6-di(tert-butyl)phosphinomethine-2,2’-bipyridine; see Figure 3.6) barely gave activity,
suggesting that low-coordinate geometries and the presence of a ligand with adaptable
denticity are important.

3.2.4 Mechanistic considerations

Based on these catalytic results, supported by DFT calculations, two catalytic cycles
are conceivable (Scheme 3.3). The �rst ’intramolecular’ path involves reversible cy-
clometalation as key element. Cooperative activation of formic acid over the reactive
Rh-C fragment to form formate species 4 proceeds with a moderate barrier of 17.4 kcal
mol-1. The transition state for a concerted hydride-proton-transfer step64 could not
be found, most likely because the hydride would be located in an unfavourable axial
position (�lled dz2 orbital) at Rh. Alternatively, HCOOH could also oxidatively add to
form a RhIII intermediate that can undergo C-H bond formation via reductive elimina-

is vulnerable for ’overprotonation’ with HCOOH forming a less active RhIII species. For complex 1 this phe-
nomenon is observed as well, but leads to an inactive catalyst and more HCOOH is required to reach this
state. The di�erence between the two complexes could be due to the relative basicity of the metal center.
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tion. This option could not be ruled out by DFT calculations, as charged species cannot
be compared to neutral species in gas phase calculations (Figure 3.11). The same holds
for protonation of 1 by HCOOH followed by immediate reductive elemination and co-
ordination of the counterion, even though the reductive elimination of the protonated
complex is almost barrierless (Figure 3.12).
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Scheme 3.3: Proposed mechanisms for the base-free cooperative dehydrogenation of formic
acid using 1 as catalyst. The DFT calculated values for the relative transition state barriers are
shown in kcal mol-1.

Resting state 4, which lies -1.9 kcal mol-1 lower in energy than 1, converts to mono-
hydride A via rate-limiting β-H elimination (18.2 kcal mol-1 relative to 4) concomitant
with CO2 release. Subsequent C-H oxidative addition via the RhI(C-H) agostic species
B (a close analogue of a previously isolated cationic derivative, see chapter 2) and
facile release of H2 from RhIII intermediate C regenerates 1 as the active catalyst (see
Figure 3.4 for DFT pro�le from A to 1).

A second, non-cooperative path has very similar reaction barriers and shares the
same rate-limiting step (from 4 to A), followed by oxidative addition of a second
molecule of HCOOH to form dihydride intermediate D, which lies 0.8 kcal mol-1 higher
in energy than A. Dihydride D generates H2 via reductive elimination with a TS barrier
of 5.3 kcal mol-1 (Figure 3.13). Given the near-identical overall reaction pro�les (with a
shared rate limiting step with a barrier of ca. 18 kcal mol-1), both mechanisms likely
are catalytically competent and thus co-exist under catalytic conditions, regenerat-
ing species 1 during and/or after catalysis. The involvement of the cooperative path
is supported by selective deuteration experiments, isolation of an agostic C-H model
complex as a relevant intermediate, the regeneration of 1 with conversion of HCOOH
and release of H2 in NMR experiments.
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Figure 3.11: DFT (BP86, def2-TZVP, disp3) calculated free energy surfaces (ΔG0
298K in kcal mol-1)

of the reaction of HCOOH with complex 1. This reaction can either occur through direct protona-
tion of the Rh-C bond or through oxidative addition of HCOOH to form a RhIII intermediate. From
these results it can be ruled out that protonation occurs via cis oxidative addition because the
TS-barriers are too high. The pathway from the trans RhIII intermediate has low-lying TS-barriers
(lower than direct protonation) but the TS for oxidative addition (?) could not be located because
the energy of charged species is highly overestimated in gas phase calculations.
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of the direct protonation of complex 1 by HCOOH followed by C-H reductive elimination.
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of the dehydrogenation of HCOOH following a non-cooperative pathway.

3.3 Conclusion

In this Chapter we investigated whether reversible cyclometalation may be successfully
employed as motif for cooperative bond activation processes. As a start, it was shown
that complex 1 readily reacts with thiols and acidic amines, which leads to protonation
of the anionic carbon of the reactive �exidentate ligand L. Unfortunately, complex 1
does not react with less activated substrates such as H2 but DFT calculations show
that, instead, release of dihydrogen is facile from a putative monohydride complex
A. This suggests that complex 1 might be a competent catalyst for dehydrogenation
reactions.

Reaction of cyclometalated complex 1 with a small excess of formic acid results in
formate adduct 4. Under catalytic conditions, base-free formic acid dehydrogenation
could be successfully established with RhI complex 1. Although the TOF (169 h-1) is not
as high as for several other catalysts based on e.g. Ru or Ir, this is the �rst example of
base-free HCOOH dehydrogenation with RhI. Detailed NMR and IR experiments point
out that the only Rh-CO species present under catalytic conditions are complex 1 and
complex 4. Regeneration of 1 after catalysis was also supported by NMR spectroscopy.

From a comparison of the catalytic activity of complex 1 to complexes 6 and 7, which
show almost no activity, it is clear that the �exidentate character of the phenyl group
in complex 1 is bene�cial compared to more rigid systems. On the other hand, similar
activities are found for complex 1 and complex 5 (activated with 1 equiv of KOtBu),
suggesting that the phenyl-group may not be required. However, the di�erence in the
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shape of the catalytic curves for 1 and 5 point out that, most likely, the operating
mechanisms are di�erent for these two catalysts.

Experimental observations in combination with DFT studies support that a coop-
erative mode of action based on reversible cyclometalation could be a feasible mech-
anism for this reaction. However, de�nitive proof for the reversible cyclometalation
mechanism could not be obtained due to a competing non-cooperative pathway that
has the same r.d.s. and similar overall barriers. Most likely, both mechanisms co-exist
under catalytic conditions. Furthermore, for HCOOH dehydrogenation, this mode of
cooperativity did not result in the anticipated bene�ts, in terms of TOF, over tradi-
tional systems (and other cooperative systems) because the r.d.s., CO2 release from
the formate species, is not a bifunctional step. On the positive side, complex 1 turned
out to be a rather stable catalyst, showing reduced activity only after the seventh
consecutive cycle.
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3.4 Experimental section

General methods. All reactions were carried out under an atmosphere of nitrogen us-
ing standard Schlenk techniques. Reagents were purchased from commercial suppliers
and used without further puri�cation. THF, pentane, hexane and Et2O were distilled
from sodium benzophenone ketyl. CH2Cl2 was distilled from CaH2, toluene from sodium
under nitrogen. NMR spectra (1H, 1H31P, 31P, 31P1H and 13C1H) were measured on a Bruker
DRX 500, Bruker AV 400, Bruker DRX 300 or on a Bruker AV 300 spectrometer. IR
spectra (ATR mode) were recorded with a Bruker Alpha-p FT-IR spectrometer. High
resolution mass spectra were recorded on a JMS-T100GCV mass spectrometer using
�eld desorption (FD).

Synthesis of Rh2(SCH2CH2CH2S)(CO)2(κ1-P-1H)2 (2). To a solution of 1 (10 mg, 23
µmol) in CH2Cl2 (1 mL) was added 1,3-propanedithiol (1.1 µL, 23 µmol), resulting in an
immediate color change from red to dark yellow. The solvent was evaporated to yield
2 in quantitative yield (11 mg). 1H NMR (300 MHz, 298 K, CD2Cl2, ppm): δ 8.44 (d, J =
6.3 Hz, 2H), 8.14-8.07 (m, 4H), 7.63-7.40 (m, 10H), 4.21-3.82 (m, 4H), 2.95-2.69 (m, 4H),
2.42-2.30 (m, 2H), 1.53 (d, J = 12.7 Hz, 18H), 1.41 (d, J = 12.9 Hz, 18H). 31P NMR (121 MHz,
298 K, CD2Cl2, ppm): δ 69.75 (d, J = 151.7 Hz). 13C NMR (75 MHz, 298 K, CD2Cl2, ppm): δ
190.58 (dd, JRhC = 73.4 Hz, JCP = 14.9 Hz, CO), 157.28 (s, Py-C), 155.81 (s, Py-C), 139.48 (s,
Ph-C), 136.22 (s, Py-CH), 128.71 (s, Ph-CH), 128.58 (s, 2C, Ph-CH), 126.75 (s, 2C, Ph-CH),
124.71 (d, J = 2.8 Hz, Py-CH), 117.89 (s, Py-CH), 38.67 (s, SCH2CH2), 37.31 (d, J = 16.2
Hz, PC(CH3)3), 36.93 (dd, J = 15.7, 1.3 Hz, CH2P), 31.71 (d, J = 13.0 Hz, SCH2CH2), 30.16
(dd, J = 17.4, 3.8 Hz, PC(CH3)3). IR (ATR, cm-1): ν CO 1938. HRMS (FD): m/z calcd for
C44H62N2OP2Rh2S2: 966.18888 [M-CO]+; found: 966.18386.
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Synthesis of Rh(NHSO2CF3)(CO)(κ2-P,N-1H) (3). To a solution of 1 (12 mg, 27 µmol)
in CH2Cl2 (1 mL) was added tri�uoromethylsulfonamide (4 mg, 27 µmol), resulting in a
color change from red to orange within 5 min. at room temperature. The solvent was
evaporated to yield 3 in quantitative yield (16 mg). 1H NMR (300 MHz, 298 K, CD2Cl2,
ppm): δ 8.20-8.12 (m, 2H, Ph), 7.90 (t, J = 7.8 Hz, 1H, Py), 7.68-7.59 (m, 3H, Ph), 7.52 (t,
J = 8.3 Hz, 2H, Py), 3.75 (d, J = 9.3 Hz, 2H, CH2P), 1.41 (d, J = 14.1 Hz, 18H, PtBu2), 1.14 (s,
1H, NH). 31P NMR (121 MHz, 298 K, CD2Cl2, ppm): δ 103.70 (d, J = 152.0 Hz). 19F NMR (282
MHz, 298 K, CD2Cl2, ppm): δ -78.68. 13C NMR (75 MHz, 298 K, CD2Cl2, ppm): δ 189.59
(dd, JRhC = 75.5 Hz, JCP = 17.7 Hz, CO), 161.58 (s, Py-C), 161.50 (dd, J = 4.7, 1.8 Hz, Py-C),
139.03 (s, Py-CH and Ph-C), 130.57 (s, Ph-CH), 128.62 (s, Ph-CH), 128.52 (s, Ph-CH), 124.17
(s, Py-CH), 121.48 (d, J = 9.2 Hz, Py-CH), 120.88 (q, JCF = 325.5 Hz, CF3), 35.32 (dd, J =
20.8, 2.3 Hz, CH2P), 34.78 (d, J = 20.1 Hz, PC(CH3)3), 28.92 (d, J = 4.2 Hz, PC(CH3)3). IR
(ATR, cm-1): ν CO 1973. HRMS (FD): m/z calcd for C22H30F3N2O3PRhS: 593.07219 [M]+;
found: 593.07219.

Synthesis of Rh(OCH(O)(CO)(κ2-P,N-1H) (4). To a solution of 1 (4.4 mg, 10 µmol)
in CDCl3 (0.6 mL) was added formic acid (9.2 mg, 200 µmol), resulting in an immediate
color change from red to yellow at room temperature. Due to its unstable nature, this
species was only characterized in situ using NMR spectroscopy. 1H NMR (400 MHz, 298
K, CDCl3, ppm): δ 8.01-7.94 (m, 2H, o-Ph), 7.82 (ddd, J = 7.8, 7.8, 1.0 Hz, 1H, Py), 7.57-7.39
(m, 5H, 2Py, m-Ph, p-Ph), 3.73 (d, 2JPH = 9.6 Hz, 2H), 1.38 (d, 3JPH = 14.3 Hz, 18H). 31P
NMR (162 MHz, 298 K, CDCl3, ppm): δ 105.29 (d, JRhP = 166.8 Hz).

Synthesis of Rh(Cl)(CO)(κ2-P,N-2-methyl-6-((di-tert-butylphosphino)methyl)-
pyridine)) (5). To a solution of 2-methyl-6-((di-tert-butylphosphino)methyl)-pyridine
(0.025 g, 10 µmol) in CH2Cl2 (0.5 mL) was added a solution of [Rh(CO)2(µ-Cl)]2 (0.019 g,
5 µmol) in CH2Cl2 (2 mL) and the reaction mixture was stirred overnight. After evapo-
ration of the solvent, the product was washed with pentane (1 mL), yielding the desired
complex as yellow powder (0.038 g, 9.2 µmol, 92%). 1H NMR (300 MHz, 298 K, acetone-
d6, ppm): δ 7.77 (t, J = 7.7 Hz, 1H, Py), 7.46 (d, J = 7.7 Hz, 1H, Py), 7.23 (d, J = 7.7 Hz,
1H, Py), 3.93 (d, 2JPH = 9.6 Hz, 2H, CH2P), 3.10 (s, 3H, Py-CH3), 1.32 (d, 2JPH = 13.9 Hz,
18H, (CH3)CP). 31P NMR (121 MHz, 298 K, CDCl3, ppm): δ 106.12 (d, 1JRhP = 165.0 Hz). 13C
NMR (75 MHz, 298 K, acetone-d6, ppm): δ 191.85 (dd, J = 73.4, 14.5 Hz, CO), 163.78 (s,
Py-C), 162.52 (d, J = 3.9 Hz, Py-C), 139.74 (s, Py-CH), 124.56 (Py-CH), 121.46 (d, J = 9.0 Hz,
Py-CH), 36.05 (dd, 1JCP = 20.3, 2JRhC = 2.3 Hz, CH2P), 35.42 (d 1JCP = 20.7 Hz, PC(CH3)3),
29.48 (d, 2JCP = 4.5 Hz, PC(CH3)3), 28.19 (s, Py-CH3). IR (ATR, cm-1): νCO 1958. HRMS(FD):
m/z calcd C16H26ClNOPRh: 417.04956 [M]+; found: 417.04984.

Standard catalytic experiment and control experiments. Typically, complex 1
(10 µmol) was added to the solvent (1 mL) in a 5 mL Schlenk equipped with a condenser
and connected to a water replacement setup. The reaction mixture was heated to
required temperature and stirred for 10 minutes. Formic acid was added to the reaction
mixture (75 µL, 2 mmol) or the azeotrope HCOOH/NEt3 5:2 was added to the reaction
mixture (187 µL, 2 mmol HCOOH) and evolved gas was collected. In the case of complex
RhCl(CO)(PN), �rst 1 equivalent of KOtBu in THF (1M) was added at RT to abstract the
chloride ligand. After 5 min stirring, 75 µL HCOOH was added. The mixture was rapidly
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heated to 75 ◦C and the evolved gas was collected. Evolved gases were analyzed with a
G·A·S Compact GC (Rt-MSieve 5A 20 m × 0.32 mm + Rt-Q-bond 2 m × 0.32 mm). The
amounts of mol converted were determined from the volumes of gas collected using
equation 1.1 and 1.2.

VH2
=
RT

p
+ b− a

RT
= 24.99

L

mol
(3.1)

R: 8.3145 m3 · Pa · mol-1 · K-1

T: 298.15 K
p: 101325 Pa
b: 26.7 · 10-6 m3 · mol-1

a: 2.49 · 10-10 Pa · m3 · mol-2

VCO2
=
RT

p
+ b− a

RT
= 24.42

L

mol
(3.2)

R: 8.3145 m3 · Pa · mol-1 · K-1

T: 298.15 K
p: 101325 Pa
b: 42.7 · 10-6 m3 · mol-1

a: 36.5 · 10-10 Pa · m3 · mol-2

Catalytic experiment in MeCN followed by NMR. A 10 mm sapphire tube was
charged with complex 1 (0.02 mmol), MeCN-d3 (2 ml) and HCOOH (0.4 mmol, 20 equiv.).
The tube was sealed and was heated to 60 ◦C. The reaction was followed for 45 min.

Catalytic experiment with H13COOH in dioxane followed by NMR. A 10 mm sap-
phire tube was charged with complex 1 (0.02 mmol), dioxane-d8 (2 mL) and H13COOH
(4 mmol, 200 equiv.). The tube was not completely sealed to prevent build-up of pres-
sure. The tube was heated to 75 ◦C and the reaction was followed for 2.5 hours.

Catalytic experiment followed with IR. A catalytic experiment is followed by IR
in an high pressure autoclave equipped with an IR cell.65 The autoclave is charged with
dioxane or THF (6 mL) and pressurized with 2 bar of helium (in order to �ll the IR cell)
and heated to 75 ◦C (60 ◦Cfor THF). A blank spectrum is recorded. Then the pressure is
slowly released and complex 1 (0.03 mmol) and HCOOH (6 mmol, 200 equiv.) dissolved
in 1 mL dioxane (or THF) are added to the autoclave, after which it is again pressurized
with 2 bar of helium.

X-ray crystal structure determination of complex 2. C45H62N2O2P2RhS2, Mr =
994.85, yellow block, 0.25× 0.19× 0.09 mm3, monoclinic, P21/n (no. 14), a = 12.7487(4),
b = 19.7725(6), c = 18.4361(5) Å, β = 103.046(1) ◦, V = 4527.3(2) Å3, Z = 4, Dx = 1.460
g/cm3, µ = 0.93 mm-1. 60826 Re�ections were measured on a Bruker Kappa ApexII
di�ractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å) at a
temperature of 150(2) K up to a resolution of (sin θ/λ)max = 0.65 Å-1. X-ray intensi-
ties were measured on a Bruker Kappa ApexII di�ractometer with sealed tube and
Triumph monochromator (λ = 0.71073 Å) at a temperature of 150(2) K. The intensities
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were integrated with the Eval15 software.66 Multi-scan absorption correction and scal-
ing was performed with SADABS67 (correction range 0.67-0.75). 10392 Re�ections were
unique (Rint = 0.039), of which 8330 were observed [I >2σ(I)]. The structure was solved
with Patterson superposition methods using SHELXT.68 Least-squares re�nement was
performed with SHELXL-9769 against F 2 of all re�ections. Non-hydrogen atoms were
re�ned freely with anisotropic displacement parameters. All hydrogen atoms were lo-
cated in di�erence Fourier maps and re�ned with a riding model. 508 Parameters were
re�ned with no restraints. R1/wR2 [I >2σ(I)]: 0.0255 / 0.0542. R1/wR2 [all re�.]: 0.0396 /
0.0580. S = 1.023. Residual electron density between -0.32 and 0.32 e/Å3. Geometry
calculations and checking for higher symmetry was performed with the PLATON pro-
gram. CCDC 1422009 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

DFT Calculations. Geometry optimizations were carried out with the Turbomole
program package 70 coupled to the PQS Baker optimizer 71 via the BOpt package, 72 at the
ri-DFT level using the BP86 73,74 functional and the resolution-of-identity (ri) method. 75

We optimized the geometries of all stationary points at the def2-TZVP basis set level, 76

using Grimmeâs dispersion corrections (disp3 version) 77 and a tight energy grid (m5).
The identity of the transition states was con�rmed by following the imaginary frequency
in both directions (IRC). All minima (no imaginary frequencies) and transition states (one
imaginary frequency) were characterized by calculating the Hessian matrix. ZPE and
gas-phase thermal corrections (entropy and enthalpy, 298 K, 1 bar) from these analyses
were calculated using standard thermodynamics.
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4 | Arene Csp2-H Activation at NiII

modeled with Reactive PNCPh
Ligands

4.1 Introduction

C-H activation is enjoying widespread attention as an e�cient and selective method-
ology for the functionalization of hydrocarbons. Cyclometalation typically precedes the
functionalization of aryl Csp2-H bonds, often using the ligating e�ect of a neighbouring
group to orient the C-H bond within the metal coordination sphere. Pyridine has proven
very e�cient as a directing group, and a variety of second- and third-row metal based
systems facilitate the selective C-H functionalization of pyridylarenes. In stark con-
trast with its second-row congener Pd, Ni-based systems were very underdeveloped
for selective C-H functionalization of aromatic substrates until recently. 1–15
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Scheme 4.1: Well-de�ned routes A-D toward cyclometalated NiII species and new direction
presented in this Chapter, involving direct cyclometalation of an arene C-H bond.

For stoichiometric cyclometalation at Ni, the Ni-C bond is generally formed via
oxidative addition of a carbon-halide (to Ni0; Scheme 4.1, A), 16–22 decarboxylation (B)23
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or transmetallation from a lithiated derivative (C).24 Formation of a Ni-C bond from an
unactivated C-H bond is only common for encumbering ligand structures that enforce
the C-H bond in close proximity of the metal, such as the pincer-type ECE ligands25 and
macrocyclic ligand structures (D).26–28 For less restricting bidentate ligand structures,
procedures involving direct C-H activation pathways with nickel are rare,29–32 despite
the fact that the �rst reported cyclometalated complex ever reported involves the
reaction of nickelocene with azobenzene.33

Although stoichiometric C-H metalation of ligands is uncommon for NiII, the for-
mation of such a nickelacycle was recently postulated as key step in the Ni-catalyzed
aromatic C-H bond functionalization, using a bidentate directing-group approach.34–36

Despite intermediacy of nickelacycles in various catalytic processes, including ethylene
oligo- and polymerization,37 only few systematic reactivity studies of the Ni-carbon
bond in these entities are reported.28,31,38 Furthermore, very little information is avail-
able on agostic NiII complexes with a speci�c NiII-(CAr-H) interaction.39 While this type
of bonding most likely precedes the actual C-H activation or metalation step and is
therefore an interesting research topic for the fundamental understanding of C-H bond
activation processes, isolated complexes with agostic interactions are scarcely docu-
mented for �rst-row TM pincer complexes.40,41

In Chapters 2 and 3 we introduced reversible cyclometalation as strategy for co-
operative catalysis, using a strongly chelating PˆN-ligand 1CH2 that featured a �anking
phenyl arm. Expanding on these results, we set out to investigate the potential for
cyclometalation with this tridentate ligand. Ligand 1O is developed as a more robust
alternative to ligand 1CH2 that features a reactive linker between the phosphine and
pyridine unit and for the di�erence in electronic character. In this Chapter, we report
the facile and selective C-H metalation of ligand 1CH2 and ligand 1O to NiII. Furthermore,
the reactivity of the M-C bond with the strong acid HBF4 is investigated, which resulted
in the isolation of complexes with a similar M-(CPh-H) interaction as was reported for
Rh (Chapter 2). The nature of this interaction was studied with DFT calcutations which
show that a weak interaction between the CPh-H and Ni is present that mainly has
Ni-(ηI-CPh) character.

4.2 Results and Discussion

4.2.1 C-H Activation at NiII

Ligand 1CH2 (see Chapters 2 and 3) can be easily coordinated to NiBr2(DME) to form
the purple paramagnetic complex 2CH2 (Scheme 4.2). This complex has an e�ective
magnetic moment µe� of 3.01 at 20 ◦C in acetone as determined by Evans’ method.42–44

Suitable crystals for single crystal X-ray di�raction are obtained by layering a CH2Cl2
solution with pentane and the crystal structure reveals a pseudo-tetrahedral geometry
around the Ni center (Figure 4.1, left), with 6 N1-Ni1-P1 at 102.07(4)◦ and 6 N1-Ni1-Br2 at
121.18(4)◦, in accordance with the paramagnetic nature of the complex.

Phosphinite ligand 1O is synthesized by reacting 6-phenyl-2-pyridone and di-tert-
butylchlorophosphine mediated by a weak base, NEt3, to ensure deprotonation of the
2-hydroxypyridine tautomeric form. Upon coordination to NiBr2(DME), the resulting
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brown complex 2O is obtained, which has an e�ective magnetic moment µe� of 3.29
at 20 ◦C in CH2Cl2. The solid state structure shows a distorted tetrahedral structure
due to the �anking Ph ring, with 6 N1-Ni1-Br1 at 95.71(7)◦ and 6 N1-Ni1-Br2 at 144.27(7)◦

(Figure 4.1, right). The reason behind the structural di�erences in 2CH2 and 2O is unclear.
It might be merely a packing e�ect resulting from di�erent orientation of the Ph-ring.

N

X PtBu2

N

X PtBu2

Ni
Br

N

X PtBu2

Ni Br
NEt3NiBr2(DME)

toluene, 50 °CBrCH2Cl2

1CH2: X=CH2

1O: X=O
2CH2 
2O

3CH2

3O

Scheme 4.2: Coordination of ligand 1CH2 and 1O to NiIIBr2(DME) to form paramagnetic complexes
2CH2 and 2O and subsequent C-H activation with NEt3 to 3CH2 and 3O.

Figure 4.1: ORTEP (ellipsoids set at 50 % probability) for complex 2CH2 (left) and 2O (right). Se-
lected bond lengths [Å] and angles [◦] for 2a: Ni1-P1 2.3095(5); Ni1-N1 2.0512(16); Ni1-Br1 2.4028(3);
Ni1-Br2 2.3499(4); P1-Ni1-N1 84.93(4); P1-Ni1-Br1 109.343(17); P1-Ni1-Br2 108.003(17); Ni1-P1-C12
93.66(6); N1-Ni1-Br1 102.07(4); N1-Ni1-Br2 121.18(4); Br1-Ni1-Br2 124.220(14); torsion angle N1-C5-
C15-C16 38.6(2); C1-C6-C7-N1 38.6(2). For 2b: Ni1-P1 2.2859(9); Ni1-N1 2.075(3); Ni1-Br1 2.3535(5);
Ni1-Br2 2.3555(5); P1-Ni1-N1 82.25(9); P1-Ni1-Br1 113.66(4); P1-Ni1-Br2 105.71(3); N1-Ni1-Br1 95.71(7);
N1-Ni1-Br2 144.27(7); Br1-Ni1-Br2 111.73(2).

Comparable (NˆP)NiX2 complexes show less distortion from the tetrahedral ge-
ometry and usually give lower values for µe�.45–48 The value for µe� of 2CH2 and 2O

corresponds more to the values that were found for bimetallic trigonal bipyramidal
structures with bridging chlorides.46 However, magnetic properties for NiII complexes
are highly dependent on the ligand �eld and large deviations can be found due to
structural equilibria in solution.

The �rst attempts of performing C-H activation at the ortho-position of the phenyl
group in complex 2CH2 were performed in presence of NaOAc. This is the preferred base
for C-H activation at other metals, such as Pd, Rh and Ru, because it can deprotonate a
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strong C-H bond via the concerted-metalation-deprotonation (CMD) pathway, wherein
the C-H bond is coordinating to the metal with an agostic interaction and a favorable
six-membered TS can be formed.49 However, the reaction between Ni-complex 2CH2

and NaOAc in THF always resulted in paramagnetic mixtures with broad peaks in 1H
NMR, while the cyclometalated product 3CH2 is expected to be diamagnetic due to the
anticipated pincer-like coordination, leading to a square planar geometry. This suggests
that either the reaction does not go to completion or paramagnetic side products are
present.

Figure 4.2: ORTEP (ellipsoids set at 50 % probability) for complex 3CH2 (left) and 3O (right).
Selected bond lengths [Å] and angles [◦] for 3CH2 : Ni1-P1 2.253(1); Ni1-N1 1.896(3); Ni1-C1 1.928(4);
Ni1-Br1 2.3153(6); P1-Ni1-N1 85.7(1); P1-Ni1-Br1 95.85(3); P1-Ni1-C1 169.8(1); N1-Ni1-C1 84.1(1); N1-Ni1-
Br1 177.8(1); Ni1-P1-C12 98.4(1); torsion N1-C5-C15-C16 38.6(2); C1-C6-C7-N1 38.6(2). For 3O: Ni1-P1
2.2046(11); Ni1-N1 1.875(3); Ni1-C1 1.923(4); Ni1-Br1 2.3023(6); P1-Ni1-N1 82.99(10); P1-Ni1-Br1 97.25(3);
P1-Ni1-C1 166.28(12); N1-Ni1-C1 83.91(15); N1-Ni1-Br1 178.58(10).

Many di�erent combinations of bases (KOAc, NEt3, DBU, KOtBu), solvents (THF,
toluene, MeCN, dioxane) and temperatures were applied but only the combination of
NEt3 in toluene gave the desired reaction. After addition of NEt3 to a suspension of
complex 2CH2 or 2O in toluene at 50 ◦C, the color of the solution changed to yellow in
30-60 minutes and the NEt3·HCl salt was formed as a white precipitate (Scheme 4.2).
Diamagnetic products 3CH2 and 3O were obtained that show well-de�ned NMR spectra,
with seven distinct aromatic signals in 1H NMR and a singlet in 31P NMR (45.53 ppm and
187.05 ppm, respectively).i Moreover, in both 13C NMR spectra a doublet is found at δ
156 ppm (2JCP = 95 Hz for 4CH2 and 2JCP = 101 Hz for 4O) suggesting a carbon atom
bound to the Ni-center in trans position of the phosphine. Crystals suitable for X-ray
analysis could be grown from THF/pentane mixtures and the molecular structures of
3CH2 and 3O con�rm the cyclometalation (Figure 4.2). The structures show a slightly
distorted square planar geometry around the nickel center (6 P1-Ni1-C1 at 169.8(1)◦ (3CH2 )
and 166.28(12)◦ (3O)). The Ni1-C1 bond lengths (1.928(4) Å for 3CH2 and 1.923(4) Å for
3O) are similar to that observed for the other ’unforced’ nickelacyles discussed in the

iThe large down�eld 31P NMR shift of 3O is due to the higher electronegativity of the oxygen linker
connected to phosphorus
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introduction, which all fall in the range of 1.91-1.95 Å.
Why the combination of NEt3 and toluene works so well is unclear at the moment.

The reason could be related to the insolubility of the NEt3·HCl salt in toluene, although
the reaction in NEt3/THF produced a paramagnetic mixture while the NEt3·HCl salt
is not soluble in THF either. However, after we discovered the speci�c combination
of NEt3/toluene, we found more examples in literature that use this combination for
stoichiometric cyclometalation at Ni, but in all cases much longer reaction times and/or
higher temperatures were required.31,50–52

4.2.2 Protonation of the Ni-C bond

N

X PtBu2

Ni Br
HBF4 . Et2O N

X PtBu2

Ni Br

H

BF4

Et2O

3CH2 
3O

4CH2 
4O

Scheme 4.3: Selective protonation of the Ni-C bond in 3CH2 and 3O to generate cationic deriva-
tives 4CH2 and 4O with a coordinative Ni-(C-H) interaction.

Addition of an equimolar amount of ethereal HBF4 to a yellow toluene solution of
3CH2 led to instantaneous precipitation of a purple-blue solid (Scheme 4.3). A simi-
lar reaction is observed when HBF4 is added to 3O and a purple solid was isolated.
ESI-MS suggests the formation of mononuclear cationic species with a reprotonated
ligand fragment. When 4CH2 was redissolved in CH2Cl2, a band at λ 577 nm (ε = 4.2
·102 L·mol-1·cm-1) was observed in the visible region of the UV-vis spectrum (for 4O:
λ 535, ε = 7.4 ·102 L·mol-1·cm-1). NMR spectroscopy (31P, 1H or 13C) proved ine�ective
for both complexes, suggestive of solution-state paramagnetism. Single crystals were
grown by layering pentane onto a concentrated CH2Cl2 solution and X-ray di�raction
corroborated the solid-state structures of complexes 4CH2 and 4O to be formulated
as [NiBr(κ3-P,N,(C-H)-1)]BF4 (Figure 4.3). The molecular structures display a slightly dis-
torted square planar Ni-center, which has a coordinative interaction with an aromatic
C-H bond ortho to the pyridine ring. The proton involved in this interaction was located
in the di�erence Fourier map. The Ni1-H1 contact distance of 2.12(4) Å (Ni1-C1 2.407(4)
Å) for 4CH2 and 2.02(9) Å (Ni1-C1 2.355(8) Å) for 4O are shorter than the van der Waals
radii (3.3 Å for Ni· · ·C), indicating an interaction between Ni and the C-H bond. Fur-
thermore, a ±10◦ tilting of H1 from the aromatic plane is observed for both complexes,
which is a feature that is present in related complexes with an M-(C-H) interaction. The
closest related structure for a Ni-complex is a cationic nickel benzoporphyrin, which
shows a Ni-(CH) distance of ~2.4 Å.40 For complexes 4CH2 and 4O, the Ni-P1, Ni-N1 and
Ni-Br1 bonds are slightly contracted relative to complexes 3.

Usually NMR is a very helpful tool for the characterization of agostic complexes.
Commonly, the agostic proton and carbon experience an up�eld shift in 1H NMR and
13C NMR and also the 1JCH becomes lower due to weakening of the C-H bond. However,
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Figure 4.3: ORTEP (ellipsoids set at 50 % probability) for complex 4CH2 (left) and 4O (right).
Selected bond lengths [Å] and angles [◦] for 4CH2 : Ni1-P1 2.150(1); Ni1-H1 2.12(4); Ni1-N1 1.875(3);
Ni1-C1 2.407(4); Ni1-Br1 2.2493(8); P1-Ni1-N1 86.0(1); P1-Ni1-Br1 97.79(4); P1-Ni1-C1 166.1(1); N1-Ni1-C1
80.3(1); N1-Ni1-Br1 175.1(1); Ni1-P1-C12 98.1(1); torsion angle C1-C6-C7-N1 35.3(5); H1-C1-C2-C3 -171(3).
For 4O: Ni1-P1 2.130(2); Ni1-H1 2.02(9); Ni1-N1 1.876(6); Ni1-C1 2.355(8); Ni1-Br1 2.2555(12); P1-Ni1-
N1 84.75(19); P1-Ni1-Br1 97.34(7); P1-Ni1-C1 1633(2); N1-Ni1-C1 80.6(3); N1-Ni1-Br1 176.37(19); torsion
angle C1-C6-C7-N1 -29.7(10); H1-C1-C2-C3 -169(6).

the crude mixture as well as the crystallized complexes 4CH2 and 4O always gave very
broad and unresolved 1H NMR spectra. On closer inspection of the crystallized material,
it was noticed that two types of crystals were present, not only the purple/blue ones
but also white crystals. Furthermore, on some occasions, the purple crystals decolored
from the edges inwards even while they were submerged in mounting oil, which shows
that the compound is inherently unstable. The white crystals turned out to be free
ligand, protonated at the phosphorus, which means that in the total mixture there
must also be ’naked’ nickel particles present, that will make the solution of the mixture
paramagnetic. To circumvent this problem, complex 4CH2 and 4O were synthesized via
bromide abstraction from 2CH2 and 2O with AgBF4 in CH2Cl2. Crystallization resulted in
pure material for 4CH2 , which still decomposed over a period of days in mounting oil.
Remarkably, the crystals for 4O still could not be obtained in pure form and contained
large amounts of white side-product.

The pure crystals of 4CH2 unfortunately still produced unresolved 1H NMR spectra.
The geometry in the solid state is square planar and should account for a diamagnetic
complex, but the geometry in solution might be T-shaped or tetrahedral. By analysing
the pure material, it could �nally be concluded that 4CH2 is paramagnetic in solution
and has a magnetic moment µe� in CD2Cl2 of 1.82 µB, which is signi�cantly smaller
than the value for 2CH2 of 3.29 µB. This could indicate that the geometry in solution
is distorted square planar.53 It was anticipated that cooling of the solution might trap
the Ni complexes in their square planar geometry, which would result in more de�ned
NMR spectra, but no changes in the 1H NMR spectrum are observed upon cooling to
-90 ◦C. This is in agreement with the result obtained for the analogous Rh complex
described in Chapter 2, in which the phenyl ring could also still freely rotate even at
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-90 ◦C.
When NEt3 is added to a suspension of pure complex 4CH2 in toluene, an immediate

color change from blue to yellow is observed. NMR indicates that complex 3CH2 is
regenerated albeit only ± 80% pure, based on 31P NMR spectroscopy. The fact that
the ortho-C-H bond can now be deprotonated within seconds suggests that the Ni-
(CPh-H) interaction makes the C-H bond more acidic than the same bond in complex
2CH2 and facilitates cyclometalation. Complex 4O shows similar behaviour when NEt3 is
added to a toluene suspension, although this experiment had to be carried out without
puri�cation of 4O due to the instability of this complex.

4.2.3 DFT calculations

Intrigued by the observation of the rare Ni-(CPh-H) interaction in the solid state, we
were motivated to understand the bonding in complex 3 and therefore studied this by
means of DFT calculations. Because it was observed that the C-H bond in complexes
4 can be deprotonated much more easily compared to complexes 2, we wondered if
this could be the result of a bonding interaction with the metal. As was discussed in
Chapter 1, agostic interactions weaken the involved C-H bond by simultaneous electron-
donation from the C-H σ-bond to the metal and π-back donation from the metal in
the C-H π*-orbital.

Recently it was reported by Alikhani et al. that a combination of quantum theory
atoms in molecules (QTAIM) and electron localization function (ELF) topological analysis
can be used to qualitatively and quantitatively describe the character of M-(C-H) inter-
actions.54 With QTAIM, a bond critical point (BCP) can be determined. Bonding between
two atoms in indicated by a bond path at the interatomic surface of electron density at
which the electron density is a maximum. Along this bond path, there is a BCP where
the shared electron density reaches a minimum (a saddle point). The value of electron
density at the BCP, ρBCP, is an approximate measure for the amount of electron density
built up in the bonding region and as such may be taken as characteristic of the bond
strength.

ELF topological analysis is a tool that measures electron localization in atomic and
molecular systems in a way that corresponds to the VSEPR electronic domains and is
therefore chemically intuitive. It is often used for describing bonding situations between
donor-acceptor interactions, because it shows a clear separation between the core and
valence electrons and shows covalent bonds and lone pairs. ELF topological analysis
partitions the molecular space in so-called basins. The valence basins are characterized
by the number of atomic valence shells to which they participate, which is called the
synaptic order. A monosynaptic valence basin corresponds to a lone pair, whereas a
disynaptic basin corresponds to a bond between two atoms. For agostic interactions
a trisynaptic basin can be found, V(C,H,M), belonging to the valence shells of the three
atoms. The population of this basin is a measure for the strength of the interaction.
Moreover, the contribution of the metal core electrons to the basin is also an important
measure to describe the strength of the interaction. High contributions of the metal
core basins indicate a stronger interaction.

These kind of studies were recently performed to describe the interaction between
RhI and a protonated electron-poor PCP ligand.55 Inspired by this report, we analyzed
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the topology of electron density within the QTAIM and the topology of ELF for com-
plexes 4 (Table 4.1). The results for complexes 4 are compared to a [RhI(PCHP)(CO)]+

complex, for which an evident agostic interaction was reported.56

The features of the solid state structures of 4CH2 and 4O are well-reproduced by
DFT calculations in the singlet state. The computed Ni-C1 and Ni-H1 distances (2.402
Å and 2.155 Å for 4CH2 and 2.364 and 2.094 Å for 4O) are nearly identical to the
metric parameters obtained from X-ray di�raction. The tilting of H1 from the planar
phenyl ring (˜10◦) is very similar to that observed in the solid state structure. In both
complexes, the C1-H1 bond length is elongated with respect to that in the free ligand
(from 1.085 to 1.097 Å for 4CH2 and to 1.099 Å for 4O), which indicates a weakening
of the C-H bond. Furthermore, the C1-H1 stretching frequency decreases relatively to
the free ligand (from 3233 to 3094 for 4CH2 and 3071 cm-1 for 4O), which is another
indication of weakening of the C-H bond. These observations, along with the H1 tilting,
are indicative of an interaction between nickel and the C-H bond.

Figure 4.4: DFT calculated contour map of electron charge density, ρ(r), of complex 4O showing
the BCP at the blue dot.

Figure 4.4 shows the computed density map for a plane that contains Ni and the
CPh-H fragment of complex 4O. One bond critical point (BCP) linking the Ni and C1
atoms was determined (indicated by a blue dot). According to QTAIM theory, a chem-
ical bond exists if a line of locally maximum electron density links two neighboring
atoms and also if along that line there is a BCP, evidencing in this case a Ni-(η1-C1)
interaction. Noteworthy is the curving of the bond path toward H1, which indicates that
two charge density maxima, corresponding to the Ni· · ·H1 and Ni· · ·C1 BCPs, and a
minimum, corresponding to the ring critical point (RCP), were very closely situated and
have collapsed into one maximum. At the BCP, the low value of the electronic charge
density, ρ(r), and the low and positive values of the Laplacian of the charge density,
∇2
ρ(r), are indicative of closed shell-type interaction (instead of a covalent interaction).
With ELF analysis a disynaptic V(M,C) attractor was found between nickel and aro-

matic carbon C1, indicating an electron-sharing interaction between those atoms (Fig-
ure 4.5). This topology is analogous to that reported for [RhI(PCHP)]+, wherein a Rh-
(η1-CPh) interaction with a concomitant agostic η2-(C,H) interaction was proposed.55,56
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However, the population of the V(M,C) basin in 4O (0.16 e) is lower than in [RhI(PCHP)]+

(0.31 e), suggesting that the bonding situation in 4O is closer to an anagostic η1-C
interaction.

Figure 4.5: ELF localization domains (ELF = 0.81) for 4O and the disynaptic V(Ni,CAr) attractor
with a populated basin of 0.16 e.

For complex 4CH2 no valence attractor could be found with ELF analysis, suggest-
ing that there is no signi�cant electron sharing between the CAr-H and Ni. The other
parameters that are compared in Table 4.1 are similar for complex 4CH2 and 4O, al-
though the values found for 4CH2 are lower in all cases. These results suggest that the
interaction in 4O is somewhat stronger compared to that found in 4CH2 . This could be
due to the more electron-withdrawing character of the phosphinite ligand which would
produce a more electron-de�cient metal center and enhance the stabilization through
an agostic interaction.

The procedure to evaluate this type of intramolecular bond strengths is not straight-
forward. One way to estimate it is by calculating the energy di�erence of the structure
displaying a Ni-(CH) interaction and a conformer lacking this binding motif; in this case,
by determining the transition state for aryl rotation. The computed free energy barrier
is very low at 4.2 kcal·mol-1, indicative of a weak interaction. This is in agreement with
the previous observation for the [Rh(PNC-H)(CO)]BF4 complex reported in Chapter 2,
showing fast rotation around CPh-CPy even at -90 ◦C. Alikhani et al. recently proposed
several criteria based on geometric, spectroscopic and QTAIM parameters to classify
the strength of agostic bonding as anagostic, weak-to-medium agostic, medium-to-
strong agostic or pre-hydride.54 Table 4.1 compares these geometric and spectroscopic
parameters, and the results of QTAIM and ELF analysis for 4CH2 , 4O, and the reported
Rh complex. Furthermore, three normalized parameters proposed by Alikhani et al.
to classify the strength of agostic bonding are included.54 They consist of the ratio
between the C-Hagostic distance and the Hagostic· · ·TM distance, the ratio between the
stretching frequency of C-Hagostic bond in the complex and in the free ligand, and the
ratio between the electron density at the BCP, ρBCP, for the C-H bond in the complex
and in the free ligand.

The computed values for complex 4CH2 and 4O provide a mixed situation. The geo-
metric parameters ful�ll the criteria set for a weak-to-medium agostic C-H interaction,
but the spectroscopic and topological parameters do not, showing values typical of
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Table 4.1: Geometric, spectroscopic, energetic, QTAIM and ELF parameters for several [NiBr(κ3-
P,N,(C-H)-LH)]+ complex and [RhIP(CH)P]+ pincer complex.

parameter complex 4CH2 complex 4O [RhI(PCHP)(CO)]+

Distances in Å, angles in ◦, and distance ratio
d(C· · ·M) 2.402 2.364 2.289
d(H· · ·M) 2.155 2.094 2.006
d(C-H) 1.097 1.099 1.122
CAr-Hoop bending 10.8 12.6 14.7
d(C-H) / d(H· · ·M) 0.51 0.52 0.56
Vibrational frequencies in cm-1, and frequency ratio
ν(C-H) 3094 3071 2807
ν(C-H) / ν(C-Hfree L) 0.96 0.95 0.88
Electron density, ρ,and Laplacian, ∇2

ρ, at the bond critical points (BCP) in a.u.;
and ρBCP ratio
ρBCP, ∇2

ρBCP(C· · ·M) 0.033, 0.146 0.037, 0.167 0.062, 0.215
ρBCP, ∇2

ρBCP(C-H) 0.274, -0.937 0.272, -0.919 0.254, -0.779
ρBCP(C-H) / ρBCP(C-Hfree L) 0.96 0.95 0.90
ELF population of valence basins in a.u.
V(C,M) - 0.16 0.31
V(C,Hagostic) 2.19 2.20 2.18

anagostic bonding. We therefore tend to favor the description of a Ni-(CPh-H) interac-
tion in the solid state with predominant Ni-(η1-CPh) character for both complexes.

4.2.4 Attempts to produce more stable complexes with an Ni-
(CPh-H) interaction

One of the possible reasons that complexes 4CH2 and 4O produce broad signals in
NMR could be caused by paramagnetism in solution due to a (high spin) triplet state
induced by the low-�eld bromide ligand. In general, π-donors such as bromides produce
a small energy gap between the d-orbitals, which often results in high-spin complexes.
It was studied if diamagnetic Ni-(CPh-H) complexes could be obtained when π-acceptor
co-ligands are used and if these complexes would also be more stable. Therefore,
complexes 5 and 6 containing a -CN and -NO2 group, respectively, were synthesized
by simple salt metathesis with complex 2CH2 and AgCN or NaNO2 (Scheme 4.4). To
elucidate the coordination mode of the NO2 ligand in complex 6, crystals were grown
from CH2Cl2/pentane. The solid state structure (Figure 4.6) con�rmed coordination
through the nitrogen instead of the more uncommon η1-O or η2-O binding mode. The
η
1-N mode is also in agreement with the IR frequencies found for the nitrite ligand (1348
and 1373 cm-1).
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Scheme 4.4: Synthesis of complexes 5 and 6 from complex 2CH2 .

Figure 4.6: ORTEP (ellipsoids set at 50 % probability) for complex 6. Selected bond lengths
[Å] and angles [◦] for 6: Ni1-P1 2.2393(4); N1-Ni1 1.906(1); Ni1-C1 1.922(1); Ni1-N2 1.855(1); P1-Ni1-N1
85.70(4); C1-Ni1-N1 84.48(5); C1-Ni1-N2 92.04(6); P1-Ni1-N2 99.03(4); C1-Ni1-P1 166.03(4).

Addition of an equimolar amount of ethereal HBF4 to a yellow toluene solution of
complex 5 resulted in the precipitation of a red oily substance. This crude product
showed again very broad signals in 1H NMR and no observable signal in 31P NMR in
CD2Cl2. To exclude the possibility that the broadening is due to the presence of para-
magnetic side product, it was attempted to purify the crude mixture by crystallization
from CH2Cl2 and pentane. Unfortunately, despite several attempts, crystalline material
was never obtained and proof for the Ni-(CPh-H) species were not obtained.

The same reaction was carried out with yellow complex 6 and again a brown precip-
itate was obtained. This time, however, crystallization from CH2Cl2/pentane resulted in
the formation of red needles (amongst also brown precipitate), which give well-de�ned
diamagnetic NMR spectra when dissolved in CD2Cl2. 31P NMR shows a signal at δ 64
ppm, which is in the expected region, but the aromatic region in 1H NMR integrated for
seven protons whereas eight are expected. Furthermore, the complex seems to have
lost Cs symmetry, as two di�erent signals are observed for both the CH2(P) linker and
the tert-butylgroups. These anomalies were explained when the corresponding crystal
structure was resolved with X-ray di�raction and a totally di�erent structure 7 was
obtained than the expected agostic complex (Figure 4.7 and Scheme 4.5).

The formation of product 7 is interesting and not straightforward to understand; in
particular the nitrite degradation and the formation of the two C-N bonds to the same
bridging amide are peculiar. There is a formal loss of HNO3, but it is unlikely that this
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Figure 4.7: ORTEP (ellipsoids set at 50 % probability) for complex 7. Selected bond lengths
[Å] and angles [◦] for 7: P2-Ni2 2.1894(6); N2B-Ni2 1.915(2); Ni2-N12 1.945(2); Ni2-O12 1.872(2);
O12-Ni1 1.870(2); Ni1-N12 1.950(2); Ni1-N2A 1.917(2); P1-Ni1 2.1945(7); Ni1-Ni2 2.9063(6); Ni2-O12-Ni1
101.91(8); Ni1-N12-Ni2 96.51(8); N2B-Ni2-N12 93.55(8); N2B-Ni2-P2 86.03(6); N2A-Ni1-N12 93.30(8);
P1-Ni1-N2A 86.31(6); P1-Ni1-O12 100.28(6); O12-Ni2-P2 99.57(6); C1A-N12-C1B 115.1(2).
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Scheme 4.5: Unexpected formation of bimetallic product 7 from the reaction of complex 6
with ethereal HBF4.

is expelled as a nitric acid molecule. It is plausible that the nitrite ligand is protonated
by HBF4 instead of the Ni-C bond. For Cu and Fe, acid-induced nitrite reduction from
Mn-NO2 to NO(g) and Mn+1-OH species are well-known. Moreover, with two equiv. of
acid, H2O and Mn+1-NO species can be formed.57 Because complex 7 is not formed in
quantitative yield (only 10% could be isolated pure), complex 6 might have reacted with
two equiv. of HBF4 and both mechanisms are still optional. In order to get more insight
in the mechanism it was studied if this type of reactivity is limited to the use of HBF4
as reagent and the reaction was also carried out with one equiv. of tri�ic acid. The
tri�ate counter ion is more coordinating than BF4 and could prevent formation of the
bimetallic product, but according to NMR the same bimetallic Ni complex was obtained.
Unfortunately, up to now, it remains unclear how this product is formed.
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4.3 Conclusions

The P,N,CPh-ligand structure of 1CH2 and 1O facilitates base-induced C-H activation of
the �anking phenyl-group at NiII under mild conditions, although a speci�c solvent/base
combination of toluene and NEt3 was necessary to obtain the products 3CH2 and 3O

in pure form. The isolation of these cyclometalated products allowed us to study their
structural and spectroscopic properties. This is the �rst example of such facile C-H
activation at NiII that is not forced by the ligand structure, as is the case in e.g. ECE
pincer complexes.

Additionaly, complexes 3CH2 and 3O are susceptible to reprotonation with HBF4
generating the structurally characterized cationic complexes 4CH2 and 4O that have
an Ni-(CPh-H) interaction in the solid state. The nature of this type of interaction is
investigated by QTAIM and ELF calculations, which suggest the existence of a bona �de
albeit weak (an)agostic coordinative interaction with predominant Ni-(η1-CPh) character
for complex 4CH2 and 4O, although the interaction in 4O is somewhat stronger. Com-
plexes 4CH2 and 4O react with NEt3 within seconds to regenerate cyclometalated 3CH2

and 3O which is testament to increased acidity and reactivity of the C-H bond engaging
in the Ni-(CPh-H) interaction compared to the analogous C-H bond complexes 2CH2 and
2O.

By substituting the bromide ligand in 2CH2 for π-accepting ligands -CN and -NO2,
it was attempted to obtain cationic complexes that are more stable and diamagnetic
in solution. However complexes 5 and 6 did not produce products with a Ni-(CPh-H)
interaction when reacted with HBF4. Possibly, the formation of these complexes is
hampered by protonation at other positions in the complex than the Ni-CPh bond.

The obtained insights on the C-H activation with simple NiII-precursors could possi-
bly lead to the development of C-H functionalization methodologies involving a broader
substrate scope.
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4.4 Experimental section

General methods. All reactions were carried out under an atmosphere of nitrogen us-
ing standard Schlenk techniques. Reagents were purchased from commercial suppliers
and used without further puri�cation. THF, pentane, hexane and Et2O were distilled
from sodium benzophenone ketyl, CH2Cl2 was distilled from CaH2, toluene from sodium
under nitrogen. NMR spectra (1H, 31P, and 13C{1H}) were measured on a Bruker DRX 500,
Bruker AV 400, Bruker DRX 300 or on a Bruker AV 300 spectrometer. IR spectra (ATR
mode) were recorded with a Bruker Alpha-p FT-IR spectrometer. High resolution mass
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spectra were recorded on a JMS-T100GCV mass spectrometer using �eld desorption
(FD), or JEOL AccuTOF LC, JMS-T100LP mass spectrometer using electron-spray ioniza-
tion (ESI or CSI).Elemental analyses were carried out by Mikroanalytisches Laboratorium
Kolbe.

Synthesis of ligand 1-O. To a solution of 6-phenyl-2-pyridone (0.64 g, 3.7 mmol),
N,N,N’,N’-tetramethylethylenediamine (1.1 mL, 7.4 mmol, 2 equiv.) and NEt3 (1.6 mL,
11.1 mmol, 3 equiv.) in THF (30 mL) was added di-tert-butylchlorophosphine (0.74 mL,
3.9 mmol) dropwise after which the mixture was re�uxed for 1 week. The solvent was
evaporated and the product was extracted with toluene (20 mL), �ltered and evapo-
rated to dryness to yield the product as a white oil (1.10 g, 94%). 1H NMR (300 MHz,
CDCl3, ppm): δ 8.08-8.01 (m, 2H), 7.65 (t, J = 7.8 Hz, 1H), 7.48-7.33 (m, 4H), 6.83 (d,
J = 8.1 Hz, 1H), 1.25 (d, 3JHP = 11.6 Hz, 18H, CH3)3CP). 31P NMR (121 MHz, CDCl3, ppm):
δ 152.72. 13C NMR (75 MHz, CDCl3, ppm): δ 164.54 (d, 2JCP = 7.6 Hz, Py-C), 155.62(s,
Py-C), 139.58(s, Py-CH), 139.03 (s, Ph-C), 128.90 (s, Ph-CH), 128.68 (s, 2C, Ph-CH), 127.01
(s, 2C, Ph-CH), 113.94 (s, Py-CH), 110.80 (d, 3JCP = 3.2 Hz, Py-CH), 35.72 (d, 1JCP = 27.0
Hz, (CH3)CP), 27.79 (d, 2JCP = 15.7 Hz, (CH3)CP). HRMS (ESI): m/z calcd. for C19H26NOP:
316.1830 [M+H]+; found: 316.1827.

Synthesis of Ni(Br)2(κ2-P,N-1-CH2H) (2-CH2). Ligand 1CH2 (66 mg, 0.21 mmol) was
dissolved in toluene (6 mL) and NiBr2(DME) (56 mg, 0.18 mmol) was added. After stirring
for 30 min., pentane was added (2 mL) to precipitate the product. The solvents were
removed by syringe and the product was washed with pentane (3 mL) to yield 2CH2

as purple product (90 mg, 94%). HRMS (CSI): m/z calc. for C20H28
81BrNNiP [M-Br]+:

452.0470; found: 452.0491. UV-Vis (CH2Cl2, nm): λ 287 (ε = 1.0×104 L·mol-1·cm-1), λ
356 (ε = 4.0×103 L·mol-1·cm-1), λ 512 (ε = 2.0×102 L·mol-1·cm-1). Elemental analysis (%):
calc for C20H28Br2NNiP: C 45.16, H 5.31, N 2.63; found: C 45.00, H 5.55, N 2.59. µe�:
3.01 µB.

Synthesis Ni(Br)2(κ2-P,N-1-OH) (2O). Ligand 1O (0.45 g, 1.40 mmol) was dissolved
in CH2Cl2 (10 mL) and NiBr2(dme) (0.42 g, 1.36 mmol) was added. After stirring for
30 min, the solvent was evaporated and the remaining solids were washed with pen-
tane (10 mL). Slow evaporation of a CH2Cl2/pentane solution yielded the brown prod-
uct (0.54 g, 74%) and crystals suitable for X-ray analysis. HRMS (ESI): m/z calcd. for
C19H26BrNNiOP: 454.0263 [M-Br]+; found: 454.0245. UV-Vis (CH2Cl2, nm): λ 294 (ε =
1.3×104 L·mol-1·cm-1), λ 344 (ε = 3.6×103 L·mol-1·cm-1), λ 400 (ε = 1.6×103 L·mol-1·cm-1),
λ 513 (ε = 1.9×102 L·mol-1·cm-1). Elemental analysis (%): calcd for C19H26Br2NNiOP: C
42.74, H 4.91, N 2.62; found C 42.75, H 4.89, N 2.59. µe�: 3.29 µB.

Synthesis of Ni(Br)(κ3-P,N,C-1-CH2) (3CH2 ). Ligand 1CH2 (0.21 g, 0.67 mmol) was
dissolved in toluene (10 mL) and NiBr2(DME) (0.20 g, 0.64 mmol) was added. After stir-
ring the purple suspension for 30 min, the solvent was removed by syringe and the
remaining solids were washed with pentane (10 mL). Toluene (15 mL) and NEt3 (0.9 mL,
6.4 mmol, 10 equiv.) were added and the mixture was stirred at 50 ◦C for 1h. After
cooling, toluene was evaporated and the yellow product was extracted with THF (15 mL)
and �ltered. Evaporation of the solvent yielded complex 2CH2 (0.27 g, 93%). Crystals
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suitable for X-ray di�raction were grown by layering with CH2Cl2/pentane. 1H NMR (500
MHz, CD2Cl2, ppm): δ 7.97-7.91 (m, 1H, Ph-CH), 7.71 (t, J = 7.7 Hz, 1H, Py-CH), 7.41 (d, J
= 7.9 Hz, 1H, Py-CH), 7.31 (dt, J = 7.5, 1.9 Hz, 1H, Ph-CH), 7.08 (m, 3H, Py-CH, 2Ph-CH),
3.24 (d, 2JPH = 8.0 Hz, 2H, CH2P), 1.48 (d, 3JPH = 13.1 Hz, 18H, (CH3)3CP). 31P NMR (202
MHz, CD2Cl2, ppm): δ 45.53. 13C NMR (126 MHz, CD2Cl2, ppm): δ 166.76 (d, 3JCP = 8.7 Hz,
Py-C), 163.94 (d, 2JCP = 10.5 Hz, Py-C), 156.28 (d, 2JCP = 94.9 Hz, Ni-C), 147.66 (s, Ph-C),
138.80 (s, Py-CH), 138.31 (s, Ph-CH), 129.79 (d, 5JCP = 5.4 Hz, Ph-CH), 125.13 (s, Ph-CH),
122.10 (d, 3JCP = 3.9 Hz, Ph-CH), 120.23 (d, 5JCP = 8.3 Hz, Py-CH), 116.07 (s, Py-CH), 34.38
(d, 1JCP = 9.6 Hz, (CH2)P), 33.28 (d, 1JCP = 14.4 Hz, (CH3)CP), 29.32 (d, 2JCP = 4.1 Hz,
(CH3)CP). HRMS (FD): m/z calcd. for C20H27BrNNiP: 451.0398 [M]+; found: 451.0298.

Synthesis of Ni(Br)(κ3-P,N,C-1-O) (3O). Ligand 1O (0.57 g, 1.8 mmol) was dissolved
in CH2Cl2 (6 mL) and NiBr2(DME) (0.53 g, 1.7 mmol) was added. After stirring for 30
min, the solvent was evaporated and the remaining solids are washed with pentane
(10 mL). Toluene (30 mL) and NEt3 (2.4 mL, 17 mmol, 10 equiv.) were added and the
mixture was stirred at 50 ◦C for 1h. After cooling, toluene was evaporated and the
yellow product was extracted with Et2O (60 mL) to yield analytically pure 2O (0.59 g,
72%). Crystals suitable for X-ray di�raction were grown by layering with THF/pentane.
1H NMR (300 MHz, MeCN-d3, ppm): δ 7.90 (ddd, J = 8.4, 7.8, 0.8 Hz, 1H, Py-CH), 7.80 (m,
1H, Ph-CH), 7.44 (m, 1H, Ph-CH), 7.36 (dd, J = 7.7, 1.0 Hz, 1H, Py-CH), 7.20-7.08 (m, 2H,
Ph-CH), 6.85 (dd, J = 8.2, 1.0 Hz, 1H, Py-CH), 1.56 (d, 3JHP = 14.2 Hz, 18H, (CH3)3CP). 31P
NMR (121 MHz, MeCN-d3, ppm): δ 187.05. 13C NMR (75 MHz, MeCN-d3, ppm): δ 166.42 (d,
JCP = 4.6 Hz, Py-C), 164.84 (d, JCP = 9.9 Hz, Py-C), 155.94 (d, 2JCP = 101.0 Hz, Ni-C), 147.67
(s, Ph-C), 142.79 (s, Py-CH), 137.04 (s, Ph-CH), 129.70 (d, JCP = 6.0 Hz, Ph-CH), 125.29
(s, Ph-CH), 122.25 (d, JCP = 4.0 Hz, Ph-CH), 111.72 (s, Py-CH), 107.27 (d, 3JCP = 4.0 Hz,
Py-CH), 38.65 (d, 1JCP = 3.2 Hz, (CH3)CP), 26.73 (d, 2JCP = 6.0 Hz, (CH3)CP). HRMS (FD):
m/z calcd for C19H25

81BrNNiOP: 453.01901 [M]+; found: 453.01918. UV-Vis (MeCN, nm):
λ 241 (ε = 2.2×104 L·mol-1·cm-1), λ 270 (ε = 3.3×104 L·mol-1·cm-1), λ 399 (ε = 9.1×103
L·mol-1·cm-1). Elemental analysis (%): calcd for C19H25BrNNiOP: C 50.38, H 5.56, N 3.09;
found C 50.58, H 5.79, N 3.01.

Synthesis of [Ni(Br)(κ2-P,N-1-CH2H)]BF4 (4CH2 ). Complex 3CH2 (20 mg, 0.044 mmol)
was dissolved in toluene (2 mL) and 1 equiv. of HBF4 · Et2O (6 µL, 0.044 mmol) was
added slowly. The blue product precipitates directly and the remaining toluene was
removed by syringe. The product was washed with pentane (1 mL) and was crystallized
by layering with CD2Cl2/pentane. Despite several attempts the product could never
be obtained as pure bulk material, due to the unstable nature of the product (even
in crystalline form). However, some pure crystalline material could be separated and
was used for X-ray analysis, mass analysis, UV-Vis spectroscopy and elemental analy-
sis. HRMS (FD): m/z calcd for C20H27

81BrNNiP: 451.0398 [M]+; found 451.04085. UV-Vis
(CH2Cl2, nm): λ 240 (ε = 1.2×104 L·mol-1·cm-1), 259 (ε = 1.2×104 L·mol-1·cm-1), 338 (ε =
3.0×103 L·mol-1·cm-1), 577 (ε = 4.2×102 L·mol-1·cm-1). Elemental analysis (%): calc for
C20H28BBrF4NNiP: C 44.58, H 5.24, N 2.60; found C 44.34, H 5.68, N 2.59. µe�: 1.82
µB. Alternative synthesis: CH2Cl2 (2 mL) was added to complex 2CH2 (20 mg, 0.038
mmol) and AgBF4 (7.2 mg, 0.038 mmol) in a Schlenk. After 5 min., when the color had
changed from purple to blue, the mixture was �ltered. The volume was reduced to 0.5
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mL and layered with pentane to crystallize the product (9 mg, 45%).

Synthesis of [Ni(Br)(κ2-P,N-1-OH)]BF4 (4O). Complex 3O (30 mg, 0.066 mmol) was
dissolved in Et2O (5 mL) and 1 equiv. of HBF4 · Et2O (9 µL, 0.066 mmol) was added
slowly. The purple product precipitates directly and the remaining Et2O was removed
by syringe. The product was washed with Et2O (3 mL) and was crystallized by layering
with CD2Cl2/pentane. Despite several attempts the product could never be obtained
as pure bulk material, due to the unstable nature of the product (even in crystalline
form). However, some pure crystalline material could be separated and was used for
X-ray analysis, mass analysis, UV-Vis spectroscopy and elemental analysis. HRMS (ESI):
m/z calcd for C19H26

81BrNNiOP: 454.02684 [M]+, found: 454.02973. UV-Vis (CH2Cl2, nm):
λ 243 (ε = 2.2×104 L·mol-1·cm-1), λ 297 (ε = 1.3×104 L·mol-1·cm-1), λ 535 (ε = 7.4×102
L·mol-1·cm-1). Elemental analysis (%): calcd for for C19H26BBrF4NNiOP: C 42.20, H 4.85,
N 2.59; found C 41.15, H 5.08, N 2.34. Despite several attempts, this was the most
accurate value found for complex 4O, due to the unstable nature of the crystals.

Synthesis of Ni(CN)(κ3-P,N,C-1-CH2) (5). Complex 3CH2 (20 mg, 0.044 mmol) was
dissolved in THF (2 mL) and AgCN (6 mg, 0.044 mmol) was added. The reaction was
stirred for 30 min and �ltered. Evaporation of the solvent yielded the product as yellow
powder (25 mg, 71%). 1H NMR (300 MHz, acetone-d6, ppm): δ 7.95-7.87 (m, 2H, Ph-CH
and Py-CH), 7.69 (d, J = 7.9 Hz, 1H, Py-CH), 7.50 (dt, J = 7.4, 1.7 Hz, 1H, Ph-CH), 7.40 (d,
J = 7.8 Hz, 1H, Py-CH), 7.13 (tt, J = 7.3, 1.6 Hz, 1H, Ph-CH), 7.06 (td, J = 7.4, 1.4 Hz, 1H,
Ph-CH), 3.73 (d, 2JCP = 8.7 Hz, 2H, (CH2)P), 1.49 (d, 3JCP = 13.6 Hz, 18H, (CH3)3CP). 31P
NMR (300 MHz, acetone-d6, ppm): δ 62.40. 13C NMR (75 MHz, CD2Cl2): δ 166.54 (d, 3JCP
= 8.4 Hz, Py-C), 163.21 (d, 2JCP = 10.1 Hz, Py-C), 160.45 (d, 2JCP = 78.2 Hz, Ni-C), 148.39
(s,Ph-C), 140.34 (s, Ph-CH), 140.06 (s, Py-CH), 137.33 (d, 2JCP = 24.1 Hz, CN), 130.90 (d,
5JCP = 5.5 Hz, Ph-CH), 125.74 (s, Ph-CH), 122.78 (d, 3JCP = 3.4 Hz, Ph-CH), 120.50 (d, 3JCP =
9.1 Hz, Py-CH), 116.25 (s, Py-CH), 34.48 (d, 1JCP = 12.5 Hz, (CH3)CP)), 33.48 (d, 1JCP = 15.9
Hz, (CH2)P), 29.25 (d, 2JCP = 4.4 Hz, (CH3)CP). HRMS (ESI): m/z calcd. for C21H28N2NiP:
397.1344 [M+H]+; found: 397.1367.

Synthesis of Ni(NO2)(κ3-P,N,C-1-CH2) (6). Ligand 1CH2 (0.28 g, 0.89 mmol) and
NiBr2(dme) (0.23 g, 0.74 mmol) were dissolved in toluene (10 mL). The reaction was
stirred for 30 min, during which a purple precipitate formed. The remaining toluene
was removed and the precipitation was washed with pentane (10 mL). Toluene (20 mL)
and NEt3(1 mL, 7.5 mmol) were added and the reaction was stirred for 1 h at 50 ◦C, after
which the solvent was evaporated. THF (20 mL) was added and the reaction mixture
was �ltered. Sodium nitrite (0.51 g, 7.5 mmol, 10 equiv.) was added and the reaction
was stirred for 2 days. The solvent was evaporated and CH2Cl2(10 mL) was added. The
mixture was �ltered and the solvent evaporated to yield complex 6 as yellow solid (0.29
g, 94%). 1H NMR (300 MHz, acetone-d6, ppm): δ 7.90 (t, J = 7.8 Hz, 1H, Py-CH), 7.65 (d,
J = 7.8 Hz, 1H, Py-CH), 7.60-7.49 (m, 1H, Ph-CH), 7.29 (d, J = 7.7 Hz, 1H, Py-CH), 7.25-7.18
(m, 2H, Ph-CH), 6.84-6.76 (m, 1H, Ph-CH), 3.59 (d, 2JPH = 8.8 Hz, (CH2)P), 1.53 (d, 3JCP =
13.8 Hz, 18H, (CH3)3CP). 31P NMR (121 MHz, acetone-d6, ppm): δ 51.40. 13C NMR (101 MHz,
CD2Cl2, ppm): δ 167.84 (d, 3JCP = 8.3 Hz, Py-C), 164.78 (d, 2JCP = 9.1 Hz, Py-C), 162.47
(d, 2JCP = 74.1 Hz, Ni-C), 148.36 (s, Ph-C), 141.53 (s, Py-CH), 138.08 (s, Ph-CH), 132.49 (d,
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5JCP = 5.0 Hz, Ph-CH), 127.46 (s, Ph-CH), 12.98 (d, 3JCP = 3.2 Hz, Ph-CH), 121.91 (d, 3JCP =
8.5 Hz, Py-CH), 117.98 (s, Py-CH), 36.44 (d, 1JCP = 17.8 Hz, (CH2)P), 33.86 (d, 1JCP = 17.8
Hz, (CH3)CP), 30.62 (d, 2JCP = 4.8 Hz, (CH3)CP). HRMS (ESI): m/z calcd. for C22H30N2NiP:
411.1500 [M-NO2+MeCN]+; found: 411.1522.

Synthesis of complex 7. To a solution of complex 6 (20 mg, 0.048 mmol) in
toluene (7 mL) was added HBF4·Et2O (7 µL, 0.048 mmol). The product precipitated as
brown solid and the supernatant was removed by syringe. The product was dried in
vacuo and crystallized from CH2Cl2/pentane. The bright red single crystals were sepa-
rated (14 mg, 10%) and were also suitable for X-ray analysis. 1H NMR (300 MHz, CD2Cl2,
ppm): δ 7.93 (t, J = 7.9 Hz, 2H), 7.75-7.65 (m, 4H), 7.51 (td, J = 8.3, 1.4 Hz, 2H), 7.39-7.28
(m, 4H), 7.22 (d, J = 7.2 Hz, 2H), 4.46 (dd, J = 19.4, 6.3 Hz, 2H), 3.36 (dd, J = 19.4, 13.3
Hz, 2H), 1.64 (d, J = 14.6 Hz, 18H), 1.21 (d, J = 14.8 Hz, 18H). 31P NMR (121 MHz, CD2Cl2,
ppm): δ 63.92. 13C NMR (126 MHz, CD2Cl2, ppm): δ 163.58 (d, 2JCP = 4.9 Hz, Py-C), 157.63
(s, Ph-C-N), 145.83 (t, 3JCP = 2.4 Hz, Py-C), 142.73 (s, Py-CH), 136.73-136.33 (m, Ph-C),
133.81 (s, Ph-CH), 133.17 (s, Ph-CH), 127.96 (s, Ph-CH), 127.13 (s, Ph-CH), 125.28-124.98
(m, Py-CH), 122.48 (s, Py-CH), 35.55 (d, 1JCP = 12.9 Hz, (CH3)CP), 34.35 (d, 1JCP = 19.6 Hz,
(CH3)CP), 31.50 (d, 1JCP = 27.3 Hz, CH2P), 29.28 (s, (CH3)CP), 28.61 (s, (CH3)CP). HRMS
(CSI, -30◦C): m/z calcd. for C40H54N3Ni2OP2: 770.2449 [M-H+]+; found: 770.2471.

Determination of µe� by Evans’ method. For 2CH2 , 5.9 mg of the complex was
dissolved in 0.6 mL of acetone-d6 with a drop of CH2Cl2 and added to an NMR-tube. A
capillary was �lled with the same solution but without the paramagnetic complex and
was inserted into the NMR-tube. The di�erence in shift of the CH2Cl2 signal was 119.91
Hz, measured at 400 MHz. For 2O, 6.6 mg of the complex was dissolved in 0.6 mL of
CD2Cl2 with a drop of toluene. The di�erence in shift was 159.01 Hz, measured at 400
MHz. For complex 4CH2 , 3.5 mg of the complex was dissolved in 0.6 mL of CD2Cl2 with
a drop of toluene. The di�erence in shift was 19.44 Hz, measured at 300 MHz.

DFT calculations. Geometry optimizations and wave function generation for anal-
ysis were performed with Gaussian09 series of programs.58 We optimized [NiBr(κ3-
P,N,(C-H)-(1CH2 ))]+ structure, and for comparison we computed a RhI-P(CH)P pincer com-
plex exhibiting a Rh-η1-C bonding with concomitant α-agostic η2(C,H) bonding at the
same level of Ni complex (see Table 4.1). The nature of the minima stationary points
encountered was characterized by means of harmonic vibrational frequencies analysis.
Full quantum mechanical calculations were performed within the framework of Den-
sity Functional Theory (DFT)59 by using the B3PW91 functional.60–62 The basis set for
Ni, Rh, Br and P atoms was that associated with a pseudopotential,63 with a standard
double-ξ LANL2DZ contraction, and the basis set was supplemented by f and d shells,
respectively.64,65 The rest of atoms were described with a standard 6-31G(d,p) basis
set.66–68 The MULTIWFN software69 was used for the topological analysis of electron
density within the quantum theory atoms in molecules (QTAIM), 70 and for the topological
analysis of the electron localization function (ELF). 71 In the theory of QTAIM, the value
of the electron density (ρBCP) and the Laplacian of electron density (∇2

ρBCP) are used to
de�ne the interactions presented in the molecules. For covalent interactions, the ρBCP
and ∇2

ρBCP are high and negative at the BCP, while for the closed-shell interactions
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own a small value of ρBCP and a positive ∇2
ρBCP.

X-ray crystallography studies. X-ray intensities were measured on a Bruker D8
Quest Eco di�ractometer equipped with a Triumph monochromator (λ= 0.71073 Å) and
a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity data were integrated
with the Eval15 software 72 Absorption correction and scaling was performed with SAD-
ABS. 73 The structures were solved with the programs SHELXT. 74 Least-squares re�ne-
ment was performed with SHELXL-2013 74 against F 2 of all re�ections. Non-hydrogen
atoms were re�ned with anisotropic displacement parameters. All hydrogen atoms
were located in di�erence Fourier maps. Metal bound hydrogen atoms H1 in complex
4CH2 and 4O were re�ned freely with an isotropic displacement parameter, all other
hydrogen atoms were re�ned with a riding model. Geometry calculations and checking
for higher symmetry was performed with the PLATON program. 75

For complex 6, all re�ection intensities were measured at 110(2) K using a SuperNova
di�ractometer (equipped with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under
the program CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013). The same pro-
gram was used to re�ne the cell dimensions and for data reduction. The structure was
solved with the program SHELXS-2014/7 73 and was re�ned on F2 with SHELXL-2014/7. 73

Analytical numeric absorption correction based on a multifaceted crystal model was
applied using CrysAlisPro. The temperature of the data collection was controlled using
the system Cryojet (manufactured by Oxford Instruments). The H atoms were placed
at calculated positions (unless otherwise speci�ed) using the instructions AFIX 23, AFIX
43 or AFIX 137 with isotropic displacement parameters having values 1.2 or 1.5 Ueq of
the attached C atoms.

2CH2 :C20H28Br2NNiP, Fw = 531.93, T = 110 K, purple plate, 0.42×0.28×0.09 mm3,
monoclinic, P21/c (no. 14), a = 9.77296(8), b = 14.24916(10), c = 15.79319(12) Å, β =
99.5210(8) ◦, V = 2169.01(3) Å3, Z = 4, Dx = 1.629 g/cm3, µ = 6.312 mm-1. 26840
Re�ections were measured up to a resolution of (sin θ/λ)max = 0.62 Å-1. 4246 Re-
�ections were unique (Rint = 0.0193), of which 4061 were observed [I>2σ(I)]. 233 Pa-
rameters were re�ned with no restraints. R1/wR2 [I>2σ(I)]: 0.0232/0.0630. R1/wR2 [all
re�.]: 0.0242/0.0639. S = 1.052. Residual electron density between -0.41 and 0.39 e/Ã3.

2O: C19H26Br2NNiOP, Fw = 533.91, T = 150(2) K, yellow-orange block, 0.645×0.175×
0.098 mm3, orthorhombic, Pbca (no. 61), a = 23.1010(11), b = 12.7869(6), c = 29.6524(14)
Å, V = 8759.0(7) Å3, Z = 16, Dx = 1.619 g/cm3, µ = 4.615 mm-1. 178473 Re�ections were
measured up to a resolution of (sin θ/λ)max = 0.59 Å-1. 7705 Re�ections were unique
(Rint = 0.1084), of which 6114 were observed [I>2σ(I)]. 469 Parameters were re�ned
with no restraints. R1/wR2 [I>2σ(I)]: 0.0303/0.0546. R1/wR2 [all re�.]: 0.0501/0.0619. S
= 1.091. Residual electron density between -0.94 and 1.12 e/Å3. CCDC: 1455563.

3CH2 : C20H27BrNNiP, Fw = 451.01, T = 110 K, yellow plate, 0.33×0.10×0.08 mm3,
hexagonal, P61 (no. 169), a = 16.67065(11), c = 13.78675(13) Å, V = 3318.16(5) Å3, Z = 6,
Dx = 1.354 g cm-3, µ = 4.056 mm-1. 20777 Re�ections were measured up to a resolution
of (sin θ/λ)max = 0.62 Å-1. 4186 Re�ections were unique (Rint = 0.0277), of which 4098
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were observed [I>2σ(I)]. 224 Parameters were re�ned using 1 restraint. R1/wR2 [I>2σ(I)]:
0.0222/ 0.0535. R1/wR2 [all re�.]: 0.0231/0.0540. S = 1.049. Residual electron density
found between -0.43 and 0.40 e/Å3.

3O: C19H25BrNNiOP, Fw = 452.99, T = 150(2) K, dark-orange block, 0.30×0.20×0.15
mm3, monoclinic, P21/n (no. 14), a = 10.3975(3), b = 31.1662(10), c = 12.4348(4), β =
103.2850◦ Å, V = 3921.7(2) Å3, Z = 8, Dsubx = 1.534 g cm-3, µ = 3.114 mm-1. 32507 Re-
�ections were measured up to a resolution of (sin θ/λ)max = 0.59 Å-1. 6906 Re�ections
were unique (Rint = 0.0840), of which 4806 were observed [I>2σ(I)]. 445 Parameters
were re�ned using 444 restraints. R1/wR2 [I>2σ(I)]: 0.0421/0.0706. R1/wR2 [all re�.]:
0.0820/0.0808. S = 0.990. Residual electron density found between -0.42 and 0.53
e/Å3. CCDC: 1455564.

4CH2 : C20H28BrF4NNiP, Fw = 538.83, T = 150 K, blue plate, 0.60×0.20×0.10 mm3,
monoclinic, P21/n (no. 14), a = 14.243(3), b = 8.0781(17), c = 19.554(4) Å, β = 97.659(11)◦, V
= 2229.8(8) Å3, Z = 4, Dx = 1.605 g cm-3, µ = 2.773 mm-1. 12349 Re�ections were mea-
sured up to a resolution of (sin θ/λ)max = 0.83 Å-1. 4589 Re�ections were unique (Rint =
0.0795), of which 3031 were observed [I>2σ(I)]. 312 Parameters were re�ned using 161
restraints (RIGU). R1/wR2 [I>2σ(I)]: 0.0486/ 0.0860. R1/wR2 [all re�.]: 0.0957/0.0992. S
= 1.024. Residual electron density found between -0.54 and 0.79 e/Å3.

4O: C19H26BBrF4NNiOP, Fw = 540.81, T = 150(2) K, blue needle, 0.708×0.139×0.111
mm3, orthorhombic, P212sub12sub1 (no. 19), a = 7.8324(5), b = 12.7020(8), c = 22.4682(15)
Å, V = 2235.3(2) Å3, Z = 4, Dsubx = 1.607 g cm-3, µ = 2.770 mm-1. 37723 Re�ec-
tions were measured up to a resolution of (sin θ/λ)max = 0.59 Å-1. 3932 Re�ections
were unique (Rint = 0.0666), of which 3602 were observed [I>2σ(I)]. 319 Parameters
were re�ned using 161 restraints. R1/wR2 [I>2σ(I)]: 0.0434/0.0901. R1/wR2 [all re�.]:
0.0516/0.0947. S = 1.131. Residual electron density found between -0.62 and 1.07 e/Å3.
CCDC: 1455565

6: C20H27N2NiO2P, Fw = 417.11, T = 110 K, orange block, 0.22×0.18×0.15 mm3, mon-
oclinic, P21/c (no. 14), a = 7.33512(8), b = 14.13610(16), c = 18.60563(19) Å, β = 97.8321(10)
◦, V = 1911.22(4) Å3, Z = 4, Dx = 1.450 g/cm3, µ = 2.39 mm-1. 11461 Re�ections were
measured up to a resolution of (sin θ/λ)max = 0.616 Å-1. 3737 Re�ections were unique
(Rint = 0.019), of which 3482 were observed [I>2σ(I)]. 241 Parameters were re�ned with
no restraints. R1/wR2 [I>2σ(I)]: 0.025/0.065. R1/wR2 [all re�.]: 0.027/0.066. S = 1.06.
Residual electron density between -0.29 and 0.29 e/Ã3.

7: C40H55N3Ni2OP2B2F8, 1.843(CH2Cl2), Fw = 1103.38, T = 110 K, orange rod, 0.23×0.12
×0.06 mm3, monoclinic, P21/c (no. 14), a = 12.9959(2), b = 17.1122(3), c = 24.8497(4)
Å, β = 94.1812(14) ◦, V = 5511.58(16) Å3, Z = 4, Dx = 1.330 g/cm3, µ = 3.555 mm-1.
34646 Re�ections were measured up to a resolution of (sin θ/λ)max = 0.995 Å-1. 10759
Re�ections were unique (Rint = 0.031), of which 9327 were observed [I>2σ(I)]. 667 Pa-
rameters were re�ned with 299 restraints. R1/wR2 [I>2σ(I)]: 0.043/0.109. R1/wR2 [all
re�.]: 0.050/0.114. S = 1.03. Residual electron density between -0.65 and 1.11 e/Ã3.
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Figure 4.8: The di�erence Fourier contour map of complex 4O, which shows the location of H1,
the proton that contributes to the C1-H1-Ni1 interaction.
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5 | Oxidation-induced Csp2-Csp3 Bond
Formation from Cyclometalated
NiII Complexes

5.1 Introduction

Transition-metal-catalyzed cross-coupling has become one of the most used carbon-
carbon and carbon-heteroatom bond-forming reactions in chemical synthesis. In the
past decade, nickel has emerged as a valuable metal to catalyze a wide variety of C-C
bond-forming reactions, such as Negishi, Suzuki-Miyaura, Stille, Kumada and Hiyama
couplings. 1 Next to 2e- processes, that are common for second and third row transition
metals, nickel can also undergo 1e- processes, ensuring a wide range of accessible
oxidation states during catalysis.2 The occurrence of NiI and NiIII, besides Ni0 and NiII,
allows for novel modes of reactivity and radical mechanisms. This di�erent mode of
reactivity has for example resulted in the use of secondary and tertiary alkyl halides
as substrates in cross coupling reactions. This type of reactivity is considered di�cult
for classical Pd-catalysts. One downside of the presence of these paramagnetic NiI

and NiIII species is the decreased level of information to be gathered from NMR studies
as a tool for mechanistic understanding. However, recently much progress has been
made in this �eld,3 e.g. by theoretical investigations, the spectroscopic detection of
intermediates by EPR4–6 or the use of well-de�ned model systems.

The results of these mechanistic studies show that one of the common path-
ways for the C-C product-forming step is reductive elimination from nickel in oxidation
state NiIII. Although the NiIII intermediates were never spectroscopically detected dur-
ing catalysis, the isolation or spectroscopic detection of stabilized NiIII model systems
that are relevant for C-C or C-X coupling reactions provided insight in the structure
and reactivity of these intermediates. The stabilization of these NiIII complexes is in-
duced by the use of speci�c ligand structures 7,9 or the use of -CF3 groups as model for
alkyl substituents 10,11 (see Scheme 5.1). The two approaches combined even allowed
the isolation of stable NiIV complexes that undergo reductive C-X bond formation by
reaction with exogenous nucleophiles, thus establishing that NiIV could also be a rele-
vant oxidation state for cross-coupling reactions. 12 More recently, it was reported that
a challenging aryl-CF3 coupling from NiIV is possible using this approach.8

As discussed in Chapter 2, the aromatic tri�uoromethylation is industrially inter-
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Scheme 5.1: Reported model systems that show controlled C-C bond formation from a high-
valent NiIII complex 7 (A) or NiIV complex 8 (B).

esting because of the intriguing properties of �uoroorganic materials, but synthetically
cumbersome. 13 For late TMs, the CF3 substituent is usually very stabilizing and is there-
fore often not susceptible to reductive elimination. 14 However, it was proposed that Ni
could be an active catalyst for this transformation 15,16 and therefore, the precise un-
derstanding of Ni-CF3 bonding and reactivity of these complexes have been subject to
several studies, usually in comparison to Ni-CH3 bonding. 17–22 The main �ndings show
that the lone pair of the CF3 substituent has increased C 2s character and a stronger
donation to the metal. Furthermore, the CF3-group usually stabilizes the metal-based
HOMO and LUMO orbitals, which results in higher oxidation potentials compared to the
corresponding CH3-complexes.

O

N
NNi

O

N
H

N
H

Ni(OTf)2      10 mol%
PPh3           20 mol%  
Na2CO3        2 equiv

O

N
H

N
toluene, 140 °C, 24h
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N O
P(tBu)2NiII

R

1e- oxidant N O
P(tBu)2NiIII

R

N O
P(tBu)2NiI
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B

Scheme 5.2: (A) A recently reported C-H functionalization reaction catalyzed by NiII salts. 23

The cyclometalated complex in brackets is a likely intermediate in the catalytic cycle, but it is
unknown whether the C-C coupled product is formed from a NiIII or NiIV intermediate. (B) our
approach to investigate the relevance of NiIII intermediates for C-C coupling from cyclometalated
complexes.

Most previously reported mechanistic investigations and model systems for C-C
coupling at Ni focus on cross-coupling reactions, in which the Ph-substituent can freely
rotate around the M-Ph bond.24 In this Chapter, we report a study on the oxidatively
induced Csp2-Csp3 bond formation from cyclometalated NiII complexes, in which the
rotation of the phenyl-group is constrained by the linkage to the adjacent pyridine
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moiety (see Scheme 5.2). These complexes represent model systems for the recently
reported Ni-catalyzed C-H functionalization reactions of substrates with a bidentate 8-
aminoquinoline directing group.23,25 Besides one theoretical investigation of the mech-
anism of this type of reaction,26 little information is available on the elementary steps
for substrate activation and product formation. It is postulated that C-H functionaliza-
tion is achieved via an NiII-NiIV cycle, but the involvement of NiIII intermediates could
not be ruled out.

The cyclometalated complexes that are used for our study on C-C bond formation
from Ni rely on the PONCPh ligand introduced in Chapter 4. Square planar (PNOC)NiII-R
complexes that contain either a methyl- or tri�uoromethyl-group are developed and
subjected to oxidation with common 1e- oxidants. It was envisioned that the Ni-CF3
complex would be more stable than the Ni-CH3 complex and allow for the isolation of
a NiIII intermediate. However, with the help of CV, EPR and spectroelectrochemistry,
it was proven that both complexes undergo fast reductive elimination from the high-
valent oxidation state at RT. i Additionally, reduction of the (PNOC)NiII-R complexes to
yield stable anionic complexes with ligand-centered radicals is discussed.

5.2 Results and Discussion

5.2.1 Synthesis of (CNOP)NiR complexes

Complexes 2CH3 and 2CF3 are both synthesized from complex 1, that was introduced
in Chapter 3. The Me-group in complex 2CH3 can be easily installed via simple salt
metathesis from MeLi and 1 (Scheme 5.3). Upon addition of MeLi to a solution of 1
in toluene, an immediate color change from yellow to red is observed. The product
shows a small down�eld shift in 31P NMR compared to complex 1 (δ 194 ppm vs 187
ppm) and in 1H NMR a new signal arises in the up�eld region at δ -0.06 ppm (3JPH =
9.1 Hz) which is assigned to Ni-CH3. Crystals suitable for X-ray analysis were grown by
slow evaporation of an Et2O solution (Figure 5.1) and the molecular structure shows
Ni-CH3 bond lengths of 1.933(4) Å, 1.943(4) Å, 1.957(4) Å and 1.958(4) Å for the four
independent molecules found in the asymmetric unit cell.

N O
PtBu2Ni

Br

1

N O
PtBu2Ni

CH3

N O
PtBu2Ni

CF3

MeLi

toluene

CsF, TMS-CF3

THF

2CH32CF3

Scheme 5.3: Synthesis of Ni-alkyl complexes 2CH3 and 2CF3 from complex 1.

Complex 2CF3 is prepared by reacting 1 with CsF and TMS-CF3, Ruppert’s reagent,
in THF. Complex 2CF3 gives a quartet in 31P NMR at δ 195 ppm with a coupling constant

iAlthough the reactivity with 2e- oxidants is very interesting, as NiIV was recently proposed as a possible
intermediate in C-C bond-forming processes, 8,12 some preliminary reactivity studies with e.g. PhI(OAc)2,
PhICl2, and S-(tri�uoromethyl)dibenzothiophenium salts, indicated that these results were di�cult to inter-
pret. Therefore, this study lies outside the scope of this Chapter.
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3JPF of 26 Hz and a doublet at δ 11 ppm with the same coupling constant is found in
19F NMR. In 13C NMR, a signal is evident for the Ni-CF3 at δ 144 ppm with a coupling
constant 2JCP of 18 Hz and a large coupling constant 1JCF of 357 Hz, which is similar
to other reported Ni-CF3 complexes. 18,27 In this case too, single crystals were grown
by slow evaporation from an Et2O solution and the molecular structure is very similar
to complex 2CH3 although the Ni-CF3 bond is slightly contracted compared to Ni-CH3
(1.878(3), Δd vs NiCH3 is at least 0.055 Å). This phenomenon is common and can be
explained by the stronger binding of the CF3-group to Ni.

Figure 5.1: ORTEP (ellipsoids set at 50 % probability) for complex 2CH3 (left) and 2CF3 (right).
Four independent molecules in the asymmetric unit cell were found for 2CH3 and one of them
is depicted and described here. The other three can be found in the experimental section.
Selected bond lengths [Å] and angles [◦] for 2CH3 : For Ni1: Ni1 C12A 1.933(4); Ni1 C1A 1.925(3); Ni1
N1A 1.902(3); Ni1 P1A 2.151(1); C1A Ni1 N1A 84.0(1); C1A Ni1 C12A 93.4(2); C12A Ni1 P1A 99.7(1); P1A Ni1
N1A 83.0(1); C1A Ni1 P1A 166.7(1).

Another di�erence that is commonly found in literature when Ni-CH3 complexes
are compared to Ni-CF3 complexes, is the stabilization of the HOMO and the LUMO
by the CF3 substituent. 14,21,22 Whether this is also true for complexes 2CH3 and 2CF3
was investigated by DFT calculations. After structure optimization, the energy levels
of the frontier molecular orbitals are determined. Table 5.1 shows the comparison of
the energy levels of the HOMO and LUMO of 2CH3 and 2CF3 . The calculated HOMO
of complex 2CF3 is stabilized by 0.5 eV relative to 2CH3 , which will probably result in
a higher oxidation potential for 2CF3 . On the other hand, also the LUMO of 2CF3 is
stabilized by 0.3 eV, resulting in easier reduction.

The stabilizing e�ect of the CF3-group was also demonstrated by mass spectrom-
etry. While for complex 2CF3 a molecular ion peak could be found with Electrospray
Ionization (ESI) at m/z 442.1077, only fragmented ion peaks were found for complex
2CH3 . With Field Desorption (FD), a method for which a softer ionization method is
used and generally little or no fragmentation is observed, the same molecular ion peak
was found for complex 2CF3 . For 2CH3 , still similar fragmentation was found with a main
peak of m/z 345.2762. This value could correspond to a methylated ligand structure
that is oxidized at the phosphorus, as this fragment has a calculated mass of 345.1858.
This result indicates that complex 2CH3 , in contrast to complex 2CF3 , is relatively un-
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Table 5.1: DFTa calculated energy levels of the frontier orbitals of complexes 2CH3 and 2CF3 .

HOMO (eV) LUMO (eV) Gap (eV)

Complex 2CH3 -4.215 -2.432 1.783
Complex 2CF3 -4.679 -2.747 1.932

a Structures optimized with Turbomole (BP86, def2-
TZVP, disp3).

stable and undergoes reductive elimination (RE) upon ionization.

5.2.2 Electrochemistry

Because we want to study the behaviour of complexes 2CH3 and 2CF3 in the high-
valent NiIII state, the oxidation potentials were determined with cyclic voltammetry,
see Figure 5.2. For complex 2CH3 , the CV in PrCN shows an irreversible oxidation wave
with a peak potential Eox of -0.08 V, which means that 2CH3 can be oxidized by weak
oxidants such as ferrocenium salts. The complete irreversibility of the wave suggests
a follow-up chemical reaction of the oxidized Ni-complex. If the chemical reaction is
slow, faster scan rates can sometimes result in more reversible waves, but this was
not observed. Moreover, recording the voltammogram at low temperatures (-55 ◦C) did
not help in stabilizing and observing the intermediate. Scanning to higher potentials
revealed a second oxidation wave with a peak potential of Eox 0.77 V.

(a) (b) (c)

Figure 5.2: Cyclic voltammograms of a 6 mM solution in PrCN/nBu4NPF6 at 298 K, with a scan
rate of 100 mV/s of complex 2CH3 (a), complex 2CF3 (b) and complex 3 (c).

It was presumed that complex 2CF3 would show di�erent electrochemical behaviour
as RE with Ph-CF3 is more di�cult. Ideally, 2CF3 would show a reversible NiII/NiIII oxida-
tion wave, which would imply that the electrochemical process is di�erent from that of
complex 2CH3 . However, an irreversible oxidation wave very similar to 2CH3 is observed
for 2CF3 at Eox 0.51 V that, as expected, occurs at higher potentials compared to 2CH3

(ΔEox = 0.59 V). The fact that also this oxidation wave is completely irreversible sug-
gests that similar electrochemical processes occur. This wave does not become more
reversible at faster scan speeds or lower temperatures either. Furthermore, a second
oxidation wave is observed at Eox 0.88 V, which is at similar potential as observed
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for the second oxidation wave of complex 2CH3 (Eox 0.77 V). This suggests that the in-
termediate formed after the �rst wave is similar in nature as the one for complex 2CH3 .

N O
PtBu2NiII

R
PrCN

N O
PtBu2NiIII

R

-e-

+

red. el.

-e-

+

N O
PtBu2NiI

R

MeCN NCMe

2+

N O
PtBu2NiII

R

MeCN NCMe

A

B C

2CH3 R = CH3

2CF3 R = CF3

- R

N O
PtBu2NiII

NCMe

+

3

Scheme 5.4: Intermediates that are possibly formed during the �rst oxidation wave in CV of
complexes 2CH3 and 2CF3 .

The irreversibility of the �rst oxidation peaks of 2CH3 and 2CF3 could be caused by
simple coordination of PrCN to the NiIII intermediate, as NiIII complexes do generally not
adopt a square planar geometry. It could also be in agreement with fast Ph-R reductive
elimination after 1e- oxidation to NiIII (A) to generate a NiI species B (Scheme 5.4). As
this chemical reaction happens while scanning at a potential of at least -0.08 V, it is
very likely that the putative NiI species B is then directly oxidized to NiII C. Such a
electrochemical-chemical-electrochemical process is called an ECE mechanism. If this
happens, two electrons are involved within the �rst oxidatin wave. A third possibility
is fast homolytic cleavage of the NiIII-R (R = CH3 or CF3) bond resulting in a R• radical
and [(CNOP)NiII(PrCN)]+.

In order to rule out the possibility that homolytic Ni-R bond cleavage occurs after
oxidation, complex 3 was synthesized by bromide abstraction from complex 1 with
AgBF4 and was subjected to a CV study as a veri�cation that the second oxidation
waves for 2CH3 and 2CF3 do not originate from complex 3. An oxidation wave at Eox
0.78 V is found that shows quasi-reversible behaviour with a lower and broadened
reduction wave (ipc/ipa = 0.27). One of the logical explanations for this behaviour is the
coordination of a solvent molecule (PrCN) to the NiIII intermediate. The oxidation wave
of 3 occurs at the same potential as the second oxidation wave of 2CH3 , but occurs at
a potential that is 0.11 V less positive than the second oxidation wave of 2CF3 . If ho-
molytic bond cleavage had occurred, the exact same product (3) should have formed
and the second oxidation wave should occur at the exact same potential. However, it
is di�cult to completely rule out homolytic NiIII-R cleavage based on these results.

One marked di�erence between the voltammograms of 2CH3 and 2CF3 is the peak
current, which is almost twice as high for 2CH3 compared to 2CF3 . Such di�erences can
be caused by a di�erent number of electrons involved in the wave, i.d. 1e- or 2e- waves.
However, the peak currents of a 1e- reversible reduction wave present in the voltam-
mograms of both complexes (see section 2.6 and experimental section) show roughly
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the same di�erence in peak current, implying that the di�erence in peak currents for
complexes 2CH3 and 2CF3 does not stem from a di�erence in amount of electrons in
a wave. Moreover, the peak current is dependent on the di�usion coe�cients of the
analyte, and the di�erence could be caused by a di�erence in the di�usion coe�cients
of the two complexes. However, it was shown by di�usion ordered NMR spectroscopy
(DOSY) that complex 2CH3 and 2CF3 have very similar di�usion coe�cients. Di�erent
approaches were used to understand the di�erence in peak current, such as bulk elec-
trolysis and simulation of the cyclic voltammograms, but no conclusive answers were
obtained to date.

5.2.3 UV/Vis spectroelectrochemistry

In order to get more insight in the electrochemical processes of complexes 2CH3 and
2CF3 , UV/Vis spectroelectrochemistry (SEC) was carried out using an optically transpar-
ent thin layer electrolysis (OTTLE) cell. It was anticipated that this method could allow
for the observation of possible intermediates that are formed after the �rst oxidation
wave. As SEC is generally carried out with much lower scan rate (0.003 V s-1) compared
to CV, it was assumed that putative NiI complex B would not be stable at the applied
potential and would directly be oxidized to NiII (C).

(a) (b)

Figure 5.3: UV-Vis spectroelectrochemical oxidation in MeCN/nBu4NPF6 solutions for complex
2CH3 (a) and complex 2CF3 (b); anodic scan from 0 V to +1.2 V and 0 V to +1.8 V (referenced to
Ag/Ag+), respectively.

The UV/Vis spectrum of complex 2CH3 exhibits a band in the visible region at 452
nm (ε = 1.3·103 L·mol-1·cm-1) and two intense bands in the near-UV region at 313 nm
(ε = 7.8·103 L·mol-1·cm-1) and 241 nm (ε = 1.7·104 L·mol-1·cm-1). According to TD-DFT
calculated absorptions, most of these transitions are MLCTs, with one intraligand π-
π* transition. Upon spectroelectrochemical oxidation (Figure 5.3) of complex 2CH3 in
MeCN almost all bands disappear and only one marked band at 277 nm characterizes
the oxidized product. The presence of two clear isosbestic points indicates a de�ned
transition from the starting material to one oxidized product. However, in line with the
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CV experiments, the oxidation process is irreversible and the starting spectrum was
not regenerated upon reverse sweep.

(a) (b)

(c) (d)

Figure 5.4: (a) Experimental UV/Vis spectrum of complex 3. (b) TD-DFT calculated absorption
spectrum of complex 2CH3 . (c) TD-DFT calculated absorption spectrum the expected NiIII inter-
mediate A. (d) TD-DFT calculated absorption spectrum the tetrahedral NiII product after RE C.
Structures are optimized with Turbomole, BP86, def2-TZVP, disp3, and absorption spectra are
calculated with ORCA.

Complex 2CF3 exhibits only bands in the near-UV region with a very intense band at
245 nm (ε = 2.6·104 L·mol-1·cm-1) and some less intense bands at longer wavelengths
(304 nm, ε = 5.8·103 L·mol-1·cm-1, 340 nm, ε = 5.3·103 L·mol-1·cm-1 and 395 nm, ε
= 1.3·103 L·mol-1·cm-1). The larger HOMO-LUMO gap calculated by DFT (Table 5.1) for
complex 2CF3 compared to 2CH3 is in line with the observed hypsochromic shift of
the longest wavelength band. Similar as for complex 2CH3 , most of the distinct bands
disappeared on spectroelectrochemical oxidation of 2CF3 leaving only one band at 271
nm. The resemblance of the spectra of both oxidized products indicates again that the
same (or a closely related) product is formed in both processes.

By comparing the UV/Vis spectra obtained after oxidation of 2CH3 and 2CF3 to com-
plex 3 (see Figure 5.4a), it becomes clear that 3 is not the product that is formed
because the spectra do not overlap. Although complex 3 also exhibits a band around
271 nm (ε = 3.5·104 L·mol-1·cm-1), the extinction coe�cients di�er roughly one order
of magnitude. Furthermore, 3 exhibits a band at 342 nm that is not present in the
spectra of the oxidized products.
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In an attempt to identify the oxidized species, the UV/Vis spectra of the putative
NiIII intermediate (A) and product (C) of the oxidation of 2CH3 are simulated by TD-DFT
calculations and are depicted in Figure 5.4c,d. Both calculated spectra have absorptions
in the visible region that are not present in the spectra obtained after oxidation of 2CH3

and 2CF3 , suggesting that both species are not formed after oxidation. However, TD-
DFT calculations do not always reproduce the actual spectra well and deviations in
wavelengths and intensities can be found. As the predicted spectrum of 2CH3 also
does not show great resemblance to the observed spectrum (Figure 5.4b), TD-DFT
might not be a suitable method in this case for identi�cation of the product.

5.2.4 Chemical oxidation

Because (spectro)electrochemistry provided some insights in the processes upon oxi-
dation but no conclusive answers, we decided to investigate the chemical oxidation of
complexes 2CH3 and 2CF3 . As the electron transfer can be controlled by the addition
of one equivalent of oxidant, further oxidation to species C (see Scheme 5.4) can be
prevented and the oxidation should result in either NiIII species A or NiI species B.
These d9 and d7 species, respectively, both have one unpaired electron and can be
observed by EPR spectroscopyii.

N O
PtBu2NiII

R
MeCN/PrCN

N O
PtBu2NiIII

R

N O
PtBu2NiI

R

MeCN NCMe
2CH3 R = CH3

2CF3 R = CF3

red. el.

BF4 BF4

oxidant

4CH3 R = CH3

4CF3 R = CF3

5CH3 R = CH3

5CF3 R = CF3

Scheme 5.5: The products that could be formed when 2CH3 and 2CF3 are oxidized with chemical
oxidants. The reactions are carried out in the glovebox at RT in PrCN/MeCN (3:1) and are frozen
in liquid N2 as fast as possible. The oxidant used for complex 2CH3 is [Fe(η5-C5H4COMe)Cp]BF4;
for 2CF3 [thianthrenium]BF4 is used.

The chemical oxidation of complex 2CH3 is carried out at RT in a mixture of PrCN/
MeCN (3:1) with the mild oxidant [acetylferrocenium]BF4 ([Fe(η5-C5H4COMe)Fc]BF4). Al-
though in principle ferrocenium+ would be a strong enough oxidant, the slightly stronger
acetyl-analogue should make sure that the oxidation is fast and quantitative. Upon
addition to complex 2CH3 , the dark blue color of the oxidant immediately disappears
suggesting fast consumption. The resulting orange solution is transferred to an EPR
tube and frozen in liquid N2 as fast as possible.

The EPR spectrum (Figure 5.5a) is measured at 30 K and reveals a rhombic g-tensor
with well-resolved hyper�ne interactions with a single phosphorus atom (rhombic A-
tensor). A satisfactory simulation of the experimental spectrum was obtained with
the g- and A-tensor components shown in Table 5.2. The DFT computed EPR param-
eters of NiI complex 5CH3 (geometry shown in Figure 5.5c) are in agreement with the
experimental values. In particular the large phosphorus hyper�ne couplings are well-

iitetrahedral NiII complexes in the triplet state have two unpaired electrons and are usually not observable
with X-band EPR
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(a) (b) (c)

Figure 5.5: (a) Experimental and simulated X-band EPR spectra of 5CH3 . The simulated spectrum
was obtained using the parameters listed in Table 5.2. The experimental spectrum is recorded at
30 K in frozen PrCN/MeCN 3:1. Microwave frequency = 9.363973 GHz, modulation amplitude = 4
Gauss, microwave power = 2 mW. (b) Optimized geometry (Turbomole BP86, def2-TZVP, disp3)
of NiIII precursor 4CH3 . (c) Optimized geometry of NiI complex 5CH3 .

predicted. The computed EPR parameters of the NiIII precursor 4CH3 (geometry shown
in Figure 5.5b) are very di�erent, showing a nearly axial g tensor and much smaller
phosphorus hyper�ne interactions, thus con�rming that oxidation of NiII complex 2CH3

to NiIII complex 4CH3 is followed by immediate C-C RE to form NiI complex 5CH3 .
In an attempt to observe NiIII intermediate 4CH3 , EPR spectroelectrochemistry was

carried out at low temperature but this did not result in any EPR signal. In another
attempt, the chemical oxidation of 2CH3 was carried out at -78 ◦C and transferred di-
rectly to a pre-cooled EPR tube. At 30 K, an EPR-signal di�erent than that of 5CH3 is
present which converts to the EPR-signal of 5CH3 when warmed up to RT for 5 minutes
and remeasured at 30 K. The observation of a transient species that forms 5CH3 at
RT �ts with the description of NiIII complex 4CH3 , however, the DFT-calculated g-values
for 4CH3 (Table 5.1) do not correspond at all with the found signal (see experimental
section). Although the small coupling constants AP are nicely reproduced, according
to the broadness of the signal, the calculated gz-value of 2.02 is shifted to a higher
g-value in the observed spectrum. This shift is unexpected for square pyramidal and
octahedral d7 complexes in which the unpaired electron resides in the dz2-orbital be-
cause spin-orbit coupling rules predict no mixing of the SOMO with other orbitals.28

This leads to an expected gz value around 2.0, which is commonly observed for other
NiIII complexes.9–11,29 Consequently, it is unlikely that the observed EPR-signal originates
form complex 4CH3 . Unfortunately, it is unclear at the moment what the exact species
is.

Similar oxidation experiments were carried out for complex 2CF3 . Because complex
2CF3 has an oxidation potential of 0.51 V, a stronger oxidant than [acetylferrocenium]+

is required and [thianthrenium]+ was used. Unfortunately, despite many attempts, a
clear EPR signal was never observed for this reaction. It is known that (BOXAM)NiCF3
complexes undergo homolytic bond splitting to form CF3 radicals which was proven by
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Table 5.2: Experimentala and DFT calculatedb,c,d EPR parameters of NiI complex 5CH3 and its NiIII

precursor 4CH3 .

Exp.a DFT (ORCA) DFT (ADF) DFT (ORCA) DFT (ADF)
NiIb NiIc NiIIIb NiIIIc

gx 2.277 2.185 2.197 2.206 2.219
gy 2.150 2.114 2.127 2.195 2.204
gz 2.025 2.027 2.025 2.021 2.018
Ax

P 214 196 210 -19 -19
Ay

P 230 264 270 -13 -13
Az

P 235 207 221 -12 -12
ρ
P,e - 0.12 -0.02
ρ
Ni,e - 0.74 0.83

a Values obtained by spectral simulation.
b Optimized with Turbomole (BP86, def2-TZVP, disp3).
c Orca (b3-lyp, def2-TZVP).
d ADF (B3LYP, TZ2P), SOC, ZORA, unrestricted, collinear.
e Atomic spin populations (Turbomole, BP86, def2-TZVP, disp3).

the addition of the spin trap N-tert-butyl-α-phenylnitrone (PBN). When PBN reacts with
CF3•, a very characteristic EPR signal (triplet of quintets) is obtained with hyper�ne-
splitting to 14N and 19F. In the section on electrochemical experiments, it was already
discussed that homolytic Ni-R bond cleavage is unlikely. To be sure that the absence
of an EPR signal is not due to the formation of transient CF3 radicals, the same spin
trap was added. The characteristic triplet of quintets is not observed, but instead a
doublet is detected in the RT EPR spectrum. It can be concluded that the CF3-adduct
is not formed because a signal for any spin-trap-adduct should consist of a triplet due
to the hyper�ne-splitting to 14N, but the origin of the doublet is still unknown.

Surprisingly, the same doublet could be observed without the addition of PBN sug-
gesting the signal belongs to a persistent organic radical originating from oxidized 2CF3 .
When the oxidation of 2CF3 is carried out at -78 ◦C, immediately frozen in liquid N2, and
directly measured at 30 K, a signal for a Ni-centered radical is present (see experimen-
tal section). After the same sample is warmed to RT for a minute and then measured
again at 30 K, the signal for a Ni-centered radical decayed and the doublet belonging to
an organic radical appeared. This experiment shows that the product from oxidation of
2CF3 is very unstable and decomposes to produce an organic radical that is not trapped
with PBN. At the moment it is uncertain what the structure of the organic radical is.

The observation of a NiI species after oxidation of 2CH3 is a strong indication that
C-C RE took place from NiIII complex 4CH3 , but it is not conclusive proof. The detection
of radical species by EPR does not give information about the purity of the sample.
Moreover, for complex 2CF3 we did not succeed to obtain an interpretable EPR signal.
Therefore, we also studied the chemical oxidation by UV/Vis.
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Upon addition of one equivalent of [ferrocenium]PF6 to a solution of complex 2CH3 ,
a similar transition is observed in the UV/Vis spectrum as for the electrochemical
oxidation. The bands at λ 452 nm and 241 nm disappear upon oxidation and the band
that appears at λ 278 nm could belong to NiI complex 5Me3 (Figure 5.6a).

(a) (b)

Figure 5.6: (a) UV/Vis spectra of complex 2CH3 (red) and after oxidation by 1 equivalent FcPF2
(blue). (b) UV/Vis spectra of complex 2CH3 (red), after oxidation by 1 equivalent of AgBF4 (black),
and after oxidation by 2 equivalents of AgBF4 (blue).

AgBF4 can also be used as an oxidant and when one equivalent of AgBF4 is added
to a MeCN solution of 2CH3 , a precipitation is observed within �ve minutes, indicating
the formation of Ag0 particles. Surprisingly, UV/Vis spectroscopy shows that still±50%
of starting material is present after �ltration and that full conversion can be reached
with two equivalents of AgBF4 (Figure 5.6). The obtained product has one characteristic
band at λ 279 nm, which is again similar to the product from spectroelectrochemistry
(Figure 5.3). These results suggest that the reductive elimination and the second oxida-
tion from NiI 5CH3 to NiII (C) are both fast; at least faster than the oxidation of complex
2CH3 to NiIII. However, it was proven by NMR spectroscopy and mass spectrometry that
a di�erent reaction occurs in the case of AgI.

Although the NiII product (C) is expected to be tetrahedral and therefore paramag-
netic, the product of the reaction of 2CH3 with two equivalents of AgBF4 is diamagnetic
and shows a well-de�ned 1H NMR spectrum with a signal at δ 2.26 ppm that is assigned
to the Ph-CH3 group. This is the �rst solid evidence that reductive CPh-CH3 coupling
occurred. Furthermore, the aromatic region shows typical signals for a freely rotating
phenyl-group, instead of a cyclometalated one, that integrates for four protons. The 31P
NMR spectrum shows two doublets around δ 140 ppm (plus another similar side prod-
uct) which is an unlikely signal for the putative NiII product but �ts with a AgI complex.
Silver has two stable isotopes, 107Ag and 109Ag, which both have a nuclear spin of ½ and
have almost equal natural abundance. Accordingly, the signal in 31P NMR can now be
described as a two overlapping doublets at δ 139.12 ppm, 1J 107Ag-P = 707 Hz and 1J 109Ag-P
= 618 Hz. The broadening of the signals is caused by fast dissociation/association of
the phosphine.30 Based on a very similar complex from literature, a dimeric structure
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(a)

(b) (c) (d)

Figure 5.7: (a) 1H NMR spectrum in MeCN-d3 from the reaction of complex 2CH3 with two
equivalents of AgBF4 and (b) corresponding 31P NMR spectrum. (c) 31P NMR spectrum in MeCN-d3
from the reaction of complex 2CF3 with one equivalent of [thianthrenium]BF4 and one equivalent
of AgBF4 and (d) corresponding 19F NMR spectrum.

is proposed for complex 6CH3 (Scheme 5.6).30 Furthermore, a molecular ion peak for a
mononuclear MeCN-adduct was found with HRMS (CSI) at m/z 477.1248, con�rming the
formation of complex 6CH3 . These results explain why two equivalents of AgBF4 are
necessary for complete conversion of 2CH3 ; complex 5CH3 is very unstable in the pres-
ence of AgI and the NiI-center is rapidly replaced by AgI. Although attempts to produce
single crystals of 6CH3 were unsuccessful, it was possible to isolate single crystals of
[NiII(MeCN)6](BF4)2 from the reaction mixture. The crystal structure showed that the
Ni-center is divalent, which could be explained by the disproportionation of unstable
[NiI(MeCN)x]BF4 into Ni0 and [NiII(MeCN)6](BF4)2.

Reconsidering the UV/Vis spectrum from complex 6CH3 (Figure 5.6), it is peculiar
that a similar spectrum is obtained after oxidation with spectroelectrochemistry, be-
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Scheme 5.6: Formation of AgI complexes 6CH3 and 6CF3 by oxidation of 2CH3 and 2CF3 (with
AgBF4 or [thiantrenium]BF4, respectively) in the presence of AgBF4.

cause the product from spectroelectrochemistry can intuitively not contain AgI. How-
ever, it is possible that the similarity between both UV/Vis spectra is just coincidence
or that the band at λ 277 nm belongs to an intraligand (π-π*) transition and is similar
for both AgI and NiI/NiII complexes.

As it seems that AgI can be used as an e�ective scavenger for the unstable NiI

complex, this method was also applied for complex 2CF3 (Scheme 5.6). Although the
oxidizing potential of AgBF4 in CH2Cl2 should be strong enough for the oxidation of
2CF3 , no reaction occurred in this solvent. Therefore, the reaction was carried out with
[thianthrenium]BF4 in MeCN-d3 in the presence of AgBF4. Directly after addition, 31P
NMR showed that a product similar to 6CH3 is formed and in 19F NMR a signal is observed
at δ -57 ppm, exactly where it is expected for the product after CPh-CF3 RE.31 HRMS (CSI)
also con�rmed in this case that AgI complex 6CF3 was formed (m/z 531.0953). This data
strongly support that oxidation of complex 2CF3 was followed by RE resulting in C-CF3
coupling. The group of Klein has previously reported that cyclometalated (Phbpy)NiIICF3
complexes are not stable in solution and undergo CPh-CF3 coupling,32 but this is the
�rst time that such facile CPh-CF3 RE from a NiIII species is observed. C-CF3 coupling
from other Ni complexes require longer reactions times and higher temperatures8,15

5.2.5 Reduction

To provide a full description of the electrochemical behaviour of cyclometalated NiII-
alkyl complexes, the reduction was also investigated, which could hypothetically pro-
duce a NiI-complex. Compared to NiI-complex 5CH2 having only P,N-ligand coordination,
we wondered what kind of in�uence the bonding of the phenyl moiety to Ni would have
on the spectroscopic features.

The cyclic voltammograms of 2CH3 and 2CF3 show a reversible reduction wave at
E1/2 -2.60 V and -2.36 V, respectively (Figure 5.8). The observed di�erence in reduction
potentials of 2CH3 and 2CF3 is in agreement with the DFT calculations, which predicted
that the reduction of 2CF3 would occur at a higher potential due to stabilization of the
LUMO by the CF3 ligand. Both processes seem to be reversible at the scan speed of
100 mV/s, although the wave of 2CF3 has a small shoulder which is most likely a small
impurity.

Spectroelectrochemistry was performed in THF, in which both complexes show
similar behaviour. The reduction event of 2CH3 occurs at such negative potential that
the solvent interfered with the measurement. This problem is not observed for 2CF3
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(a) (b)

Figure 5.8: Cyclic voltammograms of a 6 mM solution in PrCN/nBu4NPF6 at 298 K, with a scan
rate of 100 mV/s of complex 2CH3 (a), complex 2CF3 (b).

and upon spectroelectrochemical reduction, three new broad and partially structured
band systems in the NIR and vis region with maxima at λ 1090, 661 and 430 nm
appeared, and one intense new band in the UV at λ 324 nm, while the initial bands at
λ 393 and 343 nm are either shifted to higher energy or vanish (Figure 5.9). The very
intense band at λ 245 nm is reduced in intensity to about 50%. The reduction event is
reversible for a time period up to 20 minutes. These features are reminiscent of the
ligand-centered reduction of bipyridine-complexes32 and indicate a reduction centered
at the phenylpyridine core of the ligand of 2CF3 rather than on the Ni center.

(a) (b)

Figure 5.9: UV-Vis spectroelectrochemical reduction in THF/nBu4NPF6 solutions for complex
2CF3 ; cathodic scan from 0 V to -2.2 V (referenced to Ag/Ag+).

To prove that the reduction is ligand centered, complex 2CH3 and 2CF3 were reacted
with KC8 in THF (Figure 5.10a), which caused a slight darkening of the solutions. The
EPR spectrum of compound 7CH3 measured in isotropic solution reveals a set of well-
resolved hyper�ne couplings (Figure 5.10). The spectrum is characteristic for a ligand
radical complex. A satisfactory simulation was obtained with the parameters shown in
Table 5.3. The DFT computed EPR parameters are in agreement with the experimental
data (Table 5.3b). The DFT computed electronic structure of 7CH3 reveals a mainly
ligand-centred spin density distribution. The SOMO and spin density plots of 7CH3 are
shown in Figure 5.11. For complex 7CF3 a similar signal is observed in EPR, although the
hyper�ne splitting is less resolved and the intensity of the signal is much lower (see
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Figure 5.14, experimental section).
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Figure 5.10: (a) Reaction of 2CH3 and 2CF3 with the reductant KC8 to produce anionic complexes
7CH3 and 7CF3 (b) Experimental and simulated X-band EPR spectra of NiII-ligand radical complex
7CH3 measured in isotropic solution (THF) at RT. Experimental conditions: Temperature = 298
K, microwave power 2.0 mW, �eld modulation amplitude = 1 Gauss, microwave frequency =
9.390764 GHz. The simulated spectrum was obtained with the parameters shown in Table 5.3.

(a) (b)

Figure 5.11: SOMO (a) and spin density plot (b) of complex 7CH3 (Turbomole, BP86, def2-TZVP)
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Table 5.3: Experimentala and DFTb,c,d calculated EPR parameters of 7CH3 .

Exp.a DFT (ORCA)c DFT (ADF)d

giso 2.007 2.003 2.003
AP

iso -10.5 -13.1 -14.0
AN

iso 5.0 5.9 6.6
AH1

iso -7.0 -9.6 -10.4
AH2

iso -8.5 -14.3 -15.9
AH3

iso NR 3.0 3.5
AH4

iso -6.5 -6.9 -7.8
AH5

iso NR 2.4 3.0
AH6

iso -8.0 -10.7 -11.6
AH7

iso NR 3.3 3.8
a Values obtained by spectral simulation.
b Optimized with Turbomole (BP86, def2-TZVP,
disp3).
c Orca, b3-lyp, def2-TZVP.
d ADF, B3LYP, TZ2P.

5.3 Conclusions

In this Chapter, we report our study on Csp2-Csp3 reductive elimination from cyclometa-
lated NiIII complexes. For this purpose, complexes 2CH3 and 2CF3 were designed bearing
the cyclometalated PNOCPh-ligand and an additional -CH3 and -CF3 group, respectively.
Complex 2CH3 was expected to undergo facile RE after oxidation, while 2CF3 was sup-
posed to be stable in the higher oxidation state due to the known reluctance to RE of
the -CF3 group.

Surprisingly, it was shown that 2CH3 and 2CF3 possess similar electrochemical be-
haviour in cyclic voltammetry en UV/Vis spectroelectrochemistry. Both oxidations are
completely irreversible and both products show similar features in UV/Vis. Chemi-
cal oxidation of 2CH3 with [acetylferrocenium]BF4 resulted in an EPR signal that was
attributed to tetrahedral NiI complex 5CH3 , suggesting that RE occurred after the oxi-
dation to NiIII. Attempts to observe the NiIII intermediate by performing the oxidation at
low temperature did not result in EPR signals that could be assigned. Furthermore, EPR
experiments on the oxidized product from 2CF3 did not yield any interpretable signals.

It was discovered that AgI can be used as a scavenger for the unstable and para-
magnetic NiI complexes for both 2CH3 and 2CF3 . The resulting AgI complexes 6CH3 and
6CF3 are diamagnetic and NMR studies strongly suggest that C-C reductive elimina-
tion occurred for both complexes. Complexes 6CH3 and 6CF3 are formed instantaneous
upon the addition of oxidant in the presence of AgBF4 at RT. Such facile RE is especially
remarkable for 2CF3 and is unprecedented to occur from NiIII complexes.

The results presented in this Chapter support that C-C bond formation can be
induced by oxidation of cyclometalated NiII complexes. RE seems to be very fast, also
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for the challenging C-CF3 coupling. This discovery opens up possibilities to develop
Ni-catalyzed tri�uoromethylation reactions that are based on C-H activation.

In addition to the investigation on oxidation of 2CH3 and 2CF3 , the reversible re-
duction of these complexes is reported. Both spectroelectrochemistry and EPR point
out that it is possible to reduce the phenylpyridine core of the ligand to produce a
ligand-centered radical.
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5.4 Experimental section

General methods. All reactions were carried out under an atmosphere of nitrogen
using standard Schlenk techniques. Reagents were purchased from commercial sup-
pliers and used without further puri�cation. The synthesis of complex 1 is described in
Chapter 3. THF, pentane, hexane and Et2O were distilled from sodium benzophenone
ketyl, CH2Cl2 was distilled from CaH2, toluene from sodium under nitrogen. NMR spec-
tra (1H, 31P, and 13C{1H}) were measured on a Bruker DRX 500, Bruker AV 400, Bruker
DRX 300 or on a Bruker AV 300 spectrometer. A Shimadzu UV 2700 spectrophotome-
ter was used to record UV/vis spectra. High resolution mass spectra were recorded on
a JMS-T100GCV mass spectrometer using �eld desorption (FD), or JEOL AccuTOF LC,
JMS-T100LP mass spectrometer using electron-spray ionization (ESI or CSI). Elemental
analyses were carried out by Mikroanalytisches Laboratorium Kolbe.

Di�usion ordered NMR spectrocopy (DOSY) was used to determine the di�usion coef-
�cients of complexes 2CH3 and 2CF3 . The spectra were measured on a Bruker DRX 300
with temperature and gradient calibration. The temperature was controlled at 298 K
during the measurements. The parameters that were used are: δ = 1200 µs (p30), Δ
= 0.2 s (d20).

Synthesis of Ni(CH3)(κ3-P,N,C-1-O) (2CH3 ). Complex 1 (0.080 g, 0.18 mmol) was
dissolved in toluene (5 mL) and MeLi (1.6 M in Et2O) (110 µL, 0.18 mmol) was added,
resulting in a color change from orange to red. After 5 min stirring, the suspension
was �ltered over Celite and the solvent evaporated. The product was extracted with
pentane (15 mL), �ltered and dried in vacuo to yield 2CH3 as a bright orange solid (0.055
g, 80%). Crystals suitable for X-ray analysis were grown by slow evaporation of an
Et2O solution. 1H NMR (300 MHz, MeCN-d3, ppm): δ 7.77 (vt, J = 7.9 Hz, 1H, Py-CH),
7.51 (dt, J = 7.5, 1.7 Hz, 1H, Ph-CH), 7.46-7.37 (m, 1H, Ph-CH), 7.32 (dd, J = 7.7, 0.8 Hz,
1H, Py-CH), 7.20 (tt, J = 7.3, 1.7 Hz, 1H, Ph-CH), 7.04 (td, J = 7.4, 1.4 Hz, 1H, Ph-CH), 6.80
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(d, J = 8.2 Hz, 1H, Py-CH), 1.41 (d, 3JHP = 13.6 Hz, 18H, (CH3)3CP), -0.06 (d, 3JHP = 9.1 Hz,
3H, Ni-CH3). 31P NMR (121 MHz, MeCN-d3, ppm): δ 194.28. 13C NMR (75 MHz, MeCN-d3,
ppm): textdelta 165.74 (d, 2JCP = 92.2 Hz, Ni-C), 164.73 (d, JCP = 4.5 Hz, Py-C), 164.01 (d,
JCP = 9.5 Hz, Py-C), 150.28 (s, Ph-C), 141.79 (s, Py-CH), 134.37 (s, Ph-CH), 130.21 (d, JCP
= 5.3 Hz, Ph-CH), 125.09 (s, Ph-CH), 123.09 (d, JCP = 3.5 Hz, Ph-CH), 111.62 (s, Py-CH),
107.11 (d, JCP = 4.0 Hz, Py-CH), 39.16 (d, 1JCP = 4.2 Hz, (CH3)3CP), 27.82 (d, 2JCP = 6.8
Hz, (CH3)3CP), -10.92 (d, 2JCP = 14.7 Hz, Ni-CH3). DOSY (MeCN-d3, 25◦C): log D = -8.76
m2/s. HRMS: compound was too unstable, only mass of oxidized methylated ligand was
found. UV/Vis: λ 241 (ε = 1.7·104 L·mol-1·cm-1), λ 313 (ε = 7.8·103 L·mol-1·cm-1), λ 452 (ε
= 1.3·103 L·mol-1·cm-1).

Synthesis of Ni(CF3)(κ3-P,N,C-1-O) (2CF3 ). THF (10 mL) was added to a Schlenk
containing complex 1 (0.080 g, 0.18 mmol) and CsF (0.080 g, 0.53 mmol). After stirring
for 20 min, TMS-CF3 (2.0 M in THF) (0.27 mL, 0.53 mmol) was added dropwise and the
reaction was stirred overnight. Subsequently, more TMS-CF3 (0.13 mL, 0.27 mmol) was
added and the reaction was stirred for an additional 4 hours. THF was evaporated and
the product was extracted with pentane. After �ltration the solvent was evaporated to
yield 2CF3 as a yellow solid (0.078 g, quantitative). Crystals suitable for X-ray analysis
were grown by slow evaporation of an Et2O solution. 1H NMR (300 MHz, MeCN-d3, ppm):
δ 7.84 (vt, J = 8.0 Hz, 1H, Py-CH), 7.56-7.43 (m, 2H, Ph-CH), 7.34 (d, J = 7.7 Hz, 1H, Py-CH),
7.20-7.04 (m, 2H, Ph-CH), 6.82 (d, J = 8.2 Hz, 1H, Py-CH), 1.45 (d, 3JHP = 14.2 Hz, 18H,
(CH3)3CP). 31P NMR (121 MHz, MeCN-d3): δ 194.96 (q, 3JPF = 25.8 Hz). 19F NMR(282 MHz,
MeCN-d3, ppm): δ -10.93 (d, 3JFP = 25.6 Hz). 13C NMR(126 MHz, MeCN-d3, ppm): δ 165.69
(d, JCP = 3.6 Hz, Py-C), 164.34 (d, JCP = 9.3 Hz, Py-C), 161.60 (dq, 2JCP = 82.5 Hz, 3JCF =
3.2 Hz, Ni-C), 149.31 (s, Ph-C), 144.55 (s, Py-CH), 143.51 (qd, 1JCF = 357 Hz, 2JCP = 18.4 Hz,
NiCF3), 139.83 (m, Ph-CH), 130.83 (d, JCP = 5.9 Hz, Ph-CH), 126.24 (s, Ph-CH), 123.34 (d,
JCP = 3.2 Hz, Ph-CH)), 112.24 (s, Py-CH), 108.06 (d, JCP = 3.8 Hz, Py-CH), 39.23 (d, 1JCP =
4.9 Hz, (CH3)3CP), 27.79 (d, 2JCP = 6.5 Hz, (CH3)3CP). DOSY (MeCN-d3, 25◦C): log D =
-8.77 m2/s. HRMS (ESI): m/z calcd. for C20H25F3NNiOP: 442.1058 [M]+; found: 442.1077.
UV/Vis (nm): λ 245 (ε = 2.6·104 L·mol-1·cm-1), λ 304 (ε = 5.8·103 L·mol-1·cm-1), λ 331 (ε
= 4.5·103 L·mol-1·cm-1), λ 340 (ε = 5.3·103 L·mol-1·cm-1), λ 395 (ε = 1.3·103 L·mol-1·cm-1).

Synthesis of complex Ni(MeCN)(κ3-P,N,C-1-O)BF4 (3). Complex 1 (20 mg, 0.044
mmol) was dissolved in MeCN (2) and AgBF4 (8.6 mg, 0.044 mmol) was added. After
stirring for 30 min., the reaction was �ltered over Celite and the solvent was evapo-
rated. Complex 6CH3 was obtained as yellow solid (22 mg, quantitative). 1H NMR(500
MHz, MeCN-d3, ppm): δ 7.96 (vt, J = 8.0 Hz, 1H, Py-CH), 7.50-7.46 (m, 1H, Ph-CH), 7.41
(dd, J = 7.7, 1.0 Hz, 1H, Py-CH), 7.25-7.18 (m, 2H, Ph-CH), 7.15-7.10 (m, 1H, Ph-CH), 6.90
(dd, J = 8.3, 1.0 Hz, 1H, Py-CH), 1.50 (d, 3JHP = 15.2 Hz, 18H, (CH3)3CP). 31P NMR(121 MHz,
MeCN-d3, ppm): δ 190.17. 13C NMR(126 MHz, MeCN-d3, ppm): δ 167.67 (d, JCP = 3.3 Hz,
Py-C), 165.45 (d, JCP = 9.6 Hz, Py-C), 155.60 (d, 2JCP = 86.4 Hz, Ni-C), 148.49 (s, Ph-C),
146.09 (s, Py-CH), 135.05 (s, Ph-CH), 131.50 (d, JCP = 6.4 Hz, Ph-CH), 128.07 (s, Ph-CH),
124.24 (d, JCP = 3.6 Hz, Ph-CH), 113.76 (s, Py-CH), 109.53 (d, 3JCP = 4.4 Hz, Py-CH), 39.71
(d, 1JCP = 6.0 Hz, (CH3)3CP), 27.26 (d, 2JCP = 6.4 Hz, (CH3)3CP). HRMS (ESI): m/z calcd.
for C21H28N2NiOP: 413.1293 [M]+; found: 413.1290. UV-Vis (MeCN, nm): λ 241 (ε = 2.0·104
L·mol-1·cm-1), λ 271 (ε = 3.5·104 L·mol-1·cm-1), λ 307 (ε = 7.1·103 L·mol-1·cm-1), λ 340 (ε =
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7.8·103 L·mol-1·cm-1).

Synthesis of complex 6CH3 . To a Schlenk containing complex 2CH3 (10 mg, 0.026
mmol) and AgBF4 (10 mg, 0.052 mmol) was added MeCN (2 mL). The reaction was stirred
for 5 minutes after which it was �ltered and evaporated to dryness. As the product
could not be separated from the nickel-containing by-products, complex 6CH3 was only
characterized in situ. 1H NMR (300 MHz, MeCN-d3, ppm): δ 7.92 (t, J = 7.8 Hz, 1H), 7.35
(m, 4H), 7.22 (d, J = 5.2 Hz, 1H), 7.03 (d, J = 8.0 Hz, 1H), 2.26 (s, 3H, Ph-CH3), 1.25 (d, J =
15.4 Hz, 18H, (CH3)3CP). 31P NMR (121 MHz, MeCN-d3, ppm): δ 139.12 (dd, 1JP- 107Ag = 707 Hz,
1JP- 109Ag = 618 Hz). 13C NMR (75 MHz, MeCN-d3, ppm): δ 162.30 (s, Py-C), 158.20 (m, Py-C),
142.32 (s, Py-CH), 140.83 (s, Ph-C), 136.56 (s, Ph-C), 131.27 (s, Ph-CH), 130.36 (s, Ph-CH),
129.64 (s, Ph-CH), 126.77 (s, Ph-CH), 112.31 (s, Py-CH), 37.58-36.58 (m, (CH3)3CP), 27.16
(d, 1JCP = 10.9 Hz, (CH3)3CP), 20.29 (s, Ph-CH3). One of the Py-CH signal falls under the
solvent residual signal. HRMS (CSI): m/z calcd. for C22H31AgN2OP: 477.1225 [M]+; found:
477.1248.

Synthesis of complex 6CF3 . To a Schlenk containing complex 2CF3 (10 mg, 0.023
mmol), [thianthrenium]BF4 (7.0 mg, 0.023 mmol) and AgBF4 (4.4 mg, 0.023 mmol) was
added MeCN (2 mL). The reaction was stirred for 5 minutes, after which it was �l-
tered and evaporated to dryness. As the product could not be separated from the
Ni-containing by-products and thianthrene, the product was only characterized in situ.
1H NMR (300 MHz, MeCN-d3, ppm): δ 8.00-7.67 (m, 4H,Py-CH and 3 Ph-CH), 7.55 (thi-
anthrene and 1 Ph-CH), 7.33 (m, thianthrene), 7.25 (d, J = 7.38 Hz, Py-CH), 7.12 (d, J =
8.30, Py-CH), 1.24 (d, J = 15.5 Hz, (CH3)3CP). 31P NMR (121 MHz, MeCN-d3, ppm): δ 138.35
(m). 19F NMR (282 MHz, MeCN-d3, ppm): δ -57.25 (s, Ph-CF3), -151.76 (s, BF4). HRMS
(CSI): m/z calcd. for C22H28AgF3N2OP: 531.0942 [M]+; found: 531.0953.

Electrochemistry: All cyclic voltammograms are measured in PrCN with [tetra-
butylammonium]PF6 (0.1 M) as the supporting electrolyte. Concentration of the ana-
lyte: 6 mM. Working electrode: glassy carbon. Counterelectrode: Pt coil. Reference-
electrode: Ag coil. Scanspeed: 100 mV s-1. All redox potentials are referenced to Fc/Fc+.

Spectroelectrochemistry: UV/Vis spectra were measured with an OTTLE cell.
The oxidation measurements were carried out in MeCN with [tetrabutylammonium]PF6
(0.2 M) as the supporting electrolyte. Working electrode: Pt. Counterelectrode: Pt.
Reference-electrode: Ag-wire. Scan speed: 0.003 V s-1. The reduction measurements
were carried out in THF

EPR spectroscopy. Experimental X-band EPR spectra were recorded on a Bruker
EMX spectrometer (Bruker BioSpin Rheinstetten) equipped with a He temperature con-
trol cryostat system (Oxford Instruments). Simulations of the EPR spectra were per-
formed by iteration of the anisotropic g-values and line widths using the EPR simulation
program W95EPR developed by Prof. Dr. Frank Neese.

Oxidation of 2CH3 : A solution of [acetylferrocenium]BF4 (13 µmol, 4.1 mg) in a mixture
of PrCN/MeCN = 3:1 (0.2 mL) was added to a solution of complex 2CH3 (13 µmol, 5.0
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(a) (b)

Figure 5.12: Cyclic voltammograms of a 6 mM solution in PrCN/nBu4NPF6 at 298 K, with a scan
rate of 100 mV/s of complex 2CH3 (a), complex 2CF3 (b). Reduction peaks around -1.7 V in (b) are
material that is deposited on the electrode.

mg) in the same solvent (0.2 mL) in the glovebox. 0.2 mL of the reaction mixture was
transferred directly to an EPR tube and the sample was frozen in liquid N2 as fast as
possible. At low temperature: sample was prepared outside the glovebox with at -78
◦C and precooled solutions and EPR tube. The sample was directly frozen in liquid N2.
Oxidation of 2CF3 : A solution of [thianthrenium]BF4 (11 µmol, 3.2 mg) in a mixture of
PrCN/MeCN = 3:1 (0.2 mL) was added to a solution of complex 2CF3 (11 µmol, 5.0 mg)
in the same solvent (0.2 mL) in the glovebox. 0.2 mL of the reaction mixture was
transferred directly to an EPR tube and the sample was frozen in liquid N2 as fast as
possible. At low temperature: sample was prepared outside the glovebox with at -78
◦C and precooled solutions and EPR tube. The sample was directly frozen in liquid N2.
Reduction of 2CH3 : KC8 (13 µmol, 1.8 mg) was added to a solution of 2CH3 (13 µmol, 5.0
mg) in THF (0.4 mL) and the reaction was stirred for 90 minutes at RT. The reaction
mixture is �ltered and 0.2 mL was transferred to a capillary inside an EPR tube.
Reduction of 2CF3 : KC8 (11 µmol, 1.5 mg) was added to a solution of 2CF3 (11 µmol, 5.0
mg) in THF (0.4 mL) and the reaction was stirred for 90 minutes at RT. The reaction
mixture was �ltered and 0.2 mL was transferred to a capillary inside an EPR tube.

Computational details and EPR property calculations. Geometry optimizations
were carried out with the Turbomole program package33 coupled to the PQS Baker op-
timizer34 via the BOpt package,35 at the ri-DFT36/BP8637,38 level. We used Grimmeâs
D3 dispersion corrections (disp3)39 and the def2-TZVP basis set40,41 for all atoms, and
a small grid (m4). EPR parameters42,43 were subsequently calculated with the ADF44–47

program system at the B3LYP/TZ2P level, using the coordinates from the structures
optimized in Turbomole as input. ZORA basis sets as supplied with the ADF program
were used, employing unrestricted SPINORBIT ZORA COLLINEAR calculations for the
SOC corrected HFI-tensors and Zeeman corrected g-tensors. EPR parameters were
also calculated with the ORCA program package (version 3.0.3.),48 again using the co-
ordinates from the structures optimized in Turbomole as input, now employing the
b3-lyp49–51 functional and the def2 TZVP basis set.40,41
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(a) (b)

(c) (d)

Figure 5.13: (a) EPR spectrum at 30 K of the reaction of 2CH3 with [acetylferrocenium]BF4 carried
out at -78◦C in PrCN/MeCN = 3:1. (b) EPR spectrum at 30K after warming the EPR tube to RT.
(c) EPR spectrum at 30K of the reaction of 2CF3 with [thianthrenium]BF4 carried out at -78◦Cin
PrCN/MeCN = 3:1. (d) EPR spectrum at 30K after warming the EPR tube to RT.

Figure 5.14: Experimental X-band EPR signal of 7CF3 in isotropic solution (THF) at RT. Experimental
conditions: Temperature: 298 K, microwave power 20.0 mW, �eld modulation amplitude = 1
Gauss, microwave frequency 9.390819 GHz.
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TD-DFT calculations. The UV/Vis transitions of complex 2CH3 intermediates A/4CH3

and C were calculated with TD-DFT (nroots = 50; maxdim = 600; triplets = false) as
implemented in the ORCA package48 at the b3-lyp49–51 level (RIJCOSX52) using the def2-
TZVP basis set. ZORA53,54 scalar relavistic Hamiltonians (Special-GridAtoms = 27, Spe-
cialGridIntAcc = 7) and COSMO55 delectric solvent corrections (ε = 37.5; MeCN) were
included. The coordinates from the structures optimized in Turbomole were used as
input for these ORCA TD-DFT calculations.

X-ray crystallography studies. X-ray intensities were measured on a Bruker D8
Quest Eco di�ractometer equipped with a Triumph monochromator (λ= 0.71073 Å) and
a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity data were integrated
with the Eval15 software56 Absorption correction and scaling was performed with SAD-
ABS.57 The structures were solved with the programs SHELXT.58 Least-squares re�ne-
ment was performed with SHELXL-201358 against F 2 of all re�ections. Non-hydrogen
atoms were re�ned with anisotropic displacement parameters. All hydrogen atoms
were located in di�erence Fourier maps. Metal bound hydrogen atoms H1 in complex
4-CH2 and 4-O were re�ned freely with an isotropic displacement parameter, all other
hydrogen atoms were re�ned with a riding model. Geometry calculations and checking
for higher symmetry was performed with the PLATON program.59

For 2CH3 : C20H29NNiOP, Fw = 388.11, T = 150 K, orange plate, 0.197×0.221×0.431
mm3, monoclinic, C 2/c (no. 15), a = 43.970(3), b = 14.3860(10), c = 24.9872(16) Å, β =
94.791(7)◦, V = 15750.5 Å3, Z = 34, Dx = 1.395 g cm-3, µ = 1.140 mm-1. 221290 Re�ec-
tions were measured up to a resolution of (sin θ/λ)max = 0.993 Å-1. 14101 Re�ections
were unique (Rint = 0.1805), of which 9722 were observed [I>2σ(I)]. 893 Parameters
were re�ned with no restraints. R1/wR2 [I>2σ(I)]: 0.0430/ 0.1084. R1/wR2 [all re�.]:
0.0835/0.1331. S = 0.848. Residual electron density found between -0.36 and 0.44
e/Å3.

Selected bond lengths [Å] and angles [◦] for the other three independent molecules
found in the unit cell of 2CH3 : Ni2: Ni2 C12B 1.943(4); Ni2 C1B 1.933(4); Ni2 N1B 1.910(3);
Ni2 P1B 2.161(1); C1B Ni2 N1B 83.9(2); C1B Ni2 C12B 92.4(2); C12B Ni2 P1B 100.6(1); P1B Ni2
N1B 83.1(1); C1B Ni2 P2A 166.9(1). For Ni3: Ni3 C12C 1.957(4); Ni3 C1C 1.939(4); Ni3 N1C
1.916(3); Ni3 P1C 2.173(1); C1C Ni3 N1C 83.6(2); C1C Ni3 C12C 93.2(2); C12C Ni3 P1C 100.2(1);
P1C Ni3 N1C 83.1(1); C1C Ni3 P1C 166.6(1). For Ni4: Ni4 C12D 1.958(4); Ni4 C1D 1.939(4);
Ni4 C1D 1.939(4); Ni4 P1D 2.162(1); C1D Ni4 N1D 84.0(1); C1D Ni4 C12D 93.4(2); C12D Ni4
P1D 99.8(1); P1D Ni4 N1D 82.88(9); C1D Ni4 P1D 166.9(1). For 2CF3 : Ni1-C20 1.878(3); Ni1-
C1 1.944(3); Ni1-N1 1.906(2); Ni1-P1 2.213(1); N1-Ni1-C1 84.3(1); C20-Ni1-C1 92.8(1); P1-Ni1-N1
82.69(9); P1-Ni1-C20 100.4(1); C1-Ni1-P1 166.1(1).

For 2CF3 : C20H25F3NNiOP, Fw = 442.08, T = 150 K, yellow plate, 0.106×0.162×0.335
mm3, monoclinic, P 21 21 21 (no. 19), a = 8.1987(10), b = 10.5103(13), c = 23.341(3) Å,
V = 2011.31 Å3, Z = 4, Dx = 1.460 g cm-3, µ = 1.080 mm-1. 40175 Re�ections were
measured up to a resolution of (sin θ/λ)max = 0.988 Å-1. 5061 Re�ections were unique
(Rint = 0.0825), of which 3840 were observed [I>2σ(I)]. 250 Parameters were re�ned
with no restraints. R1/wR2 [I>2σ(I)]: 0.0428/ 0.0617. R1/wR2 [all re�.]: 0.0824/ 0.0690.
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S = 1.028. Residual electron density found between -0.68 and 0.74 e/Å3.
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Summary

Catalysis plays an important role in the transformation to a sustainable society. Cata-
lysts can o�er a direct route to the formation of products in a selective and energy ef-
�cient way. By replacing stoichiometric reactions with catalytic processes, the amount
of waste generated during the production of chemicals and materials can generally be
reduced. In this context, one important type of homogeneous catalytic reaction that
has recently attracted a lot of attention revolves around C-H functionalization reac-
tions. In such a reaction, C-H bonds are transformed into C-C or C-heteroatom bonds,
which are important transformations establishing the construction of larger molecules
from simple building blocks. C-H functionalization is viewed as a green alternative to
standard cross-coupling reactions, in which two activated carbon atoms are coupled,
such as C-BOR2, C-SnR3 and C-halogen substrates. This activation of carbon usu-
ally requires prefunctionalization of the substrate with reactive groups, which leads to
waste production. In C-H functionalization reactions, the prefunctionalization step is
not necessary, as C-H bonds are directly converted in a catalytic way.
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Scheme S.1

Currently, most examples of mild and selective C-H functionalization require a di-
recting group that can coordinate to the metal and bring one of the C-H bonds in close
proximity of the metal. The formation of a M-C bond results in a cyclometalated inter-
mediate. Chapter 1 gives an overview on the di�erent ways that a C-H bond can be
activated. The types of directing groups that are generally used are discussed as well.
The chapter also includes some examples of metal complexes that have an M-(CAr-
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H) interaction. Such interactions are considered to precede the actual C-H activation
step by weakening the involved C-H bond. Finally, it is reviewed whether reversible
cyclometalation (consecutive formation and cleavage of the M-C bond) in a ligand can
account for bifunctional activation of substrates and cooperative catalysis.

N X
PR2M

Figure S.1

The research described in this thesis aims to provide a fundamental understanding
of C-H activation and M-C bond reactivity in complexes based on the novel P,N,C-
ligands shown in Figure S.1. When the M-C bond is formed, these ligands bind to the
metal in a tridentate way and can be described as pincer ligands. Pincer ligands with
a phenyl-ring in the central position (ECE, E = P, N, S or O) are very common and they
undergo facile metalation of the C-H bond due to the encumbering e�ect of the ligand
structure. Pincer ligands with a phenyl-ring in the �anking position are uncommon.
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In Chapter 2, the synthesis of ligand A (X = CH2) is described. This ligand can be co-
ordinated to [Rh-µ-Cl(CO)2]2 to form square planar RhI complex I (Scheme S.2). Facile C-
H metalation to form complex II can be achieved in the presence of a weak base, KOAc,
and this process presumably follows a concerted-metalation-deprotonation pathway.
Addition of a strong base, KOtBu, results in fast C-H metalation and DFT calculations
and deuteration studies indicate that this reaction follows a di�erent mechanism. Initial
deprotonation of the relatively acidic -CH2P backbone occurs to form a dearomatized
intermediate, which is very unstable and forms the thermodynamically more stable
cyclometalated complex II at RT.

The formation of the RhI-C bond is reversible, which was proven by reacting com-
plex II with HCl. Addition of another strong acid, HBF4, resulted in the cationic complex
III, with BF4- acting as a non-coordinating counterion. In the solid state structure, the

124



Summary

vacant site at the metal is occupied by a C-H bond of the ligand. DFT calculations show
that the Rh-(C-H) interaction is weak and can not be classi�ed as agostic. This was
also observed experimentally in solution, as low temperature NMR experiments show
that the phenyl-ring can still rotate freely at -90◦C.

The RhI-C bond can also be cleaved by addition of MeI to complex II, which results
in the formation of a CPh-CH3 bond in complex IV. Low temperature-experiments show
that this reaction occurs via a RhIII(CH3)(I) intermediate that is formed by oxidative ad-
dition of MeI to RhI. At RT, C-C reductive elimination is instantaneous. This was not
the case for the more challenging C-CF3 bond formation from RhIII-complex V, which is
stable at RT.

In Chapter 3, it was explored whether the reversibility of cyclometalation of Rh-
complex II could be used to activate E-H bonds in a bifunctional manner. It was found
that the RhI could only be cleaved by relatively acidic substrates such as tri�uoromethyl-
sulfonamide and thiols. Heterolytic splitting of H2 could not be achieved and DFT calcu-
lations pointed out that the cyclometalated complex II is 7.6 kcal/mol more stable than
the putative Rh-hydride complex VI. This �nding made us wonder whether complex II
could serve as a catalyst for the reverse, dehydrogenation, reaction.
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Scheme S.3: One of the two possible catalytic cycles for the dehydrogenation of HCOOH to H2

and CO2. This pathway shown here is based on a mechanism involving reversible cyclometalation.

It was discovered that complex II indeed catalyzes the base-free dehydrogenation
of formic acid (HCOOH) to H2 and CO2 (Scheme S.3). The activity of the catalyst is mod-
est compared to other TM-catalysts (TOF = 169 h-1), but the catalyst is stable for at
least eight consecutive runs. Furthermore, this is the �rst example of base-free dehy-
drogenation of HCOOH with a RhI catalyst. DFT calculations indicate that a mechanism
via reversible cyclometalation is viable, but that it most likely competes with a non-
bifunctional pathway that exhibits almost identical overall energetics. DFT calculations
also pointed out that concerted H+/H- abstraction from HCOOH is not possible because
the HCOOH-hydride could not approach Rh due to the �lled dz2 orbital. Because of
this, both mechanisms have the same rate determining step that involves β-hydrogen
elimination from the intermediate with a coordinated formate-fragment (VII).
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In Chapter 4, a challenging C-H metalation at NiII is reported. In addition to ligand
A, ligand B (X = O) is synthesized as a complementary ligand with a di�erent electronic
structure and an unreactive oxygen linker between the pyridine and phosphine. For
both ligands, easy cyclometalation was observed to NiBr2(DME) to form complexes VIII
and IX, but only when the reaction was carried out in toluene with NEt3 as the base
(Scheme S.4). Intriguingly, neither NaOAc, the preferred base in many C-H metalation
reactions, nor strong bases did result in clean formation of complexes VIII and IX.
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The Ni-C bond in complexes VIII and IX react with HBF4 to form complexes X
and XI, which have a similar M-(C-H) interaction as observed in Rh-complex III. The
complexes are unstable and give ill-de�ned NMR spectra suggesting paramagnetism in
solution. When the cationic complexes are reacted with a base (NEt3), immediate cy-
clometalation is observed, indicating a more acidic C-H bond in these cationic species
compared to the neutral dibromo analogues. A combination of ELF and QTAIM calcu-
lations demonstrate that the interaction between the Ni-center and the C-H can be
best described as an anagostic NiII-η1-C interaction. This conclusion is based on the
presence of weak bonding between Ni and C without a clear bonding between Ni and
H. The interaction is slightly stronger for complex XI possibly originating from the more
electron-withdrawing character of the phosphinite-ligand.
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In Chapter 5, the studies are reported that investigate whether C-C bond forma-
tion could be achieved as easily for these Ni-complexes as was found for Rh-complex
IV (Chapter 2). Because the formation of NiIV-alkyl intermediates is considered di�cult
and the reductive elimination from NiII-alkyl species was found not to occur in these
systems, the study focused on C-C bond formation from NiIII intermediates. The syn-
thesis of Ni-complexes XII and XIII is reported, which contain alkyl groups as the fourth
ligand. Based on literature examples, Ni-CF3 complex XIII was expected to be stable in
the higher oxidation state. However, with a combination of spectroscopic techniques
it was proven that both complexes easily undergo oxidation-induced Csp2-Csp3 bond
formation. In the presence of AgI, transmetalation from NiI to AgI is observed, leading
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to complexes XIV and XV. Unfortunately, the NiIII intermediate could not be detected
in any of the experiments.

This thesis describes the coordination chemistry and reactivity of P,N,C-ligands A
and B in RhI and NiII complexes. The strong P,N-chelation to the metal brings the
ortho-C-H of a �anking phenyl ring in proximity of the metal, which results in facile
C-H activation in both metal complexes. Although the M-C bond is easily formed, it
is still reactive in presence of acids. Rh-complex II is an active catalyst for the de-
hydrogenation of formic acid, in which the reversible M-C bond formation can play a
role. Furthermore, reactions with HBF4 show that M-(C-H) interactions can be formed
for this ligand structure, although the interactions are weak. It was also shown that
the M-C bond is susceptible to Csp2-Csp3 bond formation from the metals in higher
oxidation states. The obtained insights on the C-H activation, especially with sim-
ple NiII-precursors, could possibly lead to the development of C-H functionalization
methodologies involving a broader substrate scope. Finally, these initial results into the
possibility of reversible M-C bond formation in cyclometalated complexes as a design
concept for cooperative catalysis are deemed to provide a basis for further exploration
of this strategy using both noble and base metals for a variety of reactions.
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Samenvatting

Katalyse speelt een belangrijke rol in de overgang naar een duurzame samenleving.
Katalysatoren kunnen een directe route bieden voor de selectieve en energie-e�ciënte
productie van chemicaliën. Als stoichiometrische reacties worden vervangen door
katalytische processen, kan over het algemeen de hoeveelheid chemisch afval, die
gevormd wordt bij de productie van chemicaliën en materialen, verminderd worden.
Een belangrijk type katalytische reactie die recentelijk veel belangstelling heeft gekre-
gen met betrekking tot duurzame chemie, is de functionalisering van C-H bindingen. Bij
deze reactie worden C-H bindingen getransformeerd in C-C bindingen of C-heteroatoom
bindingen, wat belangrijk is voor het opbouwen van complexe moleculen vanuit simpele
startmaterialen. C-H functionalisering wordt gezien als een groen alternatief voor de
standaard koppelingreacties, waarbij twee geactiveerde koolstofatomen gekoppeld wor-
den, zoals C-BOR2, C-SnR3 en C-halogeen substraten. Om deze geactiveerde koolstof-
fragmenten te verkrijgen, moeten de substraten vaak eerst gefunctionaliseerd worden
met reactieve groepen, wat leidt tot vorming van chemisch afval. Bij C-H functionalis-
eringsreacties is deze pre-functionalisering niet nodig, aangezien de C-H binding direct
wordt omgezet door een katalysator.
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Schema S.1

Tot op heden wordt voor milde en selectieve C-H functionaliseringen vaak gebruik
gemaakt van sturende groepen op het substraat, die kunnen coördineren aan het
metaal, waarmee selectief één van de C-H bindingen dichtbij het metaal wordt gebracht.
Het vormen van een M-C binding resulteert in een gecyclometalleerd tussenproduct.
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Hoofdstuk 1 geeft een overzicht van de verschillende manieren waarop C-H bindin-
gen geactiveerd kunnen worden door een metaal. Ook worden de verschillende typen
sturende groepen die doorgaans gebruikt worden besproken. Tevens bevat dit hoofd-
stuk voorbeelden van metaalcomplexen die een M-(CAr-H) interactie hebben. Dit type
interactie wordt gezien als de tussenstap die voorafgaat aan de daadwerkelijke C-H ac-
tivering stap door middel van het verzwakken van de betrokken C-H binding. Tenslotte
wordt besproken of het mogelijk is om substraten te activeren op een bifunctionele
manier en om coöperatieve katalyse uit te voeren via reversibele cyclometallering (het
achtereenvolgens vormen en breken van de M-C binding).

N X
PR2M

Figuur S.1

Het onderzoek dat in dit proefschrift beschreven wordt, richt zich op fundamentele
inzichten in de C-H activering en de reactiviteit van de M-C binding in complexen die
gebaseerd zijn op de nieuwe P,N,C-liganden, weergegeven in Figuur S.1. Als er een M-C
binding gevormd wordt, binden deze liganden aan het metaal op een tridentate wijze
en kunnen ze ’pincer’ liganden genoemd worden. ’Pincer’ liganden die een fenylring
hebben in de centrale positie (ECE, E=P,N,S of O) zijn veelvoorkomend en ondergaan
makkelijke metallering van de C-H binding door het forcerende e�ect van de ligand-
structuur. ’Pincer’ liganden met een fenylring in een zijpositie zijn zeldzaam.

N
N

PtBu2Rh

CO
PtBu2

[RhCl(CO)2]2
N

PtBu2Rh

CO

Cl

A I II

base N
PtBu2Rh

CO

I

Me

N
PtBu2Rh

CF3
TfO

CO

MeI

N
PtBu2Rh

CO
III

IV

V

BF4

H

HBF4

"CF
3OTf"

Schema S.2

In hoofdstuk 2 wordt de synthese van ligand A (X = CH2) gepresenteerd. Dit
ligand kan reageren met [Rh(µ-Cl)(CO)2]2 waardoor het vlak vierkante RhI complex I
gevormd wordt (Schema S.2). C-H metallering waarbij complex II gevormd wordt, kan
eenvoudig worden bereikt met behulp van een zwakke base, KOAc, en het is aan-
nemelijk dat dit proces een mechanisme volgt waarbij metallering en deprotonering
gelijktijdig plaatsvinden. Als een sterke base gebruikt wordt voor de reactie, KOtBu,
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dan vindt zeer snelle C-H metallering plaats. DFT berekeningen en experimenten
met deuterium-gelabeled HCl wijzen erop dat deze reactie een ander mechanisme
volgt, waarbij initiele deprotonering van de relatief zure -CH2P arm plaatsvindt en een
gedearomatiseerd tussenproduct wordt gevormd. Dit tussenproduct is erg onstabiel en
gaat bij kamertemperatuur over in het thermodynamisch stabielere gecyclometalleerde
complex II.

Het vormen van de RhI-C binding is reversibel, wat is bewezen door een reactie
van complex II met HCl. Toevoeging van een ander sterk zuur, HBF4, resulteerde in
het kationische complex III, waarbij BF4- als een niet-coördineerend tegenion optreedt.
In de kristalstructuur wordt de vrije coördinatieplek ingenomen door een C-H binding
van het ligand. DFT berekeningen laten zien dat deze Rh-(C-H) interactie zwak is en
dat deze niet geclassi�ceerd kan worden als agostisch. Dit is in oplossing ook exper-
imenteel waargenomen, aangezien lage temperatuur NMR experimenten erop wijzen
dat de fenylring bij -90◦C nog steeds vrij kan roteren.

De RhI-C binding kan ook verbroken worden door het toevoegen van MeI aan com-
plex II, wat resulteert in de vorming van een CPh-CH3 binding in complex IV. NMR
experimenten bij verlaagde temperatuur laten zien dat deze reactie verloopt via een
RhIII(CH3)(I) tussenproduct dat gevormd wordt door oxidatieve additie van MeI aan RhI.
Bij kamertemperatuur vindt de C-C reductieve eliminatie onmiddelijk plaats. Dit was
niet het geval voor de moeilijkere formatie van een C-CF3 binding vanuit RhIII complex
V, dat stabiel is bij kamertemperatuur.

In hoofdstuk 3 is onderzocht of de reversibiliteit van de cyclometallering van Rh-
complex II gebruikt kan worden om E-H bindingen van substraten op een bifunctionele
manier te activeren. Gevonden is dat het RhI complex alleen vrij zure substraten zoals
tri�uoromethylsulfonamide en thiolen kan activeren. Het heterolytisch splitsen van H2
kon niet bereikt worden en DFT berekeningen wezen uit dat het gecyclometalleerde
complex II 7.6 kcal/mol stabieler is dan het vermeende Rh-hydride complex VI. Door
deze bevinding drong de vraag zich op of complex II kon dienen als katalysator voor
reacties die in omgekeerde richting verlopen (dehydrogeneringen).
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Schema S.3: Eén van de mogelijke katalytische paden voor de dehydrogenering van HCOOH
tot H2 en CO2. Het katalytische pad dat hier is weergegeven is gebaseerd op een mechanisme
waarbij reversible cyclometallering plaatsvindt.
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Het bleek dat complex II inderdaad de base-vrije dehydrogenering van HCOOH naar
H2 en CO2 kan katalyzeren (Shema S.3). Hoewel de activiteit van complex II matig is
in vergelijking met andere overgangsmetaal-katalysatoren (omzettingsfrequentie = 169
h-1), is complex II wel stabiel voor tenminste acht opeenvolgende katalytische rondes.
Bovendien is dit het eerste voorbeeld van base-vrije dehydrogenering van mierenzuur
met een RhI katalysator. DFT berekeningen geven aan dat een mechanisme via re-
versibele cyclometallering mogelijk is, maar dat dit mechanisme waarschijnlijk concur-
reert met een niet-bifunctioneel mechanisme, dat een erg vergelijkbaar energiepro�el
heeft. Daarnaast wijzen de DFT berekeningen erop dat gelijktijdige H+/H- verwijdering
van HCOOH niet mogelijk is omdat het HCOOH hydride Rh niet kan benaderen door
de repulsie van de gevulde dz2 orbitaal. Hierdoor hebben beide mechanismes dezelfde
snelheidsbepalende stap, namelijk de β-waterstof eliminatie van het tussenproduct
met een gecoördineerd formaat-fragment (VII).

In hoofdstuk 4 is een uitdagende C-H metallering met NiII beschreven. Als aan-
vulling op ligand A is ligand B gesynthetiseerd, dat een andere electronische structuur
heeft en een niet-reactief zuurstofatoom tussen de pyridinering en de fos�ne. Voor
beide liganden is cyclometallering waargenomen met NiBr2(DME) waarbij complexen
VIII en IX eenvoudig worden gevormd. Deze reactie verliep echter alleen als de re-
actie uitgevoerd wordt in tolueen met NEt3 als base (Schema S.4). Het is intrigerend
dat zowel met NaOAc, de preferentiele base voor veel C-H cyclometalleringen, als met
sterke basen de complexen VIII en IX niet werden gevormd.
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De Ni-C fragmenten in complexen VIII en IX reageren met HBF4 waarbij com-
plexen X en XI gevormd worden, welke een vergelijkbare M-(C-H) interactie hebben
als waargenomen in Rh-complex III. Deze complexen zijn niet stabiel en geven slecht
gede�nieerde NMR spectra wat duidt op paramagnetisme in oplossing. Als deze ka-
tionische complexen reageren met een base (NEt3) vindt onmiddelijk cyclometallering
plaats, wat duidt op een zuurdere C-H binding in de kationische complexen vergeleken
met de neutrale dibromo-complexen. Een combinatie van ELF en QTAIM berekeningen
laat zien dat de interactie tussen het Ni-atoom en de C-H binding het beste beschreven
kan worden als een anagostische NiII-η1-C interactie. Deze conclusie is gebaseerd op
een zwakke binding tussen Ni en C zonder een duidelijke binding tussen Ni en H. De
interactie is enigzins sterker voor complex XI, wat mogelijk komt door het meer elek-
tronenzuigende karakter van het fos�niet ligand.

In hoofdstuk 5 is onderzocht of de vorming van een C-C binding net zo makke-
lijk plaatsvindt voor de Ni-complexen als voor Rh-complex IV (hoofdstuk 2). Omdat
de vorming van NiIV-alkyl tussenproducten wordt gezien als heel lastig en omdat het
gevonden was dat de reductieve eliminatie van NiII-alkyl complexen niet plaatsvindt
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in deze systemen, is het onderzoek gericht op C-C reductieve eliminatie vanuit NiIII

tussenproducten. De synthese van Ni-complexen XII en XIII, welke alkyl groepen be-
vatten als vierde ligand, is beschreven. Gebaseerd op voorbeelden uit de literatuur
werd verwacht dat Ni-CF3 complex XIII stabiel zou zijn in de hogere oxidatietoestand.
Echter, in dit hoofdstuk is met een combinatie van spectroscopische technieken be-
wezen dat voor beide complexen het vormen van een Csp2-Csp3 binding makkelijk is
na één-elektron oxidatie. In de aanwezigheid van AgI wordt transmetallering van NiI

naar AgI waargenomen, wat leidt tot de complexen XIV en XV. Helaas konden de NiIII

tussenproducten niet geïsoleerd worden.

Dit proefschrift beschrijft de coördinatiechemie en reactiviteit van P,N,C-liganden A
en B in RhI en NiII complexen. De sterke P,N-chelatie aan het metaal brengt de ortho-C-H
van de �ankerende fenylring dichtbij het metaal, waardoor er makkelijke C-H activer-
ing optreedt in beide metaal complexen. Hoewel de M-C binding makkelijk gevormd
wordt, is deze nog steeds reactief in de aanwezigheid van zuren. Rh-complex II is een
katalysator voor de dehydrogenering van mierenzuur, waarbij reversibele cyclometal-
lering een rol kan spelen in het mechanisme. Daarnaast laten reacties met HBF4 zien
dat M-(C-H) interacties gevormd kunnen worden met deze ligandstructuur, alhoewel de
interacties zwak zijn. Het is ook aangetoond dat de M-C binding toegangelijk is voor
het vormen van Csp2-Csp3 vanuit de hogere oxidatietoestanden van de metalen. De
verkregen inzichten met betrekking tot C-H activering, in het bijzonder met simpele
NiII complexen, kunnen mogelijk leiden tot de ontwikkeling van C-H functionalisering
methodologiën met een breder substraatbereik. Tenslotte zullen deze initiele resultaten
met betrekking tot de mogelijkheid voor het reversibel vormen van M-C bindingen in
gecyclometalleerde complexen als een concept voor coöperatieve katalyse waarschijn-
lijk een basis zijn voor volgend onderzoek naar deze strategie voor het katalyseren van
verschillende reacties waarbij edelmetalen en basismetalen gebruikt zullen worden.
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