Cyclometalation of phosphinines via C-H activation : towards
functional coordination compounds
Citation for published version (APA):
Broeckx, L. E. E. (2013). Cyclometalation of phosphinines via C-H activation : towards functional coordination
compounds. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry].
Technische Universiteit Eindhoven. https://doi.org/10.6100/IR760622

DOI:
10.6100/IR760622
Document status and date:
Published: 04/12/2013
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 09. Jan. 2023

Cyclometalation of Phosphinines via C-H Activation
Towards Functional Coordination Compounds

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit
Eindhoven, op gezag van de rector magnificus prof.dr.ir. C.J. van Duijn,
voor een commissie aangewezen door het College voor Promoties, in het
openbaar te verdedigen op woensdag 4 december 2013 om 16:00 uur

door

Leen Elisabeth Emiel Broeckx

geboren te Mol, België

Dit proefschrift is goedgekeurd door de promotoren en de samenstelling
van de promotiecommissie is als volgt:
voorzitter:
1e promotor:
2e promotor:
leden:

prof.dr.ir. J.C. Schouten
prof.dr. C. Müller
prof.dr. D. Vogt
prof.dr. M. Hissler (Université de Rennes1)
dr. A. Macchioni (Università di Perugia)
prof.dr. K. Lammertsma (Vrije Universiteit
Amsterdam)
prof.dr. B.J.M. Klein Gebbink (Universiteit Utrecht)
prof.dr.ir. R.A.J. Janssen (TU/e)

“When you make a choice, you change the future.”
Deepak Chopra

“Cyclometalation of Phosphinines via C-H Activation: Towards Functional Coordination
Compounds”

A catalogue record is available from the Eindhoven University of Technology Library
ISBN: 978-90-386-3491-3

This research was sponsored by a Vidi grant with project number 700.58.424 of the
Netherlands Organization for Scientific Research (NWO), as well as the European
Cooperation in Science and Technology (COST) Action CM0802 (PhoSciNet), and a Van
Gogh grant from the French-Dutch academy.

Coverontwerp: Yoran Zonneveld en Leen E. E. Broeckx
Druk: TU/e PrintService
Copyright © 2013 by Leen E. E. Broeckx

Table of Contents
Chapter 1
Cyclometalation via C-H Activation of 2-Arylphosphinine Derivatives: Towards
Functional Coordination Compounds ....................................................................................... 1
1.1 Introduction .............................................................................................................................. 2
1.2 Tuning the Coordination and Cyclization Step................................................................... 3
1.3 Mechanism of Cyclometalation via C-H Activation ........................................................... 5
1.3.1. Cyclometalation via Oxidative Addition ............................................................... 5
1.3.2. Electrophilic Metalation-Deprotonation ................................................................ 6
1.3.3. Agostic Interactions................................................................................................... 7
1.4 Application of Cyclometalated Products ............................................................................. 8
1.4.1. Water Oxidation Catalysts ....................................................................................... 8
1.4.2. Phosphorescent Transition Metal Complexes in OLEDs ................................... 11
1.5 Phosphinines .......................................................................................................................... 14
1.6 Scope of Phosphinine Cyclometalation .............................................................................. 18
1.7 References ............................................................................................................................... 19

Chapter 2
Unprecedented Formation of 2,4,6-Triphenylphosphinine-Based Cyclometalated Ir(III)
and Rh(III) Complexes via C-H Bond Activation.................................................................. 23
2.1 Introduction ............................................................................................................................ 24
2.2 Cyclometalated Iridium and Rhodium Complexes Based on Phosphinine.................. 25
2.3 Reactivity Study of Phosphinine-M(III) Complexes ......................................................... 31
2.3.1. Influence of NaOAc as Base ................................................................................... 31
2.3.2. Reactivity of the P=C Double Bond Towards Nucleophilic Attack.................. 33
2.4 Application of 2,4,6-Triphenylpyridine in the Cyclometalation Reaction .................... 41
2.5 Conclusions ............................................................................................................................ 43
2.6 Experimental Section............................................................................................................. 44
2.7 References ............................................................................................................................... 50

i

Table of Contents

Chapter 3
Cyclometalation of Aryl Substituted Phosphinines: a Mechanistic and Kinetic
Investigation ................................................................................................................................. 53
3.1 Introduction ........................................................................................................................... 54
3.2 Synthesis and Characterization of 2,4,6-Triarylsubstituted Phosphinines ................... 55
3.3 C-H Activation of Substituted 2,4,6-Triarylphosphinines ............................................... 58
3.3.1. Structural Characterization of Cyclometalated Complexes Based on
Symmetrically Substituted Phosphinines ........................................................... 59
3.3.2. Structural Characterization of Cyclometalated Complexes Based on
Non-Symmetrically Substituted Phosphinines .................................................. 61
3.4 Rate of Cyclometalation of Functionalized 2,4,6-Triarylphosphinines ......................... 63
3.4.1. Symmetrically Substituted Phosphinines ............................................................ 63
3.4.2. Non-Symmetrically Substituted Phosphinines................................................... 67
3.5 Regioselectivity of the Cyclometalation Reaction ............................................................ 69
3.6 Cyclometalation of 2,4,6-Triarylphosphinines: Mechanistic Investigation................... 73
3.7 Kinetic Investigation and Kinetic Isotope Effect of the Cyclometalation ...................... 75
3.8 Conclusions and Outlook ..................................................................................................... 79
3.9 Experimental Section ............................................................................................................ 81
3.10 References............................................................................................................................. 96

Chapter 4
Reactivity Study of Cyclometalated Phosphinine-Ir(III) Complexes: Towards Novel
Water Oxidation Catalysts ......................................................................................................... 99
4.1 Introduction ......................................................................................................................... 100
4.2 Preparation of Cationic Cyclometalated Phosphinine-Ir(III) Complexes ................... 102
4.2.1. Synthetic Study Towards Ligand Exchange ..................................................... 102
4.2.2. Crystallographic Characterization of Cationic Ir(III) Complexes .................. 104
4.3 Reactivity of Cationic Ir(III) Complex Towards Water Addition................................. 106
4.4 Application of Phosphinine-Based Water Oxidation Catalysts.................................... 109
4.4.1. UV-Vis Spectroscopy ............................................................................................ 109
4.4.2. Oxymetry ............................................................................................................... 114
4.4.3. Differential Manometry ....................................................................................... 115
4.4.4. Comparison of Catalytic Results......................................................................... 116
4.5 Conclusions .......................................................................................................................... 117
4.6 Experimental Section .......................................................................................................... 118
4.8 References............................................................................................................................. 119

ii

Table of Contents

Chapter 5
Novel Homoleptic Phosphinine-Ir(III) Complexes via C-H Activation ......................... 121
5.1 Introduction .......................................................................................................................... 122
5.2 Unprecedented Coordination Chemistry of 2,4,6-Triarylphosphinines ...................... 123
5.2.1. Synthesis of the Novel Homoleptic Cyclometalated Complex [Ir(P^C)3] .... 123
5.2.2. Crystallographic Characterization of the First Homoleptic [Ir(P^C)3]
Complex ................................................................................................................. 125
5.2.3. Optical and Redox Properties of the Cyclometalated Complex [Ir(P^C)3] .. 126
5.3 Substituted 2,4,6-Triarylphosphinine in the [Ir(P^C)3] Complex.................................. 132
5.4 Comparison with the Cyclometalation of 2,4,6-Triphenylpyridine ............................. 134
5.5 Conclusions .......................................................................................................................... 136
5.6 Experimental Section........................................................................................................... 136
5.7 References ............................................................................................................................. 142

Chapter 6
PCP-Pincer Chemistry Based on Phosphinines ................................................................... 145
6.1 Introduction .......................................................................................................................... 146
6.2 Synthesis Diphosphinines .................................................................................................. 147
6.3 Coordination of the PCP-Diphosphinine Ligand to Pd(II) ........................................... 148
6.4 Coordination of the PCP-Diphosphinine Ligand to Ir(I) .............................................. 151
6.5 Coordination of the PCP-Diphosphinine Ligand to Ir(III) and Rh(III) ....................... 152
6.6 Conclusions and Outlook ................................................................................................... 155
6.7 Experimental Section........................................................................................................... 157
6.8 References ............................................................................................................................. 160

Summary .................................................................................................................................................. 161
Samenvatting .......................................................................................................................................... 164
Curriculum Vitae................................................................................................................................... 167
List of Publications ............................................................................................................................... 168
Acknowledgements .............................................................................................................................. 169

iii

Cyclometalation via C-H Activation of 2-Arylphosphinine
Derivatives: Towards Functional Coordination Compounds

Abstract: Transition metal complexes of pyridine derivatives, such as 2-phenylpyridines, bipyridines and
terpyridines, are often applied as functional components in molecular materials and devices in different
fields of chemistry, for example in solar energy conversion. Especially the C-H activation of 2-phenylpyridines by d6-metals, have been the subject of intensive research due to possible applications as triplet
emitters in OLEDs and as catalysts for the oxidation of H 2O. By extrapolating this chemistry from
σ-donating pyridines to π-accepting phosphinines, the photophysical and electrochemical properties of the
resulting coordination compounds can be changed. While the presence of transition metal centers in
medium-to-high oxidation states are common in molecular materials, this chemistry is, however, difficult to
achieve with π-accepting phosphinines. The access to such compounds would, on the other hand, open up
rather new perspectives for the field of phosphorus containing molecular materials as well as for
homogeneous catalysis. The study of the C-H activation reaction can lead to new insights in the
coordination chemistry of aromatic phosphorus heterocycles and subsequently to novel functional
coordination compounds based on phosphinines.

Chapter 1

1.1 Introduction
Cyclometalation was first reported in 1963[1] and has become a popular topic in the
last decades as it provides a straightforward route towards organometallic complexes
featuring a new metal-carbon σ-bond by activation of an unreactive C-R bond
(Scheme 1). Metal-carbon bond-forming reactions often proceed under reasonably mild
reaction conditions and would be difficult to reproduce via more traditional methods.
Usually, a (hetero)atom E, such as C, P, N, O, S, Se or As, coordinates to the metal center
after which a metallacycle is formed by intramolecular activation of the C-R bond.
Especially C-H bonds are activated, but also C-C, C-O, C-N, C-Si and C-P bonds, where
the carbon atom represents an alkyl group or an sp2 hybridized carbon atom, can be
cleaved despite the fact that these bonds possess a large dissociation energy.[2]
The definition as described above is an extended version, as in the strict sense of the
word, cyclometalation refers to a process in which an unsaturated molecule oxidatively
adds to a metal center forming a carbocyclic system with at least one atom replaced by a
transition metal. This restricts metallacycles to complexes in which the metal is
coordinated to two carbon atoms of the same molecule, excluding heteroatom-assisted
chelation.[3] As the extended version above is already well established since it was
introduced during the early 1970s,[4-6] it will be adopted in the rest of this thesis, focusing
primarily on C-H bond activation.

Scheme 1 Common representation of the cyclometalation reaction.

The first cyclometalated compound ever described is a cyclopentadienyl
Ni-complex based on azobenzene (Figure 1, left) reported by Kleiman and Dubeck.[1] As a
consequence, the cyclometalation reactions gained interest, including nearly every
transition metal in these metallacycles, but in particular implementing metals of the
platinum group such as Ru, Ir and Pd. A special example is the cycloplatination by Shaw
et al. as it not only shows the possibility to cyclometalate a phosphorus-containing
sp3-chain, but also that dimer formation frequently occurs in this branch of chemistry
(Figure 1, middle).[7] Furthermore, tridentate pincer chemistry can be obtained by
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cyclometalation focusing especially on palladacycles, which can be applied in e.g.
Suzuki, Heck and Stille coupling[8] (Figure 1, right), or in photochemistry.[9]

Figure 1 Examples of cyclometalation with different metals: First cyclometalated Ni-complex (left);
Metallacycle using platinum group metal (middle); PCP-pincer palladacycle (right).

Another possibility to synthetically prepare metallacycles is by oxidative addition
of a C-X bond, with X = F, Cl, OTf, etc, or via transmetalation of complexes containing for
instance Li, Ag, Au, Hg, etc. but these reactions are not defined as cyclometalations so
will not be considered in depth (Scheme 2).

Scheme 2 Metallacycle generation by oxidative addition (top)[10] or transmetalation (bottom).[11]

1.2 Tuning the Coordination and Cyclization Step
Cyclometalation reactions consist of two subsequent steps: coordination of the
ligand to a metal center, followed by an activation of the C-H bond with cyclization as
result (Scheme 1). As the cleavage of the C-H bond occurs while the ligand is coordinated
to the metal center, high selectivities and activities are expected for this reaction. [12]
Usually, five-membered rings are preferred regardless of the nature of the carbon atom
in the C-H bond,[6] but also four- and six-membered metallacycles have been reported.[1]
Other ring sizes are difficult to obtain via cyclometalation and generally include
activation of C-R bonds other than C-H, but these cyclizations are not excluded.[2]
Naturally, coordination of the ligand (E-M bond) changes the electron density at the
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metal center after which steric properties of the ligand can assist or hinder the actual
cyclization. Therefore it is important to select or tune the metal precursors and ligands in
such a way that cyclometalation is favored.
A vacant coordination site at the metal center is generally obtained by employing
dinuclear metal precursors which tend to cleave very fast, or complexes containing
neutral or ionic ligands which can easily be substituted.[13],[14] Subsequent coordination of
the heteroatom is subject to the trivial hard-soft principles[15] although also mismatches
may occur in cyclometalation chemistry. A mismatch combination, can subsequently be
used in transcyclometalation reactions where one cyclometalated ligand is exchanged by
another in a dissociative or associative manner.[16],[17] Scheme 3 represents an example of
transcyclometalation where a mismatched “hard” nitrogen-donor in the corresponding
Ru(II) complex is exchanged for a softer σ-donor via C-H activation. Nevertheless, if the
M-E bond is too strong, the complex can reach a stable intermediate state which is not
prone to create another vacant site for cyclization and cyclometalation will not occur.

Scheme 3 Transcyclometalated Ru(II)-complex with square-pyramidal geometry.

Obviously, the reaction is not only determined by electronic properties, but also
steric factors play an important role. If the donor site contains bulky substituents, the
coordination to the metal center will be weaker. For some softer donors, such as
phosphines, this is even necessary to avoid the stable intermediate state as mentioned
before. Furthermore, by creating more rigidity in the ligand backbone, the C-H bond can
be positioned in close proximity of the metal center lowering the threshold of ring
closure. In this case the intramolecular C-H activation is favored compared to
intermolecular processes.[2] Especially, bidentate coordinated ECE-pincer ligands cause a
close proximity between the C-H bond and the metal center, facilitating the cyclization.[18]
Generally, the cyclometalation is influenced by more than the choice of metal
precursor and the properties of the cyclometalated ligand. The C-H activation step is e.g.

4

Cyclometalation via C-H activation of 2-Arylphosphinines: Towards Functional Coordination Compounds

promoted by basic coligands, usually acetate, but also alkoxy, alkyl or hydride ligands
are possible. The formation of small molecules can be the thermodynamic driving force,
as well as the stabilization due to the formation of a cyclic compound. Acetate is
particularly suitable, because it can easily create vacant coordination sites due to a
flexible coordination mode (κ1 and κ2). Once the ligand is coordinated, the acetate
interacts with the proton, weakening the C-H bond, shifting the electron density on the
carbon, which can bind to the electropositive metal center. Elimination of the conjugated
acid does not interfere with the cyclization step as the acid is not strong enough to
facilitate the reverse reaction, opposed to e.g. triflate.[2] These three components, namely
the metal, the properties of the ligand and the basic ligands, can be tuned to direct the
cyclometalation reaction.

1.3 Mechanism of Cyclometalation via C-H activation
Most cyclometalation reactions proceed via intramolecular transition metalmediated cleavage of a normally unreactive C-H bond, which gives access to
organometallic compounds with a metal-carbon bond. The activation of aromatic C-H
bonds, which have a high dissociation energy of approximately 470 kJ/mol,[19],[20] is subject
of this research and is only possible when the conditions are optimized. Similar to most
catalytic reactions, the exact determination of the mechanism is very complicated and
time-consuming. However, experimental studies have provided a general understanding
of the major pathways that have been examined. These routes include oxidative addition,
electrophilic bond activation, agostic interactions and σ-bond metathesis, and less
common mechanisms such as 1,2-addition and metalloradical intermediates, which will
be excluded in this section.[12] The preferred pathway for C-H activation alters depending
on the electron density at the metal center and the basic properties of the coligands
present.[21] Cyclometalation through σ-bond metathesis is mostly based on electron-poor
high valent early transition metals, usually coordinated to an alkyl group or a hydride,
which is not the focus of this research. Therefore, further elaboration on the activation of
the C-H bond via the four-membered transition state is not included. Nevertheless,
understanding the mechanism can contribute to success in cyclometalation reactions
towards novel coordination compounds.

1.3.1 Cyclometalation via Oxidative Addition
The oxidative addition of a C-H bond to a metal center, also called ortho-metalation
although not restricted to ortho-protons, increases the oxidation state of the metal atom
by two. It thus requires electron-rich late transition metal centers, e.g. Ir(I) or Rh(I).
5
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Complexes, such as [Cl(PPh3)IrI], undergo, for example, cyclometalation via oxidative
addition of the C-H bond.[22] The cyclometalated addition product containing a M-H
bond can subsequently undergo (base-assisted) reductive elimination of HX. Scheme 4
depicts a general ortho-metalation of an aromatic C-H bond, which is of main interest for
this research. Nevertheless, also other bonds can be activated in this way. In contrast to
electrophilic substitutions (vide infra), the ligand, which undergoes cyclometalation,
accepts electron density from the metal into the antibonding σ*-orbital of the C-H bond.
This indicates that electron withdrawing groups on the ligand will facilitate the rate of
cyclometalation.[2]

Scheme 4 Cyclometalation through oxidative addition of the Caryl-H bond.

1.3.2 Electrophilic Metalation-Deprotonation
This mechanism closely resembles aromatic electrophilic substitution reactions as
applied in classical organic chemistry.[23] Generally, electron-poor late transition metals,
such as palladium or platinum, are involved in electrophilic bond activations.[2] The
π-electrons of the aromatic ring attack the electrophile, in this case the electron-poor
metal center, creating a σ-complex, also called arenium ion or Wheland intermediate.[24]

Scheme 5 Electrophilic aromatic substitution via Wheland intermediate.

The formation of Wheland intermediates were detected in e.g. NCN-pincer
platinum complexes by van Koten et al.[25] This is the slow step of an aromatic
substitution due to the disruption of the aromaticity. The π-complex or η2-coordination
mode, which usually precedes the actual bond formation towards the arenium ion in
organic electrophilic substitution, is generally not observed in cyclometalation reactions,
but does occur in other C-H bond cleaving reactions based on arenes[26-29] and even
heteroaromatics such as pyridines.[30],[31] The existence of this intermediate can be
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discussed, but most cyclometalation reactions exploit directing ligands such as acetate
ions, which will activate the C-H bond, making the direct formation of a σ-complex more
plausible.[2] The partial positive charge of the Wheland intermediate is delocalized over
the five aromatic carbon atoms after which the metallacycle is formed by elimination of
HX restoring the aromaticity, as indicated in Scheme 5. This proves an electrophilic
mechanism but does not exclude an agostic interaction as they are closely related
mechanisms.[21]

1.3.3 Agostic Interactions
As stated above, an agostic C-H bond activation is closely related to the
electrophilic metalation-deprotonation mechanism as this bond activation is also
electrophilic in nature. Nevertheless, the difference is found in the intermediate species,
which is not always detected in cyclometalation reactions. The three-center two-electron
bond can occur when two electrons involved in the C-H bond are shared with an empty
d-orbital of a highly electrophilic metal center, which is usually stimulated by hydrogen
bonding with the coordinated base. For instance, cyclometalation of dimethylbenzylamine with Pd(OAc)2 proceeds via an agostic interaction as calculated by Davies et al.,
followed by a facile H-transfer to the coordinated acetate ligand. Pd(II) provides an
electrophilic activation of the aromatic C-H bond, followed by a deprotonation via the
intramolecular base.[32] Milstein et al. have actually isolated a rhodium complex based on
a PCP-pincer complex with an η2 agostic C-H bond (Figure 2).[18]

Figure 2 Agostic C-H bond activation described by Milstein et al. as an example.

In an agostic complex, the C-H bond is elongated and the M-H distance is shorter,
compared to the electrophilic substitution as discussed above, and the M-C-H bond angle
is expected to be wider.[2] A general method for determining whether an agostic
interaction occurs or if the mechanism is driven by an electrophilic substitution via an
arenium intermediate, is by investigating the rate of cyclometalation of a small library of
substituted aromatic ligands. If the rate of cyclometalation is not influenced by electron
donating or withdrawing substituents on the ring, an agostic interaction with low charge
distribution as compared to the arenium ion is assumed.[18]
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1.4 Application of Cyclometalated Products
This versatile reaction provides a number of organometallic compounds with wide
application potential ranging from organic transformations[33-36] to catalysis[11],[37] and even
material science.[38] The aim of this research is on the latter as functional coordination
compounds can be very promising for future applications in anticancer agents [39] or
organometallic light-emitting diodes[40],[41] and even energy transfer reactions.[41-43] Some
highlights on the wide variety of applications will be discussed below. These examples
are based on transition metal complexes of extensively applied pyridine derivatives, such
as 2-phenylpyridines (ppy),[44] bipyridines (bpy)[45] and terpyridines (terpy).[46]

1.4.1 Water Oxidation Catalysts
With the increasing need for energy and the depleting fossil resources, the
production of CO2-free, non-polluting renewable fuels is one of the biggest challenges of
recent times. A significant contribution towards the green energy demand could derive
from the hydrogen production during artificial photosynthesis, where water oxidation
(Scheme 6) is still the limiting factor.[43] This concept is based on natural photosynthesis
carried out by green plants, algae and cyanobacteria to sustain life processes and is
divided into two cycles. The dark reaction (Calvin cycle) transfers CO2 into building
blocks for the cell and is combined with the light cycle in Photosystem II, where water is
oxidized to dioxygen making use of light energy. These two processes are linked by
energy (ATP) transfer as well as by multiple sequential single-electron transfer with
elimination of protons.[47]

Scheme 6 The water oxidation half reaction in natural photosynthesis.

To convert the approximately 120 000 terawatt of energy from the sun into a usable
form is very difficult, but also very promising as this energy content is a multitude of the
world’s demand.[48-50] The (photo-)oxidation of water into molecular oxygen, electrons
and protons is a complex half reaction which requires a potential much higher than the
thermodynamically expected value. Therefore, developing an efficient catalyst for water
oxidation is a key task. Such studies are usually performed in the presence of cerium(IV)
ammonium nitrate (CAN) as sacrificial oxidant, because catalyst systems based on this
one-electron oxidant show promising adaptation towards light-driven systems. The
formed protons and electrons can subsequently be used in another catalytic cycle to
8
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produce the desired H2 fuel. As this part of the artificial photosynthesis is already well
studied, the focus lies on the development of an efficient water oxidation catalyst.[51-53]
In the early eighties, the first homogeneous water oxidation catalyst was reported
by Meyer et al. and was based on a ruthenium(III) dimer.[54],[55] More recently,
mononuclear complexes that act as catalyst in water oxidation have been reported,
including complexes based on other transition metals such as iron(II),[56] cobalt(III)[57] and
platinum(II).[58] Unfortunately, they do not contain all the requirements for a robust
catalyst with a long-life activity.
Bernhard et al. were the first to describe an active homogeneous water oxidizing
catalyst based on iridium, bearing two 2-phenylpyridine ligands (Figure 3, left). The
strong carbon-iridium bond makes these complexes very robust under typical reaction
conditions and the HOMO energies and corresponding oxidation potentials can be tuned
by introduction of different substituents on the cyclometalated ligand.[52] The discovery of
the previously described Ir(III)-complexes lead to an increasing interest and subsequent
research in this field, including Cp*Ir-complexes as developed by Crabtree et al.[53],[59] as
well as Macchioni et al.[51],[60] (Figure 3). The 1,2,3,4,5-pentamethylcyclopentadienyl ligand
(Cp*) could probably stabilize the necessary high-valent species in the catalytic cycle due
to the high electron density on this ligand. Cp*Ir-complexes can easily be synthesized
from commercially available [Cp*IrCl2]2 and showed an improved activity. More research
groups focus on Cp*Ir-complexes, including the groups of Bernhard, Albrecht[61] and
Hetterscheid,[62-63] in search of the most active, solar-driven water oxidation catalyst with
a long life-time as well as an easy and cheap synthesis.

Figure 3 Ir(III)-based water oxidation catalysts reported by Bernhard et al.(left), Crabtree et al. (middle) and
Macchioni et al. (middle and right).

Unfortunately, it is very difficult to directly compare the catalytic activities of these
diverse Ir-complexes, as different methods are reported to measure the degree of
oxidation, and a full kinetic investigation should be performed. This includes e.g.
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measuring the depletion of Ce(IV) through UV-Vis spectroscopy, detecting the oxygen
which is evolved directly on a Clark electrode, and volumetry of the evolved oxygen in a
graduated Mohr bottle.[51] [Cp*Ir(ppy)Cl] as discovered by Crabtree was considered the
benchmark compound and resulted in a turn-over frequency (TOF) of approximately
15 min-1 by detecting the oxygen evolution of a solution containing 1 μM catalyst.[64-66]
Also the formation of colloidal IrO2 needs to be taken into account for interpreting
the true nature of the catalyst in each case.[64-66] To distinguish between homogeneous and
heterogeneous oxidation catalysis, time-resolved dynamic light scattering (DLS) was
used. This method indicated that the 2-phenylpyridine ligand, amongst other chelate
ligands, was effective in preventing nanoparticle formation.[67]
The mechanism of water oxidation was profoundly investigated by Meyer et al. on
mononuclear ruthenium catalysts, which showed that the critical O-O coupling was done
by intermolecular water attack on the [RuV=O]3+ intermediate.[68] The derived mechanism
on the Cp*Ir catalysts as proposed by Macchioni et al. is shown in Scheme 7.[51]

Scheme 7 The main catalytic cycle postulated for iridium-catalyzed water oxidation by Macchioni et al.[51]

The plausible reaction mechanism involves oxidation of the [LmIrIII-OH2]+c
intermediate by Ce(IV) via two successive proton coupled electron transfer (PCET) steps
towards [LmIrV=O]+c which is indicated to be the active species. A subsequent attack of a
water molecule results in the peroxo intermediate [LmIrIII-O-OH]+c-1 and proton transfer is
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assisted by an additional water molecule.[53] Another PCET process and oxidation
influenced by Ce4+ yields the desired oxygen through an [LmIr(η2-O2)] complex and the
catalyst is recovered by coordination of water. Nevertheless, an intramolecular attack of
the superoxide O2 ligand at the Cp* moiety can occur in the [LmIr(η2-O2)] intermediate,
resulting in an oxidative degradation. This is favored by a η 1 coordination mode of O2
and an excess of Ce(IV), which is why the highest performance should be obtained by
applying electron donating monodendate ligands.[51] Consequently, a lot of parameters
can be varied in the catalytic cycle which have to be studied in each individual case.

1.4.2 Phosphorescent Transition Metal Complexes in OLEDs
As 19% of the world’s electricity consumption consists of lighting applications,
highly efficient light sources, such as organic light-emitting devices (OLEDs), have been
put forward as one of the most promising solutions in lowering the energy
consumption.[41] In this respect, cyclometalated octahedral Ir(III) complexes are usually
based on 2-phenylpyridine derivatives and have gained a lot of attention for application
in OLEDs due to their unique photopysical properties.[69],[70]
In general, an OLED consists of an emissive layer sandwiched between a cathode
and an anode, which is usually coated on a substrate or support such as plastic, glass or
foil. When a current is applied, electrons from the cathode are injected in the LUMO level
of the emissive material and holes are inserted in the HOMO level. The recombination of
the electron and the hole will lead to an exciton, which will emit light upon deactivation
to the ground state. Usually, the OLED can be improved by applying a multilayer device
as for instance a conductive layer between the emissive layer and the anode will prevent
non-radiative deactivation.[41] In this competitive process, the energy of the electronic
excited state is dissipated to the surrounding molecules as vibrational (thermal) energy,
which is common in purely organic systems, where the rate of phosphorescence is too
slow. Organometallic complexes are favored in these devices as phosphorescent
complexes can theoretically achieve electro-luminescence efficiency up to 100% in
comparison to 25% per trapped exciton for typical singlet emitters.[40] Examples include
complexes of Ru(II),[45] Os(II),[71] Pt(II)[72] and others[71],[73],[74] (Figure 4) from which the
redox-potentials and emission energies have been extensively studied.
In particular, phosphorescent Ir(III)-complexes attract a lot of interest due to their
high phosphorescence quantum yield (Φp = 0.1-0.9)[75],[76] and relatively short excited state
lifetimes (τp in the μs region).[77] Together with their good thermal as well as photo-
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stability and an efficient spin-orbit coupling due to the heavy Ir(III) atom, which leads to
a good mixing of the singlet and triplet states, Ir(III) complexes are widely studied. [70],[71]

Figure 4 Examples of organometallic complexes based on various metals used in OLEDs.

Especially the green emitter fac-[Ir(ppy)3] (Figure 4), initially discovered as sideproduct of [Ir(ppy)2Cl]2 in the reaction of 2-phenylpyridine with hydrated IrCl3, caused
an enormous increase in the interest of these complexes.[78] The cyclometalated 2-phenylpyridine ligands provide not only an easy way for tuning the electrochemical properties
(and color) by introducing substituents, but also have a rigid ligand framework, which
minimizes radiationless decay.[79] A whole variety of cyclometalated Ir(III) complexes are
studied intensively on their performance in OLEDs including homoleptic[80] as well as
heteroleptic[81] [Ir(C^N)n] complexes in neutral, anionic[82] or cationic[83] form. In Figure 5,
only a small fraction of possibilities is represented, indicating that the strategy of
introducing substituents to tune the color of emission is abundant in literature. [84],[85]

Figure 5 Selected examples of neutral and charged Ir(III) complexes with promising photophysical
properties.

To understand what drives the efficiency of these complexes in OLEDs a closer look
at the molecular photochemistry of metal complexes is necessary. This is based on
several transitions, depending on the occupation and energy level of the molecular
orbitals as shown in Figure 6. Excitation of an electron from the metal t2g orbitals to the
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empty metal eg orbitals or metal-centered (MC) transitions is predominant for first row
metals. More important for cyclometalated Ir(III) complexes based on 2-phenylpyridine
are the ligand-centered (LC) excitations which is common for aromatic ligands with
extended π and π* orbitals as well as the metal-to-ligand charge transfers (MLCT). The
latter transition is due to the fact that the strong σ-donating metalated carbon atom,
together with the π-accepting heteroatom can lead to strong ligand field strength,
increasing the d-orbital splitting, creating a larger gap between the eg orbitals of the
iridium and the LUMO of the ligand. This together with the large spin-orbit coupling of
Ir(III) has a synergetic effect in the corresponding photophysics, e.g. it enhances the ease
of oxidation of the metal center[86] with high-energy MC exited states and relatively lowenergy MLCT excited states.[9],[87],[88]

Figure 6 Example of a simplified molecular orbital diagram for an octahedral d6 metal complex bearing
2-phenylpyridine ligands in C3-symmetry. Possible transitions: LC = ligand-centered, MC = metal-centered,
MLCT = metal-to-ligand charge transfer, LMCT = ligand-to-metal charge transfer, ISC = intersystem
crossing and Em = emission. 1: singlet state and 3: triplet state.[41]

Due to the strong metal-carbon bonds, the HOMO of this class of complexes is
delocalized on the metal as well as the cyclometalating ligand, which has been indicated
by various TD/DFT calculations.[89] Therefore, the general classification as MC or MLCT
cannot always be applied when dealing with cyclometalated complexes, but the basics
prevail.[9],[41],[88] Singlet-singlet absorptions of the type LC and 1MLCT as indicated in
Figure 6 are allowed as there is no spin change and exhibit a large extinction coefficient,
opposed to singlet-triplet absorptions. Subsequent spin flip during intersystem crossing
(ISC) is promoted by the strong spin-orbit coupling and is followed by a spin-forbidden
radiative deactivation called phosphorescence in high quantum yields. Competitive
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processes are non-radiative decay and self-quenching, which have to be reduced to
obtain high luminescence efficiencies.[9],[40],[41],[88]

1.5 Phosphinines
The strategy of this research is to rescale the above mentioned examples and
concepts to an analogous chemistry based on phosphinines (phosphabenzenes,
phosphorins), the higher homologues of pyridines. This is expected to lead to
significantly different properties, due to the electronic difference that exists between
nitrogen and phosphorus. Such novel systems might open up new possibilities for the
application of such aromatic phosphorus heterocycles in homogeneous catalysis and in
functional molecular materials.
Phosphinines are six-membered heterocycles, containing a low-coordinate, trivalent
phosphorus atom and were first synthesized by Märkl in 1966. The original synthetic
procedure to access λ3-2,4,6-triphenylphosphinine via the pyrylium salt route is indicated
in Scheme 8.[90] Later it was shown that this route is a versatile and modular procedure
since it allows specific derivatization and functionalization at the aryl-moiety.
Functionalized pyrylium salts are obtained from substituted acetophenones and
benzaldehydes and thus various substituents can be incorporated into specific positions
of the 2,4,6-triarylphosphinine core. This allows tuning of the ligand properties at
molecular scale and makes this a highly valuable route towards novel 2,4,6-triarylphosphinines.[91-100] The positively charged oxygen atom of a pyrylium salt is
subsequently exchanged for a phosphorus atom. Initially, Märkl employed P(CH2OH)3 as
phosphorus source but P(SiMe3)3 and PH3, for example, are also reported. The latter
P-source is highly toxic making the use of it much less attractive. Incorporation of the
reactive P=C double bond into an aromatic system gave access to this new, unusual
group of phosphorus-containing compounds, which can nowadays be tuned to some
extend in a straightforward way.[101],[102]

Scheme 8 Modular synthesis of 2,4,6-triarylphosphinines through the pyrylium salt route.
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Phosphinines are Hückel-aromatic compounds, with a theoretical aromaticity as
high as 88% of benzene.[103] λ3-2,4,6-triphenylphosphinine typically show a chemical shift
in the 31P{1H} NMR spectrum at around δ = 180-200 ppm and a characteristic doublet in
the 1H NMR spectrum at around δ = 8.0-8.5 ppm with a coupling constant of about
J(H,P) = 6.0 Hz, due to the coupling of the peripheral protons with the phosphorus atom.

3

Their electronic properties are significantly different compared to the nitrogen containing
counterparts as indicated in Figure 7. The diffuse, less-directional lone pair on the
phosphorus atom is essentially represented by the HOMO-2, which is lower in energy
level compared to the lone pair in pyridines situated in the HOMO. Consequently,
pyridines are better σ-donors in contrast to phosphinines. The energetically low-lying
LUMO of phosphinines has a large coefficient on the phosphorus atom and enables the
heterocycle to act as a strong π-acceptor, once coordinated to the metal through the
phosphorus atom.

Therefore,

phosphinines

preferentially

stabilize

electron-rich

transition metals, while pyridines are more suitable for σ-coordination to metals in
higher oxidation states.[101],[104-106] Tolman’s electronic parameter χ (chi), used to quantify
electronic properties of monodentate ligands, confirms the π-accepting nature of
phosphinines similar to phosphites.[107]

Figure 7 Frontier orbitals of phosphinine (left) and pyridine (right) with corresponding energy-levels. The
red lines are the molecular orbitals representing the lone pairs. [100]
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In contrast to classic phosphorus containing ligands, which possess trivalent
phosphorus centers, the steric properties of phosphinines should not be described by
Tolman’s cone angle θ. This characteristic value determines the volume around the metal
center which is occupied by a ligand. As phosphinines are planar, their steric properties
are characterized by the two-dimensional occupancy angles α and β instead of a cone
(Figure 8). In this respect, phosphinines are more related to pyridines or N-heterocyclic
carbenes as to for instance phosphines or phosphites.[107]

Figure 8 Steric properties of 2,4,6-triarylphosphinines.[100]

Due to the ambidentate properties of phosphinines, different coordination modes
can be obtained, while η1-coordination and a η6-mode or a combination of both are the
most occurring ones (Figure 9). Phosphinines can coordinate in an η6-mode, due to a
contribution of the π-electrons of the HOMO-2, the HOMO-1 and the HOMO which are
close in energy. Generally, early transition metals in high oxidation state favor
η6-coordination but also steric factors play an important role.[108],[109]
On the other hand, the lone pair at the phosphorus atom represented by the
HOMO-2 is suitable for σ-coordination to the metal center. This η1-coordination is
predominant and generally observed with late transition metals in low oxidation states,
due to the efficient π-backbonding into the empty LUMO orbitals of the phosphinine
ligand. The majority of published X-ray data for phosphinine σ-complexes therefore
contain metal centers in formal oxidation states of 0 and +I. Even highly reduced species
of the type [(phosphinine)MLn]- and [(phosphinine)MLn]2- are known to be stabilized by
the π-accepting phosphinines.[104-106],[110],[111]

Figure 9 Common coordination modes of phosphinines.[100]
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Alternatively, it is challenging to coordinate phosphinines to transition metal
centers in oxidation state +2 or higher. Before this research started, only two
crystallographically characterized phosphinine-M(II) complexes were known in literature
and were based on Ru(II) (Figure 10).[112],[113]

Figure 10 Unprecedented coordination of phosphinines to Ru(II).

In order to form a strong bond with an electrophilic metal center, the phosphorus
lone pair, which has strong s-character in the non-coordinated phosphinine, must gain
considerably in p-character upon coordination. This leads to an opening of the internal
C-P-C angle, which reflects a significant disruption of the aromaticity of the heterocycle
and a concomitant increase of the partial positive charge at the phosphorus atom occurs.
Consequently, the phosphinine core behaves similar to a cyclophosphahexatriene,
containing a highly reactive P=C double bond, which makes them extremely sensitive
towards nucleophilic attack.[113],[114] This hampers the synthesis, characterization and
application of phosphinine-based coordination compounds, as was already studied by
Venanzi et al. The reactivity of their cationic NIPHOS containing Pd(II) and Pt(II)
complexes was so high, that these complexes reacted immediately with traces of water or
alcohols to form dihydrophosphinine-metal complexes according to Scheme 9.[114]

Scheme 9 Formation of dihydrophosphinine by nucleophilic attack on NIPHOS-based complexes.

Coordination of phosphinines to metal centers in medium-to-high oxidation states
would provide new perspectives in the field of phosphorus-containing molecular
materials and (photo)catalysis.[114] One strategy for achieving the access to for instance
phosphinine-Ir(III) complexes, is to enforce coordination by using the chelate effect.
Chelating polydentate phosphinines can prevent ligand dissociation, which makes it
17
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possible to stabilize transition metal centers in medium-to-high oxidation states that can
be suitable for application in functional molecular materials or devices.[115],[116] Moreover,
the additional aryl-substituent in ortho-position of 2,4,6-triphenylphosphinine could
contribute to a significant kinetic stabilization by shielding the reactive double bond.
Unique electronic properties, modularity of synthesis and ligand stability are a few
reasons why phosphinines could be interesting as potential ligands for transition-metal
catalyzed (photo)chemical reactions.

1.6 Scope of Phosphinine Cyclometalation
The scope of this research is to investigate whether it is possible to achieve C-H
activation of phosphinines by cyclometalation and to determine the properties of such
novel coordination compounds. This research is very challenging due to the fact that
transition metals with medium-to-high oxidation states have to be accessed for possible
applications in functional molecular materials and (photo)catalysis, which is mismatched
with the π-accepting properties of phosphinines. A general overview of the possibilities
to cyclometalate phosphinines via C-H activation is given in Chapter 2, together with a
reactivity study on phosphinine-M(III) complexes. This will be compared with their
pyridine counterparts and will show a significant difference between these structurally
related aromatic heterocycles.
To understand the mechanism of phosphinine cyclometalation by an Ir(III) metal
center and the influence of substituents, a small library of substituted phosphinines was
synthesized and applied in the cyclometalation reaction in Chapter 3. This gave insight in
the rate and regioselectivity of the phosphinine cyclometalation as well as predictions on
the mechanism. Additionally, a kinetic investigation based on isotopic displacement on
the 2,4,6-triarylphosphinine was performed to study the mechanism and rate-distribution
between certain key steps.
As the pyridine-based cyclometalated Ir(III) complexes have shown to be
interesting compounds for water oxidation reactions, while the TOF of typical water
oxidation catalysts can be improved substantially, our strategy was to investigate
phosphinines in coordination compounds similar to the bench mark complex
[Cp*Ir(ppy)Cl]. This will be discussed in Chapter 4, together with some essential
properties of the complex to apply it in these types of reactions.
In Chapter 5, the research on C-H activation is extended to homoleptic
phosphinine-Ir(III) complexes and an attempt was made to cyclometalate three
phosphinines by one Ir(III) center. Preliminary results on their photophysical properties
18
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were investigated for potential application as triplet-emitters in OLEDs. Additionally, the
synthesis of homoleptic Ir(III)-complexes was compared with their nitrogen analogue.
Furthermore, the possibility of introducing substituents on the phosphorus analogues of
[Ir(ppy)3] was investigated in this chapter.
As the modular synthesis route via pyrylium salts also allows the synthesis of
π-accepting diphosphinines, PCP-coordination through C-H bond activation was
investigated in Chapter 6. This ligand backbone is similar to well-known anionic PCP
pincer ligands containing diphosphines and diphosphites often coordinated to palladium
and applied in C-C coupling reactions. Various metal centers were used, including Pd(II)
and Ir(III).
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Unprecedented Formation of 2,4,6-Triphenylphosphinine-Based
Cyclometalated Ir(III) and Rh(III) Complexes via C-H Bond
Activation

Abstract: C-H activation of 2,4,6-triphenylphosphinines by Ir(III) and Rh(III) was achieved, resulting in
the first reported neutral phosphinine-M(III) complexes. Time-dependent 31P{1H} NMR spectroscopy gave
insight into the cyclometalation reaction and the corresponding coordination compounds were
characterized by means of X-ray crystallography. The reactivity of the novel cyclometalated complexes
towards the addition of water was investigated and compared with the analogous cationic complexes based
on the bidentate 2-(2’-pyridyl)-4,6-diphenylphosphinine ligand. In contrast, 2,4,6-triphenylpyridine does
not show any cyclometalation using the same reaction conditions, demonstrating a remarkable difference in
reactivity between these two structurally related aromatic heterocycles.
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Chapter 2

2.1 Introduction
Cyclometalated transition metal complexes find widespread application in various
areas of chemistry, for which they have attracted considerable interest in the last
decades.[1] Especially in the field of functional coordination compounds, the
intramolecular C–H activation of 2-phenylpyridines by d6-metals finds application in
molecular materials and optoelectronic devices for solar energy conversion, as well as for
catalysts in water oxidation reactions (type A, Figure 1).[2-4] Replacing the pyridine unit
by their phosphorus analogue might create new opportunities for the development of
novel functional coordination compounds, which show completely different properties.

Figure 1 Cyclometalated coordination compounds (A and B) and 2,4,6-triphenylphosphinine (1).

The replacement of the σ-donating pyridine subunit by a more π-accepting
λ3-phosphinine entity[5],[6] in similar structures causes significantly different properties
due to the electronic difference that exists between these heterocycles, as explained in
Chapter 1. Consequently, π-accepting phosphinines are particularly suitable for the
stabilization of late transition metal centers in low oxidation states.[7-11] On the other hand,
the coordination of phosphinines towards metal centers in medium-to-high oxidation
states with reduced π-backbonding ability is challenging. To form a strong bond with an
electrophilic metal center, the phosphorus lone pair, which has strong s-character in the
non-coordinated phosphinine, must gain considerable p-character upon coordination.
This leads to an opening of the internal ∠C-P-C angle, which reflects a significant
disruption of the aromaticity of the heterocycle, creating a highly reactive P=C double
bond.[12] In literature, multiple attempts to prepare such complexes have shown their
extreme sensitivity towards nucleophilic attack, making their straightforward synthesis,
handling, characterization and potential application rather unattractive.[13] In fact, until
three years ago, approximately 95% of the structurally characterized phosphinine-based
coordination compounds were complexes of transition metal centers in a formal
oxidation state +1 or lower.[12],[14] Nevertheless, access to such compounds would give rise
to new perspectives in the field of phosphorus-containing molecular materials and
catalysis.
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Recently, we demonstrated for the first time that neutral phosphinine-based Pd(II)
and Pt(II) complexes could be prepared and isolated. The formation and efficient kinetic
stabilization of such compounds was attributed to both the chelate effect and the aryl
group in 6-position of donor-functionalized 2,4,6-triarylphosphinines.[15],[16] Motivated by
these results, the potential reactivity for cyclometalation reactions of 2,4,6-triphenylphosphinine (1, Figure 1) as a phosphorus-derivative of 2-phenylpyridine was studied
(type B, Figure 1).[17] The reactivity of these novel cyclometalated complexes was further
examined and compared with their nitrogen counterparts.

2.2 Cyclometalated
Phosphinine

Iridium and Rhodium Complexes

Based on

Dinuclear metal precursors, such as [Cp*MCl2]2 (M = Ir, Rh), are commonly used in
cyclometalation reactions as a vacant coordination site is easily formed at the metal
center, promoting the coordination of a heteroatom.[18-21] Subsequent C-H bond activation
of 2-phenylpyridine derivatives by these metal precursors is usually assisted by
NaOAc·3H2O as internal base.[3],[22-24] Nevertheless, the presence of water had to be
excluded in this study as phosphinine-based transition metal complexes in medium-tohigh oxidation states are known to be highly reactive towards nucleophilic attack at the
P=C

double

bond.[12],[13],[15]

Consequently,

water-free

NaOAc

was

chosen

for

intramolecular activation of the C-H bond under inert atmosphere and a sterically
demanding aryl group was introduced in the ortho-position of the phosphorus
heterocycle in order to guarantee a steric protection of the P=C double bond.
After addition of two equivalents of 1 (Figure 1) and NaOAc relative to [Cp*IrCl2]2
in CD2Cl2, immediate coordination of the phosphorus-donor to the iridium center is
apparent from the 31P{1H} NMR spectra as a broad signal at δ = 133.0 ppm (Figure 2, 2)
and a doublet in the 1H NMR spectrum at δ = 8.03 ppm (3J(H,P) = 19.2 Hz), characteristic for
the two peripheral protons of the phosphinine-core can be observed. This is confirmed by
means of MALDI-TOF analysis, as complex 2 shows the composition C33H32Cl2IrP, which
corresponds to the monomeric P-coordinated neutral [Cp*IrCl2(1)] complex. Crystals
were grown by diffusion of Et2O into the reaction mixture to further characterize
complex 2. However, X-ray crystallography showed that the [Cp*IrCl2]2 dimer was
regenerated. This is in agreement with earlier observations that monodentate
phosphinines generally do not form stable coordination compounds with transition
metal centers in higher oxidation states related with their weak σ-donor properties.[7-11]
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Figure 2 Time-dependent 31P{1H} NMR spectra (CD2Cl2, 400MHz) for the NaOAc-assisted cyclometalation
of phosphinine 1 with [Cp*IrCl2]2 at T = 80°C. Timeframe varies with changes in concentration; full
conversion after ± 1.5 hours under standard reaction conditions (see experimental section).

The time-dependent

P{1H} NMR spectra (Figure 2) shows the compound

31

distribution when heating the previous described reaction mixture to T = 80°C in a sealed
Young NMR tube. This plot reveals the consumption of the neutral [Cp*IrCl2(1)]
complex 2 during the course of the reaction. Moreover, the free phosphinine ligand 1 is
detected as an intermediate with a chemical shift around δ = 185.5 ppm in the
31

P{1H} NMR spectrum. The peripheral protons of 1 show a doublet (3J(H,P) = 6.0 Hz ) at δ =

8.24 ppm in the 1H NMR spectrum, with a smaller coupling constant compared to the
coordinated species. Finally, gradual formation of a new phosphorus-containing
compound (3, Figure 2) with a 31P{1H} NMR shift of δ = 170.8 ppm was achieved. The
timeframe of the reaction turns out to be very sensitive to minor changes in
concentration, but full conversion is achieved after approximately 1.5 hours under the
standard reaction conditions (see experimental section). The asymmetry of the two
peripheral protons of the phosphorus heterocycle in the 1H NMR spectrum of 3 is
characteristic for a non-symmetrically substituted 2,4,6-triarylphosphinine, indicating
that the cyclometalation via C-H activation has indeed occurred. Two doublet of doublets
at δ = 8.35 ppm and δ = 8.01 ppm with slightly different coupling to the phosphorus atom
(3J(H,P) = 22.4 Hz, 21.6 Hz; 4J(H,H) = 1.6 Hz) can clearly be distinguished as indicated in
Figure 3.
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Figure 3 1H NMR spectra (CD2Cl2, 400MHz) of 2,4,6-triphenylphosphinine 1, monomeric P-coordinated
complex 2 and cyclometalated Ir-complex 3. Hp = peripheral protons at the phosphorus heterocycle with
J

3 (H,P)

coupling. Only the aromatic region is shown for clarity.

The X-ray crystal structure analysis of 3, obtained by slow diffusion of Et2O into the
reaction

mixture

in

CH2Cl2,

unambiguously

confirms

the

cyclometalation

of

2,4,6-triphenylphosphinine 1 by Ir(III) with elimination of NaCl and HOAc. The orange
crystals of the cyclometalated Ir(III)-complex 3 crystallizes in the non-centrosymmetric
space group P212121 (no. 19) with one independent molecule in the asymmetric unit
(Figure 4, Table 1). Nevertheless, since this reaction is not selective, it can be assumed
that crystals of both enantiomers are present as a racemic conglomerate. The formally
anionic bidentate phosphinine ligand apparently contributes via the chelate effect and the
kinetically stabilization of the phenyl group in ortho-position of the heterocycle to the
formation of the first crystallographically characterized phosphinine-M(III) coordination
compound reported in literature.
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Figure 4 Molecular structure of 3 in the crystal (left); Representation of the unit cell (right). Displacement
ellipsoids are shown at the 50% probability level.

Likewise, reaction of 1 with [Cp*RhCl2]2 and NaOAc in the ratio 2 : 1 : 2 in CH2Cl2 at
T = 80°C was performed in a Young NMR tube and resulted in a much slower and less
selective reaction under standard reaction conditions in contrast to the cyclometalation
with iridium. Moreover, monocoordination of phosphinine 1 to the rhodium-center
(Scheme 1, 4) can not be detected by 31P{1H} NMR spectroscopy, which is probably due to
a fast exchange process. An equilibrium of cyclometalated product 5 and free
phosphinine 1 in a ratio of 80:20 was obtained after eight hours at T = 80°C in a
concentrated reaction mixture (Figure 5) with no further conversion in a period of two
days. A slow initiation period of approximately one hour also indicates an equilibrium
with a high energy barrier between the starting materials and the P-coordination to the
metal center due to the poor σ-donor properties of the phosphinine.

Scheme 1 NaOAc-assisted cyclometalation of 2,4,6-triphenylphosphinine 1 with [Cp*MCl2]2 (M = Ir, Rh).
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Nevertheless, the pure cyclometalated Rh-complex 5 could be isolated by
crystallization in the same way as described for the iridium-analogue and shows a
doublet at δ = 208.8 ppm in the

P{1H} NMR spectrum (1J(P,Rh) = 187.8 Hz) and two
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doublets at δ = 8.34 ppm and 8.03 ppm, with coupling constants of respectively 3J(H,P) =
21.2 Hz and 18.8 Hz in the 1H NMR spectrum for the two peripheral protons (Hp) of the
phosphorus heterocycle. From the overall analysis of the data, a reaction sequence of the
formation of complexes 3 and 5 can be concluded according to Scheme 1 and an
elaboration on the mechanism will be provided in Chapter 3.
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Figure 5 Graphical representation of time-dependent 31P{1H} NMR spectra for the NaOAc-assisted
cyclometalation of phosphinine 1 with [Cp*RhCl2]2 at T = 80°C.
Conditions: CH2Cl2 = 0.6 mL, [Cp*RhCl2]2 = 52 mM, phosphinine = 103 mM, NaOAc = 116 mM.

Red crystals of 5 suitable for X-ray diffraction were obtained from a saturated
CH2Cl2 solution by slow addition of Et2O (Figure 6). The molecular structure essentially
resembles the one described for compound 3 although the Rh-complex crystallizes in the
centrosymmetric space group P21/c (no. 14). The selected bond lengths (Å) and angles (°)
of the first structurally characterized phosphinine-Rh(III) complex 5 are compared with
the Ir-analogue 3 in Table 1.
The molecular structures of the cyclometalated complexes display the characteristic
three-legged ‘‘piano-stool’’ arrangement around the metal center as shown in Figure 4
and 6.[21],[25],[26] When compared to the 2-phenylpyridine (ppy) analogues [Cp*M(ppy)Cl]
with M = Ir or Rh, the M-C(phenylene) bonds are similar as well as the bite angle of the
four complexes. The most pronounced difference is of course the M-heteroatom bond
due to the distinct properties of the two heterocycles as described in Chapter 1.
Moreover, the dihedral angle between the phenylene and the heterocycle are with 5.47°
for [Cp*Ir(ppy)Cl] and 2.95° for [Cp*Rh(ppy)Cl] smaller than those observed for the
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corresponding phosphinine-analogue (12.2(5)° for 3 and -5.21(15)° for 5).[21],[25] Essentially,
the coordinated phenyl group and the phosphinine ring are still considered to be
coplanar with respect to one another and contain an intercyclic C(5)-C(6) bond distance
of respectively 1.476(6) Å and 1.471(2) Å (Table 1).

Figure 6 Molecular structure of 5 in the crystal (left); Representation of the unit cell (right). Displacement
ellipsoids are shown in the 50% probability level.
Table 1 Selected bond distances (Å) and angles (°) of the X-ray structures 3 and 5.
Compound
M(1)-Cp*(cent.)
M(1)-Cl(1)
M(1)-P(1)
Ir(1)-C(7) / Rh(1)-C(11)
P(1)-C(1)
P(1)-C(5)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
C(7)-Ir(1)-P(1) / C(11)-Rh(1)-P(1)
C(1)-P(1)-C(5)
P(1)-C(5)-C(6)-C(7) / P(1)-C(5)-C(6)-C(11)
P(1)-C(1)-C(12)-C(13) / P(1)-C(1)-C(12)-C(17)

3 (Ir)
1.861
2.3902(12)
2.2397(11)
2.077(4)
1.724(4)
1.724(4)
1.411(6)
1.388(6)
1.407(6)
1.391(6)
1.476(6)
78.74(13)
105.7(2)
12.2(5)
-140.2(4)/40.7(6)

5 (Rh)
1.858
2.3931(4)
2.2156(4)
2.0685(15)
1.7176(16)
1.7158(15)
1.395(2)
1.399(2)
1.407(2)
1.388(2)
1.471(2)
78.26(4)
105.77(7)
-5.21(17)
-44.1(2)/134.79(15)

The P(1)-C(1) and P(1)-C(5) bond lengths in complexes 3 and 5 are slightly shorter
than in the free 2,4,6-triphenylphosphinine ligand (1.74-1.76 Å),[27-29] whereas the carboncarbon bond lengths in the aromatic phosphinine unit (1.388(6)-1.411(6) Å in 3 and
1.388(2)-1.407(2) Å in 5) do not change significantly upon coordination. Most clearly, the
metal centers are not located in the ideal axes of the phosphorus lone pair but are shifted
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to the formally anionic carbon atom (C(1)-P(1)-Ir(1) = 139.69(16) > C(5)-P(1)-Ir(1) =
108.73(15); C(1)-P(1)-Rh(1) = 143.16(5) > C(5)-P(1)-Rh(1) = 110.77(6)). Evidently, this effect
is necessary for an efficient complexation of the metal by the chelating (P,C)-ligand 1 and
is facilitated by the diffuse and less directional lone pair of the low-coordinate
phosphorus atom. Moreover, the non-metalated aryl rings in α-position of the
phosphinine cores are shifted away from the coordination site and are additionally
rotated out of the plane of the P-heterocycles (40.7(6)° for 3 and -44.1(2)° for 5). In this
way, the P-ligating ability of 2,4,6-triphenylphosphinine is apparently not influenced as
dramatically as observed for phosphinines containing Me3Si-substituents in orthoposition. Those compounds usually show a preference for η6-coordination via the
aromatic ring, rather than for η1-coordination via the phosphorus lone pair.[30],[31]
Additionally, in order to coordinate to a Lewis acidic metal center, the phosphorus
atom, which has a high s-character in the free ligand must gain in considerable
p-character. Therefore, the internal ∠C(1)-P(1)-C(5) angle of the phosphinine core
increases (Table 1) from approximately 100° in non-coordinated phosphinines,[27],[32] to
105.7(2)° for 3 and 105.77(7)° for 5. This leads towards a significant disruption of the
aromaticity and consequently a high reactivity of the P=C double bond is expected.
Nevertheless, both cyclometalated complexes 3 and 5 are unexpectedly stable under the
applied reaction conditions as they could easily be isolated, handled and characterized.
This phenomenon might be attributed to the steric protection of the P=C double bond by
the non-metalated phenyl group in 6-position of the heterocyclic framework.[15]

2.3 Reactivity Study of Phosphinine-M(III) Complexes
The reversibility of the cyclometalation reaction and the role of the base are
examined in this section, in order to study the influences on the C-H activation process.
Also the sensitivity of these cyclometalated complexes towards nucleophilic attack by a
protic reagent is studied and compared to their analogous complexes based on the
isoelectronic, neutral (P,N)-hybrid ligand. The effect of the substitution pattern of
phosphinines on the cyclometalation reaction will be described in Chapter 3, while the
exchange of the chloride-ligand by a neutral CH3CN-ligand is described in Chapter 4.
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2.3.1. Influence of NaOAc as Base
The presence of NaOAc turns out not to be essential for the C–H activation process
during the cycloiridation of 2,4,6-triphenylphosphinine 1. Heating a mixture of 1 and 0.5
equivalents of [Cp*IrCl2]2 in CH2Cl2 to T = 80°C in a closed Young NMR tube and
monitoring the solution by 31P{1H} NMR spectroscopy during the course of the reaction,
reveals consumption of 2 (δ = 133.0 ppm), similar to Figure 2. Moreover, exclusive
formation of the reaction product 3 (δ = 170.8 ppm), without the intermediate formation
of 1, as stated in the acetate-assisted route, is observed (Figure 7). However, the reaction
proceeds considerably slower compared to the cyclometalation process in the presence of
NaOAc and full conversion is not achieved as it reaches a maximum yield at
approximately 80% of 3 after 18 days under standard reaction conditions. Interestingly,
the C-H activation reaction is completely reversible as the equilibrium in the closed
system can be shifted to the starting material 2 within one day when the reaction mixture
is cooled down to room temperature. Therefore, the C-H activation of 2,4,6-triphenylphosphinine in the absence of NaOAc is an equilibrium reaction and can be driven to full
conversion by removing HCl under vacuum during the cyclometalation reaction.

Figure 7 Reaction scheme (top) and corresponding time-dependent 31P{1H} NMR spectra (bottom) for the
cyclometalation of 2,4,6-triphenylphosphinine 1 with [Cp*IrCl2]2 in the absence of NaOAc.
Conditions: CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine = 103 mM, NaOAc = 116 mM.
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As the presence of NaOAc seems to accelerate the cyclometalation of 3, the acetateassisted C-H activation is presumably electrophilic in nature, similar to the mechanism
proposed for the reaction of [Cp*MCl2]2 with nitrogen-containing substrates.[20-24],[33]
Further elaboration on this mechanism can be found in Chapter 3, where it will be
studied in more detail based on a wider range of substituted phosphinines as well as
employing isotopic substitution experiments and theoretical calculations.
Quite the opposite is found when the Rh-dimer is used as metal precursor, as no
coordination of phosphinine 1 to [Cp*RhCl2]2 is observed under the standard reaction
conditions, regardless of the presence of NaOAc. This interesting difference between the
two group 9 metals is also reported for 2-acetylpyridine by Davies et al.[21] and even the
simple pyridine adduct [Cp*RhCl2(C5H5N)] turns out to be not stable in solution in the
absence of free pyridine.[34] Strikingly, no C-H activation could be detected at the RhIII
center in the absence of base, indicating that there is a higher barrier for cyclometalation
of phosphinines to RhIII in comparison to IrIII.

2.3.2. Reactivity of the P=C Double Bond Towards Nucleophilic Attack
As stated above, phosphinine coordination to metal centers in medium-to-high
oxidation states is very rare,[35] especially for metal centers with reduced π-backbonding
ability, as the aromaticity of the phosphinine ligand is disrupted in these species.
Consequently, the phosphinine core behaves similar to a cyclophosphahexatriene
containing a highly reactive P=C double bond, which is prone to nucleophilic attack.[13]
Nevertheless, complexes 3 and 5 can easily be prepared and characterized, indicating a
lower reactivity towards traces of water or alcohols compared to non-substituted
phosphinines. Moreover, the addition of water to the P=C double bond of the heterocycle
can occur in a syn or anti fashion, which would both lead to a mixture of diastereomers
through an attack on the re or the si side of the P=C double bond. Furthermore, there are
two P=C double bonds available for water to attack and, moreover, the transition metal is
a stereogenic center, creating a whole variety of possible isomers.
As shown by Müller et al.,[36] cationic complexes of the type [Cp*MCl(6)]Cl with M =
Ir (7) or Rh (8), based on the (P,N)-hybrid ligand 6, could also be synthesized and
subsequently reacted with water to compare the reactivity of these complexes (Scheme
2). This ligand is isoelectronic with the formally anionic 2,4,6-triphenylphosphinine 1
used in the here-described studies. .
At room temperature, the (P,N)-hybrid ligand 6 coordinates to Ir(III) and Rh(III)
according to Scheme 2, which is detected in the 31P{1H} NMR spectrum by an upfield shift
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of respectively Δδ(31P) = -31.0 ppm and Δδ(31P) = -3.0 ppm, leading to complex 7 with a
chemical shift at δ = 158.0 ppm and a doublet at δ = 186.0 ppm (1J(P,Rh) = 130 Hz) for
complex 8. Both compounds crystallize in the non-centrosymmetric space group P212121
(no. 19) similar to complex 3 (Figure 8).

Scheme 2 Bidentate coordination of (P,N)-hybrid ligand 6 and subsequent water addition reaction.

The opening of the internal ∠C(1)-P(1)-C(5) angle of the heterocycle upon
coordination to an electron poor transition metal deviates more for the cationic
[Cp*MCl(6)]Cl complexes (106.7(3)° for 7 and 106.64(12)° for 8 (see experimental section,
Table 3)) compared to compounds 3 and 5 (Table 1). This indicates a more substantial
disruption of the aromaticity and therefore a more reactive P=C double bond in
complexes 7 and 8.[15] However, these coordination compounds could easily be
synthesized and characterized. The reactivity towards water addition was furthermore
tested by adding approximately 19 equiv. H2O to the purified complexes 7 and 8
(Experimental Section).
Water adds instantaneously to 7 and 8 at room temperature, resulting in only one
resonance at δ = 58.0 ppm (9) and δ = 86.0 ppm (10) as observed by

P{1H} NMR
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spectroscopy. This observation excludes the formation of diastereomeric product
mixtures. Remarkably, the upfield shift is precisely 100 ppm for both complexes and the
exact composition was determined by means of X-ray diffraction. The molecular
structures in the crystal of 9 and 10 (Figure 8) unambiguously show the anti-addition of
H2O to the external P(1)=C(1) double bond in such a way that the OH group is pointing
to the other direction as the Cl ligand and interacts with the chloride anion through
hydrogen bonding. This regioselective addition is attributed to the slightly lower
nucleophilicity of C(5) compared to C(1), due to the electron withdrawing nature of
pyridine.[15]
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Figure 8 Molecular structure in the crystal of complexes 7 and 8 and corresponding water addition
products 9 and 10 (two CH2Cl2 solvent molecules are omitted for clarity). Displacement ellipsoids are
shown at the 50% probability level. Selected bond lengths (Å) and angles (°) are represented in the
experimental section (Table 3).

When water is added at room temperature to the purified cyclometalated
complexes 3 and 5 (Scheme 3), according to the same reaction conditions as used for
complexes 7 and 8, a slower reactivity of the P=C double bond was observed by timedependent 31P{1H} NMR spectroscopy (Figure 9, 11). This difference in reactivity between
the structurally related heterocycles was expected, as the metal center in the cationic
[Cp*M(6)Cl]Cl complexes is more electropositive and the internal ∠C(1)-P(1)-C(5) angle
of the phosphinine is larger. Consequently, the aromaticity is more disrupted for the
cationic complexes 7 and 8, and therefore an increase in the reactivity of the P=C double
bond is present.
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Scheme 3 Reaction of cyclometalated complexes 3 and 5 with H2O.

Time-dependent

31

P{1H} NMR data of the water addition to the cyclometalated

Ir(III) complex 3 is shown in Figure 9. This plot reveals a gradual consumption of the
starting complex 3 (δ(31P) = 170.8 ppm) during the course of the reaction, while four
intermediates are detected in the region between δ = 67.9 ppm and δ = 86.4 ppm. After
approximately 15 hours an equal amount of starting material and a new phosphoruscontaining product (δ(31P) = 98.7 ppm) was present in the sealed Young NMR tube, which
evolved to the water-addition complex 11 within approximately 70 hours at room
temperature under the reported concentrations (see experimental section).

Figure 9 Time-dependent 31P{1H} NMR spectra of the addition of water to complex 3 at room temperature.
Conditions: T = 20°C, CH2Cl2 = 0.6 mL, Complex 3 = 48 mM, H2O = 923 mM.

A similar time-dependent distribution is obtained when water is added to complex
5 at room temperature and both reactions are represented in Figure 10. Three minor sideproducts at δ(31P) = 69.6 ppm, 83.0 ppm and 86.4 ppm for 3 are not shown in the graphical
representation (Figure 10, left), due to the fact that these signals appeared within the
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range of error. For complex 5, the doublet at δ = 103.0 ppm (1J(P,Rh) = 145.8 Hz) in the
P{1H} NMR spectrum was considered marginal and is not taken into account in Figure

31

10 (right). This leaves one main intermediate at δ(31P) = 67.9 ppm for 3 and two significant
signals at δ(31P) = 107.2 ppm (d, 1J(P,Rh) = 161.5 Hz) and 108.6 ppm (d, 1J(P,Rh) = 160.5 Hz) for
5. Remarkably, these signals correspond to a chemical shift difference upon water
addition of approximately Δδ(31P) ≈ -100 ppm, similar to the upfield shift in complexes 9
and 10. This could be an indication that H2O-addition occurs in an anti-fashion to the
external P=C double bond, similar to their (P,N)-analogues 9 and 10, followed by a
change in conformation during the reaction time. This reaction sequence was also slightly
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Figure 10 Graphical representation of the addition of water to complex 3 (left) and 5 (right). Conditions:
T = 20°C, CH2Cl2 = 0.6 mL, Complex concentration = 48 mM, H2O = 923 mM.

Finally, after approximately 70 hours for 3 and 50 hours for 5, products 11 and 12
are selectively formed which can be seen in the 31P{1H} NMR spectra around respectively
δ = 98.7 ppm and δ = 141.4 ppm (d, 1J(P,Rh) = 156.0 Hz). The two characteristic resonances in
the 1H NMR spectrum for proton Ha and Hb of 11 can be observed at δ = 4.91 ppm (dd,
J

= 21.2 Hz, 3J(H,H) = 2.8 Hz) and δ = 6.20 ppm (ddd, 3J(H,P) = 21.6 Hz, 3J(H,H) = 3.2 Hz,

J

= 1.6 Hz), respectively and confirm the formation of a single H2O-addition product.

2 (H,P)
4 (H,H)

A syn-configuration is suggested as the chemical shift of the Ha proton as well as the
J

2 (H,P)

coupling constant are similar to the syn-[PdCl2(6H·OH)] complex, described by

Müller et al. before.[15] Nevertheless, to unambiguously determine the conformation of the
water addition products 11 and 12, X-ray analysis of suitable crystals is required.
Unfortunately, all attempts to crystallize both complexes failed at this point, as the
starting cyclometalated complexes 3 and 5 were recovered during crystallization in
various solvent mixture. Even low-temperature crystallization and slow precipitation did
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not lead to a sufficient purification for crystallization. Therefore, the exact configuration
could not be determined up to date. Based on previous results, an anti-addition to the
external P=C double bond is proposed as intermediate, which is most likely followed by
a shift in conformation to yield syn-[Cp*M(1H·OH)Cl] (M = IrIII 11 or RhIII 12).
Surprisingly, when the reaction mixture of the Ir(III) complex 11 was heated to T =
80°C, compound 11 splits off water and complex 3 is formed back again, indicating that
the water-addition reaction is reversible and can be directed by temperature. This very
interesting result was reproducible for at least four runs as indicated in Figure 11.
Apparently, room temperature favors the H2O-addition product 11, while T = 80°C
promotes the formation of complex 3. Further study on this novel and unusual reaction
pattern is necessary, to fully understand the reversibility of the water addition.

Figure 11 Reversibility of H2O-addition to cyclometalated Ir(III) complex 3 visible in 31P{1H} NMR
spectroscopy. Conditions: CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine = 103 mM, NaOAc = 116 mM.

With the aim of testing the concept of protecting the external P=C double bond for
nucleophilic attack by sterical hindrance, a phosphinine with two tert-butyl groups on
the 6-phenyl group of the phosphorus heterocycle was synthesized (13, Scheme 4).
Cyclometalation of 13 with [Cp*IrCl2]2 and NaOAc in a ratio of 2 : 1 : 2 in 0.6 mL CH2Cl2
selectively activates the unsubstituted phenyl group due to the bulky nature of the tertbutyl groups in both meta-positions of the 6-aryl group according to the standard reaction
profile. The monocoordinated complex is detected by 31P{1H} NMR spectroscopy at δ =
133.5 ppm. The intermediate free ligand 13 during the course of the reaction is observed
at δ = 190.1 ppm and the cyclometalated product 14 displays a singlet at δ = 169.4 ppm,
which is in the characteristic region of a cyclometalated phosphinine-Ir(III) complex. The
cyclometalation reaction was completed after approximately three hours at T = 80°C,
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which is considerably slower compared to the cyclometalation of unsubstituted
2,4,6-triphenylphosphinine 1, most likely due to the steric hindrance of the two tert-butyl
groups.

Scheme 4 Base-assisted cyclometalation of 13 followed by the addition of H2O.

Orange crystals suitable for crystallographic characterization were obtained by slow
diffusion of pentane into the reaction mixture of 14 diluted with THF. Complex 14
crystallizes in the space group P 21/c and the molecular structure in the crystal is shown
in Figure 12 along with the selected bond lengths (Å) and angles (°). The coordination
compound displays the characteristic three-legged “piano-stool” arrangement around the
metal center similar to complexes 3 and 5 (Figure 4 and 6). The bond lengths and angles
of complexes 3 and 14 are similar, except for the torsion angle P(1)-C(5)-C(6)-C(7) which
is with 0.8(2)° for 14 smaller compared to the reference compound 3 (12.2(5)°). This
coplanarity of the heterocycle and the cyclometalated phenyl group is in contrast to the
torsion angle between the non-cyclometalated aryl group and the phosphinine core. The
torsion angle is significantly larger for 14 (60.1(3)°) then for 3 (39.7(6)°) which is necessary
for an efficient coordination.
To study the reactivity of 14 towards water-addition, approximately 19 equivalents
of H2O were added to the standard concentration of complex 14 (δ(31P) = 169.4 ppm) in
CD2Cl2 at room temperature (Scheme 4). The time-dependent composition was followed
by means of 31P{1H} NMR spectroscopy, similar to the reference reaction of 3. Again, two
signals appear (δ(31P) = 68.3 ppm and 70.5 ppm) as intermediates, with a difference in
chemical shift of approximately Δδ(31P) = 100 ppm. Selective formation of one wateraddition complex 15 with a chemical shift in the 31P{1H} NMR spectrum at δ = 97.0 ppm
and the characteristic signals for the two protons in 1H NMR spectrum at δ = 4.90 ppm
(dd, 2J(H,P) = 21.4 Hz, 3J(H,H) = 3.0 Hz, Ha) and 6.18 ppm (ddd, 3J(H,P) = 21.4 Hz, 3J(H,H) = 2.8 Hz,
4

J(H,H) = 1.4 Hz, Hb) is reached only slightly slower compared to complex 11.
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Consequently, introduction of sterically demanding substituents in ortho-position of the
phosphinine heterocycle can cause indeed a minor kinetic stabilization of the
phosphinine-M(III) complex towards nucleophilic attack.

P(1)-Ir(1):
C7(1)-Ir(1)
P(1)-C1(1)
P(1)-C5(1)
C1(1)-C2(1)
C2(1)-C3(1)
C3(1)-C4(1)
C4(1)-C5(1)
C5(1)-C6(1)
Ir(1)-Cl(1)
Ir(1)-Cp*(cent.)
C7(1)-Ir(1)-P(1)
C1(1)-P(1)-C5(1)
P(1)-C(5)-C(6)-C(7/11)

2.2103(5)
2.076(2)
1.715(2)
1.720(2)
1.399(3)
1.396(3)
1.401(3)
1.387(3)
1.468(3)
2.4048(6)
1.866
78.75(6)
106.04(10)
0.8(2)

Figure 12 Molecular structure of 14 in the crystal (left) and selected bond lengths (Å) and angles (°) in the
table (right). Displacement ellipsoids are shown at the 50% probability level. One of two independent
molecules, which differ only in the conformation of the tert-butyl group at position C34, is shown.

As the chemical shift in the 31P{1H} NMR spectrum displayed a similar upfield shift
upon addition of water compared to 3 and 5, it is expected that water adds in a similar
fashion (anti-addition) to the external P=C double bond of the structurally related
complexes. Due to the chemical shift of product 15 in the 31P{1H} NMR spectrum as well
as the characteristic signals for Ha and Hb detected by 1H NMR spectroscopy, an
inversion of the stereochemistry at Cα is likely, resulting most probably in a product with
syn-conformation of H2O. Unfortunately, the exact configuration of the water-addition
product could not be determined as the starting material 14 crystallized from the reaction
mixture, instead of the desired product 15.
Moreover, heating the reaction mixture to T = 80°C shifts the equilibrium to the
right (Scheme 4), which is in clear contrast to the remarkable temperature-driven
reversibility of water addition between complex 3 and 11. This extraordinary result
indicates a significant difference between two very similar complexes, which needs
further investigation to fully understand the mechanism.
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2.4 Application of 2,4,6-Triphenylpyridine in the Cyclometalation
Reaction
Comparison of the reactivity of 2,4,6-triphenylphosphinine 1 with the nitrogen
analogous 2,4,6-triphenylpyridine 16,[3],[24],[37] points out that there is a significant
difference between the structurally related heterocycles. It turned out that the reaction of
16 with either [Cp*IrCl2]2 or [Cp*RhCl2]2 in the presence of hydrated or water-free NaOAc
at temperatures up to T = 80°C does not lead to the corresponding cyclometalated
products 17 and 18 (Scheme 5).

Scheme 5 Attempts to cyclometalate 2,4,6-triphenylpyridine 16 via C-H activation
using [Cp*MCl2]2 (M = Ir or Rh).

The applied reaction conditions are shown in Table 2, which indicate that even an
excess of base (entry 2 and 5) does not favor the cyclometalation reaction. Even after six
to eight days of heating, no cyclometalation is apparent from the 1H NMR spectra.
Nevertheless, the signals in the aliphatic region of the 1H NMR spectrum shift to a lower
field, indicating that the metal precursor most likely reacted with NaOAc, as shown by
other authors before.[20]
Table 2 Reaction conditions during cyclometalation reaction of the 2,4,6-triphenylpyridine 16.
Entry

Metal precursor

Base

T (°C)

t (d)

1

(Cp*IrCl2)2

2.0 equiv. NaOAc

50 - 80

6

2

(Cp*IrCl2)2

4.7 equiv. NaOAc

80

6.5

3

(Cp*IrCl2)2

2.6 equiv. NaOAc·3H2O

r.t. - 80

6

4

(Cp*RhCl2)2

2.0 equiv. NaOAc

80

8

5

(Cp*RhCl2)2

4.5 equiv. NaOAc·3H2O

80

7

Reaction conditions: 2 equiv. 2,4,6-triphenylpyridine; 1 equiv. (Cp*MCl2)2; solvent: CD2Cl2; Ar atmosphere.

However, the reaction of 2-phenylpyridine with [Cp*MCl2]2 is well studied.[3],[20-24],[33]
This demonstrates that the here observed lack of reactivity can only be attributed to steric
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factors. As a matter of fact, the phosphinine heterocycle is best described as a distorted
hexagon due to the longer P-C bonds, compared to the N-C bond lengths in pyridines, as
well as the smaller internal ∠(C-P-C) angle (Figure 13). As a result, the two phenyl
groups in ortho-position of the phosphinine framework are bend away from the
phosphorus atom, creating more space for the more diffuse and less directional
phosphorus lone pair (Figure 13, bottom) to coordinate in a σ-fashion to the transition
metal center and subsequent C-H activation occurred.
In contrast, 2,4,6-triphenylpyridine 16 has a more directional lone pair on the
nitrogen which is better shielded by the ortho-phenyl groups, reducing considerably its
accessibility. Apparently, the access is reduced to such a large extent that base-assisted
cyclometalation can not occur using [Cp*MCl2]2 as metal precursor.

Figure 13 Top: Schematic representation of steric factors of ligands 1 and 16 with average angles and bond
lengths. Bottom: Frontier orbitals displaying the lone pair of phosphinine (left, HOMO-2) and pyridine
(right, HOMO).

This is opposed to other metal precursors as for instance the square planar
geometry of Pd(OAc)2 does not retain 2-arylpyridines to cyclometalate.[38],[39] Moreover,
cyclopalladation of 2,4,6-triphenylpyridine 16 was recently reported by Müller et al.,
resulting in an acetato-bridged dimer.[40]
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2.5 Conclusions
An unprecedented C–H activation of π-accepting 2,4,6-triphenylphosphinine by
Ir(III) and Rh(III) precursors has been achieved in the presence of sodium acetate as base.
P{1H} NMR and

31

H NMR spectroscopic investigations gave insight in the

1

cyclometalation reaction and the corresponding coordination compounds were
characterized by means of X-ray crystallography. These compounds represent the first
examples of isolated and crystallographically

characterized

phosphinine–M(III)

complexes reported in the literature.
The absence of sodium acetate slows down the cyclometalation reaction at iridium
and, strikingly, creates a significant difference between iridium and rhodium, as no
cyclometalation of 2,4,6-triphenylphosphinine occurs with [Cp*RhCl2]2. Nevertheless, an
equilibrium between the monocoordinated and cyclometalated Ir(III)-complex was
detected and could be altered by changing the reaction temperature in a closed system.
These novel cyclometalated complexes were shown to be less reactive towards
water addition to the P=C double bond compared to the related complexes based on the
isoelectronic (P,N)-hybrid ligand. Moreover, only slight protection of the double bond
was obtained by introducing two bulky tert-butyl groups in meta-position of the 6-aryl
group. Nevertheless, a selective water addition was obtained in these systems, although
various addition products are possible due to the fact that water can add in a syn- or antifashion to two similar P=C double bonds via the re or the si side. Strong evidence points
to an anti-addition of water followed by an exchange to form the syn-product.
Unfortunately, the exact conformation could not be obtained, yet, as every attempt to
crystallize these complexes resulted in the starting complexes where H2O was eliminated
from the system. Remarkably, the water addition on the cyclometalated Ir(III)-complex
based on 2,4,6-triphenylphosphinine was found to be reversible and seemed to favor the
addition product at room temperature, while the starting complex is favored at T = 80°C.
The analogous reaction of 2,4,6-triphenylpyridine does not show any acetateassisted cyclometalation due to steric hindrance of the two ortho-phenyl groups,
demonstrating a remarkable difference in reactivity between the phosphinine and the
pyridine heterocycles. This observed novel reactivity mode of 2,4,6-triphenylphosphinine
might open up new perspectives for future applications in phosphorus containing
molecular materials as well as in homogeneous catalysis, which will be discussed in later
chapters.
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2.6 Experimental Section
All experiments were performed under an inert argon atmosphere, using standard Schlenk techniques or
in an MBraun dry box, unless stated otherwise. All glassware was dried prior to use by heating under
vacuum to remove traces of water. 2,4,6-Triphenylphosphinine[5] and 2,4,6-triphenylpyridine[37] were
prepared according to literature procedure. Metal precursors were used as purchased from the supplier.
The solvents were dried and deoxygenated using custom-made solvent purification columns filled with
Al2O3. The 1H, 13C{1H} and 31P{1H} NMR spectra were recorded on a Varian Mercury 200 or 400 MHz
spectrometer and chemical shifts are reported relative to residual proton resonance of the deuterated
solvents. Mass characterization has been performed by positive mode reflection MALDI-TOF using a
Voyager-DE PRO instrument. Elemental analysis were performed by H. Kolbe, Mikroanalytisches
Laboratorium, Mülheim a.d. Ruhr (Germany).
Chloro(η5-pentamethylcyclopentadienyl)(2,4,6-triphenylphosphinine-κP)iridium(III) (2)
A mixture of [Cp*IrCl2]2 (24.6 mg, 0.031 mmol, 1.0 equiv) and 2,4,6-triphenylphosphinine 1 (20.9 mg, 0.064 mmol, 2.1 equiv) was suspended in dichloromethane
(0.6 mL) and transferred to a Young NMR tube under argon. The complex was
obtained immediately at room temperature and characterized by NMR and MALDITOF. The orange reaction mixture was recrystallized by diffusion of diethyl ether in
the dichloromethane, but the starting Ir-dimer was obtained. 1H NMR (400 MHz,
CD2Cl2, 25°C) δ = 1.35 (15H, s, Me), 7.35-7.41 (7H, m, Harom), 7.44 (2H, t, 3J(H,H) = 7.4 Hz, Harom), 7.59-7.64 (6H,
m, Harom), 8.03 (2H, d, 3J(H,P) = 19.2, Hβ) ppm. 31C NMR (100 MHz, CD2Cl2, 25°C) δ = 8.9 (C5Me5), 94.3 (C5Me5),
127.8 (d, J(C,P) = 3.1 Hz), 127.9 (br s), 128.4, 129.2, 130.7 (br s), 139.4 (br s), 140.3, 140.5, 140.7 (d, J(C,P) = 4.7 Hz),
142.2 (d, J(C,P) = 12.1 Hz), 163.2 (d, J(C,P) = 17.2 Hz) ppm. 31P NMR (161 MHz; CD2Cl2, 25°C) δ = 133.01 ppm.
MALDI-TOF (m/z): 722.12 g/mol [M+].
rac-Chloro(η5-pentamethylcyclopentadienyl)(2-phenylene-κC2-4,6-diphenylphosphinine-κP)iridium(III) (3)
The compound was prepared according to a modified literature procedure.[24] A
mixture of [Cp*IrCl2]2 (24.6 mg, 0.031 mmol, 1.0 equiv), 2,4,6-triphenylphosphinine 1
(20,0 mg, 0.062 mmol, 2.0 equiv), and NaOAc (5.7 mg, 0.069 mmol, 2.2 equiv) was
suspended in dichloromethane (0.6 mL) and transferred to a Young NMR tube under
argon. The suspension was heated to 80°C for approximately 1.5 hours and monitored
by means of 31P{1H} NMR spectroscopy. The orange reaction mixture was filtrated over
celite and recrystallized by diffusion of diethyl ether into the dichloromethane solution. The cyclometalated
complex was obtained as dark orange crystals (40.9 mg, 96.7%). 1H NMR (400 MHz, CD2Cl2, 25°C) δ = 1.59
(15H, d, 4J(H,P) = 3.2 Hz, Me), 7.05-7.12 (2H, m, Harom), 7.39-7.43 (1H, m, Harom), 7.45-7.56 (5H, m, Harom), 7.657.70 (3H, m, Harom), 7.79-7.83 (1H, m, Harom), 7.84-7.86 (1H, m, Harom), 7.86-7.88 (1H, m, Harom), 8.01 (1H, dd,
3J(H,P) = 21.6 Hz, 4J(H,H) = 1.6 Hz, Hβ), 8.35 (1H, dd, 3J(H,P) = 22.4 Hz, 4J(H,H) = 1.6 Hz, Hβ) ppm. 31C NMR (50 MHz,
CD2Cl2, 25°C) δ = 9.1 (C5Me5), 96.6 (d, 2J(C,P) = 3.3 Hz, C5Me5), 120.1 (d, J(C,P) = 19.1 Hz, CH), 123.2 (CH), 127.8
(d, J(C,P) = 3.5 Hz, CH), 128.1 (d, 2J(C,P) = 9.7 Hz, C3/5), 128.5 (CH), 128.6 (CH), 128.7 (CH), 129.1 (CH) 129.2
(CH), 129.5 (CH), 134.9 (d, 2J(C,P) = 11.4 Hz, C3/5), 139.8 (d, 2J(C,P) = 25.3 Hz, Cquat), 140.3 (d, 3J(C,P) = 11.2 Hz,
Cquat), 140.6 (CH), 142.7 (d, 3J(C,P) = 5.3 Hz, C4), 144.5 (d, 2J(C,P) = 30.8 Hz, Cquat), 152.6 (d, 2J(C,P) = 28.0 Hz,
2/6-Ar(1’-C)), 154.0 (Cquat), 165.4 (d, 1J(C,P) = 42.9 Hz, C2/6) ppm. 31P NMR (81 MHz; CD2Cl2, 25°C) δ =
170.8 ppm. Elemental analysis calcd (%) for C33H31ClIrP · 0.08 CH2Cl2 · 0.31 C4H10O (715.58 g/mol): C 57.58,
H 4.82; found: C 57.60, H 4.86.
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rac-Chloro(η5-pentamethylcyclopentadienyl)(2-phenylene-κC2-4,6-diphenylphosphinineκP)rhodium(III) (5)
The compound was prepared according to a modified literature procedure.[24] A mixture
of [Cp*RhCl2]2 (19.2 mg, 0.031 mmol, 1.0 equiv), 2,4,6-triphenylphosphinine 1 (20.0 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.7 mg, 0.069 mmol, 2.2 equiv) was suspended in
dichloromethane (0.6 mL) and transferred to a Young NMR tube under argon. The
suspension was heated to 80°C for 8 hours (until 2 days) and conversion was monitored
by means of 31P{1H} NMR spectroscopy. The dark brown solution was filtrated over celite
and recrystallized by diffusion of diethyl ether in the filtrate to obtain 5 as red crystals
(17.2 mg, 46.7%). 1H NMR (400 MHz, CD2Cl2, 25°C) δ = 1.49 (15H, d, 4J(H,P) = 4.4 Hz, Me), 7.09-7.13 (2H, m,
Harom), 7.39-7.44 (1H, m, Harom), 7.46-7.56 (5H, m, Harom), 7.68 (3H, d, J = 6.8 Hz, Harom), 7.75-7.78 (1H, m,
Harom), 7.90 (2H, d, J = 7.6 Hz, Harom), 8.03 (1H, d, 3J(H,P) = 18.8 Hz, Hβ), 8.34 (1H, d, 3J(H,P) = 21.2 Hz, Hβ) ppm.
31C NMR (100 MHz, CD2Cl2, 25°C) δ = 9.5 (C5Me5), 102.2 (d, 1J(C,Rh) = 9.3 Hz, C5Me5), 120.8 (d, 2J(C,Rh) =
20.6 Hz), 123.6, 127.8, 128.1, 128.4 (d, J(C,Rh) = 11.1 Hz), 128.6, 128.9, 129.2, 129.5, 134.4 (d, 2J(C,Rh) = 13.5 Hz),
140.2 (d, 2J(C,Rh) = 12.4 Hz), 140.7, 141.0, 141.2, 142.6 (d, 1J(C,Rh) = 5.3 Hz,), 145.3 (d, 1J(C,Rh) = 36.1 Hz), 160.5 (dd,
2J(C,Rh) = 9.5 Hz, 2J(C,P) = 3.2 Hz), 163.2 (dd, 1J(C,P) = 30.7 Hz, 2J(C,Rh) = 4.9 Hz), 172.8 (dd, 1J(C,P) = 30.9 Hz, 2J(C,Rh) =
13.3 Hz) ppm. 31P NMR (162 MHz, CD2Cl2, 25°C) δ = 208.8 (d, 1J(P,Rh) = 187.8 Hz) ppm.
Reaction of 2,4,6-triphenylphosphinine (1) with [Cp*IrCl2]2 in the absence of NaOAc:
A mixture of [Cp*IrCl2]2 (24.6 mg, 0.031 mmol, 1.0 equiv) and 2,4,6-triphenylphosphinine 1 (20,0 mg,
0.062 mmol, 2.0 equiv.) was suspended in CD2Cl2 (0.6 mL) and transferred to a Young NMR tube under
argon. The P-coordinated complex was formed immediately at room temperature. The mixture was heated
to T = 80°C and the composition was followed by means of 31P{1H} NMR spectroscopy.
Reaction of 2,4,6-triphenylphosphinine (1) with [Cp*RhCl2]2 in the absence of NaOAc:
A mixture of [Cp*RhCl2]2 (19.2 mg, 0.031 mmol, 1.0 equiv) and 2,4,6-triphenylphosphinine 1 (20,0 mg,
0.062 mmol, 2.0 equiv.) was suspended in CD2Cl2 (0.6 mL) and transferred to a Young NMR tube under
argon. The mixture was heated to T = 80°C and the composition was followed by means of 31P{1H} NMR
spectroscopy.
rac-Chloro(η5-pentamethylcyclopentadienyl)(2-2’-pyridyl-κN-4,6-diphenylphosphinine-κP)iridium(III)
(7)
A mixture of [Cp*IrCl2]2 (24 mg, 0.03 mmol, 1.0 equiv) and compound 6 (20 mg,
0.06 mmol, 2.0 equiv) was suspended in CD2Cl2 (0.6 mL) and transferred to a
Young NMR tube in a dry box. The reaction was completed after one hour at
room temperature. Crystals were obtained by slow diffusion of diethyl ether
into the reaction mixture. Yield: 32 mg, 72%. 1H NMR (400 MHz, CD2Cl2, 25°C)
δ = 1.62 (15H, d, 4J(H,P) = 3.6 Hz, Me), 7.47 (1H, m, Harom), 7.53–7.66 (6H, m, Harom),
7.75–7.79 (4H, m, Harom), 8.17–8.20 (1H, m, Harom), 8.37 (1H, dd, 3J(H,P) = 25.1 Hz, 4J(H,H) = 1.4 Hz, Hβ), 8.62 (1H,
d, 3J(H,H) = 8.4 Hz, Harom), 8.77 (1H, dd, 3J(H,P) = 19.2 Hz, 4J(H,H) = 1.4 Hz, Hβ), 8.78 (1H, d, 3J(H,H) = 5.6 Hz, Harom)
ppm. 13C NMR (100 MHz, CD2Cl2, 25°C) δ = 9.3 (C5Me5), 97.3 (d, 2J(C,P) = 2.6 Hz, C5Me5), 121.5, 121.6, 127.27,
127.30, 127.9, 128.0, 128.6, 128.7, 128.9, 129.5, 130.1, 133.5 (d, 2J(C,P) = 13.3 Hz), 138.1 (d, 2J(C,P) = 12.5 Hz), 140.3
(d, 2J(C,P) = 11.4 Hz), 140.5 (d, 3J(C,P) = 5.5 Hz), 141.2, 141.4, 149.9 (d, 1J(C,P) = 40.7 Hz; Cα), 150.6 (d, 1J(C,P) =
37.4 Hz; Cα), 156.7, 158.7 (d, 2J(C,P) = 16.1 Hz) ppm. 31P NMR (162 MHz, CD2Cl2, 25°C) δ = 158.0 ppm.
Elemental analysis calcd (%) for C32H31NPCl2Ir · 0.5 CH2Cl2 (766.20 g/mol): C 50.95, H 4.21, N 1.83; found:
C 51.02, H 4.25, N 2.05.
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rac-Chloro(η5-pentamethylcyclopentadienyl)(2-2’-pyridyl-κN-4,6-diphenylphosphinineκP)rhodium(III) (8)
A mixture of [Cp*RhCl2]2 (19 mg, 0.03 mmol, 1.0 equiv) and compound 6 (20 mg,
0.06 mmol, 2.0 equiv) was suspended in CD2Cl2 (0.6 mL) and transferred to a
Young NMR tube in a dry box. The reaction was completed after four hours at
room temperature. Crystals were obtained by slow diffusion of diethyl ether
into the reaction mixture. Yield: 35.5 mg, 91%. 1H NMR (400 MHz, CD2Cl2, 25°C)
δ = 1.58 (15H, d, 4J(H,P) = 5.6 Hz, Me), 7.48–7.63 (6H, m; Harom), 7.70 (1H, dd, 3J(H,H) =
3
6.6 Hz, J(H,H) = 6.6 Hz, Harom), 7.77 (2H, d, 3J(H,H) = 7.6 Hz, Harom), 7.82 (2H, d, 3J(H,H) = 7.2 Hz, Harom), 8.23 (1H,
dd, 3J(H,H) = 8.0 Hz, 3J(H,H) = 8.0 Hz, Harom), 8.44 (1H, d, 3J(H,P) = 20.8 Hz, Hβ), 8.54 (1H, d, 4J(H,H) = 4.0 Hz, Harom),
8.82 (1H, d, 3J(H,P) = 20.8 Hz, Hβ), 8.83 (1H, s, Harom) ppm. 13C NMR (100 MHz, CD2Cl2, 25°C) δ = 10.0 (C5Me5),
103.7 (C5Me5), 122.1 (CH), 122.2 (CH), 127.5 (CH), 128.1 (CH), 128.2 (d, 4J(C,P) = 3.2 Hz, CH), 128.6 (d, 2J(C,P) =
11.5 Hz, CH), 129.3 (CH), 129.4 (CH), 129.7 (CH), 130.3 (CH), 130.5 (CH), 133.2 (d, 2J(C,P) = 14.7 Hz, CH),
138.4 (Cquat), 138.5 (Cquat), 139.8 (d, 2J(C,P) = 14.6 Hz, CH), 140.5 (Cquat), 140.6 (Cquat) 141.1 (CH), 143.5 (Cquat),
155.9 (CH), 157.5 (Cquat) ppm. 31P NMR (162 MHz, CD2Cl2, 25°C) δ = 186.0 (d, 1J(P,Rh) = 130 Hz) ppm.
Elemental analysis calcd (%) for C32H31NPCl2Rh·0.5 CH2Cl2 (676.89 g/mol): C 57.67, H 4.76%, N 2.07; found:
C 57.60, H 4.68, N 2.20.
[Cp*IrCl(6H·OH)]Cl (9)
An excess of water (10 μL, 0.554 mmol, 19 equiv) was added to a mixture of
complex 7 (21.1 mg, 0.029 mmol, 1.0 equiv) in 0.6 mL CD2Cl2 in a Young NMR
tube under argon. The addition of water was followed by means of 31P{1H} NMR
spectroscopy after which crystals were obtained by slow diffusion of diethyl
ether into the reaction mixture. Yield: 20.7 mg, 95.8%; 1H NMR (400 MHz,
CD2Cl2, 25°C) δ = 1.42 (15H, s, Me), 4.61 (1H, dd, 2J(H,P) = 12.4 Hz, 3J(H,H) = 2.8 Hz,
Ha), 6.66 (1H, br d, 3J(H,P) = 9.6 Hz, Hb), 7.19 (1H, s, Harom), 7.28 (3H, m, Harom), 7.38
(5H, m, Harom), 7.45 (1H, s, Harom), 7.66 (2H, m, Harom), 7.99 (1H, dd, J = 7.4 Hz, J = 7.4 Hz, Harom), 8.12 (1H, d,
3J(H,P) = 6.8 Hz, Harom), 8.55 (1H, d, 3J(H,P) = 5.6 Hz, PCCHβ) ppm. 13C NMR (100 MHz, CD2Cl2, 25°C) δ = 8.8
(C5Me5), 47.1 (CH), 47.5 (CH), 95.8 (C5Me5), 121.4 (d, 3J(C,P) = 7.6 Hz; CH), 126.0 (CH), 127.3 (CH), 128.1 (d,
4J(C,P) = 3.0 Hz, CH), 128.2 (CH), 128.8 (CH), 129.0 (d, 4J(C,P) = 2.5 Hz, CH), 130.8 (d, 3J(C,P) = 5.3 Hz, CH), 138.1
(d, 2J(C,P) = 11.4 Hz, Cquat), 139.3 (CH), 140.8 (d, 3J(C,P) = 2.5 Hz, Cquat), 155.6 (CH), 159.8 (d, 2J(C,P) = 18.1 Hz, Cquat)
ppm. 31P NMR (162 MHz, CD2Cl2, 25°C) δ = 58.0 ppm. Elemental analysis calcd (%) for
C32H33NPOCl2Ir · 0.5 CH2Cl2 (741.13 g/mol): C 49.81, H 4.37, N 1.79; found: C 49.01, H 4.58, N 1.67.
[Cp*RhCl(6H·OH)]Cl (10)
An excess of water (10 μL, 0.554 mmol, 19 equiv) was added to a mixture of
complex 8 (21.1 mg, 0.029 mmol, 1.0 equiv) in 0.6 mL CD2Cl2 in a Young NMR
tube under argon. The addition of water was followed by means of 31P{1H} NMR
spectroscopy after which crystals were obtained by slow diffusion of diethyl
ether into the reaction mixture. Yield: 16.2 mg, 85.2%; 1H NMR (400 MHz,
CD2Cl2, 25°C) δ = 1.30 (15H, d, 4J(H,P) = 3.2 Hz, Me), 4.78 (1H, dd, 2J(H,P) = 12.0 Hz,
3J(H,H) = 2.8 Hz, Ha), 6.53 (1H, dd, 3J(H,P) = 8.0 Hz, 3J(H,H) = 2.4 Hz, Hb), 7.06 (2H, s,
Harom), 7.22 (3H, m, Harom), 7.32 (1H, d, 3J(H,P) = 17.6 Hz, Harom), 7.38 (4H, m, Harom), 7.66 (2H, dd, 3J(H,H) =
4.0 Hz, 2J(H,H) = 1.8 Hz, Harom), 8.03 (1H, dd, J = 7.6 Hz, J = 7.6 Hz, Harom), 8.12 (1H, d, 3J(H,P) = 8.0 Hz, Harom),
8.60 (1H, d, 3J(H,H) = 5.6 Hz, Harom) ppm. 13C NMR (100 MHz, CD2Cl2, 25°C) δ = 9.0 (C5Me5), 51.3 (CH), 51.6
(CH), 101.6 (C5Me5), 121.3 (d, 2J(C,P) = 7.6 Hz, CH), 125.3 (CH), 127.1 (CH), 127.9 (d, 4J(C,P) = 2.8 Hz; CH), 128.1
(CH), 128.8 (CH), 128.9 (d, 4J(C,P) = 2.3 Hz, CH), 130.9 (d, 3J(C,P) = 5.4 Hz, CH), 136.2 (CH), 137.2 (d, 2J(P,C) =
10.1 Hz, Cquat), 138.0 (Cquat), 138.9 (CH), 139.0 (CH), 139.1 (CH), 140.5 (d, 3J(C,P) = 2.9 Hz, Cquat), 154.7 (CH),
159.3 (Cquat), 159.5 (Cquat) ppm. 31P NMR (162 MHz, CD2Cl2, 25°C) δ = 86.0 (d, 1J(P,Rh) = 133 Hz) ppm.
Elemental analysis calcd (%) for C32H33NPOCl2Rh · CH2Cl2 (791.73 g/mol): C 53.77, H 4.79, N 1.90; found:
C 53.86, H 4.85, N 1.89.
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[Cp*IrCl(1H·OH)] (11)
An excess of water (10 μL, 0.554 mmol, 19 equiv) was added to a mixture of
complex 3 (20 mg, 0.029 mmol, 1.0 equiv) in 0.6 mL CD2Cl2 in a Young NMR tube
under argon. The addition of water was followed by means of 31P{1H} NMR
spectroscopy after which crystals were obtained by slow diffusion of diethyl ether
into the reaction mixture. 1H NMR (400 MHz, CD2Cl2, 25°C) δ = 1.62 (15H, d, 4J(H,P)
= 2.0 Hz, Me), 4.78 (1H, br s, OH), 4.91 (1H, dd, 2J(H,P) = 21.2 Hz, 3J(H,H) = 2.8 Hz, Ha),
6.20 (1H, ddd, 3J(H,P) = 21.6 Hz, 3J(H,H) = 3.2 Hz, 4J(H,H) = 1.6 Hz, Hb) 6.94-7.12 (2H, m,
Harom), 7.15-7.27 (1H, m, Harom), 7.29-7.51 (10H, m, Harom), 7.81-7.86 (2H, m, Harom) ppm. 31P NMR (162 MHz,
CD2Cl2, 25°C) δ = 98.7 ppm.
[Cp*RhCl(1H·OH)] (12)
An excess of water (10 μL, 0.554 mmol, 19 equiv) was added to a mixture of
complex 5 (17.4 mg, 0.029 mmol, 1.0 equiv) in 0.6 mL CD2Cl2 in a Young NMR
tube under argon. The addition of water was followed by means of 31P{1H} NMR
spectroscopy after which crystals were obtained by slow diffusion of diethyl ether
into the reaction mixture. 31P NMR (162 MHz, CD2Cl2, 25°C) δ = 141.4 (d, 1J(P,Rh) =
156.0 Hz) ppm.
2-(3,5-di-tert-butylphenyl)-4-6-diphenylpyrylium tetrafluroroborate
To a solution of previously prepared 3,5-di-tert-butylacetophenone[41] (1.22 g,
0.005 mol, 1.0 equiv.), and chalcone (2.17 g, 0.010 mol, 2.0 equiv.) in 15 ml
1,2-dichloroethane, HBF4.Et2O (52% w/w, 1.65 g, 0,010 mol, 2.0 eq.) was added
dropwise at T = 70°C. The temperature was risen to T = 80°C and stirring was
continued for 7 hours. When the mixture had cooled down to room temperature,
Et2O (85 ml) was added and the mixture was stirred for 45 minutes, during
which very slowly a yellow precipitate was formed, which was filtered off.
Yield: 1.00 g, 38%. 1H NMR (400 MHz, CD3OD, 25°C): δ = 1.48 (18H, s, tBu), 7.737.85 (6H, m, Harom), 7.97 (1H, dd, J = 1.7 Hz, J = 1.7 Hz, Harom), 8.29 (2H, d, J = 1.7 Hz, Harom), 8.44-8.47 (4H, m,
Harom), 8.93 (1H, d, J = 1.5 Hz, Harom), 8.98 (1H, d, J = 1.5 Hz, Harom) ppm. 13C NMR (100 MHz, CD3OD, 25°C):
δ = 30.21 (C(CH3)3), 34.87 (C(CH3)3), 114.77, 115.17, 122.80, 128.11, 128.92, 129.33, 129.46, 129.70, 129.77,
129.93, 133.12, 134.72, 134.80, 153.08, 166.56, 170.72, 171.96 ppm. 19F NMR (376 MHz, CD3OD, 25°C): δ =
154.52, 154.58 (1:3) ppm.
2-(3’,5’-di-tert-butylphenyl)-4,6-diphenylphosphinine (13)
To a solution of 2-(3’,5’-di-tert-butyl)-4,6-diphenylpyrylium tetrafluoroborate
(3.16 g, 0,006 mol, 1.0 eq.) in acetonitrile (20 ml), P(SiMe3)3 (3.14 g, 0.013 mol,
2.0 eq.) was added dropwise at room temperature. The mixture was heated to T =
85°C and stirred for 3.5 hours. After cooling down to room temperature, the
volatiles were removed in vacuo. The residue was dissolved in CH2Cl2 and added
to an appropriate amount of neutral alumina (±3 g). The solvent was evaporated
and the brown solid was purified via flash chromatography over neutral alumina
with n-pentane/EtOAc (30:1) as eluent. The product was obtained as a bright
yellow powder. Yield: 1.16 g (43%). 1H NMR (400 MHz, C6D6, 25°C): δ = 1.32 (18H, s, tBu), 7.10-7.22 (6H, m,
Harom), 7.43 (1H, dd, J = 1.3 Hz, J = 1.3 Hz, Harom), 7.45 (1H, d, J = 1.6 Hz, Harom ), 7.59 (1H, dd, J = 1.4 Hz, J =
1.4 Hz, Harom), 7.66 (1H, d, J = 1.1 Hz, Harom), 7.68 (1H, dd, J = 1.4 Hz, J = 1.4 Hz, Harom), 7.75 (2H, dd, J =
1.5 Hz, J = 1.5 Hz, Harom), 8.12 (1H, dd, 3J(H,P) = 5.8 Hz, 4J(H,H) = 1.2 Hz, Hβ), 8.27 (1H, dd, 3J(H,P) = 5.9 Hz, 4J(H,H) =
1.2 Hz, Hβ) ppm. 13C NMR (100 MHz, C6D6, 25°C): δ = 31.17 (C(CH3)3), 34.71 (C(CH3)3), 121.85, 122.53 (d),
128.84 (d), 142.45 (d), 143.36, 143.56 (d), 143.77, 144.16 (d), 151.36, 170.86, 172.21 (d, 1J(P,C) = 52.6 Hz, Cα),
173.86 (d, 1J(P,C) = 52.0 Hz, Cα) ppm. 31P NMR (162 MHz, C6D6, 25°C) δ = 186.62 ppm. Elemental analysis
calcd (%) for C31H33P · 0.60 C4H8O2 (489.43 g/mol): C 81.96, H 7.78; found: C 82.16, H 7.96.
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rac-Chloro(η5-pentamethylcyclopentadienyl)[2-phenylene-κC2-4-phenyl-6-(3’,5’-di-tert-butylphenyl)phosphinine-κP]iridium(III) (14)
The compound was prepared according to a modified literature procedure.[24] A
mixture of [Cp*IrCl2]2 (24.8 mg, 0.031 mmol, 1.0 equiv), 2-(3’,5’-di-tert-butylphenyl)4,6-diphenylphosphinine 13 (26.9 mg, 0.062 mmol, 2.0 equiv) and NaOAc (5.7 mg,
0.069 mmol, 2.2 equiv) was suspended in dichloromethane (0.6 mL) and transferred
to a Young NMR tube under argon. The suspension was heated to 80°C for
approximately 3 hours and monitored by means of 31P{1H} NMR spectroscopy. The
orange reaction mixture was filtrated over celite and recrystallized by diffusion of
pentane into the dichloromethane solution. The cyclometalated complex was obtained as dark orange
crystals (46.3 mg, 94.1%). 1H NMR (400 MHz, CD2Cl2, 25°C) δ = 1.41 (s, 17H, tBu), 1.53 (d, 4J(H,P) = 3.2 Hz,
13H, C5Me5), 1.54 (s, 3H, tBu, C5Me5), 7.07-7.12 (m, 2H, Harom), 7.38-7.44 (m, 1H, Harom), 7.47-7.57 (m, 5H,
Harom), 7.64-7.72 (m, 3H, Harom), 7.78-7.85 (m, 1H, Harom), 7.93 (dd, 3J(H,P) = 21.2 Hz, 4J(H,H) = 1.6 Hz, 1H, Hβ), 8.36
(dd, 3J(H,P) = 22.0 Hz, 4J(H,H) = 1.6 Hz, 1H, Hβ) ppm. 13C NMR (100 MHz, CD2Cl2, 25°C) δ = 9.2 (C5Me5), 9.6
(C5Me5), 31.8 (C(CH3)3), 35.3 (C(CH3)3), 96.4 (d, 2J(C,P) = 3.3 Hz, C5Me5), 120.4 (d, 2J(C,P) = 18.7 Hz, CH), 122.9
(br s, CH), 123.3 (CH), 127.9 (CH), 127.9 (CH), 128.0 (CH), 128.1 (CH), 129.3 (d, 4J(C,P) = 1.0 Hz, CH), 129.3
(CH), 135.6 (d, 3J(C,P) = 11.1 Hz, CH), 139.4 (d, 2J(C,P) = 25.0 Hz, 2/6-Ar(1’-C)), 140.0 (d, 3J(C,P) = 11.3 Hz, Cquat),
140.2 (CH), 142.9 (d, 3J(C,P) = 5.3 Hz, Cquat), 144.6 (d, 1J(C,P) = 30.4 Hz, C2/6), 152.3 (CquatC(CH3)3), 154.2 (d, 4J(C,P) =
3.0 Hz, Cquat), 155.4 (d, 2J(C,P) = 25.6 Hz, 2/6-Ar(1’-C)), 165.8 (d, 1J(C,P) = 41.0 Hz, C2/6) ppm. 31P NMR
(162 MHz, CD2Cl2, 25°C) δ = 169.2 ppm. Elemental analysis calcd (%) for C41H47ClIrP · 0.20 CH2Cl2
(815.44 g/mol): C 60.68, H 5.86; found: C 60.52, H 5.99.
[Cp*IrCl(13H·OH)] (15)
An excess of water (20 μL, 1.108 mmol, 19 equiv) was added to a mixture of
complex 13 (46,5 mg, 0.058 mmol, 1.0 equiv) in 1.2 mL CD2Cl2 in a Young NMR
tube under argon. The addition of water was followed by means of 31P{1H} NMR
spectroscopy after which crystals were obtained by slow diffusion of diethyl ether
into the reaction mixture. 1H NMR (400 MHz, CD2Cl2, 25°C) δ = 1.38 (17H, s, tBu),
1.54 (s, 1H, tBu), 1.65 (d, 4J(H,P) = 2.4 Hz, 15H, C5Me5), 4.90 (1H, dd, 2J(H,P) = 21.4 Hz,
3J(H,H) = 3.0 Hz, Ha), 6.18 (1H, ddd, 3J(H,P) = 21.4 Hz, 3J(H,H) = 2.8 Hz, 4J(H,H) = 1.4 Hz,
Hb), ppm. 31P NMR (162 MHz, CD2Cl2, 25°C) δ = 97.0 ppm.
Reaction of 2,4,6-triphenylpyridine 16 with [Cp*IrCl2]2:
Attempt 1: A mixture of [Cp*IrCl2]2 (42.9 mg, 0.054 mmol, 1.0 equiv), 2,4,6-triphenylpyridine 16 (33.0 mg,
0.107 mmol, 2.0 equiv), and NaOAc (8.8 mg, 0.107 mmol, 2.0 equiv) was suspended in CD2Cl2 (0.7 mL) and
heated to T = 80°C for 5 days under argon. The yellow reaction mixture was analyzed by means of 1H NMR
spectroscopy. No signals of the cyclometalated product 17 could be detected.
Attempt 2: A mixture of [Cp*IrCl2]2 (25.3 mg, 0.032 mmol, 1.0 equiv), 2,4,6-triphenylpyridine 16 (20.2 mg,
0.066 mmol, 2.1 equiv), and NaOAc·3·H2O (11.3 mg, 0.083 mmol, 2.6 equiv) was suspended in CD2Cl2
(0.7 mL) and heated to T = 80°C for 5.5 days under argon. The yellow reaction mixture was analyzed by
means of 1H NMR spectroscopy. No signals of the cyclometalated product 17 could be detected.
Reaction of 2,4,6-triphenylpyridine 16 with [Cp*RhCl2]2:
Attempt 1: A mixture of [Cp*RhCl2]2 (19.7 mg, 0.032 mmol, 1.0 equiv), 2,4,6-triphenylpyridine 16 (19.9 mg,
0.065 mmol, 2.0 equiv), and NaOAc (5.3 mg, 0.065 mmol, 2. equiv) was suspended in CD2Cl2 (0.6 mL) and
heated to T = 80°C for 8 days under argon. The yellow reaction mixture was analyzed by means of 1H NMR
spectroscopy. No signals of the cyclometalated product 18 could be detected.
Attempt 2: A mixture of [Cp*RhCl2]2 (20.3 mg, 0.033 mmol, 1.0 equiv), 2,4,6-triphenylpyridine 16 (20.2 mg,
0.066 mmol, 2.0 equiv), and NaOAc·3·H2O (20.0 mg, 0.147 mmol, 4.5 equiv) was suspended in CD2Cl2
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(0.6 mL) and heated to T = 80°C for 8 days under argon. The yellow reaction mixture was analyzed by
means of 1H NMR spectroscopy. No signals of the cyclometalated product 18 could be detected.
Selected crystallographic data for complexes 3, 5, 7-10
X-ray intensities were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph
monochromator (λ = 0.71073 Å). Software packages used for the integration of intensity data were Saint[42]
(compounds 3, 8 en compound 9)) and Eval15[43] (compounds 5, 7, and 10). Absorption correction and
scaling was performed with SADABS or TWINABS.[44] The structures were solved with Direct Methods
using the program SHELXS-97.[45] Least-squares refinement was performed refined with SHELXL-97[45]
against F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were introduced in calculated positions (compounds 3, 7 and 8) or located in difference
Fourier maps (compounds 9 and 10). The hydrogen atoms of the OH groups in 9 and 10 were refined freely
with isotropic displacement parameters. All other hydrogen atoms were refined with a riding model.
Geometry calculations and checking for higher symmetry was performed with the PLATON program.[46]
X-ray crystal structure analysis of 3:
C33H31ClIrP, Fw = 686.20 g/mol, orange needle, 0.23 x 0.06 x 0.04 mm3, orthorhombic, P212121 (no. 19), a =
7.1991(8), b = 14.1332(15), c = 25.829(3) Å, V = 2628.0(5) Å3, Z = 4, Dx = 1.734 g/cm3, μ = 5.26 mm-1. 31203
Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 6014
Reflections were unique (Rint = 0.0531), of which 5582 were observed [I > 2σ(I)]. 330 Parameters were
refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0261 / 0.0584. R1/wR2 [all refl.]: 0.0314 / 0.0610. S = 1.051.
Flack parameter[47] x = -0.016(6). Residual electron density between -1.33 and 1.98 e/Å3.
X-ray crystal structure analysis of 5:
C33H31ClPRh, Fw = 596.91 g/mol, red block, 0.39 x 0.29 x 0.17 mm3, monoclinic, P21/c (no. 14), a = 7.3342(1),
b = 16.3287(4), c = 22.9799(3) Å, β = 98.867(1)°, V = 2719.14(8) Å3, Z = 4, Dx = 1.458 g/cm3, μ = 0.81 mm-1. 49748
Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 6249
Reflections were unique (Rint = 0.0265), of which 5694 were observed [I > 2σ(I)]. The symmetry of a pseudoorthorhombic C-cell is not fulfilled by the intensities and pseudo-orthorhombic twinning was not detected.
330 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0216 / 0.0549. R1/wR2 [all refl.]:
0.0251 / 0.0574. S = 1.040. Residual electron density between -0.23 and 0.47 e/Å3.
X-ray crystal structure analysis of 7:
[C32H31ClIrNP]Cl, Fw = 723.65 g/mol, red needle, 0.12 x 0.06 x 0.04 mm3, orthorhombic, P212121 (no. 19), a =
8.09971(15), b = 15.3390(4), c = 22.5955(3) Å, V = 2807.30(10) Å3, Z = 4, Dx = 1.712 g/cm3, μ = 5.03 mm-1. The
crystal appeared to be cracked into two fragments and the integration was performed with two orientation
matrices. 32992 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of
150(2) K. 6456 Reflections were unique (Rint = 0.068), of which 5868 were observed [I > 2σ(I)]. 340
Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0376 / 0.0756. R1/wR2 [all refl.]: 0.0456 /
0.0786. S = 1.103. Flack parameter[47] x = 0.093(9). Residual electron density between -0.65 and 2.14 e/Å3.
X-ray crystal structure analysis of 8:
[C32H31ClNPRh]Cl, Fw = 634.36 g/mol, red needle, 0.56 x 0.06 x 0.04 mm3, orthorhombic, P212121 (no. 19), a =
8.0620(6), b = 15.4082(11), c = 22.6360(17) Å, V = 2811.9(4) Å3, Z = 4, Dx = 1.498 g/cm3, μ = 0.88 mm-1. 28710
Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 6388
Reflections were unique (Rint = 0.033), of which 5905 were observed [I > 2σ(I)]. 340 Parameters were refined
with no restraints. R1/wR2 [I > 2σ(I)]: 0.0240 / 0.0547. R1/wR2 [all refl.]: 0.0294 / 0.0566. S = 1.022. Flack
parameter[47] x = -0.005(19). Residual electron density between -0.31 and 0.48 e/Å3.
X-ray crystal structure analysis of 9:
[C32H33ClIrNOP]Cl, Fw = 741.66 g/mol, orange plate, 0.08 x 0.07 x 0.02 mm3, triclinic, P1 (no. 2), a =
11.6201(5), b = 11.6246(5), c = 12.7068(5) Å, α = 84.4711(13), β = 71.6171(13), γ = 60.9154(12)°, V =
1420.08(10) Å3, Z = 2, Dx = 1.734 g/cm3, μ = 4.97 mm-1. 32922 Reflections were measured up to a resolution of
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(sin θ/λ)max = 0.65 Å-1 at a temperature of 150(2) K. 6466 Reflections were unique (Rint = 0.029), of which 5814
were observed [I > 2σ(I)]. 352 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0186 / 0.0373.
R1/wR2 [all refl.]: 0.0251 / 0.0389. S = 1.045. Residual electron density between -0.48 and 1.04 e/Å3.
X-ray crystal structure analysis of 10:
[C32H33ClNOPRh]Cl · 2(CH2Cl2), Fw = 822.23 g/mol, red block, 0.59 x 0.39 x 0.17 mm3, orthorhombic, Pbca
(no. 61), a = 15.5649(5), b = 15.8979(4), c = 28.3901(10) Å, V = 7025.1(4) Å3, Z = 8, Dx = 1.555 g/cm3, μ =
1.02 mm-1. 121746 Reflections were measured up to a resolution of (sin θ/λ)max = 0.65 Å-1 at a temperature of
150(2) K. 8076 Reflections were unique (Rint = 0.034), of which 7268 were observed [I > 2σ(I)]. 406
Parameters were refined with no restraints. Minor disorder of the solvent molecules was not resolved.
R1/wR2 [I > 2σ(I)]: 0.0406 / 0.1147. R1/wR2 [all refl.]: 0.0451 / 0.1177. S = 1.121. Residual electron density
between -1.31 and 1.10 e/Å3.
Table 1 Selected bond lengths (Å) and angles(°) of complexes 7-10 based on (P,N)-hybrid ligand.
M(1)-Cp*(cent.)
M(1)-Cl(1)
M(1)-P(1)
M(1)-N(1)
P(1)-C(1)
P(1)-C(5)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(6)
N(1)-M(1)-P(1)
C(1)-P(1)-C(5)
P(1)-C(5)-C(6)-N(1)

7 (Ir)
1.819(3)
2.3858(19)
2.2428(16)
2.127(6)
1.717(7)
1.710(6)
1.386(9)
1.405(9)
1.382(9)
1.384(9)
1.488(9)
78.00(15)
106.7(3)
-3.9(7)

8 (Rh)
1.8078(11)
2.3843(7)
2.2659(6)
2.136(2)
1.720(2)
1.720(2)
1.400(3)
1.406(3)
1.394(3)
1.389(3)
1.475(3)
77.93(5)
106.64(12)
3.3(3)

9 (Ir)
1.8453(12)
2.3972(6)
2.2548(6)
2.1284(19)
1.827(2)
1.803(2)
1.505(3)
1.340(3)
1.471(3)
1.344(3)
1.467(3)
80.22(6)
98.74(11)
-17.7(3)

10 (Rh)
1.8324(14)
2.4012(8)
2.2552(8)
2.116(3)
1.836(3)
1.811(3)
1.508(4)
1.350(5)
1.464(4)
1.351(4)
1.468(4)
82.27(7)
98.52(14)
10.9(4)
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Cyclometalation of Aryl-Substituted Phosphinines:
a Mechanistic and Kinetic Investigation

Abstract: To gain more insight in the mechanism of the C-H bond activation of phosphinines, a range of
substituted 2,4,6-triarylphosphinines were prepared and characterized. When applied in the base-assisted
cyclometalation reaction with [Cp*IrCl2]2, immediate P-coordination of the 2,4,6-triarylphosphinines at
room temperature is followed by a dissociation step upon heating. This step towards the free ligand and an
Ir-acetate species is observed to be a first order reaction with an activation energy of ΔEA = 56.6 kJ/mol
found for 2,4,6-triphenylphosphinine. Time-dependent 31P{1H} NMR spectroscopy revealed that electron
withdrawing substituents on the ortho-phenyl groups of the phosphorus heterocycle inhibit the
cyclometalation reaction, indicating an electrophilic C-H activation mechanism. Trends in the
regioselectivity of the C-H bond activation showed to be very sensitive towards steric effects. To explore the
kinetics, a partially deuterated phosphinine was synthesized and preliminary results show a primary
kinetic isotope effect in the range of 3.0 – 4.5, inverse related to temperature. The cyclometalated products
were characterized by means of NMR spectroscopy and in several cases by single crystal X-ray diffraction.
Based on the observed trends, a concerted base-assisted metalation-deprotonation (CMD) mechanism,
which is electrophilic in nature, is proposed.

Parts of the work described in this chapter have been published:
Leen E. E. Broeckx, Sabriye Güven, Frank J. L. Heutz, Martin Lutz, Dieter Vogt and Christian Müller.
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2013, 19, 13087-13098.
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Leen E. E. Broeckx, Martin Lutz, Dieter Vogt and Christian Müller. C-H Activation of 2,4,6-Triphenylphosphinine:
Unprecedented Formation of Cyclometalated [(P^C)Ir(III)] and [(P^C)Rh(III)] Complexes. Chem. Commun. 2011, 47, 20032005.

Chapter 3

3.1 Introduction
As stated in Chapter 1 and 2, cyclometalation via C-H bond activation has gained a
lot of attention due to the various interesting applications of the resulting coordination
compounds in several research fields. Among those are, for example, homogeneous
catalysis (e.g. Pd(II)[1],[2]) and optical devices (e.g. Ir(III)).[3] Especially d6-metals containing
cyclometalated 2-phenylpyridine derivatives are efficient organometallic catalysts for the
oxidation of water[4] and as functional components in organic light emitting diodes
(OLEDs).[5]
Replacing pyridines by their corresponding π-accepting phosphinines in similar
complexes might create novel functional coordination compounds with significantly
different properties compared to their nitrogen counterparts.[6-11] Coordination of
π-accepting phosphinines to transition metal centers in medium-to-high oxidation states
is, however, very challenging,[12],[13] as the products are usually extremely sensitivity
towards nucleophilic attack.[14] Nevertheless, an uncommon reaction of 2,4,6-triphenylphosphinine via a base-assisted cyclometalation by [Cp*IrCl2]2 and [Cp*RhCl2]2 was
shown to be possible in Chapter 2, leading to unprecedented [Cp*MIII(P^C)Cl]
complexes.[15],[16] The incorporation of a sterically demanding aryl group in ortho-position
of the phosphorus heterocycle caused an efficient steric protection of the P=C double
bond along with a kinetic stabilization of the corresponding complexes as studied before
by Müller et al.[12],[17-21] This new reactivity pattern might consequently open up new
perspectives for the application of phosphinines as novel metallacycles in molecular
materials and homogeneous catalysis.
To optimize the performance of the functional coordination compounds in potential
fields of application, it is important that the steric and electronic properties of the
phosphinine ligands can be tuned. Interestingly, the pyrylium salt route, originally
reported by Märkl,[22] provides an easy access to a wide range of 2,4,6-triarylphosphinines
as it can introduce electron withdrawing and electron donating substituents in specific
positions of the phosphinine core,[12],[16-19],[23-27] making a facile tuning of the ligand
properties possible.
A

range

of

substituted

2,4,6-triarylphosphinines

were

synthesized

and

characterized in order to study the effect of the substitution pattern of these phosphinines
on the kinetics and the regioselectivity of the C-H bond activation. Subsequently, a
mechanistic investigation of the phosphinine cyclometalation using [Cp*IrCl2]2 as metal
precursor was performed.
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3.2 Synthesis and Characterization of 2,4,6-Triarylsubstituted
Phosphinines
As the original pyrylium salt route for the preparation of 2,4,6-triphenylphosphinine[22] is a highly flexible modular procedure, it was used to access a wide range
of functionalized 2,4,6-triarylphosphinines as demonstrated in literature.[12],[16-19],[23-27] In
order to introduce electron withdrawing or electron donating groups in symmetrical
positions of the ortho-phenyl groups on the heterocycle, a one-pot Claisen-Schmidt
condensation of the corresponding substituted acetophenones was performed in good
yields by making use of benzaldehyde and HBF4·Et2O (Scheme 1).

Scheme 1 Preparation of symmetrically substituted pyrylium salts as building blocks for phosphinines.

Non-symmetrically substituted pyrylium salts were also accessible by condensation
of the substituted acetophenone with trans-chalcone in the presence of HBF4·Et2O or vice
versa (Scheme 2). The pyrylium salts were subsequently converted to the corresponding
symmetrically or non-symmetrically substituted phosphinines (1-14, Figure 1) by
reaction with P(SiMe3)3 in refluxing 1,2-dimethoxyethane or acetonitrile. The partially
deuterated 2,4,6-triphenylphosphinine derivative 10 could be obtained in the same way
for evaluating the kinetic isotope effect, with 2,4,6-triphenylphosphinine 9 as a reference
compound. Both pyrylium salts and phosphinines were obtained as yellow to orange
solids and all compounds were characterized by NMR spectroscopy as well as by
elemental analysis.

Scheme 2 Synthetic approach towards non-symmetrically substituted pyrylium salts (R1 or R2 = H).

55

Chapter 3

The characteristic doublet of the peripheral protons at around δ = 8.2 ppm with a
coupling constant of 3J(H,P) ≈ 6.0 Hz in the 1H NMR spectrum confirms the synthesis of all
symmetrically substituted phosphinines. This signal can have an additional coupling
between the two peripheral protons of approximately 4J(H,H) ≈ 1.3 Hz which is not always
detectable.

Figure 1 Selected substituted phosphinines bearing electron donating and electron withdrawing groups.

The composition of phosphinines 2 and 10 could be unambiguously determined by
X-ray crystallography of the orange crystals obtained by slow crystallization from hot
acetonitrile.

The

crystallographic

characterization

of

the

partially

deuterated

2,4,6-triphenylphosphinine 10 was of special interest, as it closely resembles
2,4,6-triphenylphosphinine 9 originally synthesized by Märkl in 1966.[22] From this
phosphinine no crystallographic determination is reported, yet. The molecular structures
of compound 10 and 2 in the crystal, which both crystallize in the space group Pna21 (No.
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33), along with the selected bond lengths (Å) and angles (°) are shown in Figure 2 and 3,
respectively.

P(2)-C(1)
P(2)-C(3)
C(1)-C(6)
C(5)-C(6)
C(4)-C(5)
C(3)–C(4)
C(1)-P(2)-C(3)
C(4)-C(3)-C(13)-C(14)
C(6)-C(1)-C(7)-C(12)

1.758(2)
1.739(2)
1.373(4)
1.417(4)
1.391(3)
1.385(3)
98.39(11)
-142.5(3)
134.9(3)

Figure 2 Molecular structure of 10 in the crystal. Displacement ellipsoids are shown at the 50%
probability level. The P-atom is disordered over the three possible positions and only the major form is
shown. Selected bond lengths (Å) and angles (°) are depicted in the table on the right.

In general, the phosphorus heterocycle is essentially planar and best described as a
distorted hexagon, in contrast to pyridine and benzene. The P-Cα bond lengths lie in
between a P-C single bond (triphenylphosphine: 1.83 Å[28]) and a P=C double bond
(diphenylmethylene-phosphaalkene: 1.66 Å[29]) as indicated in the crystallographic data.
There is essentially no bond alternation between the C-C bonds within the heterocycle
and the P-C bond lengths, which indicates delocalization of the π-system and the
presence of an aromatic system.[30],[31]

Figure 3 Molecular structure of 2 in the crystal with displacement ellipsoids at the 50% probability level.
Left: The major isomer front view; Middle: The major isomer side view; Right: The minor isomer side view.
Selected bond lengths (Å) and angles (°) of major isomer: P(1)-C(1): 1.7455(16), P(1)-C(5): 1.7395(15), C(1)C(2): 1.389(2), C(2)-C(3): 1.404(2), C(3)-C(4): 1.392(2), C(4)-C(5): 1.3858(19), C(11)-F(1a): 1.3377(17). C(1)-P(1)C(5): 100.51(7), C(4)-C(5)-C(6)-C(11): 50.61(19), C(2)-C(1)-C(12)-C(13): 44.7(2).
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The internal C-P-C angle of 98.39(11)° for 10 and 100.51(7)° for 2 is somewhat
smaller compared to the C-N-C angle in pyridine (117°).[32] This phenomenon is mainly
due to the poor ability of phosphorus orbitals to hybridize (predominantly s-character),
as well as to the lengthening of the phosphorus-carbon bonds. The two ortho-aryl groups
are not in plane with the aromatic heterocycle and the corresponding torsion angles are
shown in Figure 2 and 3.
In compound 2, the two fluorophenyl rings are rotationally disordered in the
crystal. The major isomer, present for approximately 95%, represents the conformation
where the two fluorine groups and the phosphorus lone pair are directed to the opposite
side (left and middle, Figure 3). The molecular structures of 2 and 10 in the crystal are
isostructural, which is also the case with 1,3,5-triphenylbenzene,[33] 2-(2’-pyridyl)4,6-diphenylphosphinine,[23] and 2,4,6-triphenylpyridine.[34]

3.3 C-H Activation of Substituted 2,4,6-Triarylphosphinines
To determine the scope of the cyclometalation reaction, the substituted
phosphinines (PCH) 1-14 (see Figure 1) were applied in the base-assisted C-H activation
(Scheme 3), using the same reaction conditions as reported in Chapter 2.[15] Reaction of
PCH with [Cp*IrCl2]2 and NaOAc in the ratio of 2:1:2 immediately led to the quantitative
formation of the monomeric P-coordinated neutral complex Ir(PCH) at room
temperature, according to Scheme 3. These compounds show a broad singlet in the
31

P{1H} NMR spectra at around δ = 133 ppm, except for Ir(PCH-2) which exhibits a

chemical shift of approximately Δδ = 9 ppm downfield of this value. Upon heating the
reaction mixture to T = 80°C, Ir(PCH) was consumed and two new chemical shifts
occurred in the

31

P{1H} NMR spectra. One resonance between δ = 169.2-193.6 ppm

corresponds to the non-coordinated PCH, which is an intermediate in the reaction. The
other species has a chemical shift ranging from δ = 167.5-179.9 ppm, which is the desired
cyclometalated iridium complex Ir(PC).

Scheme 3 Simplified reaction scheme of the base-assisted cyclometalation of substituted phosphinines.
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All products were purified by filtration of the precipitate and subsequent slow
diffusion of diethyl ether or pentane into a solution of the cyclometalated product in
dichloromethane or tetrahydrofuran. Orange-red crystalline materials were obtained of
all products, as described in the experimental section. Besides characterizing all
complexes by means of NMR spectroscopy and elemental analysis, cyclometalated Ir(III)
complexes based on phosphinine 2, 3, 4, 7, 8, 11 and 13 could also be characterized by
means of X-ray diffraction, similar to phosphinine 9 and 14 as reported in Chapter 2. The
coordination compounds listed above crystallize in space group P21/c (No. 14), except for
complex Ir(PC-3) (P21/n (No. 14)) and the reference compound Ir(PC-9), which is
classified in the crystallographic group P212121 (No. 19).[15] The molecular structures in the
crystal are illustrated in Figure 4 - 7 and selected bond lengths and angles are depicted in
Table 1 and 2. The crystallographic representations confirm the observed NMR
spectroscopic data of the coordination compounds, displaying the characteristic threelegged “piano-stool” arrangement around the metal centers. Similar to the reference
compound, the two coordinated aromatic rings are essentially coplanar with
phosphorus-carbon and carbon-carbon bond lengths in the usual order for the
coordinated phosphinine subunits. The diffuse and less directional lone pair of the
phosphorus atoms ensures an efficient complexation of the metal atom, while the metal
centers are shifted towards the coordinated carbon atoms.

3.3.1. Structural Characterization of Cyclometalated Complexes Based on
Symmetrically Substituted Phosphinines

Figure 4 Molecular structures of the Ir(III) complexes Ir(PC-2) and Ir(PC-7) in the crystal based on orthoand para-fluoro-substituted 2,4,6-triarylphosphinines 2 and 7. Displacement ellipsoids are shown at the
50% probability level.
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Figure 5 Molecular structures of the Ir(III) complexes Ir(PC-3) and Ir(PC-4) in the crystal based on metasubstituted 2,4,6-triarylphosphinines 3 and 4. Displacement ellipsoids are shown at the 50% probability
level. Ir(PC-4): both protons on C(7) and C(11) are activated (80:20), only the major regioisomer is shown.

Figure 6 Molecular structure of the Ir(III) complex Ir(PC-8) in the crystal based on substituted
2,4,6-triarylphosphinines 8. Displacement ellipsoids are shown at the 50% probability level.

The bond lengths and angles of the cyclometalated complexes (Table 1 and 2), are
very similar with the exception of complex Ir(PC-8), containing two 3’,5’-bis(trifluoromethyl)phenyl groups in ortho-position of the heterocycle, as it shows minor
deviations. The P(1)-Ir(1) bond length is slightly shorter, while the bond between the
coordinated carbon atom and the iridium center is slightly longer compared to the
corresponding values found for the eight other Ir(PC) complexes. This is probably due to
a steric effect of the bulky trifluoromethyl groups which causes an elongation of the
C(11)-Ir(1) bond. Consequently, the internal ∠C(1)-P(1)-C(5) angle is with 107.12(13)°
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slightly larger in Ir(PC-8) compared to the internal angles found in the other complexes,
with an insignificant decrease visible in both the phosphorus-carbon bonds.
Table 1 Selected bond lengths (Å) and angles (°) of Ir(PC) complexes of symmetrically substituted
phosphinines.
Ir(PC-2)
Ir(PC-3)
Ir(PC-4)
Ir(PC-7)
Ir(PC-8)
Ir(PC-9)
P(1)-Ir(1):
2.2142(7) 2.2054(16) 2.2178(6)
2.2176(5)
2.1836(7) 2.2397(11)
C(7/11)-Ir(1)
2.072(2)
2.081(6)
2.0868(19)
2.072(2)
2.121(3)
2.077(4)
P(1)-C(1)
1.719(2)
1.714(6)
1.719(2)
1.714(2)
1.713(3)
1.724(4)
P(1)-C(5)
1.729(2)
1.718(6)
1.717(2)
1.719(2)
1.710(3)
1.724(4)
C(1)-C(2)
1.395(3)
1.402(8)
1.399(3)
1.396(3)
1.395(4)
1.411(6)
C(2)-C(3)
1.401(3)
1.393(8)
1.401(3)
1.397(3)
1.402(4)
1.388(6)
C(3)-C(4)
1.404(3)
1.407(8)
1.404(3)
1.404(3)
1.400(4)
1.407(6)
C(4)-C(5)
1.381(3)
1.379(8)
1.387(3)
1.387(3)
1.387(4)
1.391(6)
C(5)-C(6)
1.477(3)
1.476(8)
1.471(3)
1.465(3)
1.476(4)
1.476(6)
Ir(1)-Cl(1)
2.3945(7) 2.4024(15) 2.4012(5)
2.3944(5)
2.4052(7) 2.3902(12)
Ir(1)-Cp*(cent.)
1.864
1.863
1.862
1.857
1.870
1.861
C(7/11)-Ir(1)-P(1)
78.43(7)
78.30(16)
78.18(6)
78.38(6)
79.55(7)
78.74(13)
C(1)-P(1)-C(5)
106.36(12)
106.9(3)
106.58(10) 105.96(10) 107.12(13)
105.7(2)
P(1)-C(5)-C(6)-C(7/11)
-7.8(3)
-4.7(6)
5.7(2)
-6.5(2)
0.1(3)
12.2(5)
P(1)-C(1)-C(12)-C(13)
139.9(2)
-34.4(7)
42.4(2)
-45.7(3)
43.4(3)
-140.2(4)

The crystallographic characterizations of Ir(PC-3) and Ir(PC-4) (Figure 5) are
particularly interesting as the proton on C(7) as well as C(11) can be activated, resulting
in two possible regioisomers. For Ir(PC-3) only one regioisomer was observed in 31P{1H}
NMR, which was confirmed crystallographically. Nevertheless, when fluor is substituted
in 3’-position of both ortho-phenyl groups, coordination of C(7) to the metal center is
unexpectedly preferred (80:20) (vide infra).

3.3.2. Structural Characterization of Cyclometalated Complexes Based on
Non-Symmetrically Substituted Phosphinines
When non-symmetrically substituted phosphinines are cyclometalated, there are a
total of four C-H bonds which can be activated, resulting in a number of possible
isomers. The molecular structure of Ir(PC-11) in the crystal (Figure 7) unambiguously
demonstrates that the C-H bond of the unsubstituted phenyl group of phosphinine 11
has been activated, claiming it to be the most stable regioisomer. Nevertheless, when the
methoxy group is substituted for a fluorine atom, as in Ir(PC-13), the molecular structure
shows three different regioisomers in the crystal (Figure 7). This is attributed to the fact
that the fluorine atom is relatively small and therefore does not have a considerable steric
effect on the cyclometalation reaction. The regioisomer were the non-substituted phenyl
group is cyclometalated has two possible orientations for the fluoro-substituent as stated
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in Figure 7. The molecular structure of Ir(PC-13) in the crystal revealed a prevalence of
C-H activation on C(7) similar to Ir(PC-4), with a contribution of approximately 50%. The
activation on the three other ortho-positions are about equally represented in the crystal,
but further details will be explained below.

Figure 7 Molecular structures of the Ir(III) complexes Ir(PC-11) and Ir(PC-13) in the crystal based on
non-symmetrically substituted 2,4,6-triarylphosphinines 11 and 13. Displacement ellipsoids are shown at
the 50% probability level. Ir(PC-13): The fluoro-substituent can be positioned in C(8), C(10), C(14) and C(16)
with an estimated ratio of 52:19:12:17; only the major regioisomer is shown.
Table 2 Selected bond lengths (Å) and angles (°) of Ir(PC) complexes of non-symmetrically substituted
phosphinines.
Ir(PC-11)
Ir(PC-13)
Ir(PC-14)
P(1)-Ir(1):
2.2175(7)
2.2115(5)
2.2103(5)
C(7/11)-Ir(1)
2.078(3)
2.0827(19)
2.076(2)
P(1)-C(1)
1.725(3)
1.716(2)
1.715(2)
P(1)-C(5)
1.725(3)
1.719(2)
1.720(2)
C(1)-C(2)
1.399(4)
1.397(3)
1.399(3)
C(2)-C(3)
1.400(4)
1.405(3)
1.396(3)
C(3)-C(4)
1.415(4)
1.407(3)
1.401(3)
C(4)-C(5)
1.382(4)
1.392(3)
1.387(3)
C(5)-C(6)
1.474(4)
1.472(3)
1.468(3)
Ir(1)-Cl(1)
2.3925(8)
2.4009(5)
2.4048(6)
Ir(1)-Cp*(cent.)
1.863
1.860
1.866
C(7/11)-Ir(1)-P(1)
78.33(8)
78.04(6)
78.75(6)
C(1)-P(1)-C(5)
106.53(14)
106.15(10)
106.04(10)
P(1)-C(5)-C(6)-C(7/11)
6.0(3)
4.8(2)
0.8(2)
P(1)-C(1)-C(12)-C(13)
-145.7(2)
-133.1(2)
-60.1(3)

Cyclometalation of bulky phosphinine 14, exclusively occurs at the C-H bond of the
non-substituted phenyl group, as determined by X-ray analysis. The molecular structure
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of Ir(PC-14) in the crystal has already been shown in Chapter 2 (Figure 12). It was
indicated that this complex exhibits the largest torsion angle between the noncyclometalated aryl group and the heterocycle (60.1(3)°) as shown in Table 2. This is
attributed to the bulky nature of the two tert-butyl groups which direct the noncoordinated aryl group out of the plane to relieve steric strain.
Nevertheless, all other characteristic bond lengths and angles of these
cyclometalated Ir(III) complexes based on non-symmetrically substituted phosphinines
are similar. More details on the regioselectivity of the cyclometalation reaction will be
discussed below.

3.4 Rate of Cyclometalation of Functionalized 2,4,6-Triarylphosphinines
3.4.1. Symmetrically Substituted Phosphinines
Phosphinines 1-8 were applied in the base-assisted cyclometalation reaction at T =
80°C using [Cp*IrCl2]2 as metal precursor. The results were compared to the reference
compound 9, by monitoring the reaction by means of

31

P{1H} NMR spectroscopy. All

cyclometalation reactions were performed with equal concentrations and showed the
typical product distribution, except for phosphinine 4 and 8 (vide infra). The timedependent 31P{1H} NMR data of the cyclometalation reaction of phosphinine 7 is shown
in Figure 8 as a typical example.
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Figure 8 Time-dependent 31P{1H} NMR spectra (left) and corresponding graphical representation (right)
of the product distribution for the NaOAc-assisted cyclometalation reaction of phosphinine 7.
Conditions: T = 80°C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine = 103 mM, NaOAc = 113 mM.

The rates of the cyclometalation reactions of the various substituted phosphinines
can be compared from the data in Figure 9. The consumption of the monocoordinated
product Ir(PCH) and the non-coordinated phosphinine intermediate (PCH) are excluded
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for a better overview. From this figure it can be concluded that the cyclometalation
reaction is slightly faster for phosphinines containing electron donating groups, in this
case Me-groups, such as e.g. in Ir(PC-3) and Ir(PC-6). In contrast, the rate of the
cyclometalation reaction is considerably slower when substituents with an electron
withdrawing nature, such as F- or CF3-groups, are present on the 2,4,6-triarylphosphinine, as it is the case for Ir(PC-2) and Ir(PC-5), respectively.
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Figure 9 Cyclometalated product formation for symmetrically substituted phosphinines. Conditions:
T = 80°C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine = 103 mM, NaOAc = 115 mM.

These trends on the rate of the cyclometalation reaction in relation to electronic
effects are in correspondence with the reported data for C-H activation of substituted
phenyl imines and structurally related 2-phenylpyridines and support the claim that the
reaction proceeds via an electrophilic mechanism (vide infra).[35],[36]
Apart from the electronic nature, also the position of the substituent on the orthophenyl group of the phosphinine core has a significant effect on the rate of the
cyclometalation reaction. Substituents in ortho-position (2’-position) of the reacting aryl
group inhibit the C-H activation. Figure 9 indicates that the rate of the cyclometalation
reaction of phosphinine 1, bearing a Me-substituent in 2’-position, is the slowest from all
the phosphinines having electron donor properties. This might be explained by the fact
that only half of the positions are available for C-H activation (6’-positions), as the
2’-positions are occupied. The rate of the cyclometalation reaction of phosphinine 3 and
6, having electron donating Me-groups in respectively the 3’- and 4’-position of the
reacting aryl group, are slightly faster compared to phosphinine 1. Taking only steric
effects into account, it is expected that the cyclometalation reaction of phosphinine 6
proceeds faster than of phosphinine 3, as the methyl-substituent in 4’-position causes the
least steric repulsion with the MLn fragment upon coordination. The results show that the
initial rate of the cyclometalation reaction of 6 is indeed slightly faster, supporting the
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theory of steric effects. But eventually the reaction slows down and is completed within
105 minutes, which is slower than the cyclometalation reaction of phosphinine 3, bearing
the Me-functionality on the 3’-position, reaching full conversion within one hour.
In the case of phosphinines with electron withdrawing substituents, the largest
influence is also derived from the substituent on meta-position (3’-position). In this case,
however, there is an inhibitory effect, due to the fact that electron withdrawing groups
slow down the C-H activation by removing electron density from the ring (Ir(PC-5),
Figure 9). The initial rate of Ir(PC-5) formation is comparable with the one of the para-Fsubstituted phosphinine 7, but slows down significantly, due to a deactivation.
Nevertheless, the initial rate for the cyclometalation of ortho-F-substituted phosphinine 2
is the slowest, as statistically only half of the ortho-positions are available for the
activation process (Ir(PC-2), Figure 9).
The fact that electron donating groups on the aromatic ring accelerate the aromatic
C-H bond activation of phosphinines slightly and electron withdrawing groups have the
opposite effect, together with the most pronounced influence of the reaction rate for
phosphinines substituted in meta-position, support an electrophilic activation pathway
via a Wheland intermediate[37] (Figure 10). This is similar to the cyclometalation of
2-phenylpyridines reported before[35] and suggest an analogous mechanism to organic
aromatic substitution reactions[38] rather than to an agostic interaction with low charge
distribution.[39] In aromatic electrophilic substitution reactions an electron donating group
has a positive inductive effect, stabilizing the positive charge on the arenium ring. This
leads to a faster addition, by concentrating the charge on the ortho- and para-position,
which is analogue to the aromatic C-H activation of phosphinines.[38] Consequently,
electron withdrawing substituents will have the opposite effect and will slow down the
C-H activation reaction.

Figure 10 The proposed arenium complex or Wheland intermediate-like transition state.

The cyclometalation reaction of phosphinine 8 is expected to be very slow due to
the two trifluoromethyl groups in the 3’- and 5’-position of both ortho-aryl groups of the
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heterocycle. This is indeed confirmed by the time-dependent experimental data in Figure
11. The fact that both meta-positions are substituted with strong electron withdrawing
groups along with their bulky nature slows down the cyclometalation considerably. Even
after two weeks of heating the reaction mixture to T = 80°C, only 60% Ir(PC-8) could be
obtained. Nevertheless, the cyclometalated product was isolated and its formation was
unambiguously confirmed by the molecular structure in the crystal depicted in Figure 6.
Furthermore, an additional intermediate at δ = 151.7 ppm was observed in the 31P{1H}
NMR spectrum during the course of the reaction, which could give viable information
about the reaction mechanism (vide infra). It was expected that this intermediate is an
Ir(III)-acetate species, but unfortunately, isolation and subsequent characterization was
not possible until now.
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Figure 11 Graphical representation of the product distribution in the NaOAc-assisted cyclometalation of
8. Conditions: T = 80˚C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine 8 = 103 mM, NaOAc = 115 mM.
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Figure 12 Left: Comparing the rate of the cyclometalation reaction of fluoro-substituted phosphinines 2,
4 and 7 with the reference reaction Ir(PC-9). Conditions: T = 80˚C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM,
phosphinine = 103 mM, NaOAc = 115 mM. Right: Possible resonances in haloarene 4 due to conjugation.
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As stated before, the cyclometalation reaction of phosphinine 4 under standard
reaction conditions also deviates from the typical product distribution (Figure 8) which is
shown in Figure 12. This is due to the fact that both the C-H bond in 2’-position and
6’-position of the ortho-aryl groups can be activated as evident from the

P{1H} NMR

31

spectra and the crystallographic characterization (Figure 5). As the fluorine atom is a
substituent with a high electronegativity, the cyclometalation of 4 is slower than the
reference reaction with unsubstituted 2,4,6-triphenylphosphinine 9, which is in line with
previous statements. Nevertheless, if the rate of this particular cyclometalation is
compared to the reaction with the fluoro-substituted phosphinines 2 and 7, the final
composition of Ir(PC-4)’ and Ir(PC-4)’’ is reached faster. This is contradictory to the
aforementioned conclusion that an electron withdrawing group in meta-position
(3’-position) of the 2,4,6-triarylphosphinine heterocycle should have the most
pronounced inhibitory effect. Nevertheless, one of the lone pairs at the fluorine atom of 4
is in conjugation with the π-electrons of the aromatic system, acting as an ortho- and paradirector relative to the fluorine atom (Figure 12). This mesomeric donating effect was not
observed for phosphinines 2 and 7, as these minor activated positions are either occupied
or cannot form a suitable metallacycle. However, for this particular phosphinine with the
fluorine atom in meta-position (4), this effect was visible, resulting in a slightly faster
overall cyclometalation reaction towards both regioisomers (vide infra). This is in line
with the results reported by Jones et al. claiming the same effect occurs during the
C-H activation of substituted phenyl imines.[35]
To unambiguously show the inhibiting effect of electron withdrawing substituents
on the cyclometalation reaction, a range of CF3-functionalaized phosphinines should be
synthesized and subsequently applied in the cyclometalation reaction.

3.4.2. Non-Symmetrically Substituted Phosphinines
When non-symmetrically substituted phosphinines 11-14 are applied in the baseassisted cyclometalation reaction at T = 80°C using [Cp*IrCl2]2 as metal precursor,
multiple regioisomers were detected in the time-dependent 31P{1H} NMR spectra, except
for phosphinine 14 as indicated in Chapter 2. The minor rate difference between these
cyclometalations can be compared by the time in which the final composition is reached.
In order to compare the data graphically, all regioisomers of each cyclometalation
reaction were combined in Figure 13.
Figure 13 indicates that the cyclometalation of the 3’-MeO-substituted phosphinine
11 is initially slightly faster compared to the other non-symmetrically substituted
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phosphinines. This is attributed to the fact that a MeO-group is a strong mesomeric
donor and when placed in meta-position (3’-position) both ortho- and para-positions
(2’- and 6’-position) are highly activated. The activation via an inductive donor (Megroup) for 12 or an electron withdrawing fluoro-substituent for 13 in the same position is
lower in comparison. Nevertheless, full conversion was not obtained as approximately
10% of the P-coordinated Ir(PCH-11) was visible during the course of the reaction (vide
infra).
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Figure 13 Comparing the rate of the cyclometalation of non-symmetrically substituted phosphinines 1114. Conditions: T = 80˚C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine = 103 mM, NaOAc = 116 mM.

It is interesting to note that complexes Ir(PC-12) and Ir(PC-14), substituted with a
3’-CH3 and a 3’,5’-di-tBu-group, respectively, reach their final equilibrium roughly at the
same time, despite their electronic and steric difference. This might be due to the fact that
phosphinine 14 solely undergoes cyclometalation through the non-substituted phenylring, eliminating the stronger donor properties. In contrast, the cyclometalation of
phosphinine 12 occurs at the substituted phenyl ring for 55% which is activated by the
methyl group in meta-position.
The cyclometalation of 3’-fluoro-substituted phosphinine 13 is shown to be only
slightly slower in this small database of non-symmetrically substituted phosphinines.
This can most likely be attributed to the electron withdrawing nature of the fluoro group,
combined with a donation through conjugation. The mesomeric donating effect, creates a
partially negative charge on both the 2’- and 6’-position where C-H activation can occur,
facilitating the cyclometalation. This effect counteracts the natural effect of the electron
withdrawing groups, which were shown to slow down the cyclometalation reaction.
The symmetrically and non-symmetrically substituted phosphinines with a CH3group (3 and 12) or a F-functionality (4 and 13) in meta-position, can also be compared
related to the rate of the cyclometalation reaction. The symmetrically 3’-methyl-
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substituted phosphinine 3 undergoes cyclometalation significantly faster compared to
the non-symmetrical phosphinine 12, with respectively 60 min and 195 min reaction time
to reach full conversion. The opposite is valid for the two 3’-fluoro-substituted
phosphinines (260 min for 4 and 205 min for 13), which is expected to originate from the
electronic effect, although the difference is less pronounced.

3.5 Regioselectivity of the Cyclometalation Reaction
Regioselectivity in symmetrically substituted phosphinines only plays a role when
the substituent is positioned in meta-position. For the other compounds the 2’-position is
either occupied or the activation of the 2’-position and the 6’-position gives rise to the
same product. Therefore, phosphinines 3 and 5, substituted with an electron donating
CH3-group, or an electron withdrawing CF3-group in the 3’-position (meta-position) of
both ortho-aryl groups of the phosphorus heterocycle, should give rise to two different
cyclometalated products. However, during the course of the reaction only one
regioisomer could be detected by

31

P{1H} NMR spectroscopy in both cases. The

cyclometalated product Ir(PC-3) could be isolated and X-ray crystallographic
characterization (Figure 5) unambiguously confirms that only the less sterically hindered
position (6’-position) has undergone C-H activation. Even a CH3-group and an analogous
CF3-group is observed to be bulky enough to direct the C-H activation towards one
particular regioisomer, confirming the extreme sensitivity to steric effects as reported
before.[35]
On the other hand, the meta-F-substituted 2,4,6-triarylphosphinine 4 can be
activated on both 2’-position and 6’-position as the fluoro-substituent directs the partially
negative charge to both carbon atoms, stabilizing the Wheland intermediate in both
regioisomers (Figure 12). Unlike Ir(PC-3) and Ir(PC-5), no steric restriction was observed,
which is attributed to the small Van der Waals radius of fluorine.[40] A gradual formation
of both cyclometalated compounds with a chemical shift of δ = 172.6 ppm and 173.0 ppm
resulted in a final composition of approximately 70:30 within 4.5 hours at T = 80°C as
detected by

31

P{1H} NMR spectroscopy. Furthermore, X-ray crystal structure analysis

unambiguously confirms the occurrence of both regioisomers, showing that there is even
a preference for activation of the C-H bond ortho to the C-F bond, which is known in
literature as the “ortho-effect”.[41],[42] This could be due to the higher degree of conjugation
in the transition state of the ortho-activation, making it the more probable pathway.[43] The
reason why this was not observed for the other fluoro-substituted phosphinines 2 and 7
is obvious as the positions ortho (and para) to the fluorine were either occupied or could
not form the five-membered metallacycle.
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The most pronounced effect on the regioselectrivity is expected in the group of the
non-symmetrically substituted phosphinines 11-13, as several products are possible during
the cyclometalation reaction. Phosphinine 14, however, is not susceptible to regioisomers
in the cyclometalation reaction using [Cp*IrCl2]2 at T = 80°C, as the bulky tert-butyl
groups prevent activation of the substituted aryl group.
On the other hand, phosphinine 11 with an electron donating CH3O-group in the
3’-position of one of the ortho-aryl groups, can be C-H activated on the non-substituted
and both positions of the substituted ortho-aryl group, giving rise to three different
regioisomers as depicted in Figure 14. In fact, three different signals were observed by
31

P{1H} NMR spectroscopy after one hour reaction time at δ = 171.1 ppm, 172.5 ppm and

173.9 ppm, next to the coordination compound Ir(PCH-11) at δ = 133.2 ppm (Figure 15).
No free phosphinine 11 could be observed during the course of this particular
cyclometalation reaction, which can be explained by the rather fast C-H activation due to
the electron donating effect of the CH3O-group.

Figure 14 Possible regioisomers in the cyclometalation reaction of non-symmetrical
2,4,6-triarylphosphinines.

It is expected that the activation of the substituted 2-aryl group is more favorable
due to the enhancing effect of the electron donating group in 3’-position. The main
product after one hour would consequently correspond to the regioisomer Ir(PC-11)’
(Figure 14), with a chemical shift at δ = 172.5 ppm in the

31

P{1H} NMR spectrum. The

chemical shift at δ = 173.9 ppm is subsequently assigned to the regioisomer Ir(PC-11)’’,
which formation is less favored than Ir(PC-11)’ due to the steric repulsion between the
CH3O-group and the MLn fragment. Ir(PC-11)’’ is, however, formed faster than the C-H
bond activation of the non-substituted aryl group towards Ir(PC-11)’’’ occurs. The minor
product after one hour Ir(PC-11)’’’ displays a chemical shift at δ = 171.1 ppm in the
31

P{1H} NMR spectrum, which closely resembles the value of the reference cyclometalated

complex of 2,4,6-triphenylphosphinine 9. A graphical representation of this equilibrium
can be seen in Figure 16.
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Figure 15 Waterfall plot of the time-dependent 31P{1H} NMR spectra for the NaOAc-assisted
cyclometalation reaction of phosphinine 11. Conditions: T = 80˚C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 53 mM,
phosphinine = 103 mM, NaOAc = 110 mM.

Interestingly, when heating the reaction mixture for several days, there seems to be
a dynamic equilibrium between the three regioisomers as the composition of the species
slowly changed according to Figure 15. After approximately 12 days, only two
cyclometalated species remain, with Ir(PC-11)’’’ now the major isomer and the product
assigned as Ir(PC-11)’ in about 20%. The major product, in which the non-substituted
phenyl group is coordinated to the metal center, could be isolated and characterized
crystallographically (Figure 7) confirming the composition of the product and therefore
the position which was activated. Apparently, Ir(PC)´and Ir(PC)´´ are the kinetic
products of the reaction due to the electron donating properties of the CH 3O-group,
while Ir(PC)´´´ is the thermodynamic more favorable product. This gradual exchange
might be attributed to steric effects and indicates that the C-H bond breaking is
reversible.
For the 3’-methyl-substituted phosphinine 12, however, only two resonances for
cyclometalated compounds were observed in the 31P{1H} NMR spectrum, indicating that
only two of the three possible isomers were formed. It is assumed, that Ir(PC-12)´ and
Ir(PC-12)´´´ are the observed cyclometalated species as steric effects might prevent the
formation of Ir(PC-12)´´ as was shown for the symmetrically substituted phosphinine 3
(vide supra). From these results it is clear that there is more steric repulsion between the
CH3-group and the MLn fragment, in contrast to the CH3O-group that can rotate away
from the C-H bond in 2’-position. Gradual formation of the two regioisomers with
chemical shifts at δ = 170.4 ppm and 171.2 ppm in the 31P{1H} NMR spectrum, resulted in
a ratio of approximately 45:55 after roughly three hours (Figure 16). Analogous to
phosphinine 11, it is considered that the major isomer corresponds to Ir(PC-12)’ as the
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CH3-group favors the cyclometalation reaction and the chemical shift of the minor isomer
closely resembles the one of Ir(PC-9). Unfortunately, these regioisomers could not be
crystallized which would determine their conformation without any doubt. In contrast to
Ir(PC-11), there is no interexchange observed between the different regioisomers even
after 10 days.
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Figure 16 Graphical representation of NaOAc-assisted cyclometalation of meta-substituted
phosphinines 11-13. Conditions: T = 80˚C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM,
phosphinine = 103 mM, NaOAc = 116 mM.

The NaOAc-assisted cyclometalation of the 3’-fluoro-substituted phosphinine 13
results in all three possible regioisomers as observed by means of

P{1H} NMR

31

spectroscopy, similar to Ir(PC-11) (Figure 16). Unlike the MeO-substituted P-coordinated
complex Ir(PCH-11), dissociation of the monocoordination (Ir(PCH-13) δ(31P) =
133.5 ppm) towards the free phosphinine and an acetate-Ir(III) species was observed
during the course of the reaction, as depicted in Figure 17. The main product after
approximately three hours corresponds to regioisomer Ir(PC-13)’’ as determined before
via X-ray crystal structure (Figure 7), with a chemical shift at δ(31P) = 171.6 ppm. This is
similar to the cyclometalation of the symmetrically 3’-fluoro-substituted phosphinine 4
and is known in literature as the “ortho-effect”.[41-43] The chemical shift at δ(31P) =
172.2 ppm, which corresponds to approximately 20% of the composition (Figure 16), is
assigned to regioisomer Ir(PC-13)’, as it would be more favored than complex Ir(PC-13)’’’
(δ(31P) = 170.8 ppm) due to the conjugation of the fluor with the π-electrons of the
aromatic ring. Unfortunately, separation of all regioisomers was not successful, making it
impossible to unambiguously assign the product distribution. As is the case for Ir(PC-12),
the product distribution remained constant for at least six days at T = 80°C, indicating
that the gradual formation of the cyclometalated complex results in a stable ratio of the
three regioisomers.
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Remarkably, there are more signals visible in the free phosphinine region of the
P{ H} NMR spectrum during the base-assisted cyclometalation reaction of phosphinine

31

1

13 as indicated in Figure 17. This effect is also observed during the cyclometalation of
symmetrically substituted phosphinine 4 as well as non-symmetrically substituted
phosphinine 12, which each show two different signals at around δ = 185 ppm. Until
now, it is unclear what causes these intermediates to appear, but it might be due to a
hindered rotation of the ligand in solution.

Figure 17 Waterfall plot of the time-dependent 31P{1H} NMR spectra for the NaOAc-assisted
cyclometalation reaction of phosphinine 13. Conditions: T = 80˚C, CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM,
phosphinine = 103 mM, NaOAc = 113 mM.

3.6 Cyclometalation of 2,4,6-Triarylphosphinines: Mechanistic
Investigation
When studying the rate of the NaOAc-assisted cyclometalation reaction of
phosphinines with [Cp*IrCl2]2 (vide supra), an electrophilic mechanism for the C-H bond
activation was proposed, in analogy to the mechanism claimed for nitrogen-containing
substrates.[35],[36],[44-46]

This mechanism is more common for electron deficient, late

transition metals, such as e.g. Ir(III) and is slower when electron withdrawing
substituents are positioned on the aromatic cycle.[47]
To reveal the concepts of the mechanism of the cyclometalation reaction,
2,4,6-triphenylphosphinine 9 was used as a reference compound.

P{1H} NMR

31

spectroscopy confirmed the coordination of the phosphinine to the metal center at room
temperature, without the requirement of an additional base to open the chloro-bridged
dimer. Therefore, monocoordination towards Ir(PCH) occurs, prior to the formation of
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the active species, according to Scheme 3. Furthermore, Davies and MacGregor
calculated that the species, which is responsible for the electrophilic activation of the
aromatic C-H bond, is [Cp*Ir(κ2-OAc)Cl] in the covalent or non-covalent form.[45] The
formation of this species is proposed by an additional dissociation step that can be
observed by 31P{1H} NMR spectroscopy in the presence of NaOAc. This is in fact not the
case in the considerably slower cyclometalation reaction in the absence of an acetate ion.
To determine whether the dissociated phosphinine (PCH) is formed due to the reverse
reaction of the P-coordination Ir(PCH) or whether it is an intermediate step (PCH and
Ir(OAc), Scheme 4), an experiment using excess phosphinine ligand was performed,
which gave a significant slower cyclometalation reaction. Relating this information to Le
Chatelier’s principle, it is proposed that there is an intermediate step in which the ligand
dissociates, although side reactions or a shift in the rate limiting step cannot be excluded.

Scheme 4 Proposed mechanism for NaOAc-based cyclometalation of 2,4,6-triphenylphosphinine by
[Cp*IrCl2]2.

The κ2-acetate species Ir(OAc) (Scheme 4) has an optimal geometrical conformation
as well as a strong basic character, making it suitable for intramolecular proton
transfer.[45] Subsequent reaction with the phosphinine resulted in a transfer of electron
density of the aromatic ring towards the partial positive charge on the metal. An arenium
complex is most likely formed in a similar way as in organic aromatic substitution
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reactions, which is stabilized by rearomatization leading to the cyclometalated species
Ir(PC) after elimination of acetic acid.[38] Unfortunately, the cationic intermediate could
not be characterized, although, an unidentified species was detected in the
cyclometalation reaction of 8. The four CF3-groups slowed down the reaction
considerably to form presumably the cationic intermediate at δ(31P) = 152 ppm, but no
full characterization could be performed.
In the final product, the η1-acetate group was exchanged for a chloride as its
coordination to the iridium center is stronger. Based on the reaction rates, measured by
monitoring the intermediates and products by

P{1H} NMR spectroscopy, the

31

mechanism in Scheme 4 is proposed. This mechanism resembles a concerted NaOAcassisted metalation-deprotonation (CMD) mechanism, which is electrophilic in nature.

3.7 Kinetic Investigation and Kinetic Isotope Effect of the Cyclometalation
The mechanisms of organometallic reactions are complex and difficult to study, as
the elemental steps are fast and determining the rate-limiting step is not straightforward.
Nevertheless, isotopic substitution can be used to gain more insight in which bonds are
broken or formed during the rate-determining step. Exchanging a proton for a deuterium
can have a significant effect on the reaction rate, when isotopic replacement occurs in the
bond involved in the rate determining step. Typical values for the primary kinetic
isotope effect (kH/kD) have been estimated to be about 6.5-7, measured at 298 K, but tend
to be lower in experiments, due to the fact that the C-H bond usually does not break
completely in the transition state.[48],[49]
To study the rate limiting step of the cyclometalation reaction described above, the
partially deuterated 2,6-di(phenyl-[D5])-4-phenylphosphinine 10 was reacted with
[Cp*IrCl2]2 and NaOAc in dichloromethane in a ratio of 2:1:2 with equal reaction
conditions as the all-proton 2,4,6-triphenylphosphinine 9. Several C-H bond and C-D
bond activation experiments were performed at five different temperatures (T = 20°C,
60°C, 70°C, 80°C and 90°C) in a closed system. The concentration-time data, obtained by
P{1H} NMR spectroscopy, was subsequently analyzed. A comparison of the C-H bond
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and C-D bond activation in the NaOAc-assisted cyclometalation at T = 60°C is
represented in Figure 18. The time-dependent depletion of the P-coordinated complex
Ir(PCH), the free phosphinine (PCH) intermediate, as well as the formation of the
cyclometalated product Ir(PC) is apparent for both the partially deuterated phosphinine
10 (dotted lines) and the reference compound 9 (solid lines). This graph shows that the
intermediate free phosphinine (PCH) is formed later for 10 compared to 9 and the overall
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cyclometalation is also slower. This observation suggests that there is an effect of isotopic
displacement on different reaction steps, indicating that there is a primary and secondary
kinetic isotope effect involved.
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Figure 18 C-H and C-D bond activation in the acetate-assisted cyclometalation.
▲: P-coordinated complex; ●: Cyclometalated species, ■: Non-coordinated phosphinine.
Conditions: CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine = 103 mM, NaOAc = 114 mM.

The kinetics of the cyclometalation reaction were investigated to quantify the
described effects, using a simplified representation of the mechanism in Scheme 4. As Pcoordination of the 2,4,6-triarylphosphinines occurs immediately, compound Ir(PCH)
was assigned as starting point of the kinetic study. The non-acetate assisted
cyclometalation reaction, which is indicated in Scheme 4, is considered negligible as this
route is an equilibrium reaction which proceeds much slower compared to the NaOAcassisted pathway.[15] Moreover, the Wheland intermediate-like transition state was not
taken into account in the kinetic calculations due to the fact that this intermediate could
not be observed in the in-situ measurements. Therefore, a simplified two-step
mechanism, which consists of a first order dissociation step and a second order
cyclometalation step, was considered the basis for our kinetic investigations (Scheme 5).
Only the forward reactions were considered for reliable kinetic calculations although the
reversibility of the steps cannot be excluded. Therefore, the mechanism was simplified
into two consecutive, non-reversible elementary steps from which the rate equations
(changes of concentrations as a function of time) are shown in Equations 1-4. The same
equations account for the C-D activation experiments of partially deuterated phosphinine
10, if the pre-exponential factors (A1, A2) and the activation energy (EA2) are replaced with
respectively A1D, A2D and EA2D.
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Scheme 5 Simplified NaOAc-assisted cyclometalation reaction mechanism of
2,4,6-triphenylphosphinine 9. Conditions: CH2Cl2 = 0.6 mL, [Cp*IrCl2]2 = 52 mM, phosphinine = 103 mM,
NaOAc = 114 mM.

In order to determine the kinetics of the two elementary steps, the change of
concentration over time for each intermediate in Scheme 5 was modeled to estimate the
values of the parameters including rate constants and activation energy from both
elementary steps.
(
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These differential equations describing the time-dependent concentrations of the
cyclometalation reactions of 9 and 10 were numerically integrated by a MATLAB routine.
This program optimized the parameter estimates applied in these equations to minimize
the difference between predicted and experimental concentration-time data by non-linear
regression. The parameter estimates with their confidence intervals are reported in Table
3, and the corresponding parity plot is shown in the experimental section.
Table 3 Parameter estimates for rate equations 1-4 (H and D) within 95% confidence intervals.
A1 (min-1)
(5.08 ± 2.66) x 106
A1D (min-1)

(2.79 ± 1.49) x 106

A2 (M-1min-1)

(5.82 ± 1.03) x 106

A2D (M-1min-1)

(1.09 ± 3.00) x 107

EA1 = EA1D (kJ/mol)

(56.60 ± 1.48)

EA2 (kJ/mol)

(41.40 ± 0.08)

EA2D (kJ/mol)

(46.6 0± 7.77)
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The data for these estimates were provided by a total of twenty cyclometalation
reactions performed at five different temperatures, as stated above. Seven of these
reactions were based on the partially deuterated phosphinine 10 to determine the kinetic
isotope effect and the rest were performed with the reference phosphinine 9 using
standard reaction conditions as indicated in Scheme 5. The corresponding rate constants
were calculated based on these parameter estimates as given in Table 4.
Table 4 Rate constants of the NaOAc-assisted cyclometalation reaction based on 9 (H) and 10 (D).
T (°C)
k1H
k1D
k2H
k2D
(min-1)

(min-1)

(M-1 min-1)

(M-1 min-1)

90

3.69·x 10-2

2.04·10-2

1.80

6.43

2.13

3.02

80

2.15·x 10

-2

1.19·10

-2

1.80

4.33

1.37

3.17

70

1.22·x 10

-2

6.74·10

-3

1.80

2.85

0.86

3.33

60

6.64·x 10

-3

3.68·10

-3

1.80

1.83

0.52

3.51

20

3.90·x 10

-4

2.17·10

-4

1.80

0.23

0.05

4.50

From these calculations it was concluded that the dissociation step is the rate
limiting step for complex 9 and 10, as was already predicted in the excess ligand
experiment, with an activation energy of 56.6 kJ/mol. Consequently, the overall rate of
the cyclometalation reaction is affected with a magnitude proportional to the secondary
kinetic isotope effect. Furthermore, as no C-H or C-D bond breaking is involved in the
dissociation step, the secondary kinetic isotope effect should arise from a change in the
entropy of the transition state when the deuterated phosphinine 10 is used.
Consequently, the pre-exponential factor of the dissociation step varies for the reference
phosphinine 9 and the deuterated phosphinine 10 (A1 and A1D), whereas the activation
energy EA1 stays constant. A secondary kinetic isotope effect (k1H/k1D) was calculated
accordingly, from which a value of 1.8 was obtained for all temperatures, as indicated in
Table 4.
The primary kinetic isotope effect (k2H/k2D) however, is a result of the difference in
activation energy of the cyclometalation step as well as a change in the transition state. A
range of 3.0 - 4.5 is calculated for this parameter, which exhibits an inverse temperature
dependence (Table 4) due to the difference in the activation energies EA2 = 41.4 kJ/mol and
EA2D = 46.6 kJ/mol. The higher activation energy for the cyclometalation step of the
deuterated phosphinine 10 results in a faster increase in the rate with increasing
temperature compared to the non-deuterated ligand 9, decreasing the ratio at elevated
temperatures.
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As stated before, the rate of cyclometalation of symmetrically substituted
phosphinines bearing electron donating groups is only slightly faster to the nonsubstituted phosphinines, but phosphinines with electron withdrawing groups slow
down the cyclometalation considerably. Moreover, the accumulation of the phosphinine
ligand (PCH) is higher and coordination compound Ir(PCH) is consumed faster for
phosphinines substituted with electron withdrawing groups compared to electron
donating groups. The effect on the course of the cyclometalation reaction is the most
pronounced for complexes Ir(PC-2) and Ir(PC-5). This indicates a shift in the rate limiting
step from the dissociation step to the C-H activation step for phosphinines bearing
electron withdrawing groups, which is strong enough to slow down the C-H activation
to the extent that it becomes rate limiting. For phosphinines substituted with electron
donating groups there is only a marginal effect on the rate originating from the
dissociation step. This together with the initiation period visible in the time-dependent
data strongly indicates that the dissociation step is an equilibrium reaction.
Consequently, the enhancing effect of the donating substituents on the cyclometalation
reaction is due to a forward shift in the equilibrium of the dissociation step.

3.8 Conclusions and Outlook
A range of 2,4,6-triarylphosphinines bearing either electron withdrawing (F, CF3) or
electron donating (Me, tBu, MeO) substituents in specific positions of the heterocyclic
framework were synthesized and characterized using NMR spectroscopy, elemental
analysis and, if possible, X-ray crystallographic analysis. These phosphinines were used
to study the effect of the substitution pattern on the rate and the regioselectivity of the
cyclometalation reaction via C-H bond activation. The general selectivity and reactivity in
the cyclometalation reaction of phosphinines is sensitive to steric effects, while electronic
effects have the main contribution.
Electron donating groups accelerate the cyclometalation reaction slightly, while
electron withdrawing groups decrease the rate of the C-H activation significantly, which
is predominant for substituents in meta-position. This indicates an electrophilic
mechanism for the C-H activation reaction via a Wheland intermediate, similar to
aromatic substitution reactions in organic chemistry. The influence of substituents on an
organic reaction is usually determined by means of the Hammett equation. This linear
free energy relationship can be useful to graphically predict the reaction rate of
compounds with certain substitution pattern or to elucidate on the reaction mechanism.
Therefore, a preliminary Hammett plot was made from the cyclometalation data of
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symmetrically substituted phosphinines where only one product was formed (Table 5,
Figure 19).
Table 5 Hammett constant (σ) and calculated rate constant (k) for the cyclometalation reaction of
symmetrically substituted phosphinines.
σ[50]
k (min-1)a
Log (k/k0)b
Ir(PC-3)
-0.17
6.70 x 10-2
3.09 x 10-1
-2
Ir(PC-6)
-0.07
5.31 x 10
2.08 x 10-1
Ir(PC-1)
-0.07
3.02 x 10-2
-3.80 x 10-2
-2
Ir(PC-9)
0
3.29 x 10
0
Ir(PC-7)
0.34
1.41 x 10-2
-3.68 x 10-1
Ir(PC-2)
0.34
1.06 x 10-2
-4.91 x 10-1
: determined graphically from

a

; b: k0 = rate constant of reference compound Ir(PC-9).

Figure 19 Hammett plot for the cyclometalation reaction of symmetrically substituted phosphinines.

The negative slope in Figure 19 indicates that electron withdrawing groups slow
down the cyclometalation reaction while electron donating groups accelerate the
reaction.[50] This trend in the Hammett plot is in line with the observations made before.
Moreover, the effect of the substitution pattern is more substantial than in the reference
reaction due to the fact that the slope is smaller than -1. Unfortunately, no prediction on
the mechanism or the rate limiting step can be made yet from Figure 19 as the database is
not large enough. This could be extended to a larger range of substituted phosphinines in
the future.
Moreover, slower cyclometalation reactions occurred for 2,4,6-triarylphosphinines
bearing substituents in 2’-position of the ortho-aryl group, regardless of their nature,
which is attributed to statistics, as only a reduced number of positions remain available
for activation.

31

P{1H} NMR spectroscopy and crystallographic determinations of the

corresponding novel cyclometalated phosphinine-Ir(III) complexes gave insight in the
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regioselectivity of the cyclometalation reaction. Ir(PC)’ and Ir(PC)’’ are kinetically
favored when donor-functionalized non-symmetrical phosphinines are cyclometalated, if
the substituent does not sterically hinder the formation of the metallacycle. Remarkably,
the C-H activation of the unsubstituted aryl group Ir(PC)’’’ was shown to be the
thermodynamic product for the non-symmetrical 2,4,6-triarylphosphinine bearing a 3’MeO-group.
Fluoro-substituted phosphinines were treated separate as they do not only
withdraw electron density from the aryl group but also donate a lone pair for
conjugation with the π-electrons in the aromatic ring. Therefore, these fluoro-substituents
act as deactivating ortho,para-directors, favoring the activation of the C-H bond ortho with
respect to the fluoro-substituent compared to the less sterically hindered 6’-position. This
was attributed to the “ortho-effect” as studied in literature before.
Based on the observed trends, a concerted base-assisted metalation-deprotonation
(CMD) mechanism, which is electrophilic in nature, is proposed. A kinetic investigation
of the simplified two-step mechanism has shown that the dissociation step is first order
and rate limiting for 2,4,6-triphenylphosphinine as well as for 2,6-di(phenyl-[D5])4-phenylphosphinine. The cyclometalation step is second order with a primary kinetic
isotope effect of 3.0 - 4.5 increasing with decreasing temperature. Donor-substituted
phosphinines act in a similar fashion compared to the calculated 2,4,6-triphenylphosphinine with the dissociation step as the rate limiting step. Nevertheless, a shift in
the rate limiting step to the C-H activation step is suggested for phosphinines bearing
electron withdrawing groups. These novel cyclometalated compounds can be interesting
complexes for future applications in molecular materials and homogeneous catalysis.

3.9 Experimental section
All experiments were performed under an inert argon atmosphere, using standard Schlenk techniques or
in an MBraun dry box. All glassware was dried prior to use to remove traces of water. P(SiMe3)3[51] and
2,4,6-triphenylphosphinine[22] were prepared according to literature procedure. [Cp*IrCl2]2 was used as
purchased from Strem chemicals Inc. All other chemicals were obtained from Sigma-Aldrich or ABCR. The
solvents were dried and deoxygenated using custom-made solvent purification columns filled with Al 2O3.
The 1H, 13C{1H}, 19F{1H} and 31P{1H} NMR spectra were recorded on a Varian Mercury 400 MHz
spectrometer and chemical shifts are reported relative to residual proton resonance of the deuterated
solvents. Elemental analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d.
Ruhr (Germany).
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Synthesis of 1-(3’-methylphenyl)-3-phenyl-2-propen-1-one (3’-methylchalcone)
Synthesized according to a literature adaptation.[52] 3-methylacetophenone (6.01 g,
44.8 mmol, 1.01 equiv.) was dissolved in 10 ml of EtOH. Then 25 ml of a 1.74 M
NaOH solution (1.78 g, 44.5 mmol, 1 equiv.) was added to the mixture. After that
benzaldehyde (4.74 g, 44.7 mmol, 1.00 equiv.) was added dropwise and the
mixture was stirred over night at room temperature. This resulted in a two-phase system with bright
yellow drops in an opaque solution. 10 ml of extra EtOH was added and the mixture was again stirred
vigorously for two extra days in an attempt to precipitate the chalcone. The pale yellow precipitate was
filtered off and washed with water and EtOH. Yield: 6.73 g, 67.8%; m.p. 196 °C. [53] 1H NMR (400 MHz,
CDCl3) δ = 7.84-7.77 (m, 3H, Harom and Hdouble bond), 7.66-7.62 (m, 2H, Harom), 7.51 (d, 3J(H,H) = 15.6 Hz, 1H,
Hdouble bond), 7.45-7.36 (m, 5H, Harom), 2.45 (s, 3H, Me) ppm. 13C NMR (100 MHz, CDCl3)[54] δ = 190.6 (C=O),
144.6 (Cβ), 138.2 (Cipso), 134.9 (Carom), 130.9 (Carom), 128.9 (Carom), 128.4 (Carom), 122.2 (Cα), 21.4 (Me) ppm. IR
(KBr):[53] 1670 cm-1 (C=O).
Synthesis of 3-phenyl-1,5-di(3’,5’-bis(trifluoromethyl)phenyl)pentane-1,5-dione:
This product was obtained as an intermediate during the synthesis of
pyrylium salt PS8 (vide infra). Diethyl ether complex of HBF4 · Et2O (52%
w/w; 6.57 g, 0.041 mol, 1.9 equiv.) was added dropwise to a mixture of
3,5-bis(trifluoromethyl)-acetophenone (10.38 g, 0.041 mol, 1.9 equiv.)
and degassed benzaldehyde (2.34 g, 0.022 mol, 1.0 equiv.) in 30 mL
1,2-dichloroethane. The red reaction mixture was refluxed at 80 ºC for
4.5 hours after which it was added dropwise to vigorously stirring Et 2O in order to precipitate the
pyrylium salt. The filtrate was evaporated in vacuo and crystallized using EtOH to yield off-white crystals.
Yield: 2.6 g, 21.4%; 1H NMR (400 MHz, CD3CN) δ = 3.50 (dd, 2J(H,H) = 17.5 Hz, 3J(H,H) = 7.2 Hz, 2H, COCH2),
3.62 (dd, 2J(H,H) = 17.5 Hz, 3J(H,H) = 6.6 Hz, 2H, COCH2), 3.98 (tt, 3J(H,H) = 7.2 Hz, 3J(H,H) = 6.6 Hz, 1H, COCH2CH),
7.13-7.19 (m, 1H, Harom), 7.26 (t, 3J(H,H) = 7.8 Hz, 2H, 3-Ph(Harom)), 7.31-7.35 (m, 2H, Harom), 8.21 (s, 2H,
1,5-Ar(4’-H)), 8.43 (s, 4H, 1,5-Ar(2’,6’-H)) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 37.7 (COCH2CH), 45.7
(COCH2), 124.2 (q, 1J(C,F) = 272.0 Hz, CF3), 127.3 (qq, 3J(C,F) = 3.6 Hz, 3J(C,F) = 3.6 Hz, 1,5-Ar(4’-C)), 127.6 (CH),
128.7 (CH), 129.4 (br s, CH), 132.5 (q, 2J(C,F) = 33.7 Hz, CF3Cquat), 139.7 (1,5-Ar(1’-C)), 144.4 (3-Ph(1’-C)), 197.6
(CO) ppm. 19F NMR (376 MHz, CD3CN) δ = -63.5 (CF3) ppm. Elemental analysis calcd (%) for C27H16F12O2
(600.40 g/mol): C 54.01, H 2.69; found: C 54.08, H 2.66.
General procedure for the preparation of symmetrically substituted 2,4,6-arylpyrylium salts:[11]
The acetophenone (2 equiv.) with appropriate substitution pattern and benzaldehyde (1 equiv.) were
introduced in a dry Schlenk flask under argon. A deep red reaction mixture was obtained upon dropwise
addition of HBF4 · Et2O (52% w/w; 2 equiv.), which became fluorescent shortly after complete addition. The
reaction mixture was heated to T = 80°C under reflux. 1,2-dichloroethane was added in case the reaction
mixture was too viscous. After approximately four hours, the reaction mixture was cooled down and the
pyrylium salt was precipitated in a large amount of diethyl ether under vigorous stirring. The salt was
filtered off and thoroughly washed with diethyl ether. The pyrylium salts were obtained as yellow
powders and if necessary crystallized from hot methanol.
2,6-Di(2’-methylphenyl)-4-phenylpyrylium tetrafluoroborate (PS1)
The pyrylium salt was obtained from 2-methylacetophenone (12.64 g, 94.2 mmol),
benzaldehyde (5.0 g, 47 mmol), and tetrafluoroboric acid (52% in ether, 15.2 g,
93.9 mmol) as a yellow powder. Yield: 9.11 g, 45.8%; 1H NMR (400 MHz, CDCl3) δ = 8.26
(s, 2H, Hβ), 8.10-8.14 (m, 2H, Harom), 7.97 (br d, 3J(H,H) = 8.0 Hz, 2H, Harom), 7.51-7.73 (m,
5H, Harom), 7.48 (br t, 3J(H,H) = 7.6 Hz, 2H, Harom), 7.41 (br d, 3J(H,H) = 7.4 Hz, 2H, Harom), 2.60
(s, 6H, Me) ppm. 13C NMR (100 MHz, CD3CN) δ = 174.8, 166.9, 139.8, 136.3, 134.9, 133.4,
132.2, 131.1, 130.7, 130.3, 128.10, 120.4, 20.45 (2 Me) ppm. 19F NMR (376 MHz, CD3CN)
δ = -153.0 ppm. Elemental analysis calcd (%) for C 25H21BF4O · CH4O (456.28 g/mol):
C 68.44, H 5.52; found: C 68.93, H 5.15.
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2,6-Di(2’-fluorophenyl)-4-phenylpyrylium tetrafluoroborate (PS2)
The pyrylium salt was obtained from 2-fluoroacetophenone (8.24 g, 59.7 mmol),
benzaldehyde (3.2 g, 30 mmol), and tetrafluoroboric acid (52% in ether, 9.6 g, 60 mmol)
after crystallization form methanol as yellow-green crystals. Yield: 5.05 g, 39.4%; 1H
NMR (400 MHz, CD3CN) δ = 8.75 (s, 2H, Hβ), 8.21-8.32 (m, 4H, Harom), 7.83-7.93 (m, 3H,
Harom), 7.76 (t, 3J(H,H) = 7.4 Hz, 2H, Harom), 7.49-7.63 (m, 4H, Harom) ppm. 13C NMR
(100 MHz, CD3CN) δ = 168.8 (d, 4J(C,F) = 2.9 Hz), 167.8, 162.2 (d, 1J(C,F) = 259.1 Hz,
2,6-Ar(2’-C)), 138.6 (d, 3J(C,F) = 10.4 Hz, 2,6-Ar(6’-C)), 136.7, 133.5, 131.9, 131.2, 130.6,
127.0-127.1 (m), 120.2 (d, 3J(C,F) = 11.6 Hz), 118.6 (d, 2J(C,F) = 22.4 Hz, 2,6-Ar(1’/3’-C)), 118.5
(d, 3J(C,F) = 9.2 Hz) ppm. 19F NMR (376 MHz, CD3CN) δ = -151.8 (BF4), -110.2 (CF) ppm. Elemental analysis
calcd (%) for C23H15BF6O · CH4O (464.21 g/mol): C 62.10, H 4.13; found: C 61.96, H 3.83.
2,6-Di(3’-methylphenyl)-4-phenylpyrylium tetrafluoroborate (PS3)
The pyrylium salt was obtained from 3-methylacetophenone (12.64 g, 94.2 mmol),
benzaldehyde (5.0 g, 47 mmol), and tetrafluoroboric acid (52% in ether, 15.2 g,
93.9 mmol) as a bright yellow powder. Yield: 5.4 g, 27.1%; 1H NMR (400 MHz,
CD3CN) δ = 8.68 (s, 2H, Hβ), 8.30 (d, 3J(H,H) = 7.6 Hz, 2H, Harom), 8.20-8.26 (m, 4H,
Harom), 7.83-7.89 (m, 1H, Harom), 7.77 (t, 3J(H,H) = 7.6 Hz, 2H, 2,6-Ar(Hmeta)), 7.63-7.71
(m, 4H, Harom), 2.55 (s, 6H, Me) ppm. 13C NMR (100 MHz, CD3CN) δ = 172.0, 167.1,
141.4, 137.1, 136.1, 133.9, 131.0, 130.9, 130.5, 129.9, 126.9, 116.6, 21.3 (Me) ppm. 19F
NMR (376 MHz, CD3CN) δ = -151.9 ppm. Elemental analysis calcd (%) for
C25H21BF4O · CH4O (456.28 g/mol): C 68.44, H 5.52; found: C 68.29, H 5.05.
2,6-Di(3’-fluorophenyl)-4-diphenylpyrylium tetrafluoroborate (PS4)
The pyrylium salt was obtained from 3-fluoroacetophenone (6.50 g, 47.1 mmol),
benzaldehyde (2.51 g, 23.7 mmol), and tetrafluoroboric acid (52% in ether, 7.61 g,
47.0 mmol) in 10 ml 1,2-dichloroethane as a pale yellow powder. Yield: 3.05 g
(30.0%). 1H NMR (400 MHz, CD3CN) δ = 8.77-8.75 (m, 2H, Hβ), 8.35-8.31 (m, 2H,
Harom), 8.28-8.23 (m, 2H, Harom), 8.19-8.13 (m, 2H, Harom), 7.91-7.85 (m, 1H, Harom),
7.84-7.74 (m, 4H, Harom), 7.66-7.58 (m, 2H, Harom) ppm. 13C NMR (100 MHz, CD3CN)
δ = 170.7 (d, 4J(C,F) = 3.0 Hz, C2, C6), 168.1 (C4), 164.1 (d, 1J(C,F) = 246.9 Hz, CF), 136.7
(CH), 133.5 (4-Ar(1’-C)), 133.2 (d, 3J(C,F) = 8.4 Hz, 2,6-Ar(5’-C)), 131.8 (d, 3J(C,F) =
8.4 Hz, 2,6-Ar(1’-C)), 131.1 (CH), 130.8 (CH), 126.0 (d, 4J(C,F) = 3.0 Hz, 2,6-Ar(6’-C)), 123.3 (d, 2J(C,F) = 21.7 Hz,
2,6-Ar(2’/4’-C)), 117.8, 116.4 (d, 2J(C,F) = 24.5 Hz, 2,6-Ar(2’/4’-C)) ppm. 19F NMR (376 MHz, CD3CN) δ =
-(111.7-111.9) (m, CF), -151.9 (BF4) ppm. Elemental analysis calcd (%) for C23H15F6BO (432.17 g/mol): C 63.92,
H 3.50; found C 63.77, H 3.44.
4-Phenyl-2,6-di(3’-trifluoromethylphenyl)pyrylium tetrafluoroborate (PS5)
The pyrylium salt was obtained from 3-trifluoromethylacetophenone (17.72 g,
94.2 mmol), benzaldehyde (5.0 g, 47 mmol), and tetrafluoroboric acid (52% in
ether, 15.2 g, 93.9 mmol) in 1,2-dichloroethane (20 ml) as a yellow powder.
Yield: 8.51 g, 34.1%; 1H NMR (400 MHz, CD3CN) δ = 8.90 (s, 2H, Hβ), 8.70 (br s,
2H, 2,6-Ar(2’-H)), 8.66 (br d, 2H, 3J(H,H) = 8.3 Hz, 2,6-Ar(4’-H)), 8.37-8.43 (m, 2H,
4-Ar(2’,6’-H)), 8.17 (br d, 3J(H,H) = 7.7 Hz, 2H, 2,6-Ar(6’-H)), 7.99 (dd, 3J(H,H) =
8.3 Hz, 3J(H,H) = 7.7 Hz, 2H, 2,6-Ar(5’-H)), 7.88-7.94 (m, 1H, 4-Ar(4’-H)), 7.77-7.84
(m, 2H, 4-Ar(3’,5’-H)) ppm. 13C NMR (100 MHz, CD3CN) δ = 170.7, 168.4, 137.0,
133.4, 133.3-133.4 (m), 132.5 (q, 2J(C,F) = 33.3 Hz, 2,6-Ar(3’-C)), 132.5 (q, 3J(C,F) = 3.7 Hz, 2,6-Ar(2’/4’-C)), 132.1,
131.2, 131.1 130.8, 126.7 (q, 3J(C,F) = 3.9 Hz, 2,6-Ar(2’/4’-C)), 124.6 (q, 1J(C,F) = 272.0 Hz, CF3) ppm. 19F NMR
(376 MHz, CD3CN) δ = -63.4 (CF3), -151.9 (BF4) ppm. Elemental analysis calcd (%) for C 25H15BF10O
(532.18 g/mol): C 56.42, H 2.84; found: C 55.96, H 2.95.
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2,6-Di(4’-methylphenyl)-4-phenylpyrylium tetrafluoroborate (PS6)
The pyrylium salt was obtained from 4-methylacetophenone (6.29 g, 47 mmol),
benzaldehyde (2.48 g, 23 mmol), and tetrafluoroboric acid (52% in ether, 7.6 g,
47 mmol) as a yellow powder. Yield: 4.1 g, 41.2%; 1H NMR (400 MHz, CD3CN) δ =
8.59 (s, 2H, Hβ), 8.24-8.33 (m, 6H, Harom), 7.81-7.87 (m, 1H, Harom), 7.71-7.78 (m, 2H,
Harom), 7.58 (br d, 3J(H,H) = 8.4 Hz, 4H, Harom), 2.53 (s, 6H, Me) ppm. 13C NMR
(100 MHz, CD3CN) δ = 171.6, 166.6, 148.4, 135.9, 134.0, 131.7, 130.9, 130.3, 129.6,
127.2, 115.8, 22.0 (Me) ppm. 19F NMR (376 MHz, CD3CN) δ = -151.9 ppm. Elemental
analysis calcd (%) for C25H21BF4O · CH4O (456.28 g/mol): C 68.44, H 5.52; found:
C 69.06, H 5.06.
2,6-Di(4’-fluorophenyl)-4-phenylpyrylium tetrafluoroborate (PS7)
The pyrylium salt was obtained from 4-fluoroacetophenone (6.54 g, 47 mmol),
benzaldehyde (2.49 g, 23 mmol), and tetrafluoroboric acid (52% in ether, 7.6 g,
47 mmol) as a yellow powder. Yield: 3.82 g, 37.7%; 1H NMR (400 MHz, CD3CN) δ =
8.66 (s, 2H, Hβ) , 8.45-8.51 (m, 4H, Harom), 8.28-8.32 (m, 2H, Harom), 7.84-7.89 (m, 1H,
Harom), 7.74-7.80 (m, 2H, Harom), 7.49-7.56 (m, 4H, Harom) ppm. 13C NMR (100 MHz,
(CD3)2SO) δ = 169.1, 166.1 (d, 1J(C,F) = 255.2 Hz, 2,6-Ar(4’-C)), 165.0, 135.3, 132.4, 132.0
(d, 3J(C,F) = 9.8 Hz, 2,6-Ar(2’/6’-C)), 130.0, 129.8, 125.8 (d, 4J(C,F) = 2.8 Hz, 2,6-Ar(1’-C)),
117.2 (d, 2J(C,F) = 22.4 Hz, 2,6-Ar(3’/5’-C)), 115.0 ppm. 19F NMR (376 MHz, CD3CN)
δ = -151.9, -102.7 (CF) ppm. Elemental analysis calcd (%) for C 23H15BF6O · CH4O (464.14 g/mol): C 62.10,
H 4.13; found: C 62.41, H 3.68.
4-Phenyl-2,6-di[3’,5’-bis(trifluoromethyl)phenyl]pyrylium tetrafluoroborate (PS8)
The pyrylium salt was obtained from 3,5-bis(trifluoromethyl)acetophenone
(6.46 g, 25.2 mmol), benzaldehyde (1.34 g, 12.6 mmol), and tetrafluoroboric acid
(52% in ether, 4.1 g, 25.2 mmol) in 5 ml 1,2-dichloroethane as a pale yellow
powder. For this particular pyrylium salt overnight heating was necessary to
obtain a reasonable yield. Yield: 2.6 g, 31.6%; 1H NMR (400 MHz, CD3CN) δ =
9.04 (s, 2H, Hβ), 8.91 (br s, 4H, 4,6-Ar(Hortho)), 8.48 (br s, 2H, 4,6-Ar(Hpara)), 8.428.47 (m, 2H, 4-Ar(Hortho)), 7.95 (t, 3J(H,H) = 7.4 Hz, 1H, 4-Ar(Hpara)), 7.83 (t, 3J(H,H) =
7.8 Hz, 2H, 4-Ar(Hmeta)) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 187.6 (Cquat), 147.3 (CH), 140.3 (Cquat), 134.7
(Cquat), 132.5 (q, 2J(C,F) = 33.7 Hz, 2,6-Ar(3’/5’-C)), 131.7 (CH), 129.5 (CH), 129.2 (CH), 128.9-129.1 (m, CH),
126.3 (sept, 3J(C,F) = 3.7 Hz, 2,6-Ar(4’-C)), 123.6 (q, 1J(C,F) = 272.8 Hz, CF3), 120.9 (CH) ppm. 19F NMR (376 MHz,
CD3CN) δ = -63.5 (CF3), -151.9 (BF4) ppm. Elemental analysis calcd (%) for C27H13BF16O · 1.3 C2H4Cl2
(800.12 g/mol): C 44.53, H 2.31; found: C 44.44, H 2.23.
2,6-Di(phenyl-[D5])-4-phenylpyrylium tetrafluoroborate (PS10)
The pyrylium salt was obtained from 2’,3’,4’,5’,6’-[D5]-acetophenone (5.0 g,
40 mmol), benzaldehyde (2.14 g, 20.2 mmol), and tetrafluoroboric acid (52% in
ether, 6.49 g, 40.1 mmol) as a bright yellow powder. Yield: 2.7 g, 33.3%; 1H NMR
(400 MHz, CD3CN) δ = 8.72 (br s, 2H, Hβ), 8.31 (br d, 3J(H,H) = 7.6 Hz, 2H, Harom), 7.837.89 (m, 1H, 4-Ar(Hpara)), 7.73-7.81 (m, 2H, Harom) ppm. 13C NMR (100 MHz, CD3CN)
δ = 171.9 (Cquat), 167.4 (CH), 136.2 (CH), 133.9 (CH), 131.0 (C quat), 130.6 (CH), 116.8
(CH) ppm. 19F NMR (376 MHz, CD3CN) δ = -151.9 ppm. Elemental analysis calcd
(%) for C23H7D10BF4O · CH4O (438.29 g/mol): C 65.77, H 7.13; found: C 65.23, H 6.99.
General procedure for the preparation of non-symmetrically substituted 2,4,6-arylpyrylium salts:[11]
Chalcone (2 equiv.) and acetophenone (1 equiv.) were introduced in a dry Schlenk flask under argon. Upon
dropwise addition of HBF4·Et2O (52% w/w; 2 equiv.), the reaction mixture turned deep red and became
fluorescence shortly after complete addition. 1,2-dichloroethane was added in case the reaction mixture
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was too viscous. After 4 hours at T = 80°C, the same workup was applied as described above for the
symmetrically substituted pyrylium salts.
2-(3’-Methoxyphenyl)-4,6-diphenylpyrylium tetrafluoroborate (PS11)
The pyrylium salt was obtained from trans-chalcone (15 g, 72 mmol),
3-methoxyacetophenone (5.0 g, 33 mmol), and tetrafluoroboric acid (52% in ether,
12.3 g, 76.0 mmol) as a bright yellow powder. Crystallization from hot methanol
gives orange needles Yield: 7.75 g, 54.6%; m.p. 194-196°C. 1H NMR (400 MHz,
CD2Cl2) δ = 8.61 (br s, 2H, Hβ), 8.32-8.37 (m, 2H, Harom), 8.25-8.30 (m, 2H, Harom), 7.93
(dd, 3J(H,H) = 8.1 Hz, 4J(H,H) = 0.8 Hz, 1H, 2-Ar(6’-H)), 7.71-7.88 (m, 7H, Harom), 7.67 (dd,
3J(H,H) = 8.3 Hz, 3J(H,H) = 8.1 Hz, 1H, 2-Ar(5’-H)), 7.36 (dd, 3J(H,H) = 8.3 Hz, 4J(H,H) =
2.4 Hz, 1H, 2-Ar(4’-H)), 3.99 (s, 3H, MeO) ppm. 13C NMR (100 MHz, CD3CN) δ =
171.9, 171.6, 167.4, 161.6, 136.4, 136.2, 133.8, 132.3, 131.2, 131.0, 131.0, 130.6, 129.9, 129.7, 122.1, 122.0, 117.0,
116.9, 114.5, 56.7 (OCH3) ppm. 19F NMR (376 MHz, CD3CN) δ = -151.9 ppm. Elemental analysis calcd (%) for
C24H19BF4O2 (426.21 g/mol): C 67.63, H 4.49; found: C 68.47, H 4.98.
2-(3’-Methylphenyl)-4,6-diphenylpyrylium tetrafluoroborate (PS12)
The pyrylium salt was obtained from 3’-methylchalcone (7.0 g, 32 mmol),
acetophenone (1.9 g, 16 mmol), and tetrafluoroboric acid (52% in ether, 5.12 g,
31.6 mmol) as a bright yellow powder. Yield: 4.1 g, 63.5%; m.p. 174°C. 1H NMR
(400 MHz, CDCl3) δ = 8.52-8.55 (m, 2H, Harom), 8.32-8.37 (m, 2H, Harom), 8.26-8.31 (m,
2H, Harom), 8.17 (br s, 1H, Harom), 8.09-8.14 (m, 1H, Harom), 7.69-7.75 (m, 3H, Harom), 7.517.62 (m, 2H, Harom), 7.37-7.48 (m, 3H, Harom), 2.55 (s, 3H, Me) ppm. 13C NMR (100 MHz,
CDCl3) δ = 170.9, 170.4, 166.1, 141.0, 136.7, 136.6, 135.6, 135.4, 132.1, 130.5, 130.3, 130.2,
129.3, 128.8, 128.7, 128.6, 125.9, 114.8, 114.7, 21.5 (Me) ppm. 19F NMR (376 MHz,
CD3CN) δ = -151.4 ppm. Elemental analysis calcd (%) for C 24H19BF4O · CH4O (442.25 g/mol): C 67.89, H 5.24;
found: C 68.58, H 4.27.
2-(3’-Fluorophenyl)-4,6-diphenylpyrylium tetrafluoroborate (PS13)
The pyrylium salt was obtained from trans-chalcone (9.05 g, 43.4 mmol),
3-fuoroacetophenone (3.02 g, 21.9 mmol), and tetrafluoroboric acid (52% in ether,
7.00 g, 43.2 mmol) in 1,2-dichloroethane (5 ml) as a bright yellow powder. Yield:
3.94 g (43.8%). 1H NMR (400 MHz, CD3CN) δ = 8.78-8.75 (m, 1H, Hβ), 8.73-8.70 (m,
1H, Hβ), 8.46-8.40 (m, 2H, Harom), 8.34-8.29 (m, 2H, Harom), 8.27-8-23 (m, 1H, Harom),
8.18-8.12 (m, 1H, Harom), 7.91-7.83 (m, 2H, Harom), 7.82-7.73 (m, 5H, Harom), 7.64-7.57 (m,
1H, Harom) ppm. 13C NMR (100 MHz, CD3CN) δ = 172.4 (C6), 170.2 (d, 4J(C,F) = 3.1 Hz,
C2), 167.7 (C4), 164.1 (d, 1J(C,F) = 247.0 Hz, CF)), , 136.6 (CH), 136.5, 133.7 (4-Ar(1’-C)),
133.1 (d, 3J(C,F) = 8.0 Hz, 2-Ar(5’-C)), 132.0 (d, 3J(C,F) = 8.5 Hz, 2-Ar(1’-C)), 131.1 (CH), 131.0 (CH), 130.7 (br s,
CH), 129.9 (CH), 129.8 (6-Ar(1’-C)), 125.8 (d, 4J(C,F) = 3.1 Hz, 2-Ar(6’-C)), 123.0 (d, 2J(C,F) = 21.2 Hz, 2-Ar(2’/4’C)), 117.3 (CH), 117.2 (CH), 116.2 (d, 2J(C,F) = 24.7 Hz, 2-Ar(2’/4’-C)) ppm. 19F NMR (376 MHz, CD3CN) δ = 111.9 (CF), -151.9 (BF4) ppm. Elemental analysis calcd (%) for C 23H16F5BO · 0.5 CH4O (430.20 g/mol): C 65.61,
H 4.22; found C 65.57, H 3.75.
Modified literature procedure for the preparation of 2,4,6-arylphosphinines:[55]
P(SiMe3)3 (1-2.2 equiv.) was added dropwise to a slurry of the functionalized pyrylium salt (1 equiv.) in
1,2-dimethoxyethane (DME) and the resulting mixture was refluxed at T = 90°C for 16 hours. During that
time the pyrylium salt dissolved completely. The DME was subsequently removed in vacuo and the brown
residue was filtered through a pad of neutral alumina using diethyl ether as eluent. The product was
washed 3 times with diethyl ether and afterwards dried in vacuo. The remaining orange brown residue was
recrystallized from a suitable solvent, usually hot acetonitrile.
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2,6-Di(2’-methylphenyl)-4-phenylphosphinine (1)
Pyrylium salt PS1 (5.0 g, 12 mmol) and tris(trimethylsilyl)phosphine (4.02 g, 16.1 mmol,
1.36 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The phosphinine was
obtained as off-white crystals from crystallization in hot acetonitrile. Yield: 1.2 g, 28.9%;
1H NMR (400 MHz, CDCl 3) δ = 7.96 (d, 3J(H,P) = 6.4 Hz, 2H, Hβ), 7.61-7.67 (m, 2H, Harom),
7.43-7.49 (m, 2H, Harom), 7.26-7.41 (m, 9H, Harom), 2.38 (s, 6H, CH3) ppm. 13C NMR (100
MHz, CD2Cl2) δ = 172.9 (d, 1J(C,P) = 54.0 Hz, C2/6), 143.6 (d, 2J(C,P) = 22.4 Hz, 2,6-Ar(1’-C)),
3
142.7 (d, J(C,P) = 13.9 Hz, C4), 142.3 (d, 4J(C,P) = 3.4 Hz, 4-Ar(1’-C)), 135.5 (d, 3J(C,P) = 5.2 Hz, 2,6-Ar(2’-C)), 133.3
(d, 3J(C,P) = 11.4 Hz, 2,6-Ar(6’-C)), 130.8 (CH), 130.7 (CH), 130.6 (CH), 129.4 (CH), 128.3 (CH), 128.2 (br s, CH),
128.1 (CH), 128.1 (CH), 126.2 (CH), 21.1 (d, 4J(C,P) = 2.3 Hz, CH3) ppm. 31P NMR (162 MHz, CD3CN) δ =
191.9 ppm. Elemental analysis calcd (%) for C 25H21P · 0.2 C2H3N (360.62 g/mol): C 84.60, H 6.04; found:
C 84.54, H 6.00.
2,6-Di(2’-fluorophenyl)-4-phenylphosphinine (2)
Pyrylium salt PS2 (4.6 g, 11 mmol) and tris(trimethylsilyl)phosphine (5.3 g, 21 mmol,
2.0 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The phosphinine was obtained
as orange crystals from crystallization in hot acetonitrile. Yield: 1.23 g, 31.1%; 1H NMR
(400 MHz, CD3CN) δ = 8.25 (dd, 3J(H,P) = 6.0 Hz, 4J(H,H) = 1.6 Hz, 2H, Hβ), 7.70-7.76 (m, 2H,
Harom), 7.61 (dddd, J = 7.8 Hz, J = 7.8 Hz, J = 1.5 Hz, J = 1.5 Hz, 2H, Harom), 7.41-7.54 (m,
5H, Harom), 7.25-7.35 (m, 4H, Harom) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 165.7 (br d,
1J(C,P) = 52.5 Hz, C2/6), 159.4 (dd, 1J(C,F) = 247.2 Hz, 3J(C,P) = 5.3 Hz, 2,6-Ar(2’-C)), 143.5 (d, 3J(C,P) = 13.8 Hz, C4),
142.0 (d, 4J(C,P) = 3.2 Hz, 4-Ar(1’-C)), 134.4 (dd, 3J(C,P) = 11.6 Hz, 3J(C,F) = 3.1 Hz, 2,6-Ar(6’-C)), 132.0 (dd, J =
12.6 Hz, J = 2.7 Hz, CH), 131.1 (dd, 2J(C,P) = 24.6 Hz, 2J(C,F) = 13.8 Hz, 2,6-Ar(1’-C)), 130.2 (dd, J = 8.3 Hz, J =
1.2 Hz, CH), 129.4 (br s, CH), 128.3 (d, 2J(C,P) = 32.4 Hz, C3/5), 128.1 (CH), 125.0 (d, 4J(C,F) = 3.8 Hz,
2,6-Ar(5’-C)), 116.5 (d, 2J(C,F) = 22.9 Hz, 2,6-Ar(3’-C)) ppm. 19F NMR (376 MHz, CD3CN) δ = -119.0 (d, 4J(F,P) =
27.1 Hz) ppm. 31P NMR (162 MHz, CD3CN) δ = 193.6 (t, 4J(P,F) = 28.0 Hz) ppm. Elemental analysis calcd (%)
for C23H15F2P · 0.1 C2H3N (364.44 g/mol): C 76.46, H 4.23; found: C 76.47, H 4.22.
2,6-Di(3’-methylphenyl)-4-phenylphosphinine (3)
Pyrylium salt PS3 (4.9 g, 12 mmol) and tris(trimethylsilyl)phosphine (3.53 g,
14.1 mmol, 1.22 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The
phosphinine was obtained as yellow-orange powder from crystallization in hot
acetonitrile. Yield: 1.6 g, 39.3%; 1H NMR (400 MHz, CD2Cl2) δ = 8.21 (d, 3J(H,P) =
6.0 Hz, 2H, Hβ), 7.74 (d, 3J(H,H) = 7.6 Hz, 2H, 2,6-Ar(6’-H)), 7.59 (s, 2H, 2,6-Ar(2’-H)),
7.49-7.58 (m, 4H, 4-Ar(Harom)), 7.44 (dd, 3J(H,H) = 7.4 Hz, 3J(H,H) = 7.4 Hz, 1H,
4-Ar(4’-H)), 7.39 (dd, 3J(H,H) = 7.6 Hz, 3J(H,H) = 7.6 Hz, 2H, 2,6-Ar(5’-H)), 7.26 (d, 3J(H,H) = 7.6 Hz, 2H,
2,6-Ar(4’-H)), 2.46 (s, 6H, 2 Me) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 172.3 (d, 1J(C,P) = 51.5 Hz, C2/6), 144.5
(d, 3J(C,P) = 13.8 Hz, C4), 143.7 (d, 2J(C,P) = 23.7 Hz, 2,6-Ar(1’-C)), 142.6 (d, 4J(C,P) = 3.6 Hz, 4-Ar(1’-C)), 139.2
(2,6-Ar(3’-C)), 132.0 (d, 3J(C,P) = 12.1 Hz, 2,6-Ar(6’-C)), 129.4 (4-Ar(2’,6’-C)), 129.2 (4-Ar(3’,5’-C)), 129.1 (d,
4J(C,P) = 1.9 Hz, 2,6-Ar(5’-C)), 128.8 (4-Ar(4’-C)), 128.5 (d, 2J(C,P) = 32.6 Hz, C3/5)), 128.2 (d, 4J(C,P) = 1.4 Hz,
2,6-Ar(4’-C)), 125.1 (d, 3J(C,P) = 12.8 Hz, 2,6-Ar(1’-C)), 21.6 (2 Me) ppm. 31P NMR (162 MHz, CD3CN) δ =
181.1 ppm. Elemental analysis calcd (%) for C 25H21P · 0.5 C2H3N (372.94 g/mol): C 83.74, H 6.08; found:
C 83.76, H 5.99.
2,6-di(3’-fluorophenyl)-4-diphenylphosphinine (4)
An alternative procedure was followed for this particular compound. Pyrylium
salt PS4 (5.47 g, 12.7 mmol) and tris(trimethylsilyl)phosphine (6.94 g, 27.7 mmol,
1.22 equiv.) were heated in dry acetonitrile (30 ml). The red solution was refluxed
for six hours at 90 ˚C, after which the solvent was removed in vacuo. The product
was separated using column chromatography over silica gel under inert
conditions, with a 5:1 mixture of petroleum ether and ethyl acetate as eluent. After
evaporation of the eluate under vacuum the product was washed three times with 7 mL diethyl ether. The
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phosphinine was obtained as orange crystals from crystallization in hot acetonitrile. Yield: 0.53 g (11.6 %).
1H NMR (400 MHz, CD2Cl2) δ = 8.23 (br d, 3J(H,P) = 5.6 Hz, 2H, Hβ), 7.76-7.70 (m, 2H, Harom), 7.61-7.42 (m, 9H,
Harom), 7.15 (td, 3J(H,H) = 8.4 Hz, 4J(H,F) = 2.4 Hz, 2H, 2-Ar(5’-H)) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 170.6
(dd, 1J(C,P) = 51.3 Hz, 4J(C,F) = 2.2 Hz, C2, C6), 163.6 (d, 1J(C,F) = 245.7 Hz, CF), 145.8 (dd, 2J(C,P) = 25.1 Hz, 3J(C,F) =
7.7 Hz, 2,6-Ar(1’-C)), 144.9 (d, 3J(C,P) = 13.9 Hz, C4), 142.1 (d, 4J(C,P) = 3.5 Hz, 4-Ar(1’-C)), 132.6 (d, 2J(C,P) =
12.2 Hz, C3, C5), 130.9 (d, 3J(C,F) = 8.4 Hz, 2,6-Ar(5’-C)), 129.5 (CH), 128.6 (CH), 128.2 (CH), 128.1 (CH), 123.9
(dd, 3J(C,P) =13.3 Hz, 4J(C,F) = 2.8 Hz, 2,6-Ar(6’-C)), 115.1 (dd, 2J(C,F) = 21.1 Hz, 5J(C,P) = 1.7 Hz, 2,6-Ar(4’-C)), 114.8
(dd, 2J(C,F) = 22.3 Hz, 3J(C,P) = 12.5 Hz, 2,6-Ar(2’-C)) ppm. 19F NMR (376 MHz, CD2Cl2) δ = -113.4 ppm. 31P NMR
(162 MHz, CDCl3) δ = 184.5 ppm. Elemental analysis calcd (%) for C 23H15PF2 ·0.75 C2H3N (391.13 g/mol):
C 75.23, H 4.45; found C 75.20, H 4.16
4-Phenyl-2,6-di(3’-trifluoromethylphenyl)phosphinine (5)
Pyrylium salt PS5 (5.0 g, 9.4 mmol) and tris(trimethylsilyl)phosphine (2.79 g,
11.1 mmol, 1.19 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The
phosphinine was obtained as yellow powder from crystallization in hot
acetonitrile after a side product was removed by precipitation it in hot EtOH.
Yield: 0.93 g, 21.5%; 1H NMR (400 MHz, CD2Cl2) δ = 8.27 (d, 3J(H,P) = 6.0 Hz, 2H,
Hβ), 8.01 (s, 2H, 2,6-Ar(2’-H)), 7.97 (br d, 3J(H,H) = 7.6 Hz, 2H, Harom),7.70-7.76 (m,
3
4H, Harom), 7.66 (dd, J(H,H) = 7.6 Hz, 3J(H,H) = 7.6 Hz, 2H, Harom), 7.54 (dd, 3J(H,H) = 7.6 Hz, 3J(H,H) = 7.6 Hz, 2H,
Harom), 7.47 (dd, 3J(H,H) = 7.2 Hz, 3J(H,H) = 7.2 Hz, 1H, 4-Ar(4’-H)) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 170.5
(d, 1J(C,P) = 51.5 Hz, C2/6), 145.2 (d, 3J(C,P) = 13.8 Hz, C4), 144.3 (d, 2J(C,P) = 25.2 Hz, 2,6-Ar(1’-C)), 142.0 (d, 4J(C,P) =
3.1 Hz, 4-Ar(1’-C)), 132.9 (d, J(C,P) = 12.2 Hz, CH), 131.6 (d, J(C,P) = 12.4 Hz, CH), 131.5 (q, 2J(C,F) = 32.2 Hz,
2,6-Ar(3’-C)), 130.0 (4-Ar(CH)), 129.5 (4-Ar(CH)), 128.8 (4-Ar(4’-C)), 125.0-125.3 (m, 2,6-Ar(4’-C)), 124.7 (dq,
3J(C,P) = 12.2 Hz, 3J(C,F) = 3.9 Hz, 2,6-Ar(2’-C)), 124.6 (q, 1J(C,F) = 271.7 Hz, CF3) ppm. 19F NMR (376 MHz,
CD3CN) δ = -63.0 ppm. 31P NMR (162 MHz, CD3CN) δ = 184.0 ppm. Elemental analysis calcd (%) for
C25H15F6P · 0.25 C2H3N (470.62 g/mol): C 65.08, H 3.37; found: C 65.08, H 3.34.
2,6-Di(4’-methylphenyl)-4-phenylphosphinine (6)
Pyrylium salt PS6 (2.99 g, 7.05 mmol) and tris(trimethylsilyl)phosphine (2.11 g,
8.82 mmol, 1.25 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The
phosphinine was obtained as yellow crystals from two crystallizations in hot
acetonitrile. Yield: 1.2 g, 28.9%; 1H NMR (400 MHz, CD2Cl2) δ = 8.18 (d, 3J(H,P) =
6.0 Hz, 2H, Hβ), 7.72 (d, 3J(H,H) = 7.6 Hz, 2H, 4-Ar(2’,6’-H)), 7.66 (d, 3J(H,H) = 7.2 Hz, 4H,
2,6-Ar(2’,6’-H)), 7.51 (dd, 3J(H,H) = 7.6 Hz, 3J(H,H) = 7.5 Hz, 2H, 4-Ar(3’,5’-H)), 7.43 (dd,
3J(H,H) = 7.5 Hz, 3J(H,H) = 7.5 Hz, 1H, 4-Ar(4’-H)), 7.31 (d, 3J(H,H) = 8.0 Hz, 4H, 2,6-Ar(3’,5’-H)), 2.42 (s, 6H, Me)
ppm. 13C NMR (100 MHz, CD2Cl2) δ = 172.1 (d, 1J(C,P) = 52.2 Hz, C2/6), 144.5 (d, 3J(C,P) = 13.2 Hz, C4), 142.6 (d,
4J(C,P) = 3.7 Hz, 4-Ar(1’-C)), 140.9 (d, 2J(C,P) = 24.3 Hz, 2,6-Ar(1’-C)), 138.5 (d, 5J(C,P) = 1.3 Hz, 2,6-Ar(4’-C)), 131.6
(d, 3J(C,P) = 12.5 Hz, CH), 130.1 (CH), 129.4 (CH), 128.4 (CH), 128.2 (CH), 127.9 (CH), 127.8 (CH), 21.2 (CH 3)
ppm. 31P NMR (162 MHz, CD3CN) δ = 179.8 ppm. Elemental analysis calcd (%) for C 25H21P · C2H3N
(393.46 g/mol): C 82.42, H 6.15; found: C 82.88, H 6.06.
2,6-Di(4’-fluorophenyl)-4-phenylphosphinine (7)
Pyrylium salt PS7 (3.04 g, 7.03 mmol) and tris(trimethylsilyl)phosphine (3.07 g,
12.3 mmol, 1.74 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The
phosphinine was obtained as a pale yellow powder from two crystallization in hot
acetonitrile followed by crystallization from hot toluene. Yield: 0.3 g, 11.8%; 1H
NMR (400 MHz, CD2Cl2) δ = 8.19 (d, 3J(H,P) = 6.0 Hz, 2H, Hβ), 7.71-7.77 (m, 6H,
Harom), 7.51-7.56 (m, 2H, Harom), 7.43-7.49 (m, 1H, Harom), 7.18-7.25 (m, 4H, Harom)
ppm. 13C NMR (100 MHz, CD2Cl2) δ = 170.9 (d, 1J(C,P) = 50.8 Hz, C2/6), 163.5 (dd, 1J(C,F) = 246.2 Hz, 5J(C,P) =
2.0 Hz, CF), 144.8 (d, 3J(C,P) = 14.0 Hz, C4), 142.3 (d, 4J(C,P) = 3.7 Hz, 4-Ar(1’-C)), 139.9 (dd, 2J(C,P) = 24.5 Hz,
4J(C,F) = 3.0 Hz, 2,6-Ar(1’-C)), 131.6 (d, 2J(C,P) = 11.8 Hz, C3/5), 129.7 (dd, 3J(C,P) = 12.5 Hz, 3J(C,F) = 8.1 Hz,
2,6-Ar(2’,6’-C)), 129.5 (4-Ar(3’,5’-C)), 128.6 (4-Ar(4’-C)), 128.2 (d, 5J(C,P) = 1.2 Hz, 4-Ar(2’,6’-C)), 116.2 (d,
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J
= 21.4 Hz, 2,6-Ar(3’,5’-C)) ppm. 19F NMR (376 MHz, CD2Cl2) δ = -115.6 ppm. 31P NMR (162 MHz,
CD2Cl2) δ = 181.5 ppm. Elemental analysis calcd (%) for C 23H15F2P · C2H3N (401.39 g/mol): C 74.81, H 4.52;
found: C 74.81, H 4.29.
2 (C,F)

4-Phenyl-2,6-di[3’,5’-bis(trifluoromethyl)phenyl]phosphinine (8)
Pyrylium salt PS8 (2.67 g, 4.00 mmol) and tris(trimethylsilyl)phosphine (2.62 g,
10.5 mmol, 2.62 equiv.) were heated in 1,2-dimethoxyethane (40 ml). For this
particular phosphinine column chromatography with silica as stationary phase
and a mixture of petroleum ether and ethyl acetate (5:1) was performed to
separate the product. The phosphinine was obtained as yellow-orange
precipitate after subsequent crystallization in hot acetonitrile and ethanol.
Yield: 1.23 g, 51.6%; 1H NMR (400 MHz, CD2Cl2) δ = 8.32 (d, 3J(H,P) = 5.6 Hz, 2H,
Hβ), 8.22 (br s, 4H, 2,6-Ar(2’,6’-H)), 8.00 (br s, 2H, 2,6-Ar(4’-H)), 7.74 (d, 3J(H,H) = 7.3 Hz, 2H, 4-Ar(2’,6’-H)),
7.57 (dd, 3J(H,H) = 7.4 Hz, 3J(H,H) = 7.3 Hz, 2H, 4-Ar(3’,5’-H)), 7.47-7.53 (m, 1H, 4-Ar(4’-H)) ppm. 13C NMR
(100 MHz, CD2Cl2) δ = 168.8 (d, 1J(C,P) = 51.4 Hz, C2/6), 145.9 (d, 3J(C,P) = 13.9 Hz, C4), 145.3 (d, 2J(C,P) = 26.1 Hz,
2,6-Ar(1’-C)), 141.4 (d, 4J(C,P) = 2.9 Hz, 4-Ar(1’-C)), 133.7 (d, J(C,P) = 12.3 Hz, CH), 132.6 (q, 2J(C,F) = 33.3 Hz,
2,6-Ar(3’,5’-C)), 129.7 (4-Ar(CH)), 129.1 (4-Ar(CH)), 128.1-128.5 (m, CH), 123.8 (q, 1J(C,F) = 272.8 Hz, CF3),
122.1-122.4 (m, CH) ppm. 19F NMR (376 MHz, CD2Cl2) δ = -63.2 ppm. 31P NMR (162 MHz, CD2Cl2) δ =
186.5 ppm. Elemental analysis calcd (%) for C 27H13F12P (596.35 g/mol): C 54.38, H 2.2; found: C 54.22, H 2.44.
2,6-Di(phenyl-[D5])-4-phenylphosphinine (10)
Pyrylium salt PS10 (2.51 g, 6.18 mmol) and tris(trimethylsilyl)phosphine (3.1 g,
12.0 mmol, 2.00 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The
phosphinine was obtained as orange crystals from crystallization in hot
acetonitrile. Yield: 1.11 g, 53.7%; 1H NMR (400 MHz, CD2Cl2) δ = 8.23 (d, 3J(H,P) =
6.0 Hz, 2H, Hβ), 7.71-7.77 (m, 2H, Harom), 7.49-7.56 (m, 2H, Harom), 7.42-7.47 (m, 1H,
Harom) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 172.1 (d, 1J(C,P) = 51.5 Hz, C2/6), 144.6
(d, 3J(C,P) = 13.8 Hz, C4), 143.6 (d, 2J(C,P) = 24.2 Hz, 2/6-Ar(1’-C)), 142.5 (d, 4J(C,P) =
3.0 Hz, 4-Ar(1’-C)), 132.1 (d, 2J(C,P) = 12.0 Hz, C3/5), 129.4 (4-Ar(3’,5’-C)), 128.4 (4-Ar(4’-C)), 128.2 (d, 5J(C,P) =
1.4 Hz, 4-Ar(2’,6’-C)) ppm. 31P NMR (162 MHz, CD3CN) δ = 181.3 ppm. Elemental analysis calcd (%) for
C23H7D10P · 0.07 C2H3N (337.15 g/mol): C 82.41, H 8.13; found: C 82.41, H 8.22.
2-(3’-Methoxyphenyl)-4,6-diphenylphosphinine (11)
Pyrylium salt PS11 (5.0 g, 12 mmol) and tris(trimethylsilyl)phosphine (5.96 g,
23.8 mmol, 2.03 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The
phosphinine was obtained as yellow crystals from crystallization in hot acetonitrile.
Yield: 1.6 g, 38.5%; 1H NMR (400 MHz, CD2Cl2) δ = 8.23 (d, 3J(H,P) = 6.0 Hz, 2H, Hβ),
7.77 (d, 3J(H,H) = 7.6 Hz, 2H, Harom), 7.74 (d, 3J(H,H) = 7.6 Hz, 2H, Harom), 7.48-7.56 (m,
4H, Harom), 7.46 (br d, 3J(H,H) = 7.6 Hz, 2H, Harom), 7.41 (br d, 3J(H,H) = 8.0 Hz, 1H, Harom),
3
7.35 (br d, J(H,H) = 7.6 Hz, 1H, Harom), 7.30 (br s, 1H, 2-Ar(2’-H)), 6.99 (dd, 3J(H,H) = 8.0 Hz, 4J(H,H) = 1.6 Hz, 1H,
2-Ar(4’-H)), 3.89 (s, 3H, MeO) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 172.1 (d, 1J(C,P) = 51.6 Hz, C2/6), 172.0 (d,
1J(C,P) = 51.9 Hz, C2/6), 160.6 (s, C-OMe), 145.2 (d, 2J(C,P) = 24.8 Hz, 2-Ar(1’-C)), 144.5 (d, 3J(C,P) = 14.0 Hz, C4),
143.7 (d, 2J(C,P) = 24.2 Hz, 6-Ar(1’-C)), 142.4 (d, 4J(C,P) = 3.1 Hz, 4-Ar(1’-C)), 132.2 (d, 3J(C,P) = 12.2 Hz, CH), 132.1
(d, 3J(C,P) = 12.3 Hz, CH), 130.3 (CH), 129.4 (CH), 129.3 (CH), 128.4 (CH), 128.4 (CH), 128.2 (CH), 128.2 (CH),
128.1 (CH), 128.0 (CH), 120.5 (d, 3J(C,P) = 12.5 Hz, CH), 113.9 (d, 4J(C,P) = 1.2 Hz, CH), 113.6 (d, 3J(C,P) = 12.9 Hz,
CH), 55.8 (OMe) ppm. 31P NMR (162 MHz, CD3CN) δ = 181.7 ppm. Elemental analysis calcd (%) for
C24H19OP · 0.29 C2H3N (366.11 g/mol): C 80.61, H 5.47; found: C 80.60, H 5.49.
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2-(3’-Methylphenyl)-4,6-diphenylphosphinine (12)
Pyrylium salt PS12 (4.03 g, 9.82 mmol) and tris(trimethylsilyl)phosphine (2.7 g,
11 mmol, 1.1 equiv.) were heated in 1,2-dimethoxyethane (40 ml). The phosphinine
was obtained as yellow powder from two crystallizations in hot acetonitrile after a
side product was removed by precipitation it in hot EtOH. Yield: 0.9 g, 27.1%; 1H
NMR (400 MHz, CD2Cl2) δ = 8.22 (d, 3J(H,P) = 6.0 Hz, 2H, Hβ), 7.75 (br dd, 3J(H,H) = 9.0 Hz,
3J(H,H) = 9.0 Hz, 4H, Harom), 7.58 (br s, 1H, Harom), 7.48-7.57 (m, 5H, Harom), 7.41-7.47 (m,
3
2H, Harom), 7.39 (dd, J(H,H) = 7.6 Hz, 1H, 2-Ar(Hmeta)), 7.26 (br d, 3J(H,H) = 7.6 Hz, 1H, 2-Ar(Hpara)), 2.46 (s, 3H,
Me) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 171.9 (d, 1J(C,P) = 51.8 Hz, C2/6), 171.7 (d, 1J(C,P) = 51.7 Hz, C2/6),
144.1 (d, 3J(C,P) = 14.0 Hz, C4), 143.3 (d, 2J(C,P) = 24.3 Hz, 2/6-Ar(1’-C)), 143.2 (d, 2J(C,P) = 23.9 Hz, 2/6-Ar(1’-C)),
142.1 (d, 4J(C,P) = 3.1 Hz, 4-Ar(1’-C)), 138.7 (2-Ar(3’-C)), 131.6 (d, 3J(C,P) = 12.0 Hz, CH), 129.0 (4-Ar(CH)), 128.9
(4-Ar(CH)), 128.8 (CH), 128.7 (d, 4J(C,P) = 1.6 Hz, CH), 128.3 (d, 3J(C,P) = 12.6 Hz, CH), 128.0 (br s, CH), 127.7 (br
s, CH), 127.7 (CH), 127.7 (CH), 127.5 (CH), 124.7 (d, 3J(C,P) = 12.7 Hz, CH), 21.2 (Me) ppm. 31P NMR
(162 MHz, CD3CN) δ = 181.3 ppm. Elemental analysis calcd (%) for C 24H19P · 0.5 C2H3N (358.91 g/mol):
C 83.66, H 5.76; found: C 83.55, H 5.68.
2-(3’-Fluorophenyl)-4,6-diphenylphosphinine (13)
An alternative procedure was followed for this particular compound. Pyrylium salt
PS13 (4.84 g, 11.7 mmol) and tris(trimethylsilyl)phosphine (6.12 g, 24.4 mmol,
1.22 equiv.) were heated in dry acetonitrile (30 ml). The red solution was refluxed for
six hours at 90 ˚C, after which the solvent was removed in vacuo. The product was
separated using column chromatography over silica gel under inert conditions, with
a 5:1 mixture of petroleum ether and ethyl acetate as eluent. After evaporation of the
eluate under vacuum the product was washed three times with 7 mL diethyl ether. The phosphinine was
obtained as orange crystals from crystallization in hot acetonitrile. Yield: 0.71 g (17.7 %). 1H NMR
(400 MHz, CD2Cl2) δ = 8.21 (dd, 3J(H,P) = 6.0 Hz, 4J(H,H) = 1.1 Hz, 1H, Hβ), 8.16 (dd, 3J(H,P) = 5.8 Hz, 4J(H,H) =
1.1 Hz, 1H, Hβ), 7.77-7.72 (m, 2H, Harom), 7.72-7.67 (m, 2H, Harom), 7.55-7.41 (m, 9H, Harom), 7.12 (td, 3J(H,H) =
8.2 Hz, 4J(H,F) = 2.4 Hz, 1H, 2-Ar(5’-H)) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 172.2 (d, 1J(C,P) = 51.3 Hz, C6),
170.5 (dd, 1J(C,P) = 51.9 Hz, 4J(C,F) = 2.1 Hz, C2), 163.6 (d, 1J(C,F) = 245.7 Hz, CF), 146.0 (dd, 2J(C,P) = 25.1 Hz, 3J(C,F) =
7.7 Hz, 2-Ar(1’-C)), 144,7 (d, 3J(C,P) = 13.9 Hz, C4), 143.6 (d, 2J(C,P) = 24.4 Hz, 6-Ar(1’-C)), 142.3 (d, 4J(C,P) = 3.1 Hz,
4-Ar(1’-C)), 132.5 (d, 2J(C,P) = 11.9 Hz, C3/5) 132.2 (d, 2J(C,P) = 12.2 Hz, C3/5), 130.9 (d, 3J(C,F) = 8.4 Hz, 2-Ar(5’-C)),
129.5 (CH), 129.4 (CH), 128.5 (CH), 128.2 (CH), 128.2 (CH), 128.1 (d, 3J(C,P) = 12.8 Hz, 6-Ar(2’,6’-C)), 123.9 (dd,
3J(C,P) = 13.2 Hz, 4J(C,F) = 2.7 Hz, 2-Ar(6’-C)), 115.0 (dd, 2J(C,F) = 21.1 Hz, 5J(C,P) = 1.5 Hz, 2-Ar(4’-C)), 114.8 (dd,
2J(C,F) = 22.2 Hz, 3J(C,P) = 12.5 Hz, 2-Ar(2’-C)) ppm. 19F NMR (376 MHz, CDCl 3) δ = -114.7 ppm. 31P NMR
(162 MHz, CDCl3) δ = 182.1 ppm. Elemental analysis calcd (%) for C 23H16PF ·0.25 C2H3N (352.61 g/mol):
C 80.05, H 4.79; found C 80.09, H 4.51
General procedure for the cyclometalation of 2,4,6-arylphosphinines:[15]
[Cp*IrCl2]2 (0.031 mmol, 1.0 equiv), 2,4,6-arylphosphinine (0.062 mmol, 2.0 equiv), and NaOAc (0.069
mmol, 2.3 equiv) were dissolved in dichloromethane (0.6 mL) and transferred into a Young NMR-tube, all
under inert atmosphere. The reaction mixture was heated to T = 80°C in an oil bath until the reaction was
completed. Time-dependent 31P{1H} NMR spectroscopy was used to monitor the reaction. Afterwards the
orange reaction mixture was filtered over silica and recrystallized by slow diffusion of diethyl ether or
pentane into the dichloromethane solution.
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rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(2’-methylphenylene)-κC6-4-phenyl-6-(2’methylphenyl)phosphinine -κP]iridium(III) Ir(PC-1)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.6 mg,
0.031 mmol, 1.0 equiv), 2,6-di(2’-methylphenyl)-4-phenylphosphinine 1 (21.8 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.8 mg, 0.071 mmol, 2.3 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 11.1 mg, 25.2%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.75 (dd, 3J(H,P) = 24.0 Hz, 4J(H,H) = 1.6 Hz, 1H, Hβ), 7.81 (dd, 3J(H,P) = 21.6 Hz,
4J(H,H) = 1.6 Hz, 1H, Hβ), 7.62-7.68 (m, 2H, Harom), 7.55-7.62 (m, 2H, Harom), 7.43-7.53 (m, 2H, Harom), 7.30-7.43
(m, 4H, Harom), 6.86-6.96 (m, 2H, Harom), 2.85 (s, 3H, Me), 2.53 (s, 3H, Me), 1.52 (d, 4J(H,P) = 3.2 Hz, 15H, C5Me5)
ppm. 13C NMR (100 MHz, CD2Cl2) δ = 166.3 (d, 1J(C,P) = 39.9 Hz, C2/6), 154.7 (d, 4J(C,P) = 4.5 Hz, Cquat), 152.3 (d,
2J(C,P) = 27.3 Hz, 2/6-Ar(1’-C)), 143.3 (d, 3J(C,P) = 5.4 Hz, C4), 143.0 (d, 2J(C,P) = 30.4 Hz, C2/6), 139.8 (d, 3J(C,P) =
10.5 Hz, Cquat), 139.0 (CH), 138.6 (d, 2J(C,P) = 26.3 Hz, 2/6-Ar(1’-C)), 135.7 (d, 3J(C,P) = 11.0 Hz, CH), 133.5 (d,
3J(C,P) = 19.7 Hz, Cquat), 132.7 (d, 3J(C,P) = 9.1 Hz, CH), 131.3 (CH), 129.4 (CH), 128.8 (d, 4J(C,P) = 1.2 Hz, CH), 128.3
(CH), 128.0 (CH), 127.9 (CH), 127.9 (CH), 127.8 (CH), 126.8 (CH), 97.1 (d, 2J(C,P) = 3.0 Hz, C5Me5), 24.9 (Me),
21.1 (Me), 9.1 (C5Me5) ppm. 31P NMR (162 MHz, CD2Cl2) δ = 176.9 (br s) ppm. Elemental analysis calcd (%)
for C35H35ClIrP· 0.20 C4H10O (728.92 g/mol): C 58.97, H 5.11; found: C 59.06, H 5.03.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(2’-fluorophenylene)-κC6-4-phenyl-6-(2’-fluorophenyl)phosphinine-κP]iridium(III) Ir(PC-2)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.6 mg,
0.031 mmol, 1.0 equiv), 2,6-di(2’-fluorophenyl)-4-phenylphosphinine 2 (22.2 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.5 mg, 0.067 mmol, 2.2 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 9.7 mg, 21.8%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.89 (ddd, 3J(H,P) = 23.1 Hz, 5J(H,F) = 2.1 Hz, 4J(H,H) = 2.2 Hz, 1H, Hβ), 8.08
3
5
(ddd, J(H,P) = 22.1 Hz, J(H,F) = 2.2 Hz, 4J(H,H) = 2.2 Hz, 1H, Hβ), 7.85 (dddd, 3J(H,H) = 7.8 Hz, 3J(H,F) = 7.8 Hz, 4J(H,H) =
2.0 Hz, 5J(H,P) = 2.0 Hz, 1H, 2/6-Ar(3’-H)), 7.64-7.68 (m, 2H, Harom), 7.44-7.53 (m, 4H, Harom), 7.36-7.43 (m, 1H,
Harom), 7.26-7.35 (m, 2H, Harom), 7.05 (dddd, 3J(H,H) = 7.8 Hz, 3J(H,F) = 7.8 Hz, 4J(H,H) = 5.9 Hz, 5J(H,P) = 1.6 Hz, 1H,
2/6-Ar(3’-H)), 6.76-6.85 (m, 1H, Harom), 1.58 (d, 4J(H,P) = 3.2 Hz, 15H, C5Me5) ppm. 13C NMR (100 MHz,
CD2Cl2) δ = 162.7-163.5 (m, Cquat), 160.4-160.8 (m, Cquat), 157.9-158.5 (m, Cquat), 155.9 (d, 4J(C,P) = 3.3 Hz,
4-Ar(1’-C)), 146.0 (br d, 2J(C,P) = 30.9 Hz, 2/6-Ar(1’-C)), 142.7 (br d, 3J(C,P) = 5.9 Hz, C4), 139.7 (br d, 2J(C,P) =
25.7 Hz, 2/6-Ar(1’-C)), 136.6-136.8 (m, CH), 136.3 (br s, CH), 133.6-133.8 (m, CH), 133.5 (CH), 133.4 (CH),
133.3 (CH), 130.9 (d, 3J(C,F) = 8.1 Hz, 2/6-Ar(4’-C)), 130.0 (d, 3J(C,F) = 8.0 Hz, 2/6-Ar(4’-C)), 129.4 (CH), 128.1
(CH), 128.0 (CH) 128.0 (CH), 125.4 (CH), 125.4 (CH), 116.8 (d, 2J = 22.1 Hz, CH), 110.8 (d, 2J = 22.1 Hz, CH),
97.2 (d, 2J(C,P) = 3.1 Hz, C5Me5), 9.1 (C5Me5) ppm. 19F NMR (376 MHz, CD2Cl2) δ = -115.3 (s, 1F), -117.4 (s, 1F)
ppm. 31P NMR (162 MHz, CD2Cl2) δ = 175.3 ppm. Elemental analysis calcd (%) for C 33H29ClF2IrP
(722.22 g/mol): C 54.88, H 4.05; found: C 54.88, H 4.05.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(3’-methylphenylene)-κC6-4-phenyl-6-(3’-methylphenyl)phosphinine-κP]iridium(III) Ir(PC-3)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.6 mg,
0.031 mmol, 1.0 equiv), 2,6-di(3’-methylphenyl)-4-phenylphosphinine 3 (21.6 mg,
0.061 mmol, 2.0 equiv), and NaOAc (5.7 mg, 0.069 mmol, 2.3 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 14.0 mg, 32.0%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.34 (dd, 3J(H,P) = 22.4 Hz, 4J(H,H) = 1.6 Hz, 1H, Hβ), 7.99 (dd, 3J(H,P) = 21.6 Hz,
4J(H,H) = 1.6 Hz, 1H, Hβ), 7.62-7.72 (m, 5H, Harom), 7.48-7.55 (m, 3H, Harom), 7.39-7.45 (m, 2H, Harom), 7.30 (d, J =
7.6 Hz, 1H, Harom), 6.95 (d, J = 8.0 Hz, 1H, Harom), 2.47 (s, 3H, Me), 2.42 (s, 3H, Me), 1.59 (d, 4J(H,P) = 3.2 Hz,
15H, C5Me5) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 165.6 (d, 1J(C,P) = 42.5 Hz, C2/6), 153.0 (d, 2J(C,P) = 27.5 Hz,
2/6-Ar(1’-C)), 149.8 (d, 4J(C,P) = 3.4 Hz, Cquat), 144.5 (d, 1J(C,P) = 30.5 Hz, C2/6), 142.9 (d, 3J(C,P) = 5.2 Hz, C4), 140.5
(CH), 140.4 (d, 3J(C,P) = 10.9 Hz, Cquat), 139.8 (d, 2J(C,P) = 25.2 Hz, 2/6-Ar(1’-C)), 139.4 (6-Ar(3’-C)), 134.9 (d, 3J(C,P)
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= 11.1 Hz, CH), 132.7 (2-Ar(3’-C)), 130.5 (d, 4J(C,P) = 1.5 Hz, CH), 129.6 (d, 3J(C,P) = 10.4 Hz, CH), 129.5 (CH),
129.4 (d, 4J(C,P) = 1.5 Hz, CH), 129.3 (CH), 127.9-128.1 (m, CH), 125.7 (d, 3J(C,P) = 10.6 Hz, CH), 121.2 (d, 2J(C,P) =
19.1 Hz, CH), 110.4 (CH), 96.5 (d, 2J(C,P) = 3.6 Hz, C5Me5), 21.8 (Me), 21.0 (Me), 9.2 (C5Me5) ppm. 31P NMR (162
MHz, CD2Cl2) δ = 171.1 ppm. Elemental analysis calcd (%) for C 35H35ClIrP · 0.13 CH2Cl2 (724.91 g/mol):
C 58.20, H 4.90; found: C 58.20, H 5.02.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(3’fluorophenylene)-κC2-4-phenyl-6-(3’-fluorophenyl)phosphinine-κP]iridium(III) Ir(PC-4)
The Ir-complex was obtained as orange-red crystals from [Cp*IrCl2]2 (24.6 mg,
0.031 mmol, 1.0 equiv), 2,6-di(3’-fluorophenyl)-4-phenylphosphinine 4 (22.2 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.7 mg, 0.069 mmol, 2.3 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. No yield was determined as well as no
spectroscopic characterization was obtained due to the presence of two different
regioisomers. The compound was unambiguously characterized by X-ray diffraction. 31P NMR (162 MHz,
CD2Cl2) δ = 172.6 ppm for Ir(PC-4)’’ and δ = 173.0 ppm for Ir(PC-4)’.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(3’-trifluoromethylphenylene)-κC6-4-phenyl-6-(3’trifluoromethylphenyl)phosphinine-κP]iridium(III) Ir(PC-5)
The Ir-complex was obtained as orange crystals from [Cp*IrCl2]2 (25.5 mg,
0.032 mmol, 1.0 equiv), 2,6-bis(3’-trifluoromethylphenyl)-4-phenylphosphinine 5
(28.4 mg, 0.062 mmol, 1.9 equiv), and NaOAc (5.4 mg, 0.066 mmol, 2.1 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of
pentane into the dichloromethane solution. Yield: 11.2 mg, 22.1%; 1H NMR
(400 MHz, CD2Cl2) δ = 8.46 (d, 3J(H,P) = 22.8 Hz, 1H, Hβ), 8.01-8.14 (m, 4H, Harom), 7.82
3
(d, J(H,H) = 7.8 Hz, 1H, Harom), 7.75-7.80 (m, 1H, Harom), 7.66-7.74 (m, 3H, Harom), 7.54 (dd, 3J(H,H) = 7.4 Hz,
3J(H,H) = 7.4 Hz, 2H, Harom), 7.45 (dd, 3J(H,H) = 6.8 Hz, 3J(H,H) = 6.8 Hz, 1H, Harom), 7.32 (d, 3J(H,H) = 8.0 Hz, 1H,
Harom), 1.60 (s, 15H, C5Me5) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 164.1 (d, 1J(C,P) = 44.2 Hz, C2/6), 160.1-160.2
(m, Cquat), 151.2 (d, 2J(C,P) = 28.0 Hz, 2/6-Ar(1’-C)), 145.2 (d, 1J(C,P) = 32.0 Hz, C2/6), 142.3 (d, 3J(C,P) = 5.3 Hz, C4),
141.0 (d, 3J(C,P) = 11.7 Hz, Cquat), 140.9 (CH), 140.6 (d, 2J(C,P) = 25.3 Hz, 2/6-Ar(1’-C)), 136.0 (d, 3J(C,P) = 11.5 Hz,
CH), 132.7 (d, 3J(C,P) = 10.1 Hz, CH), 132.0 (q, 2J(C,F) = 31.9 Hz, 2/6-Ar(3’-C)), 130.4 (CH), 129.5 (d, 3J(C,P) = 9.7 Hz,
CH), 129.5 (CH), 128.4 (CH), 128.1 (d, 4J(C,P) = 2.9 Hz, CH), 125.9 (Cquat), 125.8 (Cquat), 125.1-125.8 (m, CH),
125.5 (Cquat), 116.6 (dd, 3J(C,P) = 20.1 Hz, 3J(C,F) = 3.6 Hz, CH), 97.3 (d, 2J(C,P) = 3.1 Hz, C5Me5), 9.2 (C5Me5) ppm.
19F NMR (376 MHz, CD2Cl2) δ = -61.8 (s, 3F, CF3), -62.4 (s, 3F, CF3) ppm. 31P NMR (162 MHz, CD2Cl2) δ =
172.3 ppm. Elemental analysis calcd (%) for C35H29ClF6IrP · 0.13 CH2Cl2 (832.86 g/mol): C 50.65, H 3.54;
found: C 50.62, H 3.67.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(4’-methylphenylene)-κC2-4-phenyl-6-(4’methylphenyl)phosphinine -κP]iridium(III) Ir(PC-6)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.6 mg,
0.031 mmol, 1.0 equiv), 2,6-di(4’-methylphenyl)-4-phenylphosphinine 6 (21.7 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.7 mg, 0.069 mmol, 2.3 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 14.5 mg, 33.0%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.28 (dd, 3J(H,P) = 22.8 Hz, 4J(H,H) = 1.6 Hz, 1H, Hβ), 7.95 (dd, 3J(H,P) = 21.6 Hz, 4J(H,H) = 1.6 Hz, 1H,
Hβ), 7.74 (dd, 3J(H,H) = 8.1 Hz, J = 1.8 Hz, 2H, 6-Ar(Hortho)), 7.65-7.71 (m, 3H, Harom), 7.47-7.53 (m, 3H, Harom),
7.38-7.44 (m, 1H, Harom), 7.35 (d, 3J(H,H) = 8.1 Hz, 2H, 6-Ar(Hmeta)), 6.93 (d, 3J(H,H) = 8.0 Hz, 1H, Harom), 2.45 (s,
3H, CH3), 2.39 (s, 3H, CH3), 1.60 (d, 4J(H,P) = 3.2 Hz, 15H, C5Me5) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 165.7
(d, 1J(C,P) = 42.3 Hz, C2/6), 154.3 (d, 4J(C,P) = 3.1 Hz), 152.7 (d, 2J(C,P) = 27.9 Hz, 2/6-Ar(1’-C)), 143.0 (d, 3J(C,P) =
5.4 Hz, C4), 142.0 (d, 2J(C,P) = 31.0 Hz, C2/6), 141.5, 140.0 (d, 2J(C,P) = 25.1 Hz), 138.9 (dd, 3J(C,P) = 7.9 Hz, 4J(C,P) =
2.0 Hz, 2-Ar(3’-C)), 137.6 (d, 3J(C,P) = 10.9 Hz), 134.5 (d, 3J(C,P) = 10.9 Hz), 130.3, 129.3, 128.6 (d, 3J(C,P) = 10.6 Hz),
128.0, 127.9 (d, 3J(C,P) = 9.0 Hz), 127.5 (d, 3J(C,P) = 9.6 Hz), 124.2, 120.0 (d, 2J(C,P) = 19.4 Hz), 96.5 (d, 2J(C,P) = 3.8 Hz,
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C5Me5), 21.4 (Me), 21.4 (Me), 9.2 (C5Me5) ppm. 31P NMR (162 MHz, CD2Cl2) δ = 168.4 ppm. Elemental
analysis calcd (%) for C35H35ClIrP · 0.25 CH2Cl2 · 0.50 C4H10O (772.59 g/mol): C 57.91, H 5.28; found: C 57.90,
H 5.15.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(4’-fluorophenylene)-κC2-4-phenyl-6-(4’-fluorophenyl)phosphinine-κP]iridium(III) Ir(PC-7)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.6 mg,
0.031 mmol, 1.0 equiv), 2,6-di(4’-fluorophenyl)-4-phenylphosphinine 7 (22.3 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.6 mg, 0.068 mmol, 2.2 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 10.6 g, 23.8%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.28 (dd, 3J(H,P) = 22.8 Hz, 4J(H,H) = 1.6 Hz, 1H, Hβ), 7.97 (dd, 3J(H,P) = 21.2 Hz,
4J(H,H) = 1.6 Hz, 1H, Hβ), 7.78-7.88 (m, 3H, Harom), 7.65-7.70 (m, 2H, Harom), 7.49-7.54 (m, 2H, Harom), 7.39-7.45
(m, 1H, Harom), 7.37 (dd, 3J(H,F) = 9.6 Hz, 4J = 2.8 Hz, 1H, Harom), 7.26 (dd, 3J = 8.6 Hz, 3J = 8.6 Hz, 2H, Harom), 6.85
(dddd, 3J = 8.6 Hz, 3J = 8.6 Hz, 4J = 2.1 Hz, J = 2.1 Hz, 1H, Harom), 1.62 (d, 4J(H,P) = 3.2 Hz, 15H, C5Me5) ppm.
13C NMR (100 MHz, CD2Cl2) δ = 164.9 (Cquat), 164.9 (Cquat), 164.2 (Cquat), 164.2 (Cquat), 163.1 (d, 1J(C,F) = 297.3
Hz, CF), 162.5, 162.4 (Cquat), 156.6 (dd, J = 4.9 Hz, J = 3.3 Hz, Cquat), 151.8 (Cquat), 151.5 (Cquat), 142.7 (d, 3J(C,P) =
5.3 Hz, C4), 140.9 (dd, 2J(C,P) = 30.9 Hz, 4J(C,F) = 2.1 Hz, 2/6-Ar(1’-C)), 140.4 (d, 2J(C,P) = 25.2 Hz, 2/6-Ar(1’-C)),
136.5 (dd, 3J(C,P) = 11.5 Hz, 3J(C,F) = 3.3 Hz, 2-Ar(2’-C)), 134.8 (d, 2J(C,P) = 11.3 Hz, C3/5), 130.6 (dd, 3J(C,P) =
10.1 Hz, 3J(C,F) = 8.4 Hz, 6-Ar(2’,6’-C)), 129.4 (4-Ar(3’,5’-C)), 128.2 (d, 2J(C,P) = 10.0 Hz, C3/5), 128.1 (4-Ar(4’-C)),
128.0 (4-Ar(2’,6’-C)), 128.0 (4-Ar(2’,6’-C)), 126.4 (d, 2J(C,F) = 17.8 Hz, 2-Ar(3’/5’-C)), 121.3 (dd, 3J(C,P) = 18.9 Hz,
3J(C,F) = 8.5 Hz, 2-Ar(6’-C)), 116.6 (d, 2J(C,F) = 21.6 Hz, 6-Ar(3’,5’-C)), 110.2 (d, 2J(C,F) = 22.6 Hz, 2-Ar(3’/5’-C)),
96.9 (d, 2J(C,P) = 3.3 Hz, C5Me5), 9.3 (C5Me5) ppm. 19F NMR (376 MHz, CD2Cl2) δ = -(114.4-114.2) (m, 1F),
-(115.2-115.1) (m, 1F) ppm. 31P NMR (162 MHz, CD2Cl2) δ = 167.5 ppm. Elemental analysis calcd (%) for
C33H29ClF2IrP · 0.07 CH2Cl2 · 0.07 C4H10O (733.59 g/mol): C 54.61, H 4.10; found: C 54.61, H 4.27.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(3’,5’-bis(trifluoromethyl)phenylene)-κC2-4-phenyl-6(3’,5’-bis (trifluoromethyl)phenyl)phosphinine-κP]iridium(III) Ir(PC-8)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.6 mg,
0.031
mmol,
1.0
equiv),
4-phenyl-2,6-di[3’,5’-bis(trifluoromethyl)phenyl]phosphinine 8 (36.9 mg, 0.062 mmol, 2.0 equiv), and NaOAc (5.7 mg, 0.069 mmol,
2.3 equiv) in dichloromethane (0.6 mL). The compound was recrystallized by
diffusion of pentane into the dichloromethane solution. Yield: 43.1 mg, 72.8%; 1H
NMR (400 MHz, CD2Cl2) δ = 8.51 (dd, 3J(H,P) = 22.2 Hz, 4J(H,H) = 1.4 Hz, 1H, Hβ), 8.47
(br s, 2H, Harom), 8.20-8.29 (m, 2H, Harom), 8.06 (br s, 1H, Harom), 7.80 (br s, 1H, Harom), 7.68-7.75 (m, 2H, Harom),
7.54-7.61 (m, 2H, Harom), 7.44-7.52 (m, 1H, Harom), 1.46 (d, 4J(H,P) = 3.6 Hz, 15H, C5Me5) ppm. 13C NMR
(100 MHz, CD2Cl2) δ = 163.7 (d, 1J(C,P) = 44.2 Hz, C2/6), 158.4-158.8 (m, Cquat), 150.2 (d, 2J(C,P) = 29.1 Hz,
2/6-Ar(1’-C)), 149.5 (d, 1J(C,P) = 31.5 Hz, C2/6), 141.9 (d, 3J(C,P) = 15.2 Hz, Cquat), 141.7 (Cquat), 141.7 (d, J(C,P) =
1.7 Hz, Cquat), 138.9 (q, 2J(C,F) = 29.0 Hz, CquatCF3), 137.0 (d, 3J(C,P) = 12.7 Hz, CH), 133.2 (q, 2J(C,F) = 33.6 Hz,
CquatCF3), 130.4 (d, 3J(C,P) = 10.6 Hz, CH), 129.6 (CH), 128.8 (CH), 128.2 (d, J(C,P) = 2.8 Hz, CH), 126.7 (q, 2J(C,F) =
33.0 Hz, CquatCF3), 126.1 (Cquat), 124.8-125.0 (m, CH), 124.6 (q, 1J(C,F) = 274.6 Hz, CF3), 123.6 (q, 1J(C,F) = 273.3 Hz,
CF3), 123.0-123.2 (m, CH), 118.9 (dd, 3J(C,P) = 20.9 Hz, 3J(C,F) = 2.7 Hz, CH), 98.0 (d, 2J(C,P) = 2.7 Hz, C5Me5), 9.1
(C5Me5) ppm. 19F NMR (376 MHz, CD2Cl2) δ = -54.5 (s, 3F, CF3), -62.6 (s, 6F, CF3) , -62.7 (s, 3F, CF3) ppm.
31P NMR (162 MHz, CD2Cl2) δ = 179.9 ppm. Elemental analysis calcd (%) for C 37H27ClF12IrP (958.24 g/mol):
C 46.38, H 2.84; found: C 46.36, H 2.82.
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rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(phenylene-[D4])-κC2-4-phenyl-6-(phenyl-[D5])phosphinine-κP] iridium(III) Ir(PC-10)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.5 mg,
0.031 mmol, 1.0 equiv), 2,6-di(phenyl-[D5])-4-phenylphosphinine 10 (20.7 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.6 mg, 0.068 mmol, 2.2 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 30.0 mg, 69.7%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.35 (dd, 3J(H,P) = 22.6 Hz, 4J(H,H) = 1.3 Hz, 1H, Hβ), 8.01 (dd, 3J(H,P) = 21.6 Hz,
4J(H,H) = 1.3 Hz, 1H, Hβ), 7.69 (br d, 3J(H,H) = 7.6 Hz, 2H, 4-Ar(2’,6’-H)), 7.51 (dd, 3J(H,H) = 7.6 Hz, 3J(H,H) = 7.5 Hz,
2H, 4-Ar(3’,5’-H)), 7.42 (dd, 1H, 3J(H,H) = 7.5 Hz, 3J(H,H) = 7.5 Hz, 4-Ar(4’-H)), 1.59 (d, 4J(H,P) = 3.2 Hz, 15H,
C5Me5) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 165.6 (d, 1J(C,P) = 42.8 Hz, C2/6), 154.0 (d, 4J(C,P) = 3.6 Hz, Cquat),
152.7 (d, 2J(C,P) = 27.9 Hz, 6-Ar(1’-C)), 144.1-144.8 (m, Cquat), 142.9 (d, 3J(C,P) = 5.3 Hz, C4), 140.3 (d, 3J(C,P) =
11.2 Hz, Cquat), 140.0 (d, 2J(C,P) = 25.2 Hz, 2-Ar(1’-C)), 135.1 (d, 2J(C,P) = 11.3 Hz, C3/5), 129.3 (CH), 128.2 (d,
2J(C,P) = 9.5 Hz, C3/5), 128.0 (d, J(C,P) = 3.0 Hz, CH), 128.0 (CH), 96.7 (d, 2J(C,P) = 3.1 Hz, C5Me5), 9.2 (C5Me5) ppm.
31P NMR (162 MHz, CD2Cl2) δ = 172.9 ppm. Elemental analysis calcd (%) for C 33H22D9ClIrP · 0.07 CH2Cl2 ·
0.07 C4H10O (705.90 g/mol): C 56.72, H 5.82; found: C 56.72, H 5.68.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(phenylene)-κC2-4-phenyl-6-(3’-methoxyphenyl)phosphinine-κP] iridium(III) Ir(PC-11)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (25.5 mg,
0.032 mmol, 1.0 equiv), (3’-methoxyphenyl)-4,6-diphenylphosphinine 11 (22.0 mg,
0.062 mmol, 1.9 equiv), and NaOAc (5.4 mg, 0.066 mmol, 2.1 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 9.8mg, 21.4%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.36 (dd, 3J(H,P) = 22.6 Hz, 4J(H,H) = 1.7 Hz, 1H, Hβ), 8.02 (dd, 3J(H,P) = 21.2 Hz,
4J(H,H) = 1.7 Hz, 1H, Hβ), 7.78-7.84 (m, 1H, Harom), 7.65-7.72 (m, 3H, Harom), 7.37-7.57 (m, 6H, Harom), 7.05-7.14
(m, 2H, Harom), 6.99-7.04 (m, 1H, Harom), 3.90 (s, 3H, MeO), 1.60 (d, 4J(H,P) = 3.2 Hz, 15H, C5Me5) ppm. 13C NMR
(100 MHz, CD2Cl2) δ = 165.6 (d, 1J(C,P) = 42.6 Hz, C2/6), 160.8 (6-Ar(3’-C)), 154.2 (d, 4J(C,P) = 3.2 Hz, Cquat), 152.9
(d, 2J(C,P) = 27.6 Hz, 2/6-Ar(1’-C)), 144.7 (d, 1J(C,P) = 30.7 Hz, C2/6), 142.8 (d, 3J(C,P) = 5.3 Hz, C4), 141.7 (d, 3J(C,P) =
11.2 Hz, Cquat), 140.7 (CH), 139.9 (d, 2J(C,P) = 25.2 Hz, 2/6-Ar(1’-C)), 134.9 (d, 3J(C,P) = 11.2 Hz, CH), 129.4 (d,
4J(C,P) = 1.4 Hz, CH), 129.4 (CH), 128.3 (d, 3J(C,P) = 9.4 Hz, CH), 128.0 (CH), 128.0 (CH), 128.0 (CH), 123.4 (CH),
120.6 (d, 3J(C,P) = 10.4 Hz, CH), 120.3 (d, 2J(C,P) = 19.0 Hz, CH), 115.0 (d, 4J(C,P) = 1.4 Hz, CH), 114.1 (d, 3J(C,P) =
10.9 Hz, CH), 96.8 (d, 2J(C,P) = 3.3 Hz, C5Me5), 56.1 (MeO), 9.2 (C5Me5) ppm. 31P NMR (162 MHz, CD2Cl2) δ =
171.0 ppm. Elemental analysis calcd (%) for C 34H33ClIrOP · 0.10 CH2Cl2 (724.76 g/mol): C 56.51, H 4.62;
found: C 56.51, H 4.59.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(phenylene)-κC2-4-phenyl-6-(3’-methylphenyl)phosphinine-κP] iridium(III) Ir(PC-12)
The Ir-complex was obtained as orange crystals from [Cp*IrCl 2]2 (24.5 mg,
0.031 mmol, 1.0 equiv), 2-(3’-methylphenyl)-4,6-diphenylphosphinine 12 (20.9 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.6 mg, 0.068 mmol, 2.2 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. Yield: 13.5 mg, 31.3%; 1H NMR (400 MHz,
CD2Cl2) δ = 8.35 (dd, 3J(H,P) = 22.8 Hz, 4J(H,H) = 1.6 Hz, 1H, Hβ), 8.00 (dd, 3J(H,P) = 21.6 Hz,
4J(H,H) = 1.6 Hz, 1H, Hβ), 7.78-7.88 (m, 1H, Harom), 7.63-7.72 (m, 4H, Harom), 7.47-7.57 (m, 3H, Harom), 7.38-7.46
(m, 2H, Harom), 7.30 (d, 3J(H,H) = 7.2 Hz, 1H, Harom), 7.05-7.13 (m, 2H, Harom), 2.47 (s, 3H, Me), 1.59 (d, 4J(H,P) =
3.2 Hz, 15H, C5Me5) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 165.6 (d, 1J(C,P) = 42.2 Hz, C2/6), 154.2 (d, 4J(C,P) =
3.5 Hz, Cquat), 153.0 (d, 2J(C,P) = 27.8 Hz, 2/6-Ar(1’-C)), 144.7 (d, 1J(C,P) = 30.7 Hz, C2/6), 142.9 (d, 3J(C,P) = 5.2 Hz,
C4), 140.8 (CH), 140.3 (d, 3J(C,P) = 11.0 Hz, Cquat), 139.9 (d, 2J(C,P) = 25.4 Hz, 2/6-Ar(1’-C)), 139.4 (6-Ar(3’-C)),
135.1 (d, 3J(C,P) = 11.2 Hz, CH), 129.7 (CH), 129.5 (CH), 129.5 (d, 4J(C,P) = 1.8 Hz, CH), 129.3 (CH), 128.2 (d,
3J(C,P) = 9.5 Hz, CH), 128.0 (CH), 128.0 (CH), 128.0 (CH), 125.7 (d, 3J(C,P) = 10.4 Hz, CH), 123.3 (CH), 120.3 (d,
2J(C,P) = 19.0 Hz, CH), 96.7 (d, 2J(C,P) = 3.2 Hz, C5Me5), 21.8 (Me), 9.2 (C 5Me5) ppm. 31P NMR (162 MHz, CD2Cl2)
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δ = 170.4 ppm. Elemental analysis calcd (%) for C 34H33ClIrP · 0.07 CH2Cl2 (706.34 g/mol): C 57.94, H 4.73;
found: C 57.93, H 4.78.
rac-Chloro(η5-pentamethylcyclopentadienyl)[2-(3’fluorophenylene)-κC2-4,6-diphenylphosphinine-κP]iridium(III) Ir(PC-13)
The Ir-complex was obtained as orange-red crystals from [Cp*IrCl2]2 (24.6 mg,
0.031 mmol, 1.0 equiv), 2,6-di(3’-fluorophenyl)-4-phenylphosphinine 13 (21.1 mg,
0.062 mmol, 2.0 equiv), and NaOAc (5.7 mg, 0.069 mmol, 2.3 equiv) in
dichloromethane (0.6 mL). The compound was recrystallized by diffusion of diethyl
ether into the dichloromethane solution. No yield was determined as well as no
spectroscopic characterization was obtained due to the presence of three different
regioisomers. The compound was unambiguously characterized by X-ray diffraction. 31P NMR (162 MHz,
CD2Cl2) δ = 170.8 ppm for Ir(PC-13)’’’, δ = 171.6 ppm for Ir(PC-13)’’ and δ = 172.2 ppm for Ir(PC-13)’.
X-ray crystal structure determinations:
X-ray intensities were measured on a Bruker Kappa ApexII diffractometer with sealed tube and Triumph
monochromator (λ = 0.71073 Å) at a temperature of 150(2) K. The intensities were integrated using
Eval15[56] (compounds 2, 10, Ir(PC-7), Ir(PC-11)’’’) or Saint[57] (compounds Ir(PC-2), Ir(PC-3), Ir(PC-8)).
Absorption correction and scaling was performed with SADABS or TWINABS. [58] The structures were
solved using the program SHELXS-97[59] (compounds 2, Ir(PC-2), Ir(PC-7), Ir(PC-8), Ir(PC-11)’’’) or
SHELXT[60] (compound Ir(PC-3)). The initial coordinates for compound 10 were taken from an isostructural
compound in the literature.[33] Least-squares refinement was performed refined with SHELXL-97[59] against
F2 of all reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were included in calculated positions (compounds 2, 10, Ir(PC-3), Ir(PC-8)) or located in
difference Fourier maps (compounds Ir(PC-2), Ir(PC-7), Ir(PC-11)’’’). Hydrogen atoms were refined with a
riding model. Geometry calculations and checking for higher symmetry was performed with the PLATON
program.[61]
CCDC 935943 (compound 2), 935944 (10), 935945 (Ir(PC-11)’’’), 935946 (Ir(PC-3)), 935947 (Ir(PC-2)), 935948
(Ir(PC-7)), and 935949 (Ir(PC-8)) contain 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.
Compound 2:
C23H15F2P, Fw = 360.32, pale yellow block, 0.44 x 0.36 x 0.28 mm 3, orthorhombic, Pna21 (no. 33), a = 7.7493(4),
b = 19.6736(7), c = 11.5290(4) Å, V = 1757.67(12) Å 3, Z = 4, Dx = 1.362 g/cm3, μ = 0.18 mm-1. 34137 Reflections
were measured up to a resolution of (sin θ/λ) max = 0.65 Å-1. 4025 Reflections were unique (R int = 0.015), of
which 3964 were observed [I > 2σ(I)]. The fluorophenyl groups were orientationally disordered. They were
refined with a ratio of 0.9491(19):0.0509(19) for the two conformers. No distinction was made between
hydrogen and deuterium in the refinement. 243 Parameters were refined with 19 restraints (distance and
angle restraints in the disordered groups). R1/wR2 [I > 2σ(I)]: 0.0303 / 0.0842. R1/wR2 [all refl.]: 0.0307 /
0.0846. S = 1.028. Flack parameter x = 0.02(7).[62] Residual electron density between -0.21 and 0.49 e/Å3.
Compound 10:
C23H17P, Fw = 324.34, orange needle, 0.42 x 0.17 x 0.15 mm 3, orthorhombic, Pna21 (no. 33), a = 7.4958(4), b =
19.7495(9), c = 11.4345(5) Å, V = 1692.74(14) Å 3, Z = 4, Dx = 1.273 g/cm3, μ = 0.16 mm-1. 20103 Reflections were
measured up to a resolution of (sin θ/λ) max = 0.65 Å-1. 3880 Reflections were unique (Rint = 0.022), of which
3625 were observed [I > 2σ(I)]. The central ring showed disorder between the P and CH moieties with
phosphorus occupancies of 0.75, 0.05, and 0.20 for the three possible positions. 245 Parameters were refined
with 67 restraints (distance/angle restraints and ISOR instructions concerning the disordered groups).
R1/wR2 [I > 2σ(I)]: 0.0415 / 0.1091. R1/wR2 [all refl.]: 0.0449 / 0.1110. S = 1.065. Flack parameter x =
0.03(11).[62] Residual electron density between -0.22 and 0.36 e/Å3.
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Compound Ir(PC-11)’’’:
C34H33ClIrOP, Fw = 716.22, red plate, 0.45 x 0.30 x 0.09 mm 3, monoclinic, P21/c (no. 14), a = 13.7575(4), b =
7.29722(16), c = 27.8687(8) Å,  = 93.446(1) º, V = 2792.72(13) Å 3, Z = 4, Dx = 1.703 g/cm3, μ = 4.96 mm-1. The
crystal appeared to be twinned with a twofold rotation about hkl = (1,0,0) as twin operation. The intensities
were consequently integrated with two orientation matrices. 33039 Reflections were measured up to a
resolution of (sin θ/λ)max = 0.65 Å-1. 6414 Reflections were unique (Rint = 0.027), of which 5949 were observed
[I > 2σ(I)]. 350 Parameters were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0232 / 0.0702. R1/wR2
[all refl.]: 0.0251 / 0.0714. S = 1.073. Twin fraction basf = 0.2544(9). Residual electron density between -1.36
and 0.99 e/Å3.
Compound Ir(PC-3):
C35H35ClIrP, Fw = 714.25, orange plate, 0.37 x 0.27 x 0.09 mm 3, monoclinic, P21/n (no. 14), a = 7.2375(2), b =
26.9495(9), c = 15.1320(5) Å,  = 98.8639(17) º, V = 2916.20(16) Å 3, Z = 4, Dx = 1.627 g/cm3, μ = 4.75 mm-1. 27712
Reflections were measured up to a resolution of (sin θ/λ) max = 0.65 Å-1. 6669 Reflections were unique (Rint =
0.035), of which 5937 were observed [I > 2σ(I)]. 350 Parameters were refined with no restraints. R1/wR2
[I > 2σ(I)]: 0.0459 / 0.0949. R1/wR2 [all refl.]: 0.0543 / 0.0978. S = 1.218. Residual electron density between
-2.84 and 1.88 e/Å3.
Compound Ir(PC-2):
C33H29ClF2IrP, Fw = 722.18, orange needle, 0.35 x 0.10 x 0.06 mm 3, monoclinic, P21/c (no. 14), a = 13.7871(4),
b = 7.3540(2), c = 27.9160(9) Å,  = 105.8684(13) º, V = 2722.55(14) Å 3, Z = 4, Dx = 1.762 g/cm3, μ = 5.10 mm-1.
34337 Reflections were measured up to a resolution of (sin θ/λ) max = 0.65 Å-1. 6259 Reflections were unique
(Rint = 0.026), of which 5275 were observed [I > 2σ(I)]. 348 Parameters were refined with no restraints.
R1/wR2 [I > 2σ(I)]: 0.0188 / 0.0346. R1/wR2 [all refl.]: 0.0272 / 0.0368. S = 1.026. Residual electron density
between -0.50 and 0.61 e/Å3.
Compound Ir(PC-7):
C33H29ClF2IrP, Fw = 722.18, orange needle, 0.62 x 0.19 x 0.06 mm3, monoclinic, P21/c (no. 14), a = 7.2609(3),
b = 16.4553(5), c = 23.1171(8) Å,  = 95.719(2) º, V = 2748.31(18) Å 3, Z = 4, Dx = 1.745 g/cm3, μ = 5.05 mm-1.
56404 Reflections were measured up to a resolution of (sin θ/λ) max = 0.65 Å-1. 6323 Reflections were unique
(Rint = 0.025), of which 5848 were observed [I > 2σ(I)]. 348 Parameters were refined with no restraints.
R1/wR2 [I > 2σ(I)]: 0.0158 / 0.0348. R1/wR2 [all refl.]: 0.0181 / 0.0356. S = 1.043. Residual electron density
between -0.85 and 0.68 e/Å3.
Compound Ir(PC-8):
C37H27ClF12IrP, Fw = 958.21, red needle, 0.39 x 0.14 x 0.06 mm 3, monoclinic, P21/c (no. 14), a = 24.3811(12), b =
16.5721(8), c = 8.4204(4) Å,  = 91.1528(19) º, V = 3401.5(3) Å 3, Z = 4, Dx = 1.871 g/cm3, μ = 4.15 mm-1. 84945
Reflections were measured up to a resolution of (sin θ/λ) max = 0.65 Å-1. 7821 Reflections were unique (Rint =
0.049), of which 6419 were observed [I > 2σ(I)]. 474 Parameters were refined with no restraints. R1/wR2
[I > 2σ(I)]: 0.0223 / 0.0415. R1/wR2 [all refl.]: 0.0358 / 0.0452. S = 1.015. Residual electron density between
-0.62 and 0.67 e/Å3.
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Kinetic data:
The parity plot comparing the estimated and experimental Ir(PC) concentration data for 13 C-H and 7 C-D
activation experiments at 5 different temperatures (214 data points): 3 replicate C-H activation and 1 C-D
activation experiments at 90˚C; 3 replicate C-H activations, 1 C-H activation with a 100% excess of ligand
and 3 C-D activations at 80˚C; 2 replicate C-H activations and 1 C-D activation at 70˚C; 3 replicate C-H
activations and 1 C-D activation at 60˚C and 1 C-H activation and 1 C-D activation at 20˚C.

Figure 20 Parity plot of the NaOAc-assisted cyclometalation reaction of phosphinines 9 and 10.
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Reactivity Study of Cyclometalated Phosphinine-Ir(III)
Complexes: Towards Novel Water Oxidation Catalysts

Abstract: Ligand exchange towards cationic cyclometalated phosphinine-Ir(III) complexes of the type
[Cp*Ir(P^C)(CH3CN)][OTf] with (P^C) = 2,4,6-triphenylphosphinine could be obtained to demonstrate the
reactivity of neutral [Cp*Ir(P^C)Cl] complexes and to improve their solubility in water mixtures. The
activity towards water addition at the P=C double bond of the corresponding complexes was investigated
using time-dependent 31P{1H} NMR spectroscopy and compared to the reference complex [Cp*Ir(P^C)Cl]
discussed in Chapter 2. Moreover, the catalytic activity towards water oxidation to molecular oxygen using
cerium ammonium nitrate as sacrificial oxidant was studied. The kinetics of cerium depletion was found to
be first order for [Cp*Ir(P^C)Cl] and zeroth order for two different cationic phosphinine-based complexes
considered in this section. Turn-over frequencies similar to the benchmark complex [Cp*Ir(ppy)Cl] with
(ppy) = 2-phenylpyridine were found as well as similar kinetics. Consequently, the access to the first
homogeneous water oxidation catalyst with a metal-phosphorus bond was demonstrated and will be
discussed in this Chapter.

Parts of the work described in this chapter have been published:
Christian Müller, Leen E. E. Broeckx, Iris de Krom, and Jarno J. M. Weemers. Developments in the Coordination
Chemistry of Phosphinines. Eur. J. Inorg. Chem. 2013, 187-202.

Chapter 4

4.1 Introduction
Harnessing light by transition metal complexes has developed to a very important
research topic as readily available solar energy can principally be transformed into
chemical energy. As stated in the introduction, one of the pathways to do this is by
artificial photosynthesis, which consists of a water oxidation cycle combined with a
reduction of CO2 to a solar-energy fuel.[1] As the reduction step is already well studied,
the focus of this research lies on the water oxidation step.[2] The latter one is a multiple,
sequential one-electron transfer driven by light in natural photosynthesis. In the
electrochemical half reaction of artificial photosynthesis, this reaction is usually
mimicked by cerium ammonium nitrate ([(NH4)2Ce(NO3)6] or CAN) (Scheme 1). This
particular sacrificial oxidant was chosen as it can only drive the water oxidation catalyst
in one-electron steps which provides promising adaptation to light-driven systems.
Other advantages include the strong absorption band in UV-Vis spectroscopy as well as
the commercial availability and stability of CAN in aqueous solutions of low pH.[3]

Scheme 1 Water oxidation evaluated by Ce4+ as sacrificial oxidant.

The challenge in current research is to find an efficient catalytic system for water
0
oxidation to molecular oxygen which is a thermodynamically difficult process (𝐸25°𝐶
=

1.23 V at pH = 0 and 1 atm) with a complex mechanism, as described in Chapter 1. Even
when oxidants are used with a higher potential then expected from the thermodynamic
0
value, like Ce4+ (𝐸25°𝐶
= 1.61 V at pH = 0 and 1 atm), only slow water oxidation occurs.

Therefore, it is necessary to find a catalyst that works at a potential which is close to the
thermodynamic value, minimizing the over-potential.
These homogeneous water oxidation catalysts (WOCs) usually consist of
coordination compounds based on delocalized nitrogen-containing ligands with
extended conjugation (see Chapter 1). For instance, the [Cp*Ir(ppy)Cl] complex with
(ppy) = 2-phenylpyridine (Figure 1), reported by Crabtree et al., is considered as a
benchmark pre-catalyst in this chemistry. The 1,2,3,4,5-pentamethylcyclopentadienyl
ligand (Cp*) can contribute to the stabilization of high-valent intermediates required for
water oxidation.[4],[5] Unfortunately, the CH3-groups on the Cp* ligand can be oxidized
leading to side products. The use of less-substituted cyclopentadienyl ligands is
synthetically rather challenging and leads to lower activities in water oxidation per
iridium center.[5]
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Pyridine-based ligands are rather abundant in this research field as they have
proven to form robust Ir(III)-complexes with high tunability, due to an easy introduction
of substituents on the ligand core.[6] We anticipated that this chemistry can be rescaled to
their higher homologues, as the modularity of the pyrylium salt synthesis followed by
the O+/P exchange provides an easy access to a whole variation of substituted
phosphinines which was described in Chapter 3.

Figure 1 Left: Water oxidation catalyst discovered by Crabtree et al. which is considered as the benchmark
catalyst. Right: Similar phosphinine-Ir(III) complex tested in water oxidation.

The phosphorus analogue of [Cp*Ir(ppy)Cl], indicated in Figure 1 (right), was
explored as a reference compound in water oxidation which can easily be synthesized
and characterized as studied in Chapter 2. NaOAc-assisted cyclometalation of 2,4,6triphenylphosphinine by the [Cp*IrCl2]2 precursor resulted in the formation of the
complex [Cp*Ir(P^C)Cl], and was subsequently exposed to water to test the reactivity of
this functional coordination compound. It was shown in Chapter 2 that water adds only
slowly and selectively to one of the P=C double bonds of this particular complex within
approximately 70 hours at room temperature. Most probably, water adds regioselective
to the external P=C double bond in a syn fashion followed by a shift in conformation
towards the anti-product, rationalized through previous findings by Müller et al.[7],[8]
Remarkably, this water addition is reversible and can be directed by temperature. It
seems to favor the water addition product [Cp*Ir(P^C·H)OH Cl] at T = 25°C, while the
[Cp*Ir(P^C)Cl] complex is recovered at T = 80°C. This implies that most likely the water
addition product enters the catalytic cycle during water oxidation at room temperature,
although in situ measurements are necessary to confirm these results.
The hurdle for a straightforward application of [Cp*Ir(P^C)Cl] in the water
oxidation reaction, is the solubility in water or acetonitrile, in which these reactions are
generally performed. Therefore, the access to cationic phosphinine-based Ir(III)complexes was investigated as it was expected that these complexes would have an
increased water solubility (vide supra).[9]
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4.2 Preparation of Cationic Cyclometalated Phosphinine-Ir(III) Complexes
4.2.1. Synthetic Study Towards Ligand Exchange
The strategy to increase the solubility of the phosphinine-based Ir(III) complex 1 is
based on abstracting the chloride ligand creating cationic cyclometalated complexes of
the type [Cp*Ir(P^C)(NCCH3)]X with X being the counter ion (Scheme 2).

Scheme 2 Proposed synthesis of cationic cyclometalated [Cp*Ir(P^C)(NCCH3)]X complex.

A first attempt was made by applying NaB(3,5-(CF3)2C6H3)4 (NaBArF), which is
known to abstract the chloride from Ir(III) complexes,[10] in the presence of acetonitrile as
coordinating solvent. Although a new signal around δ = 155.2 ppm was detected in the
31

P{1H} NMR spectrum, which is a reasonable region for the chemical shift of such

compounds, only 50% conversion of the starting material could be obtained after
approximately four days at room temperature. Consequently, the product could not be
isolated.
The next effort to obtain the cationic phosphinine-Ir(III) complex 2 was based on
silver nitrate (AgNO3) as silver salts are generally a good alternative for chloride
abstraction compared to sodium salts.[11] Moreover, Macchioni et al.[9] reported on the
fairly good water solubility of complexes containing an NO3-ligand. Unfortunately, no
clear chemical shift in the 31P{1H} NMR spectrum could be observed upon addition of 1.3
to 2.8 equivalents of AgNO3 to a solution of 1 in CD2Cl2 at room temperature. Even
heating the reaction mixture to T = 40°C did not result in the formation of a compound,
which shows a reasonable chemical shift in the

P{1H} NMR spectrum. A subsequent
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trial employed an acetonitrile solution of 1.9 - 2.1 equivalents of silver tetrafluoroborate
(AgBF4), which was added to a mixture of 1 in dichloromethane at room temperature.
After approximately 1.5 hours under sonication, the formation of a gray precipitate
(AgCl) indicated the successful subtraction of the chloride from the metal center. The
formation of a complex of the type 2 was confirmed by 31P{1H} NMR spectroscopy and a
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chemical shift around δ = 155.5 ppm was observed for this compound. Purification of the
complex to determine the exact molecular structure consisted of filtration over Celite and
subsequent crystallization using several solvent combinations, which unfortunately
proved to be futile. Nevertheless, after removal of the solvents, the 1H NMR spectrum in
CD2Cl2 clearly showed a signal corresponding to the coordinated CH3CN ligand at δ =
2.60 ppm (d, 5J(H,P) = 1.2 Hz), similar to chemical shifts reported in literature.[11],[12]
To unambiguously confirm the formation of the desired cationic cyclometalated
phosphinine-Ir(III) complex 2, X-ray determination of suitable crystals was required.
Therefore, silver triflate (AgOSO2CF3) was added to a dichloromethane – acetonitrile
mixture of complex 1 and the solution was heated to T = 40°C for a few hours. This
resulted in a complex with the same chemical shift in the 31P{1H} NMR spectrum as well
as an identical signal for the CH3CN ligand in the 1H NMR spectrum, compared to
complex 2 obtained by reaction with AgBF4. Successful purification consisted of filtration
over silica gel and Celite and subsequent crystallization by diffusing Et2O into a CH2Cl2
mixture of the compound, confirming the synthesis of complex 2A (Scheme 3) by X-ray
analysis (vide infra).

Scheme 3 Preparation of cationic cyclometalated phosphinine-Ir(III) complexes.

103

Chapter 4

Remarkably, upon addition of two equivalents of silver triflate to one equivalent of
the [Cp*Ir(P^C)Cl] complex 1, formation of the dinuclear compound 2B containing
bridging Ag(I)-cations occurred (Scheme 3) as confirmed by means of X-ray analysis (vide
infra). The dimer 2B exhibits a slightly different chemical shift in the

P{1H} NMR

31

spectrum (δ = 153.5 ppm). Nevertheless, a similar signal for the coordinated acetonitrile
ligand in the 1H NMR spectrum was observed at δ = 2.61 ppm, which is also a doublet
with the same coupling constant (5J(H,P) = 1.2 Hz) as the [Cp*Ir(P^C)(NCCH3)][OTf]
monomer 2A. Careful filtration of the reaction mixture over silica and Celite, using
CH3CN as solvent to separate the complex from the silver chloride, followed by
crystallization via slowly diffusing Et2O into a CH2Cl2 solution of compound 2B, resulted
in the pure complex, as indicated in Scheme 3.
It should be noted here that it is also possible to synthesize a cationic complex
containing a pyridine ligand instead of an acetonitrile ligand through ligand exchange
with AgOTf in the presence of pyridine. This reaction was also performed in a mixture of
acetonitrile and dichloromethane as solvent, indicating that the coordination of pyridine
to the Ir(III) center is preferred over CH3CN.[13] Nevertheless, due to the fact that this is
out of the scope of the current research, it will not be considered in depth in this Chapter.

4.2.2. Crystallographic Characterization of Cationic Ir(III) Complexes
Yellow crystals of both the mononuclear (2A) as the dinuclear (2B) cationic
[Cp*Ir(P^C)(NCCH3)][OTf] complex suitable for X-ray diffraction were obtained by slow
diffusion of Et2O into a saturated CH2Cl2 solution of the corresponding complex. The
molecular structures of the two compounds are very similar as shown in Figure 2,
although complex 2A crystallizes in the space group Pbca (no. 61), while the silver dimer
2B exhibits P21/c (no. 14) symmetry. These are both centrosymmetric and selected bond
lengths (Å) and angles (°) of 2A and 2B are compared with the neutral [Cp*Ir(P^C)Cl]
compound 1 in Table 1.
As shown in Figure 2, the molecular structures of the cationic cyclometalated
phosphinine-Ir(III) complexes 2A and 2B display the same characteristic three-legged
‘‘piano-stool’’ arrangement around the metal center similar to their neutral
[Cp*Ir(P^C)Cl] counterpart 1.[11],[14-16] The overall bond lengths (Å) and angles (°) are
roughly similar (see Table 1), although the dihedral angles between the coordinated
phenyl group and the phosphinine heterocycle are with 4.2(3)° for complex 2A and
3.9(6)° for complex 2B smaller than the one observed for reference complex 1 (12.2(5)°).
Nevertheless, the coordinated phenyl group and the phosphinine core are in general still
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considered to be coplanar (see Chapter 2).[14] The phosphorus-carbon and carbon-carbon
bond lengths of the phosphinine core in complexes 2A and 2B do not change
considerably upon ligand exchange. Moreover, the metal center is still out of the ideal
axes of the phosphorus lone pair and shifted towards the formally anionic carbon atom.
This is possible due to the diffuse and less directional lone pair and results in an C(1)P(1)-Ir(1) angle of 142.04(8)° for 2A and 141.55(17)º for 2B, which is larger than the C(5)P(1)-Ir(1) angle with corresponding values of 110.45(8)° and 109.82(19)°, respectively.

Figure 2 Molecular structure of monomeric 2A (left) and dimeric 2B (right, protons are eliminated for
clarity) cationic complexes in the crystal. Displacement ellipsoids are shown in the 50% probability level.

Additionally, the internal ∠C(1)-P(1)-C(5) angle of the phosphinine core in
complexes 2A and 2B deviates slightly more from the non-coordinated phosphinine,
which is approximately 100°,[17],[18] compared to the neutral [Cp*Ir(P^C)Cl] complex 1 (see
Table 1).[14] As a consequence, the cationic complexes should be considered to be more
reactive towards nucleophilic addition at the P=C double bond, due to the disruption of
the aromaticity. Nevertheless, it was found that these complexes were stable enough to
be isolated and characterized, which is attributed to the kinetic stabilization by the
phenyl groups in 6-position as well as the chelate effect.[7],[8]
When comparing complex 2A and 2B with each other, it is clear that the Ir(1)-N(1)
bond and the Ir(1)-P(1) bond distances in complex 2B are marginally longer, while the
Ir(1)-C(11) bond is slightly smaller in this complex (Table 1). The latter finding might be
attributed to the fact that the Ag(OTf)2- bridges show a long-distance interaction (Ag-C
single bond: 2.09 Å)[19] on the phenyl group containing C(11). Consequently, additional
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electron density might be donated to the electron poor transition metal center. The triflate
group in 2B is severely disordered in the molecular structure in the crystal (Figure 2).
Nevertheless, the silver-oxygen bond distances in 2B are in the correct range for a silveroxygen single bond (2.33-2.41 Å).[20],[21]
Table 1 Selected bond distances (Å) and angles (°) of the X-ray structures.
Complex
1
2A
2B
Ir(1)-Cp*(cent.)
1.861
1.858
1.855
Ir(1)-N(1)
2.0320(19)
2.046(4)
Ir(1)-P(1)
2.2397(11)
2.2369(5)
2.2456(12)
Ir(1)-C(11)
2.077(4)
2.098(2)
2.078(5)
Ag(1)-C(9-10)
2.367
Ag(1)-C(22)
2.531(6)
Ag(1)-O(1)
2.333(15) / 2.566(10)
Ag(1)-O(4)
2.297(4)
P(1)-C(1)
1.724(4)
1.712(2)
1.715(4)
P(1)-C(5)
1.724(4)
1.717(2)
1.718(5)
C(1)-C(2)
1.411(6)
1.399(3)
1.403(7)
C(2)-C(3)
1.388(6)
1.396(3)
1.401(7)
C(3)-C(4)
1.407(6)
1.398(3)
1.404(7)
C(4)-C(5)
1.391(6)
1.391(3)
1.391(7)
C(5)-C(6)
1.476(6)
1.475(3)
1.469(7)
C(11)-Ir(1)-P(1)
78.74(13)
78.30(6)
78.30(15)
C(1)-P(1)-C(5)
105.7(2)
106.80(11)
106.4(2)
N(1)-C(34)-C(35)
179.0(3)
178.3(6)
P(1)-C(5)-C(6)-C(11)
12.2(5)
4.2(3)
3.9(6)

Due to the striking similarity of complexes 2A and 2B based on NMR spectroscopy
as well as crystal structure analysis, it is not clear whether these complexes are different
in solution or only in the solid state. Therefore, the main focus of water addition and
oxidation was directed to the monomeric cationic phosphinine-Ir(III) complex 2A.

4.3 Reactivity of Cationic Ir(III) Complex Towards Water Addition
In order to apply the cationic Ir(III) complex 2A in water oxidation, the reactivity of
this complex towards water addition was tested in a similar fashion as the neutral
[Cp*Ir(P^C)Cl] complex 1 described in Chapter 2.
Upon addition of approximately 19 equivalents of H2O to the yellow solution of 2A
in CD2Cl2 (Scheme 4), the reaction mixture became dark brown immediately, although no
clear change was detected in the

31

P{1H} NMR spectrum. After one hour at room

temperature, complex 2A reacted completely to several water addition products as
apparent from the three characteristic signals for the proton Ha (3, Scheme 4) in the 1H
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NMR spectrum. Unfortunately, these compounds could not be detected clearly by 31P{1H}
NMR spectroscopy as only very broad signals were visible. Nevertheless, the observed
P{1H} NMR resonances appear in the same region as observed for the water-addition

31

products of the neutral complex 1 (Δδ ≈ -70 ppm).

Scheme 4 Reaction of cyclometalated complex 2A with H2O.
Conditions: CD2Cl2 = 0.6 mL, Complex 2A = 48 mM, H2O = 923 mM.

As expected, the water addition to the cationic complex 2A was considerably faster
compared to the neutral [Cp*Ir(P^C)Cl] complex 1. This can be attributed to the larger
opening of the internal ∠C(1)-P(1)-C(5) angle of the phosphinine core, together with the
fact that complex 2A is cationic, making it more electropositive and therefore increasing
the reactivity of the P=C double bond towards attack of protic solvents. The fact that
water can attack on the internal as well as the external P=C double bond in a syn or anti
fashion and on the re or the si side, explains why there are several products formed, as
anticipated before by Müller et al.[7],[8],[22]
Orange plate crystals were obtained by slowly diffusing Et2O into the reaction
mixture containing CH2Cl2, but unfortunately all three compounds crystallized
simultaneously. Nevertheless, the characteristic resonances in the 1H NMR spectrum for
the three Ha protons of 3 could be detected at δ = 4.83 ppm (dd, 2J(H,P) = 18.0 Hz, 3J(H,H) =
6.8 Hz), δ = 4.62 ppm (dd, 2J(H,P) = 10.2 Hz, 3J(H,H) = 2.2 Hz) and δ = 4.50 ppm (dd, 2J(H,P) =
16.8 Hz, 3J(H,H) = 7.2 Hz), which confirms the formation of three stereoisomers with a yet
unknown configuration.
In a second attempt to crystallize the compound pentane was used as co-solvent
resulting in yellow plate crystals. Preliminary crystal structure data indicate that water
adds to the external double bond, as described for related structures by Müller et al.[7],[8]
Nevertheless, the H2O molecule is added in a syn conformation, unlike the Cp*M
complexes based on 2-(2’-pyridyl)-4,6-diphenylphosphinine (Chapter 2).[8] Furthermore,
the preliminary molecular structure reveals that water is added selectively to only one
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side of the heterocycle, resulting in a conformation where the OH group is pointing away
from the linear CH3CN-ligand.
Bond lengths and angles of the preliminary molecular structure of 3 in the crystal
(Figure 3, bottom) could not be obtained as the quality of the crystal was too poor.
Nevertheless, this result unambiguously shows the conformation of the water addition
products 3’ and 3’’ after crystallization.

Figure 3 Two enantiomers 3’ and 3’’ formed after water addition to complex 2A (top) in the preliminary
molecular structure in the crystal (bottom, only 3’’ depicted and anion was omitted for clarity).

When heating the reaction mixture to T = 80°C, preliminary investigations show
that the starting material 2A (Scheme 4) is reformed quantitatively, indicating that the
addition of water is again reversible with temperature, similar to complex 1 as described
in Chapter 2. Further investigation on this reversibility is necessary to study the
reproducibility of this equilibrium as well as the reaction conditions.
When water is added to complex 2B in a similar fashion, a gray silver coat is
deposited on the wall of the Young NMR tube, preventing to obtain accurate results.
Nevertheless, up to six different products could be detected in the region of the 31P{1H}
NMR spectrum typical for water-addition products. Further study is necessary to isolate
and characterize these different species.
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4.4 Application of Phosphinine-Based Water Oxidation Catalysts
The potential of complexes 1, 2A and 2B as water oxidation catalysts at T = 25°C is
examined in this section, as these compounds are phosphorus analogues of the pyridinebased systems described in the introduction. The main focus of application is on complex
2A as it is better soluble in water compared to the neutral complex 1 and more stable and
simpler compared to the dinuclear species 2B. Therefore, the catalytic activity of complex
2A towards water oxidation has been tested using three different techniques, namely UVVis spectroscopy, oxymetry and manometry which will be explained below, while
complex 1 and 2B will only be discussed in the spectrophotometric method.
Generally, an optimization of the solvent mixture consisting of acetonitrile and
acidic water (pH = 1 obtained by HNO3) is necessary to avoid catalyst precipitation and to
obtain higher turn-over frequencies (TOFs). Preliminary experiments resulted in an
optimal acetonitrile – acidic water mixture of 1:10 for complex 1 and 2B and 20%
acetonitrile in acidic water for compound 2A. These ratios were applied in all water
oxidation reactions to ensure a standard baseline.

4.4.1. UV-Vis Spectroscopy
This general procedure is based on monitoring the consumption of the sacrificial
oxidant, CAN, according to Scheme 1, and rescaling it to the produced O2 to supply
information on the kinetics of the water oxidation reaction. In practice, 2 mL of the
catalyst solution with a concentration between 1.5 and 7.5 μM of complex 2A in the
previously determined solvent mixture was added to a cuvette and thermostated at T =
25°C while stirring for at least 20 minutes. After a background measurement, 1 mL of a
standardized CAN solution (3 mM in acidic water) was added to the catalyst solution
resulting in a final concentration of 1 mM CAN, while catalyst loadings ranged from
1 - 5 μM. Subsequently, time-dependent data was collected by detecting the consumption
of Ce4+ every 5 seconds by UV-Vis spectroscopy at λ = 340 nm. A selection of the results is
shown in Figure 4.
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Figure 4 Depletion kinetics of CAN measured by means of UV-Vis spectroscopy during the water
oxidation reaction using 2A. Conditions: T = 25°C, [CAN] = 1 mM.

The resulting At/A0 versus time data (At and A0 = the absorbance of Ce4+ at time t and
at start) show roughly linear trends when the water oxidation is performed with complex
2A, deducing a zeroth order in Ce4+. Consequently, the integrated equation shown in
Equation 1, with t = time (s), kobs = observed rate constant (M s-1), and [Ce4+]0 = the initial
concentration of Ce4+ (M), was used to calculate the TOFs, as shown in Table 2.
𝐴𝐴𝑡𝑡
4 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡
=1−
𝐴𝐴0
[𝐶𝐶𝐶𝐶 4+ ]0

(1)

Table 2 Water oxidation kinetics using complex 2A monitored by means of UV-Vis experiments.
[Cat] (μM)
kobs (μM s-1)
TOF (min-1)
5
5

0.451
0.344

5.41
4.13

4

0.355

5.33

3

0.225

4.51

3

0.297

5.95

2

0.136

4.09

2

0.190

5.71

1

0.090

5.41

Conditions: T = 25°C, [CAN]0 = 1 mM; [Cat] = [Cp*Ir(P^C)(CH3CN)][OTf] 2A; kobs values are obtained from
zero-order kinetic with respect to CAN (At/A0 vs -4t/[CAN]0); TOF values calculated as kobs/[cat] ratio.

Log (kobs) versus log ([Cat]) plot (Figure 5) indicates that the order with respect to the
catalyst is 0.96 ± 0.11 for complex 2A which can be approximated to 1. First order kinetics
in catalyst were also obtained for the reference compound [Cp*Ir(ppy)Cl] reported by
Crabtree et al.[4],[5] Therefore, a single value for the TOF could be derived from the slope of
the kobs versus [Cat] plot, resulting in an average TOF of 4.75 ± 0.67 min-1.
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-6,2
-6,3

y = a + b*x

Equation
Adj. R-Square

0,91625
Value

-- Intercept
-- Slope

-6,4

Standard Error

-1,32431

0,60324

0,95566

0,1085

-6,5

log kobs

-6,6
-6,7
-6,8
-6,9
-7,0
-7,1
-7,2
-6,1

-6,0

-5,9

-5,8

-5,7

-5,6

-5,5

-5,4

-5,3

-5,2

log [cat]

Figure 5 Plot to determine the order in catalyst during the water oxidation reaction with complex 2A
measured by UV-Vis spectroscopy.

When complex 1 is applied in a similar reaction, a non-linear relation between Ce4+
and time is observed (Figure 6, left), indicating that the rate limiting step of the water
oxidation is different compared to complex 2A. Since the ln(At/A0) versus time plot is
linear (Figure 6, right), first order kinetics in cerium can be deduced, implying that the
oxidative steps are rate limiting. This results in an integrated equation as shown in
Equation 2. From the slope in Figure 6 (right), a TOF of 3.5 min-1 can be estimated, which
is lower compared to complex 2A. Therefore, the latter complex gets the main focus as
potential phosphinine-based water oxidation catalyst.
ln

𝐴𝐴𝑡𝑡
= − 4 𝑘𝑘𝑜𝑜𝑜𝑜𝑜𝑜 𝑡𝑡
𝐴𝐴0

(2)

Figure 6 Detection of the consumption of Ce4+ by UV-Vis during the water oxidation using
[Cp*Ir(P^C)Cl] 1, which is first order in Ce4+. Conditions: T = 25°C, [CAN]0 = 1 mM; [Cat] = 5.1 μM.
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The dimeric compound 2B also successfully catalyzes the consumption of
cerium(IV), although 9% acetonitrile is necessary to fully dissolve the complex in water.
A range of catalyst concentration between 0.5 μM and 5.0 μM was used, resulting in a
concentration of 1 - 10 μM per iridium center. The linearity in Figure 7 indicates zeroth
order kinetics in cerium corresponding to Equation 1, similar to the cationic monomer
2A.
The log (kobs) versus log ([Cat]) plot indicates that the order with respect to catalyst
2B is one, also similar to complex 2A and the nitrogen analogue [Cp*Ir(ppy)Cl].[4],[5]
Therefore, an average TOF can be calculated from the slope of the right graph in Figure 7,
resulting in a TOF of 6.24 ± 0.23 min-1. Observed rate constants and corresponding TOFs
for various catalyst concentrations are summarized in Table 3.

1,2x10-6

Equation
Adj. R-Square

y = a + b*x
0,98921
Value

1,0x10-6
Intercept

Standard Error

-2,64481E-8

2,10563E-8

0,10401

0,00384

-Slope

kobs (M s-1)

8,0x10-7

6,0x10-7

4,0x10-7

2,0x10-7

0,0
0,0

2,0x10-6

4,0x10-6

6,0x10-6

8,0x10-6

1,0x10-5

[Ir] (µM)

Figure 7 Detecting the consumption of Ce4+ by UV-Vis spectroscopy (top) and corresponding plot to
determine the TOF (bottom) during the water oxidation using [Cp*Ir(P^C)(CH3CN)] Ag-dimer 2B.
Conditions: T = 25°C, [CAN]0 = 1 mM; [Ir] = Ir(III) concentration is double with respect to [Cat].
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Table 3 Water oxidation kinetics with complex 2B monitored by means of UV-Vis spectroscopy.
[Cat] (μM)
[Ir] (μM)
kobs (μM s-1)
TOF (min-1)
0.5
1.0
0.079
4.75
1.0
2.0
0.220
6.60
1.5
3.0
0.312
6.24
2.0
4.0
0.363
5.45
2.0
4.0
0.378
5.67
2.5
5.0
0.441
5.29
3.0
6.0
0.583
5.83
4.0
8.0
0.827
6.20
5.0
10.0
1.031
6.19
Conditions: T = 25°C, [CAN]0 = 1 mM; [Cat] = [Cp*Ir(P^C)(CH3CN)] Ag-dimer 2B; kobs values are obtained
from zero-order kinetic with respect to CAN (At/A0 vs -4t/[CAN]0); TOF values calculated as kobs/[Ir] ratio.

The TOF obtained for catalyst 2B is with 6.24 min-1 significantly larger than the
3.5 min-1 for the neutral compound 1, but only slightly better compared to complex 2A
(4.75 min-1). Nevertheless, the less complicated mononuclear catalyst precursor 2A was
chosen for further investigating this novel phosphinine-based Ir(III) complex in the water
oxidation reaction.
In order to study the activity of catalyst 2A in a longer time-frame, an analogous
procedure was applied to a 10 mM CAN solution and catalyst concentrations of 2.5 μM
and 5 μM, as indicated in Figure 8.

Figure 8 Water oxidation kinetics using catalyst 2A by measuring the depletion of Ce4+ with UV-Vis
spectroscopy. Conditions: T = 25°C, [Cat] = 2.5 - 5 μM, [CAN] = 10 mM.

Two clear catalytic regimes with different TOF values, can be derived from the
turn-over number (TON) based on the experimental Ce(IV) consumption (Table 4). The
initial TOF (TOFi) was calculated to be in the region of 15 min-1, while the long range TOF
(TOFmean) was approximately three times smaller. This discontinuity has been observed
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before for Cp*Ir(III)-catalysts and points to catalyst transformation, likely due to their
oxidative degradation.[23] Maximal TON values of 500 cycles were reached, using 2000
equivalents of oxidant with respect to the catalyst. Nevertheless, when a larger excess of
CAN is added, the activity of the catalyst drops to 450 instead of the optimal 1000 cycles.
Table 4 Water oxidation kinetics for complex 2A monitored by means of UV-Vis experiments with high
[CAN].
[Cat] (μM)
[CAN]/[Cat]
TON (cycles)
TOFi (min-1)
TOFmean (min-1)
2.5
4000
450
18.5
3
5
2000
500
14.6
6
Conditions: T = 25°C, [CAN]0 = 10 mM; [Cat] = [Cp*Ir(P^C)(CH3CN)][OTf] 2A; TOF = TON/t ratio.

Further investigation on the stability of complex 2A towards oxidative degradation
is necessary and will be conducted in the future.

4.4.2. Oxymetry
In this method, a Clark-type oxygen electrode is used to directly detect the
concentration of oxygen in solution which is produced during the reaction. This means
that gas molecules in the headspace and gas bubbles formed in the solution will not be
measured by this electrode. As a consequence, the set-up has a low sensitivity and
therefore requires a 10 mM CAN solution in acidic water. After equilibration at T = 25°C
by stirring for at least 20 minutes, a steady baseline was recorded after which the catalyst
solution with an end concentration varying from 1 - 5 μM, was introduced through the
septum.

Figure 9 Oxygen evolution measured by Clark electrode during water oxidation using complex 2A.
Conditions: T = 25°C, [Cat] = 1 - 5 μM, [CAN] = 10 mM.

114

Reactivity Study of Cyclometalated Phosphinine-Ir(III) Complexes

The initial TOFs are summarized in Table 5 and increase slightly with decreasing
catalyst loading. After the initial kinetics, a second linear regime with less steep slope can
be seen in Figure 9.
Table 5 Kinetic data of water oxidation using complex 2A measured by the Clark electrode.
[Cat] (μM)
TOFi (min-1)
5.07
12.6
4.96
12.1
4.96
8.0
2.54
16.5
2.55
15.8
1.01
17.5
Conditions: T = 25°C, [CAN]0 = 10 mM; [Cat] = [Cp*Ir(P^C)(CH3CN)][OTf] 2A; TOFi calculated by fitting
the first minutes of the trend in Figure 9.

These results are in line with the initial TOF values obtained during the
spectrophotometric measurements as indicated in Table 4, confirming the previous
findings.

4.4.3. Differential Manometry
This last method uses two identical reactors loaded with catalyst 2A in equal
molarity, with only one reactor containing the sacrificial oxidant (CAN). The pressure of
the O2 gas which is evolved during the water oxidation in the reactor containing CAN is
measured and rescaled by deducing the output from the reference reactor. The TON
values are plotted in Figure 10 and the corresponding data is summarized in Table 6.

Figure 10 Oxygen evolved in TON during water oxidation using complex 2A measured by differential
manometry. Conditions: T = 25°C, [Cat] = 5 μM, [CAN]0 = 5-10 mM.
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Figure 10 shows initially a linear behavior of TON in time and therefore, TOFs can
be calculated from the slope of the fit. The data in Table 6 demonstrates that TOF values
are in general independent of catalyst loading [Cat] and CAN concentrations.
Nevertheless, maximal TONs could not be reached when 4000 equivalents of oxidant was
applied, indicating that the catalyst activity is lower producing a TON of only 490.
Table 6 Manometric results for the water oxidation with complex 2A.
[Cat] (μM)
[CAN] (mM)
[CAN]/[Cat]
TON (cycles)
TOF (min-1)
5
5
1000
250
3.6
5
10
2000
500
4.8
2.5
5
2000
500
5.6
2.5
10
4000
490
4.3
Conditions: T = 25°C, [Cat] = [Cp*Ir(P^C)(CH3CN)][OTf] 2A; TOF values calculated as TON/t ratio

An average TOF of 4.58 min-1 obtained by differential manometry for 2A, is again in
good agreement with the previously described TOFmean values measured by means of
general UV-Vis spectroscopy (Table 2) and the same procedure during the long run
(Table 4).

4.4.4. Comparison of Catalytic Results
Direct comparison of the catalytic activity of complex 1 and the cationic
phosphorus-containing Ir(III)-complexes 2A and 2B is difficult, as the rate limiting step is
different. The water oxidation kinetics are first order in the oxidant for complex 1,
indicating the oxidation steps to be rate limiting, and zeroth order in Ce(IV) for
complexes 2A and 2B. Nevertheless, all catalytic data were summarized in Table 7,
showing a good agreement in TOF for all the techniques applied to the water oxidation
with CAN using catalyst 2A. Moreover, Table 7 indicates that ligand exchange of the
neutral phosphinine-based complex 1 towards 2A and 2B favors the catalysis as
determined by UV-Vis spectroscopy.
Table 7 Summary of the catalytic results (TOF in min-1).
Oxymetry
Manometry
UV-Vis
UV-Vis long run
Catalyst

TOFi

TOFmean

1
2A
2B

TOFmean

TOFi

TOFmean

16.6

4.5

3.5
14.9

4.6

4.8
6.2

Furthermore, a clear discontinuity was observed during the water oxidation when
complex 2A was applied. Both oxymetry via the Clark electrode and UV-Vis
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spectroscopic detection of Ce4+ consumption indicated a higher initial TOF of
approximately 16 min-1 compared to the long run TOFmean which is calculated by UV-Vis
spectroscopy and manometry to be averaged 4.6 min-1. This can be explained by catalyst
transformation, which is likely due to oxidative degradation as this is common for Cp*containing Ir(III)-complexes.[23] Catalyst 2A is restricted to 2000 equivalents of sacrificial
oxidant to obtain a TON of 500, as higher concentrations (e.g. 4000 equiv.) of CAN result
in lower activity of the catalyst.
The results in Table 7 suggest that these phosphinine-based complexes can be used
in catalytic water oxidation reactions and are therefore the first homogeneous water
oxidation catalyst with a metal-phosphorus bond.

4.5 Conclusions
The synthesis of a cationic phosphinine-based Ir(III) complex of the type
[Cp*Ir(P^C)(NCCH3)][OTf] with (P^C) = 2,4,6-triphenylphosphinine could be achieved
by ligand exchange from [Cp*Ir(P^C)Cl] using silver triflate. One equivalent of AgOTf
resulted in the formation of the mononuclear compound [Cp*Ir(P^C)(NCCH3)][OTf],
while two equivalents of AgOTf yielded a dinuclear structure with bridging Ag(I)cations. Both complexes could be isolated and characterized by means of X-ray
diffraction, demonstrating the access to novel cationic cyclometalated phosphinine-based
Ir(III) complexes, with potential application in the water oxidation reaction.
Preliminary water-addition experiments showed that the P=C double bond of the
mononuclear complex was highly reactive towards nucleophilic attack of water,
compared to its chloride-based neutral counterpart. Therefore, most likely the wateraddition product is the species which enters the catalytic cycle during water oxidation
experiments. Moreover, preliminary results indicate that the equilibrium of the water
addition can be directed by temperature, similar to the neutral complex.
These novel complexes were subsequently employed in the water oxidation
reaction using different techniques for the mononuclear [Cp*Ir(P^C)(NCCH3)][OTf]
complex in order to compare the catalytic results. All methods were in good agreement
and showed initial TOFs of approximately 16 min-1 and average TOFmean around 4.6 min-1.
This is in line with the values found in literature for pyridine-based systems and can be
optimized by tuning the phosphinine ligand. Therefore, these preliminary results are
promising for future applications of these phosphinine-containing catalysts in the water
oxidation or other catalytic reactions.
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4.6 Experimental Section
All experiments were performed under an inert argon atmosphere, using standard Schlenk techniques or
in an MBraun dry box, unless stated otherwise. All glassware was dried prior to use by heating under
vacuum to remove traces of water. [Cp*Ir(PC)Cl][14] was prepared according to literature procedure. The
solvents were dried and deoxygenated using custom-made solvent purification columns filled with Al2O3.
The 1H, 13C{1H}, 19F{1H} and 31P{1H} NMR spectra were recorded on a Varian Mercury 400 MHz
spectrometer and chemical shifts are reported relative to residual proton resonance of the deuterated
solvents. Elemental analyses were performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d.
Ruhr (Germany).
rac-Acetonitril(η5-pentamethylcyclopentadienyl)(2-phenylene)-κC2-4,6-diphenylphosphinine-κP)iridiumIII
2A
A mixture of [Cp*Ir(P^C)Cl] 1 (90.2 mg, 0.131 mmol, 1.0 equiv) and AgOTf
(35.2 mg, 0.137 mmol, 1.0 equiv) was suspended in CH2Cl2 (1.5 mL) and
transferred to a Schlenk tube in a dry box. Subsequently, 1.5 mL CH3CN
was added and the orange reaction mixture was heated to T = 40°C for 3
hours after which complete conversion was apparent from the 31P{1H}
NMR spectrum. The silver salt was removed by filtration of the yelloworange reaction mixture over silica and Celite and elution with CH3CN
which was subsequently removed in vacuo. Yellow crystals were obtained by slow diffusion of diethyl
ether into a mixture of the compound in CH2Cl2. Yield: 108.8 mg, 98.4 %. 1H NMR (400 MHz, CD2Cl2, 25°C)
δ = 1.62 (15H, d, 4J(H,P) = 3.2 Hz, C5Me5), 2.60 (3H, d, 5J(H,P) = 1.2 Hz, CH3CN), 7.17-7.29 (2H, m, Harom), 7.457.51 (1H, m, Harom), 7.52-7.75 (10H, m, Harom), 7.86-7.91 (1H, m, Harom), 8.15 (1H, dd, 3J(H,P) = 23.3 Hz, 4J(H,H) =
1.5 Hz, Hβ), 8.45 (1H, dd, 3J(H,P) = 23.5 Hz, 4J(H,H) = 1.5 Hz, Hβ) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 4.7
(CH3CN), 9.3 (C5Me5), 98.4 (d, 2J(C,P) = 2.3 Hz, C5Me5), 119.9 (br d, 2J(C,P) = 1.1 Hz, CH3CN), 121.6 (d, 2J(C,P) =
19.5 Hz, CH), 125.3 (CH), 128.1 (d, 4J(C,P) = 3.3 Hz, CH), 128.3 (d, 3J(C,P) = 11.2 Hz, CH), 128.8 (CH), 129.3 (d,
3J(C,P) = 10.5 Hz, CH), 129.6 (CH), 129.8 (d, 4J(C,P) = 1.9 Hz, CH), 130.3 (CH), 130.8 (d, 4J(C,P) = 2.0 Hz, CH), 136.1
(d, 3J(C,P) = 11.5 Hz, CH), 139.2 (d, 3J(C,P) = 10.7 Hz, Cquat), 139.7 (CH), 141.9 (d, 3J(C,P) = 5.8 Hz, C4), 142.6 (d,
2J(C,P) = 27.1 Hz, 2/6-Ar(1’-C)), 144.6 (d, 2J(C,P) = 29.9 Hz, 2/6-Ar(1’-C)), 148.1 (d, J(C,P) = 1.9 Hz, Cquat), 155.4 (d,
1J(C,P) = 30.9 Hz, C2/6), 167.6 (d, 1J(C,P) = 43.6 Hz, C2/6) ppm. 19F NMR (376 MHz, CD2Cl2) δ = -78.9 ppm.
31P NMR (162 MHz, CD2Cl2) δ = 155.5 ppm. Elemental analysis calcd (%) for C36H34F3IrNO3PS (840.91
g/mol): C 51.42, H 4.08; N 1.67, found: C 51.41, H 4.11, N 1.65.
[rac-Acetonitril(η5-pentamethylcyclopentadienyl)(2-phenylene)-κC2-4,6-diphenylphosphinine-κP)iridiumIII
silverI(bistriflate)]-dimer 2B
A mixture of [Cp*Ir(P^C)Cl] 1 (30 mg, 0.044 mmol, 1.0 equiv) and
AgOTf (30.8 mg, 0.120 mmol, 2.7 equiv) was suspended in CH2Cl2
(0.6 mL) and transferred to a Young NMR tube in a dry box.
Subsequently, 0.6 mL CH3CN was added and complete
conversion was apparent from the 31P{1H} NMR spectrum after 3
hours at room temperature. The silver salt was removed by
filtration of the yellow-orange reaction mixture over silica and
Celite and elution with CH3CN which was subsequently removed
in vacuo. Yellow crystals were obtained by slow diffusion of
diethyl ether into a mixture of the compound in CH2Cl2. Yield:
35.5 mg, 74.0%. 1H NMR (400 MHz, CD2Cl2, 25°C) δ = 1.62 (30H,
d, 4J(H,P) = 3.2 Hz, C5Me5), 2.61 (6H, d, 5J(H,P) = 1.2 Hz, CH3CN), 7.29
(2H, dddd, 3J(H,H) = 7.2 Hz, 3J(H,H) = 6.9 Hz, 4J(H,H) = 1.6 Hz, 4J(H,H) =
1.6 Hz, Harom), 7.34 (2H, dddd, 3J(H,H) = 7.2 Hz, 3J(H,H) = 6.9 Hz,
4J(H,H) = 1.6 Hz, 4J(H,H) = 1.6 Hz, Harom), 7.46-7.52 (2H, m, Harom), 7.53-7.67 (10H, m, Harom), 7.71-7.75 (8H, m,
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Harom), 7.81 (2H, dd, 3J(H,H) = 7.2 Hz, 4J(H,H) = 1.6 Hz, Harom), 7.98 (2H, ddd, 3J(H,H) = 7.6 Hz, 4J(H,H) = 1.6 Hz, 4J(H,H) =
1.6 Hz, Harom), 8.17 (2H, dd, 3J(H,P) = 23.6 Hz, 4J(H,H) = 1.7 Hz, Hβ), 8.49 (2H, dd, 3J(H,P) = 23.4 Hz, 4J(H,H) = 1.7 Hz,
Hβ) ppm. 13C NMR (100 MHz, CD2Cl2) δ = 4.8 (CH3CN), 9.3 (C5Me5), 98.4 (d, 2J(C,P) = 2.2 Hz, C5Me5), 120.4
(CH3CN), 120.8 (q, 1J(C,F) = 318.5 Hz, CF3), 121.6 (d, 2J(C,P) = 19.2 Hz, CH), 124.2 (CH), 127.7 (br s, CH), 128.1 (d,
4J(C,P) = 3.2 Hz, CH), 128.4 (d, 3J(C,P) = 11.1 Hz, CH), 128.7 (CH), 129.4 (CH), 129.8 (d, 4J(C,P) = 1.3 Hz, CH), 129.9
(d, 3J(C,P) = 10.6 Hz, CH), 130.1 (CH), 136.5 (d, 3J(C,P) = 11.5 Hz, CH), 137.8 (CH), 139.2 (d, 3J(C,P) = 10.5 Hz, Cquat),
141.9 (d, 3J(C,P) = 5.6 Hz, C4), 142.8 (d, 2J(C,P) = 27.3 Hz, 2/6-Ar(1’-C)), 145.6 (d, 2J(C,P) = 30.1 Hz, 2/6-Ar(1’-C)),
148.7 (d, J(C,P) = 1.8 Hz, Cquat), 155.2 (d, 1J(C,P) = 31.6 Hz, C2/6), 166.9 (d, 1J(C,P) = 44.3 Hz, C2/6) ppm. 19F NMR
(376 MHz, CD2Cl2) δ = -77.9 ppm. 31P NMR (162 MHz, CD2Cl2) δ = 153.5 ppm. Elemental analysis calcd (%)
for C74H68Ag2F12Ir2N2O12P2S4 (2195.70 g/mol): C 40.48, H 3.12; N 1.28 found: C 40.46, H 3.11, N 1.29.
Complex 3
An excess of water (10 μL, 0.554 mmol, 18.9 equiv) was added to a
mixture of complex 2A (24.6 mg, 0.029 mmol, 1.0 equiv) in 0.6 mL CD2Cl2
in a Young NMR Tube under argon, after which the yellow solution
became dark brown immediately. The addition of water was followed by
means of 31P{1H} NMR spectroscopy after which crystals were obtained
by slow diffusion of diethyl ether into the reaction mixture. 31P NMR
(162 MHz, CD2Cl2, 25°C) δ = 79.9 ppm.
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Novel Homoleptic Phosphinine-Ir(III) Complexes
via C-H Activation

Abstract: The C-H activation of 2,4,6-triphenylphosphinine by [Cp*IrCl2]2 was extended to the
preparation of the first homoleptic cyclometalated neutral complex of the type fac-[Ir(P^C)3]. The access to
this novel phosphinine-complex containing a metal center in a medium oxidation state could be realized
due to the chelating property of the phosphinine as well as a significant kinetic stabilization by the orthophenyl groups. The homoleptic phosphinine-Ir(III) complex represents the first phosphorus derivative of the
well-known triplet-emitter [Ir(ppy)3], with (ppy) = cyclometalated 2-phenylpyridine and is therefore subject
to electrochemical and photochemical investigations. This novel reactivity pattern of phosphinines can be
extended to substituted phosphinines and the characterization of a fluorine-containing derivative was
achieved by means of NMR spectroscopy as well as single crystal X-ray diffraction. In contrast, the
homoleptic Ir(III) complex based on structurally related 2,4,6-triphenylpyridine could not be isolated,
making it impossible to compare its optical and redox properties with the novel fac-[Ir(P^C)3] complex.
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Chapter 5

5.1 Introduction
Photochemistry of coordination compounds is a research area, which often involves
transition metal complexes of pyridine derivatives as functional components, such as
2-phenylpyridines,[1],[2] bipyridines[3],[4] and terpyridines.[5] In particular, the cyclometalated iridium(III)-tris-2-phenylpyridine fac-[Ir(ppy)3] (Figure 1, left) and derivatives
have been shown to be efficient triplet emitters in organic light emitting diodes (OLEDs),
modern molecular materials and devices.[6-11] Such C-H activated functional coordination
compounds have attracted a lot of attention due to their intense triplet metal-to-ligand
charge transfer (3MLCT) emission and high photoluminescence properties, when an
electric current is applied. However, tuning of phosphorescence over the entire visible
spectrum still remains a challenge.[12]

Figure 1 Well-known green emitter fac-[Ir(ppy)3] (left) and first phosphinine-based M(III) complex
[Cp*Ir(P^C)Cl] (right).

The replacement of nitrogen by phosphorus in similar Hückel-aromatic
heterocycles is potentially interesting as it would lead to a significant change in the
electronic and steric properties of the corresponding coordination compounds, which
might open up new perspectives for potential applications. Nevertheless, as stated
before, preparation of phosphinine-complexes containing metal centers in medium-tohigh oxidation states, such as Ir(III), is rather challenging because of the weak σ-donor
properties of phosphinines and their sensitivity to nucleophilic attack upon
σ-coordination.[13],[14] However, a new reactivity pattern of 2-phenylphosphinine
derivatives could already be demonstrated in Chapter 2, as C-H activation of
2,4,6-triphenylphosphinines by Ir(III) and Rh(III) was shown to be possible, resulting in
the corresponding cyclometalated complexes [Cp*M(P^C)Cl] (M = Ir, Rh) (Figure 1,
right).[15] The kinetic stabilization of these novel compounds was attributed to the chelate
effect of the formally anionic bidentate and π-accepting (P^C)-ligand as well as to the
steric shielding of the P=C double bond by the additional phenyl group in 6-position of
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the phosphorus heterocycle.[16],[17] Moreover, the strong electron donating Cp*-ligand
contributes in facilitating the coordination of the phosphinine-ligand to the electron-poor
Ir(III) center.
Inspired by these results and in view of preparing homoleptic cyclometalated
complexes of the type [Ir(P^C)3], the cyclometalation of 2-phenylphosphinine derivatives
by Ir(III) via C-H activation was explored further. As mentioned above, access to such
compounds would open up new perspectives in the field of phosphorus-containing
molecular materials as well as (photo)catalysis.

5.2 Unprecedented Coordination Chemistry of 2,4,6-Triarylphosphinines
5.2.1. Synthesis of the Novel Homoleptic Cyclometalated Complex [Ir(P^C)3]
The preparation of homoleptic compounds of the type [Ir(ppy)3] generally requires
a two (or three) step procedure using IrCl3·nH2O as metal precursor in the presence of
certain additives and in combination with high boiling alcohols, such as ethoxyethanol or
diols, and/or water to optimize the selectivity.[6],[18-20] Unfortunately, these reaction
conditions as well as the metal precursor are generally not appropriate for phosphinines
as the corresponding coordination compounds can be sensitive towards nucleophilic
attack by protic solvents.[16] Another typical pathway in this chemistry applies [Ir(acac)3]
as precursor, which should be compatible with phosphinine chemistry, but still makes
use of solvents, such as glycerol or 2-ethoxyethanol to reach the high reaction
temperatures which are required.[1],[21],[22]
Despite the fact that coordination of three bulky 2,4,6-triphenylphosphinine ligands
to the Ir(III) center might be sterically unfavorable as well as electronically more difficult,
[Ir(acac)3] was used in a first attempt to cyclometalate three equivalents of phosphinine 1.
Microwave irradiation in THF was applied to force the cyclometalation reaction using
300W, but sufficiently high reaction temperatures could not be obtained. Performing the
reaction neat with conventional Schlenk techniques also failed due to the fact that the
Ir(III)-precursor sublimes at elevated temperatures, preventing sufficient contact between
the reactants. To solve this problem, the reaction was ultimately performed in a sealed
Parr hydrothermal autoclave, also known as acid digestion bomb, to get a complete
containment of the compounds at elevated temperatures and pressures. This chemically
resistant vessel was sealed under an argon atmosphere and placed in an oven of T =
220°C for 3 days (Scheme 1).[6]

123

Chapter 5

Scheme 1 Synthesis of homoleptic phosphinine-based [Ir(P^C)3] complex 2.

At this elevated temperature 2,4,6-triphenylphosphinine 1 is in the liquid phase
(m.p. = 173°C),[23] which causes an adequate mixing with the Ir(III)-precursor.
Surprisingly, orange crystals were formed after slowly cooling down the autoclave and
the

P{1H} NMR spectrum of the product revealed a single resonance at around δ =

31

167.6 ppm, indicating a selective formation of the thermodynamically favored fac-isomer
of complex 2. In the 1H NMR spectrum, the most downfield multiplet with a distinct
shape and chemical shift between δ = 8.43-8.52 ppm is characteristic for three of the six
peripheral protons (Hp) of the phosphinine-cores. The other three peripheral protons
display a broad doublet at δ = 8.05 ppm (3J(H,P) = 8.0 Hz) as indicated in Figure 2.

Figure 2 1H NMR spectrum (CD2Cl2, 400 MHz, 25°C) of complex 2 representing the peripheral protons (Hp)
at the phosphorus heterocycles.

124

Novel Homoleptic Phosphinine-Ir(III) Complexes via C-H Activation

MALDI-TOF analysis revealed an m/z ratio of 1160.21 g/mol which accounts for the
M+ ion, demonstrating that indeed the desired cyclometalated product has been formed.
This remarkable result in phosphinine chemistry indicates that not only the reaction but
also the crystallization can be done in one pot, increasing the efficiency of the reaction.

5.2.2. Crystallographic Characterization of the First Homoleptic [Ir(P^C)3]
Complex
If the crystals would not already form during gradual cooling of the reactor, the
reaction mixture of complex 2 could be dissolved in a toluene/Et2O mixture after which
orange crystals were formed by slowly evaporating the Et2O out of this solution. X-ray
diffraction of the obtained crystals unambiguously confirmed the formation of the
homoleptic complex 2, which occurs exclusively as the fac-isomer, as anticipated.
The fac-[Ir(P^C)3] 2 crystallized in the non-centrosymmetric monoclinic space group
P21 (no. 4) with three independent molecules in the asymmetric unit, one lambda (Λ) and
two delta (Δ) isomers in the measured crystal. The asymmetric unit together with a
magnification of the molecular structure of one Δ-isomer of 2 in the crystal is shown in
Figure 3 and the selected bond lengths (Å) and angles (°) are represented in the
Experimental Section (Table 2). The molecular structure of complex 2 reveals that the
coordination geometry around the Ir(III) center represents a distorted octahedral, with
iridium-phosphorus bond lengths between 2.259(2) Å and 2.2798(16) Å and Ir-CPh bond
distances in the range of 2.129(7)-2.158(7) Å. Moreover, the ∠P-Ir-CPh bite-angles were
found to be between 78.54(19)° and 79.73(19)°. Due to the diffuse and less directional lone
pair of the heteroatom in the phosphinine core, the metal center is not located in the ideal
axis of the phosphorus lone pair (Table 2), as seen before for other phosphinine-based
cyclometalated complexes.[15],[17]
Generally, the increase in ∠Cα-P-Cα’ angle of 105.2(3)-107.5(4)° upon cyclometalation, reflects a significant disruption of the aromaticity, increasing the sensitivity
of the P=C double bond towards nucleophilic attack of protic reagents. This phenomenon
together with the relatively high oxidation state of the metal center, remarkably did not
result in any addition-products since cyclometalated fac-[Ir(P^C)3] 2 turned out to be air
and moisture stable for several weeks. Even a dichloromethane solution of 2 in the
presence of H2O or MeOH did not show any degradation or reaction for several days at
an elevated temperature of T = 80°C in a sealed Young NMR tube. This is attributed to
the sterically demanding organic shell which is created by the additional phenyl groups
in 4- and 6-position of the phosphinine core, as noticeable in the space filling model of 2
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(Figure 4). This effect makes the P=C double bonds rather inaccessible for reactions with
protic reagents, presumably resulting in a kinetically very stable compound.

Figure 3 Asymmetric unit of fac-2 (left) and molecular structure of fac-Δ-2 (right) in the crystal.
Displacement ellipsoids are depicted at the 50% probability level. Only the ipso-C (Ci) of the phenyl
substituents in 4- and 6-position of the heterocycle are represented on the right for clarity.

Figure 4 Space filling model representing the molecular structure of fac-Δ-2 in the crystal.

5.2.3. Optical and Redox Properties of the Cyclometalated Complex [Ir(P^C)3]
In order to establish structure-property relationships, the optical and redox
properties of the novel homoleptic phosphinine-Ir(III) complex 2 were investigated in
CH2Cl2. The UV-Vis absorption spectrum of 2 presents an intense band centered at λ =
289 nm along with a red-shifted broad intense absorption band extending from λ =
315 nm to λ = 405 nm (Figure 5, continuous line). This spectrum differs from the one
recorded for the 2,4,6-triphenylphosphinine ligand 1 which displays an intense band
centered at λ = 279 nm along with a red-shifted shoulder tailing down to λ = 345 nm
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(Figure 5, dotted line).[24] For rationalizing the observed properties, DFT and TD-DFT
calculations were carried out on phosphinine 1 as well as on complex 2 and the orbital
and atomic percentage-compositions of the frontier molecular orbitals (MOs) are given in
Table 1. It is worth noting that the computed structural data for 2 are very similar to
those obtained by the X-ray diffraction study (see Experimental Section, Figure 13).

Figure 5 Absorption spectra of ligand 1 (dotted line) and Ir(III) complex 2 (continuous line) in CH2Cl2.
TD-DFT simulated spectrum of 2 (dashed line).

1

Table 1 Percentage orbital or atomic weights of relevant moieties in frontier MOsa of 1 and 2.
MO
H-4
H-3
H-2
H-1
H
L
L+1
L+2
PC5H2b
9
10
39
59
73
63
P
7
3
1
33
36
2
-

d(Ir)
14
13
6
6
19
4
3
2
Irc
14
13
6
6
19
6
4
3
2
3Pd
6
6
19
21
17
32
31
30
3(PC5H2)
6
7
20
31
26
42
54
53
a H = HOMO, L = LUMO; b total phosphinine contribution; c total Ir contribution; d total P contribution.

The analysis of the ligand-MOs (1) shows that the HOMO and LUMO are mainly
localized at the phosphinine core, with more than 30% contribution of the phosphorus
atom. The TD-DFT calculations performed on 1 assigns the computed band at λ = 315 nm
(shoulder experimentally) to a HOMO→LUMO transition, corresponding to an intraphosphinine charge transfer (Table 1, Figure 6) with a strong contribution of the
phosphorus atom (for details see Experimental Section: Table 3).
Since this transition is weakly allowed, only a low fluorescence intensity is observed
at λ = 430 nm (quantum yields << 1) which is nicely reproduced by TD-DFT
computations (λ = 403 nm).[25] The absorption band of ligand 1 at λ = 279 nm (computed
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at λ = 290 nm) can be assigned to a mix of HOMO→LUMO+1 and HOMO-1→LUMO
transitions, which are mainly π,π* and n,π* charge transfers and particularly from the
phosphorus atom to the hydrocarbon part of the phosphinine.

0

LUMO+4

-1

LUMO+3

LUMO+2

LUMO+1

Energy (eV)

-2

LUMO

4.46 eV

-6
HOMO

HOMO-1
HOMO-2

-7

HOMO-3

1

HOMO-4

Figure 6 Frontier MOs diagram of 2,4,6-triphenylphosphinine 1.
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Considering complex 2, it is worth noting that the frontier MOs from HOMO-2 up
to LUMO+2 exhibit significant phosphinine and phosphorus atom character (Table 1).
Moreover, the weight of the 5d(Ir) orbitals is important in the HOMO, HOMO-3 and
HOMO-4, which most likely allow the occurrence of MLCT absorption bands. In the
simulated absorption spectrum of complex 2 (Figure 5), the computed absorption band of
the highest energy at λ = 298 nm fits nicely with the observed one at λ = 289 nm. This
absorption band, which originates mainly from HOMO-7→LUMO and HOMO-6→
LUMO transitions (Figure 7), corresponds to electron density transfer from phenyl
groups to the phosphinine cores. The second absorption band observed at ca. λ = 335 nm
corresponds to the calculated excitations at λ = 326 nm and λ = 346 nm. The originating
electronic transitions, among them HOMO-3 and HOMO-4 to LUMO, which exhibit the
highest oscillator strengths (Experimental Section: Table 4), are mainly MLCT involving
particularly an electron transfer from the metal to the phosphinine ligands. Finally, the
observed shoulder at ca. λ = 385 nm fits rather nicely with the calculated one at λ =
376 nm, corresponding to a HOMO→LUMO transition with a low oscillator strength. It
can be assigned to an MLCT with a significant metal to phosphinine electron transfer.
When excited in the MLCT low energy absorption band, a degassed solution of
complex 2 in Me-THF or CH2Cl2 shows a very weak emission intensity centered at λ =
430 nm, resembling the ligand fluorescence. Indeed, this value again fits well with the
fluorescence emission at ca. λ = 410 nm computed theoretically by TD-DFT calculations.
Negligible changes of the emission intensity were observed upon aerating the solution,
likely indicating that the emission is mainly ligand centered and does not originate from
a 3MLCT triplet state. Moreover, no further emissions were detected at low temperature.
These photophysical data indicate that radiationless deactivation pathways are mainly
responsible for the deactivation of the excited states. At the moment, a straightforward
explanation for the non-emissive property of complex 2 still remains elusive, except for
the low oscillator strength of the MLCT excitations. As a matter of fact, specific features
to rationalize the lack of phosphorescence of transition metal complexes are missing for
complex 2.[26-28] Among those are the inefficiency of spin-orbit coupling, i.e. high energy
differences between occupied 5d(Ir) orbitals or low energy differences between occupied
and vacant 5d(Ir) orbitals, as well as low 5d metal orbital contributions within the highest
occupied MOs in the lowest 3MLCT state and an important distortion of the geometry of
this triplet state. Furthermore, the TD-DFT calculations showed that the HOMOs have an
important contribution of both phosphinine and metal character leading to a mixing of
various types of transitions (MLCT, ILCT and/or LLCT) in the excited state, which might
induce radiationless deactivation.[26-28]
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In order to get more insight in the electronic structure of ligand 1 and complex 2,
their electrochemical properties were further investigated by means of cyclic
voltammetry (CH2Cl2, 0.2 M Bu4NPF6, v = 200 mV.s-1) using ferrocene as the internal
standard. Complex 2 (Figure 8) undergoes two irreversible electronic oxidation and
reduction waves (Eox1 = +0.74 V, Eox2 = +1.11 V; Ered1 = -2.17 V, Ered2 = -2.34 V vs ferrocene),
while ligand 1 shows only an irreversible cathodic peak potential at -1.40 V in the studied
electrochemical window.[29] Most likely, the oxidation occurs mainly at the Ir(III) metal
site, along with minor contributions from the phosphinine ligand. Furthermore and in
contrast to the oxidation process, the reduction may occur primarily on the low-lying
π* orbitals of the phosphinine ligand.[29] This assignment is supported by the frontier MO
diagram of the complex, as indicated in Figure 7. The electrochemical measurements
show that complex 2 is easier to reduce and more difficult to oxidize compared to the
reference compound [Ir(ppy)3] indicating that the phosphinine ligand 1 induces a
stabilization of the LUMO and of the HOMO of complex 2 since it is a better π-acceptor
than the corresponding pyridine ligand.[14],[30-32]
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Figure 8 Cyclic voltammogram of complex 2 in CH2Cl2.
Conditions: complex = 1 mM, Bu4NPF6 = 0.2 M, ferrocene = 1 mM, v = 200 mV.s-1.
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Unfortunately, no phosphorescence emission could be achieved with complex 2 and
therefore further research is necessary to modify the structure of the ligand e.g. by
introducing substituents in certain positions of the phosphinine core. Moreover, mixing
of the different types of transitions needs to be avoided to offer promising results in the
application of phosphinine-based coordination compounds in molecular materials for
their phosphorescence emission.

5.3 Substituted 2,4,6-Triarylphosphinine in the [Ir(P^C)3] Complex
Due to the modular synthesis of substituted 2,4,6-triarylphosphinines (see Chapter
3), a careful optimization of the ligand structure is possible,[14],[25],[33],[34] which might result
in better MLCTs, without mixing of the various transitions. Consequently, efficient
phosphorus emission might be achieved by such novel coordination compounds.
To tune the electroluminescence properties, Grushin et al.[35] reported on [Ir(N^C)3]
complexes containing fluorinated 2-arylpyridine derivatives and concluded a reduced
concentration-quenching of luminescence when fluoro substituents are introduced on the
ligand. Stimulated by these findings, we were wondering whether it would be possible to
introduce fluorine-substituents into specific positions of the phosphinine heterocycle,
due to its modular synthetic procedure. Therefore, the homoleptic fac-[Ir(P^C)3] complex
4 based on the cyclometalation of three symmetrically 2-fluoro-substituted 2,4,6-triarylphosphinines 3 on iridium(III) was synthesized via the same reaction procedure as
described for the non-substituted 2,4,6-triphenylphosphinine 1.

Scheme 2 Synthesis of homoleptic [Ir(P^C)3] complex 4 based on fluoro-substituted phosphinine 3.

[Ir(acac)3] was added to three equivalents of phosphinine 3, according to Scheme 2,
in the Parr hydrothermal autoclave and reacted for three days at T = 220°C. The product
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was analyzed by means of 31P{1H} NMR spectroscopy, which resulted in a chemical shift
at δ = 169.6 ppm indicating the successful formation of the fac-[Ir(P^C)3] complex 4.
Nevertheless, an optimization of the purification step was necessary in this case,
including filtration over silica using dichloromethane followed by precipitation of
complex 4 in pentane. The pure complex could subsequently be characterized by 1H
NMR spectroscopy, and a similar characteristic multiplet for three of the peripheral
protons was detected at δ = 8.92-9.04 ppm, which is slightly shifted downfield compared
to the reference complex 2.
Yellow-orange crystals of complex 4 suitable for X-ray diffraction, could be
obtained by slow diffusion of Et2O into a dichloromethane solution of the compound.
The formation of fac-[Ir(P^C)3] complex 4 is consequently confirmed by the molecular
structure in the crystal as depicted in Figure 9 and the selected bond lengths (Å) and
angles (°) are represented in the Experimental Section (Table 2). The compound
crystallizes in the centrosymmetric monoclinic space group P21/n (no. 14) in contrast to
complex 2 which crystallizes in the space group P21 (no. 4). The compound was obtained
as a racemic mixture of both the lambda (Λ) and the delta (Δ) isomer in the asymmetric
unit from which only the Δ-isomer is depicted in Figure 9.

Figure 9 Molecular structure of fac-Δ-4 in the crystal. Displacement ellipsoids are depicted at the 50%
probability level. Only the ipso-C (Ci) of the aryl substituents in 4- and 6-position of the heterocycle are
represented on the right for clarity.

The molecular structure of 4 is basically similar to the one of the non-fluorosubstituted analogue 2 as it also depicts a distorted octahedral conformation around the
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Ir(III) center. The range of the Ir-P and the Ir-CPh bond distances in complex 4 are
respectively 2.2650(5)-2.2668(5) Å and 1.7079(19)-1.7224(18) Å, which is narrower
compared to complex 2 but on average in the same order of magnitude. Moreover, the
∠P-Ir-CPh bite-angles (78.93(5)-79.27(5)°) and the internal ∠Cα-P-Cα’ angles of the
phosphinines (106.81(9)-107.40(9)°) are similar to the fac-Ir(P^C)3 complex 2, along with
the P-Cα/α’ bond distances (1.7079(19)-1.7224(18) Å) of the phosphinine core.
Due to the difficult purification, further determination of the electrochemical
properties could not be performed up to this point. Nevertheless, it would be highly
interesting to determine the effect of the substitution pattern in this type of complexes as
it would offer new opportunities towards tunable phosphorus-based homoleptic
cyclometalated complexes as triplet emitters in OLEDs.

5.4 Comparison with the Cyclometalation of 2,4,6-Triphenylpyridine
The reactivity pattern of 2,4,6-triphenylphosphinine 1 with relevance to the
synthesis of the fac-[Ir(P^C)3] complex 2 was compared to its direct nitrogen analogue.
Therefore, 2,4,6-triphenylpyridine 5 was prepared by reaction of 2,4,6-triphenylpyrylium
tetrafluoroborate with ammonia,[36] instead of P(SiMe3)3 as in the phosphinine synthesis
(Chapter 1).
To compare the reactivity of both heterocycles, [Ir(acac)3] and three equivalents of
2,4,6-triphenylpyridine 5 were reacted in the one-pot procedure described above without
any solvent (Scheme 3). Instead of the Parr hydrothermal autoclave, glass ampoules were
used in order to reduce the necessary volume, while searching for the correct reaction
conditions. After 15 hours at T = 220°C, an insoluble dark brown solid was formed,
indicating that too harsh conditions were applied. Unfortunately, by applying this
approach the reaction mixture cannot be analyzed during the course of the reaction in
order to determine the intermediate composition and success is therefore limited to the
translation of physical factors.
In a next attempt, the color and shape of the reaction mixture was carefully
monitored upon heating it stepwise from T = 120°C to T = 210°C. Since [Ir(acac)3] has a
bright yellow color and the 2,4,6-triphenylpyridine 5 is off-white colored, the reaction
mixture was yellow before heating. After 1.5 hours at T = 180°C, orange droplets were
visible and the reaction was proceeded for another 30 minutes at T = 210°C after which
the mixture turned brown. According to MALDI-TOF analysis, a series of products was
obtained including the desired [Ir(N^C)3] complex 6, besides [Ir(acac)3], and a whole
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range of different compounds. Unfortunately, all attempts to isolate the desired complex
failed.

Scheme 3 Attempt to synthesize homoleptic [Ir(N^C)3] complex 6 based on 2,4,6-triphenylpyridine 5.

The reaction was repeated at T = 180°C, but no significant amount of the
cyclometalated product was visible after six hours. Nevertheless, this one-pot procedure
under neat conditions was successful for 2-phenylpyridine as the corresponding
fac-[Ir(ppy)3] could be detected after two days at T = 230°C (similar to attempt 1,
Experimental Section). Consequently, it is expected that the sterically demanding phenyl
group in 6-position of the 2,4,6-triphenylpyridine 5 hampers the coordination of the
ligand to the metal center by shielding the lone pair. Therefore, a remarkable difference
was observed between the phosphinine- and the pyridine-based ligands 1 and 5, as
indicated before in Chapter 2.
To force the cyclometalation of 2,4,6-triphenylpyridine 5, microwave irradiation
(300W) was used in the same temperature range as before (see Experimental Section).
Unfortunately, no product-signals were visible in the

H NMR spectrum after

1

approximately two days.
Subsequently, a modified procedure of Watts et al.[1] and Bernhard et al.[21] was
conducted, which was successful in the cyclometalation of 2-arylpyridines. Ethylene
glycol provided the possibility to raise the temperature to T = 250°C, which also resulted
in a mixture of products according to MALDI-TOF analysis. Nevertheless, as the
[Ir(N^C)3] complex 6 could not be obtained as a single product further comparison of the
optical and redox properties with the phosphinine analogue 2 was consequently not
possible.
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5.5 Conclusions
A total of three 2,4,6-triphenylphosphinine ligands can coordinate to one iridium
center via C-H activation leading to a novel homoleptic phosphinine-Ir(III) complex of
the type fac-[Ir(P^C)3] 2, which could be isolated and successfully characterized by X-ray
crystallography. First investigations on the physical properties and on the TD-DFT
calculations of fac-[Ir(P^C)3] 2 showed that this complex does not show any
phosphorescence emission. This might be due to the fact that the emission is mainly
ligand centered and radiationless deactivation pathways are mainly responsible for the
deactivation of the excited states.
Nevertheless, derivatives of the fac-[Ir(P^C)3] complex can be designed and
prepared by adding substituents on the 2,4,6-triphenylphosphinine core via the modular
pyrylium salt synthesis, creating iridium-complexes which might have different
luminescence properties. First results with 2-fluoro-substituted phosphinine 3 indicate
that the coordination chemistry can be extended to such substituted ligands. In fact,
complex 4 could be prepared and characterized by means of X-ray diffraction. This
research can be extended to carefully optimize the structure of the ligand and to avoid
mixing of various types of transitions in order to obtain ultimately phosphorescence
emission. A whole new field of phosphorus-containing molecular materials can be
accessible in this way and opens up new perspectives for applications in OLEDs.
Steric factors hindered the analogous cyclometalation reaction of 2,4,6-triphenylpyridine 5, creating a mixture of different coordination compounds, which could not be
separated successfully. In order to compare the optical and redox properties of the Ir(III)complexes of these analogous heterocycles, further research is necessary in the future.

5.6 Experimental Section
All experiments were performed under an inert argon atmosphere, using modified Schlenk techniques or
in an MBraun glove box, unless otherwise stated. All glassware and vessels were dried prior to use by
heating under vacuum to remove traces of water. 2,4,6-triphenylphosphinine[37] and 2,4,6-triphenylpyridine[36] were prepared according to the literature. [Ir(acac)3] was obtained from Strem Chemicals, Inc.
The solvents were dried and deoxygenated using custom-made solvent purification columns filled with
Al2O3. The 1H, 13C{1H} and 31P{1H} NMR spectra were recorded on a Varian Mercury 200 or 400 MHz
spectrometer. The mass characterization has been performed by positive mode reflection MALDI-TOF
using a Voyager-DE PRO instrument. Elemental analyses were performed by H. Kolbe, Mikroanalytisches
Laboratorium, Mülheim a.d. Ruhr (Germany).
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I.

Synthesis

fac-Tris-(2-phenylene-κC2-4,6-diphenylphosphinine-κP)iridium(III) 2
Ir(acac)3 (50.8 mg, 0.10 mmol, 1.0 equiv) was reacted with 2,4,6-triphenylphosphinine 1 (100.6 mg, 0.31 mmol, 3.0 equiv) in an acid digestion bomb at T =
220°C for 63 hours, to obtain [Ir(P^C)3] 2 as a yellow-brown solid (96.8 mg, 80.6%).
This solid was dissolved in CH2Cl2 and purified by filtration over Celite and silica
gel. After removal of the solvent, orange crystals were formed by slowly diffusing
Et2O out of a mixture of 2 in toluene/Et2O (91.0 mg, 75.7%). 1H NMR (400.16 MHz,
CD2Cl2, 25°C): 6.45 (6H, d, 3J(H,H) = 8.0 Hz, Harom), 6.83-6.88 (12H, m, Harom), 7.08 (3H,
dd, 3J(H,H) = 7.4 Hz, 3J(H,H) = 7.4 Hz, Harom), 7.20 (3H, ddd, 3J(H,H) = 8.0 Hz, J(H,H) =
4.0 Hz, J(H,H) = 4.0 Hz, Harom), 7.41-7.46 (3H, m, Harom), 7.51-7.59 (9H, m, Harom), 7.66-7.70 (6H, m, Harom), 8.05
(3H, br d, 3J(H,P) = 8.0 Hz, Hp), 8.45-8.54 (3H, m, Hp) ppm. 13C NMR (100.63 MHz, CD2Cl2, 25°C): 121.6 (dd,
J(C,P) = 14.4 Hz, J(C,P) = 8.1 Hz), 123.6, 126.9, 127.6 (br s), 127.6, 128.0 (dd, J(C,P) = 6.8 Hz, J(C,P) = 3.9 Hz), 128.4 (dd,
J(C,P) = 5.4 Hz, J(C,P) = 3.4 Hz), 129.0, 129.4 (br s), 134.9-135.1 (m), 136.2 (br), 139.3 (dd, J(C,P) = 8.2 Hz, J(C,P) =
4.2 Hz), 139.9 (dd, J(C,P) = 17.1 Hz, J(C,P) = 9.0 Hz), 142.4 (br s), 143.9 (dd, J(C,P) = 21.1 Hz, J(C,P) = 11.1 Hz), 152.6153.0 (m), 153.7-154.1 (m), 156.1-156.4 (m),165.2-165.8 (m) ppm. 31P NMR (162.00 MHz, CD2Cl2, 25°C): δ =
167.6 ppm. MALDI-TOF (m/z): 1160.21 g/mol [M+]. Elemental analysis calcd (%) for C69H48IrP3
(1162.26 g/mol): C 71.30, H 4.16; found: C 70.77, H 4.22.
fac-Tris-[2-(2’-fluorophenylene)-κC6-4-(2’-fluorophenyl)-6-phenylphosphinine-κP]iridium(III) 4
Ir(acac)3 (45.5 mg, 0.093 mmol, 1.0 equiv.) was reacted with 2,6-di(2’-fluorophenyl)-4-phenyl-phosphinine 3 (100 mg, 0.278 mmol, 3 equiv.) in an acid
digestion bomb for 3 days at T = 220°C. After reaction the crude compound was
dissolved in CH2Cl2, filtrated over a pad of silica gel and precipitated in a large
amount of pentane overnight. The solvent was then removed and subsequently
the complex was crystallized by slow diffusion of E2O into a solution of the
complex in CH2Cl2. The compound was obtained as a single yellow/orange
crystal. Spectroscopic yield: 100%. (Crystal was too small and fragile to determine
the quantitative yield). 1H NMR (400 MHz, CD2Cl2, 25°C) δ = 6.47 (3H, dd, 3J(H,H) =
3
7.4 Hz, J(H,H) = 7.4 Hz, Harom), 6.60-6.70 (6H, m, Harom), 6.72-6.82 (6H, m, Harom), 6.85-6.92 (3H, m, Harom), 6.957.7.03 (3H, m, Harom), 7.39-7.45 (3H, m, Harom), 7.48-7.54 (6H, m, Harom), 7.55-7.64 (9H, m, Harom), 8.92-9.04 (3H,
m, Hp) ppm. 13C NMR (100.63 MHz, CD2Cl2, 25°C): 111.9 (d, 2J = 23.4 Hz), 115.7 (d, 2J = 22.2 Hz), 124.2, 126.2126.8 (m), 128.0, 128.1, 129.4, 130.1 (d, 3J(C,F) = 7.8 Hz), 130.2-130.4 (m), 132.0 (br s), 133.4-134.0 (m), 135.8136.1 (m), 140.2-140.6 (m), 142.5-142.7 (m), 148.1-149.3 (m), 153.9-154.4 (m), 157.6-157.8 (m), 159.1-159.9 (m),
160.0-160.5 (m), 161.7-162.4 (m), 163.4-164.2 (m) ppm. 19F NMR (376 MHz, CD3CN, 25°C) δ = -114.8 (3F,
br s), -113.2 (3F, br s) ppm. 31P NMR (162 MHz, CD3CN) δ = 169.6 ppm. Elemental analysis calcd (%) for
C69H42IrP3F6 (1270.20 g/mol): C 65.24, H 3.33; found: C 65.09, H 3.68.
Reaction of 2,4,6-triphenylpyridine 5 with [Ir(acac)3]:
Attempt 1: [Ir(acac)3] (13.0 mg, 0.026 mmol, 1.0 equiv) and 2,4,6-triphenylpyridine 5 (24.4 mg, 0.079 mmol,
3.0 equiv) were mixed in dichloromethane after which the solvent was removed in vacuo. The reagents
where sealed in a glass ampoule under argon. The reaction mixture was heated to T = 230°C for 2 days and
afterwards cooled to room temperature. The ampoule was opened in a dry box, but the dark brown solid
was not soluble in deuterated dichloromethane, chloroform, tetrahydrofuran, toluene or acetone.
Attempt 2: [Ir(acac)3] (11.2 mg, 0.023 mmol, 1.0 equiv) and 2,4,6-triphenylpyridine 5 (20.7 mg, 0.067 mmol,
3.0 equiv) were mixed in the solid state and sealed in a glass ampoule under argon. The reaction mixture
was heated to T = 220°C for 15 hours and afterwards cooled to room temperature. The ampoule was
opened in a dry box, but the dark brown solid was not soluble in deuterated dichloromethane.
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Attempt 3: [Ir(acac)3] (10.7 mg, 0.022 mmol, 1.0 equiv) and 2,4,6-triphenylpyridine 5 (20.0 mg, 0.065 mmol,
3.0 equiv) were mixed in dichloromethane after which the solvent was removed in vacuo. The reagents
where sealed in a glass ampoule under argon. The reaction mixture was heated to T = 120°C for 1.5 hours,
followed by T = 150°C for 1 hours and T = 180°C for 1.5 hours. A dark orange liquid was obtained and
heating was proceeded at T = 210°C for 0.5 hours. The reaction was stopped because the mixture started to
get brown. According to MALDI-TOF measurement in dichloromethane, the cyclometalated product was
visible, together with a lot of side products. Unfortunately, isolation of this compound was unsuccessful to
this point.
Attempt 4: [Ir(acac)3] (11.9 mg, 0.024 mmol, 1.0 equiv) and 2,4,6-triphenylpyridine 5 (22.0 mg, 0.072 mmol,
3.0 equiv) were mixed in dichloromethane after which the solvent was removed in vacuo. The reagents
where sealed in a glass ampoule under argon. The reaction mixture was heated to T = 180°C for 6 hours
and afterwards cooled to room temperature. The ampoule was opened in a glove box, but the yellow solid
didn’t contain a significant amount of the desired cyclometalated product according to MALDI-TOF.
Attempt 5: [Ir(acac)3] (11.3 mg, 0.023 mmol, 1.0 equiv) and 2,4,6-triphenylpyridine 5 (21.0 mg, 0.068 mmol,
3.0 equiv) were mixed in THF (1.5 mL) in a microwave vial. The mixture was heated to T = 120°C, followed
by T = 140°C and subsequently T = 160°C under 300W microwave irradiation for 16 hours. The solvent of
the yellow reaction mixture was removed in vacuo and the residue was analyzed by means of 1H NMR
spectroscopy. No signals of the cyclometalated product could be detected. The reagents were dissolved
again in 1.5 mL THF and heated to T = 180°C, followed by T = 200°C and subsequently T = 220°C under
300W microwave irradiation each for 16 hours. The solvent of the yellow reaction mixture was removed in
vacuo and the residue was analyzed by means of 1H NMR spectroscopy. No signals of the cyclometalated
product could be detected.
Attempt 6: According to a modified procedure of Watts et al.[1] and Bernhard et al.[21] A solution of Ir(acac)3
(76.1 mg, 0.16 mmol, 1 equiv) and 2,4,6-triphenylpyridine 5 (179.2 mg, 0.58 mmol, 3.6 equiv) in 3 mL
ethylene glycol was stirred overnight at room temperature and subsequently heated to T = 250°C for 3.5
hours under inert conditions. After cooling down to room temperature, the reaction mixture was extracted
with CH2Cl2 and water after which it was dried using Na2SO4. The organic phase was concentrated under
reduced pressure MALDI-TOF analysis revealed multiple components which could not be isolated.
Attempt 7: According to a modified procedure of Watts et al.[1] and Bernhard et al.[21] A solution of Ir(acac)3
(102 mg, 0.21 mmol, 1 equiv) and 2,4,6-triphenylpyridine 5 (236 mg, 0.77 mmol, 3.6 equiv) in 4 mL of
ethylene glycol was heated to T = 240°C for 26 hours under inert conditions. After cooling down to room
temperature, the reaction mixture was extracted with CH2Cl2 and water. The organic phase was
concentrated under reduced pressure and then purified via flash column chromatography on silica using
CH2Cl2 as eluent. Unfortunately, the product could not be isolated yet as MALDI-TOF analysis revealed a
mixture of products.

II.

X-ray Crystal Structure Determination

Compound 2: C69H48IrP3 + disordered solvent, Fw = 1162.18,[*] pale brown needle, 0.21 x 0.10 x 0.08 mm3,
monoclinic, P21 (no. 4), a = 13.7200(12), b = 13.5181(12), c = 51.965(5) Å, β = 92.2338(19)°, V = 9630.4(15) Å3,
Z = 6, Dx = 1.202 g/cm3,[*] µ = 2.19 mm-1.[*] 140000 Reflections were measured on a Bruker Kappa ApexII
diffractometer with sealed tube and Triumph monochromator (λ = 0.71073 Å) up to a resolution of
(sin θ/λ)max = 0.56 Å-1 at a temperature of 150(2) K. Intensity data were integrated with the Saint software.[38]
Absorption correction and scaling was performed based on multiple measured reflections with SADABS[39]
(0.66-0.74 correction range). 27578 Reflections were unique (Rint = 0.071), of which 24091 were observed
[I>2σ(I)]. The structure was solved with Direct Methods using the program SHELXS-97[40] and refined with
SHELXL-97[40] against F2 of all reflections. Non hydrogen atoms were refined with anisotropic displacement
parameters. Hydrogen atoms were introduced in calculated positions and refined with a riding model. The
crystal structure contains solvent accessible voids (2514 Å3 / unit cell) filled with disordered solvent
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molecules. Their contribution to the structure factors was secured by back-Fourier transformation using the
SQUEEZE routine of PLATON[41] resulting in 772 electrons / unit cell). Two of the phenyl substituents were
refined with a disorder model for different orientations. 2065 Parameters were refined with 277 restraints
(concerning the disordered phenyl groups). R1/wR2 [I > 2σ(I)]: 0.0401 / 0.0762. R1/wR2 [all refl.]: 0.0503 /
0.0785. S = 1.023. Flack parameter x = 0.022(3).[42] Residual electron density between -1.15 and 0.99 e/Å3.
Geometry calculations and checking for higher symmetry was performed with the PLATON program.[41]
CCDC 833934 contains the supplementary crystallographic data which can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
[*] derived values do not contain the contribution of the disordered solvent.
Table 2 Selected bond lengths (Å) and angles (°) of complex 2 and 4 in the crystal.
Complex 2
Complex 4
Ir-P
2.259(2) - 2.2798(16)
2.2650(5) - 2.2668(5)
Ir-CPh
2.129(7) - 2.158(7)
1.7079(19) - 1.7224(18)
P-Cα,α’
1.695(8) - 1.739(8)
1.7079(19) - 1.7224(18)
Cα-P-Cα’
105.2(3) - 107.5(4)
106.81(9) - 107.40(9)°
Bite angle P-Ir-CPh
78.54(19) - 79.73(19)
78.93(5) - 79.27(5)°
P-Ir-P
98.35(7) - 102.55(7)
94.72(2) - 105.35(2)
CPh-Ir-CPh
89.5(2) - 93.8(3)
90.56(7) - 94.66(7)
Pal-Ir-Cal
168.53(17) - 173.21(19)
168.46(5) - 172.36(5)
Ir-P-Cα
143.2(3) - 145.5(2)
142.17(7) - 142.42(6)
Ir-P-Cα’
108.4(2) - 109.8(3)
109.35(7) - 109.69(6)
P-Cα’-C-CPh
-5.1(8) - 0.6(8)
-6.8(2) - 9.5(2)

III.

Determination of Optical Data

UV-Visible spectra were recorded at room temperature on a UVIKON 942 spectrophotometer. The UV-VisNIR emission and excitation spectra measurements were recorded on a FL 920 Edinburgh Instrument
equipped with a Hamamatsu R5509-73 photomultiplier for the NIR domain (300-1700 nm) and corrected
for the response of the photomultiplier.

Figure 10 Absorption spectra of ligand 1 (continuous line) in CH2Cl2 and corresponding TD-DFT simulated
spectrum (dashed line).
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Figure 11 Emission (λex = 315 nm, left) and excitation (right) spectra and of ligand 1 recorded in CH2Cl2 at
298K.
1
0.9
0.8

PL Intensity /a. u.

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
20000

21000

22000

23000

24000

25000

Wavenumber\ cm-1

Figure 12 Emission (λex = 390 nm, left) and excitation (right) spectra of complex 2 recorded in CH2Cl2 at
298K.

IV.

Cyclic Voltammetry Measurements

The electrochemical studies were carried out under argon using an Eco Chemie Autolab PGSTAT 30
potentiostat for cyclic voltammetry with the three-electrode configuration: the working electrode was a
platinum disk, the reference electrode a saturated calomel electrode and the counter-electrode a platinum
wire. All potential were internally referenced to the ferrocene/ferrocenium couple. For the measurements, a
concentrations of 10-3 M of the electroactive species was used in freshly distilled and degassed
dichloromethane (Lichrosolv, Merck) and 0.2 M tetrabutylammonium hexafluorophosphate (TBAHFP,
Fluka) which was twice recrystallized from ethanol and dried under vacuum prior to use.
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V.

Theoretical Calculations

Density functional theory (DFT) and time-dependent density functional theory (TD-DFT) calculations were
performed using the PBE1PBE functional[43] and the double zeta LANL2DZ basis set augmented with
polarization functions on all atoms (except hydrogen ones) and a diffuse d AO on iridium atom. The
gaussian09 package[44] has been used. The solvent effect (CH2Cl2) has been taken into account using the
PCM model.[45-47]

Bond length (Ǻ)
Ir-P
Ir-C
Angle (°)
P-Ir-P
P-Ir-C
Pal-Ir-Cal
C-Ir-C
Dihedral angle (°)
Ca-Cb-Cc-Cd

Optimized

X-ray

2.31-2.32
2.10-2.11

2.259(2)-2.2798(16)
2.129(7)-2.158(7)

99-102
80-89
170-171
91-92

98.35(7)-102.55(7)
78.54(19)-91.21(16)
168.53(17)-171.46(19)
89.5(2)-93.8(3)
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124.20-172.82

Figure 13 Optimized structure of complex 2 with corresponding bond lengths (Å) and angles (°), together
with the X-ray geometrical parameters.
Table 3 Computed electronic spectrum of 2,4,6-triphenylphosphinine 1.
Wavelength Wave number Transition
Oscillator
Transition
Weight of the
(nm)
(1000 cm-1)
energy (eV) strength (f) between MOs
transition (%)
314.4
31.8
3.94
0.2727
H→ L
96%
291.0
34.4
4.26
0.7101
H→ L+1
76%
H-1→ L
19%
281.2
35.6
4.41
0.1732
H-2→ L
73%
274.4
36.4
4.52
0.1549
H-3→ L
63%
H-2→ L
20%
266.8
37.5
4.65
0.2416
H-1→L+1
90%
Assignment: H= HOMO, L= LUMO, all transitions are at the Singlet excited state (S).
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Table 4 Computed electronic spectrum of complex 2 (significant MLCT character indicated).
Wavelength Wave number Transition
Oscillator
Transition
Weight of the
(nm)
(1000 cm-1)
energy (eV) strength (f) between MOs
transition (%)
380.7
26.3
3.26
0.0611
H→ L (MLCT)
92%
349.8
28.6
3.54
0.0987
H→ L+3 (MLCT,
50%
ILCT)
21%
H-2→ L
347.4
28.8
3.57
0.0988
H-1→ L+1
31%
H→ L+3 (MLCT)
16%
339.3
29.5
3.65
0.1513
H-2→ L+2
32%
H→ L+4 (MLCT)
20%
H-2→ L+3
16%
327.6
30.5
3.79
0.2860
H-4→ L (MLCT)
48%
H-5→ L
14%
H-1→ L+3
11%
326.9
30.6
3.79
0.3545
H-3→ L (MLCT)
50%
324.3
30.8
3.82
0.1262
H-2→ L+3
31%
H-4→ L+1 (MLCT)
16%
H→ L+4 (MLCT)
14%
323.3
30.9
3.84
0.1122
H→ L+4 (MLCT)
16%
H-5→ L
14%
H→ L+5 (MLCT)
13%
301.3
33.2
4.11
0.1296
H-7→ L
53%
H-2→ L+5
11%
300.4
33.3
4.13
0.2518
H-6→ L
38%
H-4→ L+3 (MLCT)
14%
Assignment: H= HOMO, L= LUMO, all transitions are at the Singlet excited state (S).
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PCP-Pincer Chemistry Based on Phosphinines

Abstract: Phosphorus-based PCP-pincer complexes are known to have a wide variety of applications, for
instance as catalyst in C-C coupling reactions or (de)hydrogenation reactions and even as highly efficient
triplet emitter in photochemical applications. By exchanging the σ-donating diphosphines with a
π-accepting diphosphinine backbone, it is expected that electronic and steric properties can be tuned,
leading to a wide variety of the corresponding coordination compounds. Coordination of the PCPdiphosphinine to [(cod)PdCl2] at low temperature leads to a dinuclear Pd(II) complex without activation of
the central C-H bond. This is the first example of a coordination compound in which a diphosphinine is
coordinated to a Pd(II) center. Moreover, coordination of the diphosphinine to iridium(I) is possible
although further investigation is necessary to determine the exact nature of the product. Moreover,
preliminary results on the reaction between the diphosphinine and [Cp*MCl2]2 (M = IrIII or RhIII) indicate
that cyclometalation of an aryl group is possible, although the exact C-H bond, which is activated, could
not be specified, yet.

Parts of the work described in this chapter have been published:
Christian Müller, Leen E. E. Broeckx, Iris de Krom, and Jarno J. M. Weemers. Developments in the Coordination
Chemistry of Phosphinines. Eur. J. Inorg. Chem. 2013, 187-202.

Chapter 6

6.1 Introduction
Tridentate monoanionic ligands (ECE ligands or pincers) are known to coordinate
to metal centers since 1976.[1] Generally, they consist of two donor atoms together with a
rigid central anionic aryl ring (Figure 1), which can form a metal-carbon σ-bond via
coordination to the meal center. Two five-membered metallacycles with a shared metalcarbon bond is frequently obtained, in which the ligand binds as a six-electron donor,
placing both neutral donors (E, Figure 1) in trans-position.[2]
A lot of research has focused on phosphine or phosphite based PCP-donors, usually
coordinated to iridium, palladium or platinum. The resulting coordination compounds
find widespread application in, for instance, (PCP)Ir-based catalysts for alkane
dehydrogenation reactions.[3] Also ketone or alcohol transfer hydrogenation[4] and
supramolecular structures for sensors[2] are a few of the many highlights in pincer
chemistry. In relation to Chapter 5, (PCP)IrIII coordination compounds are also applied in
organic light-emitting devices (OLEDs) due to their efficient light-harvesting properties
and a subsequent high-quantum-yield emission.[5] The most extensively studied systems
in PCP-pincer chemistry are based on palladium, as they are proven to be active catalysts
or catalyst intermediates in C-C coupling reactions, such as Heck, Suzuki-Miyaura and
Still coupling reactions.[4],[6],[7]

Figure 1 General representation of pincer-coordination (left) and diphosphinine analogue as objective in
this chemistry (right).

Modification of the tridentate ligand, can result in changes in the electronic and
steric properties of the corresponding coordination compounds without changing the
bonding pattern significantly. In this respect, π-accepting diphosphinines can, in
principle, provide interesting perspectives in PCP-chemistry. Therefore, the goal of this
research was to implement these planar, aromatic low-coordinate phosphorus
heterocycles in anionic PCP-type species and to access such coordination compounds
(indicated in Figure 1) via C-H activation or oxidative addition. This research was
anticipated to be very promising as the ortho-metalation of aryl-substituted phosphinines
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via C-H activation has already been studied and described in Chapter 2, 3 and 5.[8] It was
shown that coordination of phosphinines to transition metals in medium-to-high
oxidation state could be attained by the chelate effect as well as a steric protection of the
highly reactive P=C double bond by introduction of an aryl group in the orthoposition.[9-11] C-H activation of the central ortho-proton of the diphosphinine 1 as depicted
in Figure 1, could lead to unique electronic properties of the corresponding coordination
compounds due to the π-accepting nature of phosphinines, and the results will be
described in this chapter.

6.2 Synthesis Diphosphinines
The modular synthetic route of phosphinines via pyrylium salts (see Chapter 3)[12] is
a versatile procedure, due to the fact that also diphosphinines can be prepared starting
from the appropriate acetophenones.

Scheme 1 Two-step synthesis route towards the diphosphinine ligand 1.

Heating the commercially available 1,3-diacetylbenzene 2 with four equivalents of
benzylidene-2-acetophenone 3 in the presence of an excess of HBF4·Et2O at T = 70°C for
two hours, resulted in the desired pyrylium salt 4 as a yellow solid after precipitation
with Et2O (Scheme 1). Compound 4 could be obtained in approximately 50% yield after
recrystallization from hot ethanol. This procedure, along with the synthesis of the
corresponding diphosphinine 1, was already reported by Breit in collaboration with
BASF in 1999, but no coordination chemistry of this ligand could be found in literature
up to this point.[13] A modified procedure was used for the O+/P exchange as the reported
use of PH3 is rather problematic. Consequently, it is more convenient to use P(SiMe3)3,
which can be handled more easily. Four equivalents of P(SiMe3)3 were added dropwise to
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an acetonitrile or dimethoxyethane solution of the pyrylium salt, which resulted in a dark
brown reaction mixture. After heating to T = 90°C for overnight, diphosphinine 1 was
obtained (Scheme 1), showing a chemical shift in the 31P{1H} NMR spectrum at around δ =
184.6 ppm. To purify the diphosphinine ligand 1, column chromatography was
performed on silica with a mixture of petroleum ether and ethyl acetate (5:1) to elute the
compound, resulting in a yellow powder after evaporation of the solvent.
In order to obtain a PCP-coordination mode, the C-H bond in 2’-position of the
central aryl group of the diphosphinine ligand 1 has to be activated, creating an anionic
aryl ring which can coordinate to the metal center next to the two π-accepting
phosphorus atoms of the phosphinine. This results in a coordination compound with a
similar core structure compared to the generally used ECE ligands as stated in the
introduction (Figure 1). Tridentate coordination of the PCP-pincer type ligand 1 to a
metal precursor was approached through direct cyclometalation as depicted in Scheme 2.

Scheme 2 Proposed tridentate coordination of synthesized diphosphinine ligand 1.

6.3 Coordination of the PCP-Diphosphinine Ligand to Pd(II)
As coordination compounds containing anionic PCP-pincer ligands are often based
on palladium, cyclopalladation of the diphosphinine 1 was studied first. Reaction of the
PCP-diphosphinine ligand 1 with [(cod)PdCl2][14] at room temperature in CH2Cl2 results
in two singlets in the 31P{1H} NMR spectrum with a very similar chemical shift (δ = 113.2
ppm and 114.6 ppm) after a few minutes. These signals represent two non-equivalent
phosphorus atoms due to the fact that a 2J(P,P) coupling constant should be smaller,
eliminating the possibility of the presence of a doublet.[15] This result indicates that the
desired cyclometalated complex was not formed, but investigation of the formed species
could give rise to valuable information about the C-H activation process. Yellow needles
grew immediately from the reaction mixture at room temperature, or by slow diffusion
of Et2O into the CH2Cl2 mixture. These crystals turned out to be suitable for X-ray
analysis from which the molecular structure in the crystal is shown in Figure 2, along
with the selected bond lengths (Å) and angles (°).
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According to Figure 2, no activation of the C-H bond occurred, but a dinuclear PdII
complex 5 (Scheme 3) was formed containing two bridging diphosphinine ligands 1. This
complex crystallizes in space group P-1 (No. 2) with the two diphosphinine ligands 1
stacked in such a way that all ortho-phenyl groups are parallel to each other, which is
depicted in the side view (right, Figure 2).

Figure 2 Two views of the molecular structure of 5 in the crystal with displacement ellipsoids at the 50%
probability level. Selected bond lengths (Å) and angles (°): P1(1)-Pd(1): 2.2338(18), P1(2)-Pd(1): 2.2268(16),
P2(1)-Pd(2): 2.2524(15), P2(2)-Pd(2): 2.2379(17), Pd(1)-Cl1(1): 2.3271(16), Pd(1)-Cl2(1): 2.3366(17),
Pd(2)-Cl1(2): 2.3311(17), Pd(2)-Cl2(2): 2.3362(15), P1(1)-Pd(1)-P1(2): 88.71(6), P2(1)-Pd(2)-P2(2): 88.76(6),
C11(1)-Pd(1)-Cl2(1): 92.49(6), C11(2)-Pd(2)-Cl2(2): 91.20(6).

The phosphorus-carbon bond lengths of the four heterocycles are between
1.711(6) Å and 1.739(6) Å, which is only slightly shorter than for the non-coordinated
phosphinine ligands which are in the range of 1.74-1.76 Å.[9],[16],[17] The carbon-carbon
bond lengths of the phosphinine subunits are in the order of 1.377(8)-1.420(8) Å and
therefore do not change considerably upon coordination, making the phosphinine
heterocycle rather similar to the non-coordinated species. Nevertheless, coordination of
the diphosphinine 1 to the metal center opens the internal ∠C-P-C angle of the
heterocycles from approximately 100° in a free phosphinine,[16],[17] to 106.7(3)-107.6(3)° in
complex 5. This leads to P=C double bonds which are anticipated to be highly reactive
towards nucleophilic attack, due to the disruption of the aromaticity as stated before in
Chapter 2. On the other hand, the PdII-dimer 5 seems to be fairly stable as the complex
can easily be synthesized and characterized by X-ray diffraction. This might be due to the
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steric protection of the phenyl groups in ortho-position of the phosphinine core.[10],[11]
Further study on the reactivity of coordination compound 5 towards the addition of
protic solvents could be performed, but is out of the scope of this research.

Scheme 3 Coordination of the diphosphinine ligand 1 to Pd(II) precursors using [(cod)PdCl2] or
[PdCl2(PhCN)2].

Furthermore, it was observed that the two aryl-phosphinines in Figure 2 coordinate
in a cis-fashion to the metal center with corresponding ∠P-Pd-P angles of 88.71(6)° and
88.76(6)° and ∠Cl-Pd-Cl angles of 92.49(6)° and 91.20(6)°. Nevertheless, as both
phosphorus atoms are pointing in a different direction, PCP-coordination could
obviously not be achieved.
Trans-coordination of the two phosphorus atoms is necessary to position the key
C-H bond in an optimal configuration for the activation process. For this reason trans[PdCl2(PhCN)2][18] was used in an attempt to coordinate the diphosphinine 1 in a PCPpincer mode for which a variety of reaction conditions was employed as presented in
Table 1. Unfortunately, no C-H activation could be observed (Table 1, Entry 1) and even
the use of NaOAc, which was proven to be a suitable base in previous cyclometalation
reactions, resulted in the same characteristic resonances in the 31P{1H} NMR spectrum at
low temperature (Table 1, Entry 2-4), denoting the formation of an identical PdII-dimer 5
(Scheme 3).
Table 1 Reaction conditions in the attempts to activate the C-H bond of the diphosphinine 1 with
PdCl2(PhCN)2.
Entry
Base
Temp. (℃)
Time
1
none
r.t.
40 min
2
1.3 equiv. NaOAc
r.t.
1h
3
1.3 equiv. NaOAc
30
1h
4
1.3 equiv. NaOAc
40
1h
Reaction conditions: 30 mg ligand 1; 1.0 equiv. PdCl2(PhCN)2; 0.7 mL CD2Cl2; argon atm;
r.t. = room temperature.

Heating to temperatures of T = 50°C and even higher (up to T = 110°C) for a
prolonged amount of time resulted into mixtures of compounds as indicated by the
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presence of upfield and downfield shifted resonances in the 31P{1H} NMR spectrum next
to the signal of the non-coordinated ligand 1. Moreover, variation of the solvent did not
result into a reaction mixture suitable for purification of a single compound. In general,
the use of base implied more species detected by 31P{1H} NMR spectroscopy. No suitable
set of reaction conditions was found to achieve PCP-diphosphinine coordination to
palladium, yet. Consequently, further investigations were based on the use of different
metal precursors.

6.4 Coordination of the PCP-Diphosphinine Ligand to Ir(I)
As iridium-based PCP-pincer complexes have been studied to quite some extend
and cyclometalation of phosphinines was already proven to be possible,[8] the activation
of the central C-H bond of the PCP-system 1 via oxidative addition on iridiumI was
further investigated. Moreover, phosphinines are weak σ-donors and therefore expected
to be compatible with transition metals in low oxidation states, such as it is the case in
[(cod)IrCl]2 and [(coe)2IrCl]2.
Brookhart et al.[19] described the PCP-pincer systems based on phosphites, which are
also considered to be good π-acceptors. In this case, ½ equiv. of [(cod)IrCl]2 metal
precursor was used and the reactions were performed in toluene at T = 150°C for several
hours. Applying these reaction conditions to the diphosphinine 1 (Scheme 4), a chemical
shift in the 31P{1H} NMR spectrum at around δ = 173.3 ppm was detected after one hour
of reflux. To investigate the possibility of cyclometalation towards product 7, many
attempts were undertaken to crystallize the final product via diffusion techniques, but
unfortunately no crystals could be obtained. To eliminate possible side reactions, the
reaction was performed at lower temperatures (T = 40-100°C), but also in this case, no
pure reaction product could be isolated and characterized. When the solvent was
changed to CH2Cl2 as proven successfully in cyclometalation reactions before,[8] six
different species were detected by 31P{1H} NMR spectroscopy after several hours at room
temperature, but none of them in a substantial amount for further purification.

Scheme 4 Anticipated PCP-coordination of diphosphinine 1 using Ir(I) precursors.
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Next, 0.5 equiv. [(coe)2IrCl]2 relative to diphosphinine 1 was used as precursor
according to a recently reported patent.[20] However, toluene was used instead of isopropanol due to a possible attack of alcohols at the P=C double bond of phosphininemetal complexes. Interestingly, only one compound was visible in the

P{1H} NMR

31

spectrum at around δ = 145.4 ppm after heating the reaction mixture for one hour at T =
60°C. According to the procedure, elevation of the temperature to T = 110°C for 2 days
was necessary, assuming that the previously detected signal would correspond to
complex 6. Nevertheless, in the reaction based on the diphosphinine 1, an increase in
temperature led to a loss of any signal in the

P{1H} NMR spectrum. Repeating this

31

reaction at room temperature in CH2Cl2 for two hours resulted in a mixture from which
no product could be isolated.
Further investigation on the cyclometalation of diphosphinines 1 using these metal
precursors is necessary. Temperatures around T = 50°C seem to be the most promising as
well as using non-protic solvents other than dichloromethane. Identification of the single
compounds observed at δ = 173.3 ppm using [(cod)IrCl]2 and δ = 145.4 ppm using
[(coe)2IrCl]2 is necessary to relate it to compounds of the type 6 or 7 in Scheme 4.
Purification and isolation together with solubility problems are hurdles in this chemistry
which could not be solved, yet.

6.5 Coordination of the PCP-Diphosphinine Ligand to Ir(III) and Rh(III)
To directly correlate the knowledge obtained from previous chapters to the PCPdiphosphinine ligand, 1 was treated with [Cp*MCl2]2 (M = IrIII and RhIII) as metal
precursors,[8],[9] according to Scheme 5 and Table 2. As expected, the chemical shifts in the
31

P{1H} NMR spectrum are in the same region as observed before (Chapter 2), making it

possible to derive the nature of the compound which was formed.

Scheme 5 Anticipated PCP-coordination of diphosphinine 1 to the Ir(III) and Rh(III) precursor.

For the desired PCP-coordination compound 9, one metal center (0.5 equiv.
Cp*MCl2-dimer) is required per ligand and one equivalent of base, which was the
starting point of the investigation (Table 2, Entry 1 and 5). Similar to the cyclometalation
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of 2,4,6-triphenylphosphinine (Chapter 2), the diphosphinine 1 as well as the iridium
precursor were dissolved in CD2Cl2 and transferred to a Young NMR tube, together with
NaOAc as internal base. Immediately after mixing the reagents of Entry 1 in Table 2, two
new broad singlets at δ = 133.3 ppm and δ = 131.5 ppm were detected in the 31P{1H} NMR
spectrum, besides the ligand, indicating the presence of a product mixture. Nevertheless,
these chemical shifts are in the same region as observed for the simple
2,4,6-triphenylphosphinine-Ir(III) complex, indicating that coordination has occurred in a
similar manner to the complexes shown in Figure 3. Upon heating to T = 80°C for one
day, the intermediate reacted further towards several compounds, which show chemical
shifts in the 31P{1H} NMR spectra in the typical region for C-H activated species (δ = 167180 ppm). Furthermore, the 31P{1H} NMR spectra shows that approximately 50% of the
non-coordinated diphosphinine 1 is still present. Therefore, it is expected that one
chloride ligand is still coordinated to the metal center. Abstracting this chloride ligand
with AgOTf might lead to the cationic PCP-pincer species. Nevertheless, this attempt
resulted in a loss of all signals in the 31P{1H} NMR spectrum and no product could be
isolated or even characterized.
Table 2 Reaction conditions in the attempts to activate the C-H bond of diphosphinine 1 with [Cp*MCl2]2.
Entry Metal precursor
M:L
Base
Time (days)
Results based on the 31P{1H} NMR
1
[Cp*IrCl2]2
1:1
NaOAc
1
50% C-H activation; 50% ligand
2
[Cp*IrCl2]2
2:1
None
5
65% C-H activation; 35% P-coordination
3
[Cp*IrCl2]2
2:1
NaOAc
1
100% C-H activation
4
[Cp*RhCl2]2
1:1
None
5
No coordination
5
[Cp*RhCl2]2
1:1
NaOAc
10
25% C-H activation; 60% ligand;
15% side-product (2.5 ppm)
6
[Cp*RhCl2]2
2:1
NaOAc
10
25% C-H activation; 75% ligand
Reaction conditions: 50 mg diphosphinine ligand (L); 1.0 equiv. NaOAc if used; T = 80°C.

When 0.5 equiv. of [Cp*RhCl2]2 was added to a mixture of the diphosphinine 1 and
NaOAc in CD2Cl2, and heated to T = 80°C (Table 2, Entry 5) a similar result was obtained.
The 31P{1H} NMR spectrum showed broad doublets in the region of δ = 209.0 ppm and δ =
183.0 ppm, corresponding to a mixture of a C-H activated product and the noncoordinated ligand 1, respectively. In this case, however, an extra side-product was
observed at δ = 2.5 ppm. Even prolonged heating for 10 days did not result in a
reasonable amount of the desired product and the unknown side-product was detected
throughout the reaction. When no base is employed in the cyclometalation reaction using
the Rh-precursor (Table 2, Entry 4), coordination was not observed by

P{1H} NMR

31

spectroscopy, similar to the cyclometalation of 2,4,6-triphenylphosphinine in Chapter 2[8]
as well as to the pyridine-based systems.[21],[22]
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In order to increases the chance for a successful isolation of a reaction product, one
equivalent of metal dimer was reacted with diphosphinine 1, anticipating that only one
compound would be formed selectively. In the case of iridium, both phosphorus atoms
of 1 coordinate immediately to a metal center upon addition, without the need of a base.
This is proven by a broad signal in the

P{1H} NMR spectra in the region of

31

approximately δ = 133 ppm, which corresponds to a P-coordinated product. This signal
can still be related to different coordination compounds as indicated in Figure 3, from
which type B is the desired intermediate. When the reaction mixture is subsequently
heated to T = 80°C in the absence of base (Table 2, Entry 2), a shift of the signal towards
the C-H activated region at around δ(31P) = 170 ppm is observed, until approximately
35% of the P-coordinated species is still left after 5 days.

Figure 3 Possible P-coordinated species with expected δ(31P) at around 133 ppm.

To trigger the C-H activation process, NaOAc was added (Table 2, Entry 3) under
the same reaction conditions as stated before, from which time-dependent 31P{1H} NMR
spectra are shown in Figure 4. Within one day, gradual cyclometalation via C-H
activation of an aryl groups was detected as a broad signal at around δ(31P) = 170 ppm. A
structural investigation of the formed metallacycle was, however, unsuccessful up to this
point. Notably, no dissociation of the ligand could be observed, opposed to the baseassisted cyclometalation of 2,4,6-triphenylphosphinine using [Cp*IrCl2]2. This indicates a
significant difference in the reaction mechanism, but further investigation is necessary.
After heating a mixture of one equivalent of [Cp*RhCl2]2, diphosphinine 1 and
NaOAc in CD2Cl2 to T = 80°C for overnight (Table 2, Entry 6), 20% of the ligand was
cyclometalated as apparent from the broad doublet at around δ = 209.4 ppm in the 31P{1H}
NMR spectrum. After the reaction time, only small changes in the composition of the
reaction mixture were noticed, ranging from 20-30% over a period of 10 days. Therefore,
no single product could be isolated or crystallized and thus no exact statement on the
nature of the main reaction product can be made at this point.
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Further investigation on the NaOAc-assisted cyclometalation of the diphosphinine
1 should focus on the purification of these complexes, as these preliminary results seem
rather promising for the field of PCP-pincer chemistry based on phosphinines. Sterical
hindrance or restricted rotation around certain bonds could be kept in mind in order to
obtain reaction products which could be crystallized more easily.

Figure 4 Time-dependent 31P{1H} NMR spectra for the NaOAc-assisted cyclometalation of diphosphinine 1
to [Cp*IrCl2]2 in CD2Cl2 at T = 80°C.

6.6 Conclusions and Outlook
The PCP-diphosphinine 1 was successfully synthesized using the pyrylium salt
route as discovered in 1966 by Märkl. This π-accepting chelating ligand can be related to
the σ-donating diphosphine ligands which were already reported extensively in the field
of PCP-pincer chemistry, using palladium, platinum and iridium metal precursors.
Coordination of diphosphinine 1 to [(cod)PdCl2] resulted in the formation of a
dinuclear Pd(II)-complex, which crystallized immediately from the reaction mixture as
yellow needles and could be characterized by means of X-ray analysis. The optimal
reaction conditions to activate the central C-H bond to form palladacycles were,
however, not found, yet.
Promising results for the cyclometalation of the PCP-diphosphinine 1 via oxidative
addition using [(cod)IrCl]2 or [(coe)2IrCl]2 as metal precursors were presented in this
Chapter, creating new opportunities for further investigations. Moderate reaction
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temperatures are expected to be the most promising, but unfortunately these complexes
are difficult to isolate and to purify further.
C-H activation of 2,4,6-triphenylphosphinine could be extended to PCP-pincer
systems based on the previously described diphosphinine 1, creating novel
cyclometalated (PCP)M(III) complexes. The presence of a cyclometalated (PCP)Ir(III)
complex was demonstrated as it occurred in the same region in the 31P{1H} NMR spectra
as shown for the cyclometalation of 2,4,6-triphenylphosphinine. Although in the correct
region, the obtained signals in the 31P{1H} NMR spectra are not well resolved. Therefore,
it is expected that multiple cyclometalated species are present in the reaction mixture,
which could be the reason why all crystallizations failed.
In

order

to

obtain

diphosphinine-based

PCP-pincer

systems

via

direct

cyclometalation, a transcyclometalation reaction, as described in Chapter 1, could be
employed. This has been proven to be successful in many cases reported in
literature.[23],[24] Further investigations should also focus on the functionalization of the
diphosphinine ligand in order to enforce a regioselective C-H activation. This could be
achieved, for instance, by introducing a good leaving group (e.g. a halide atom) on the
central carbon atom, stimulating an activation process via oxidative addition to a carbonhalogen bond (C-X, Figure 5).

Figure 5 Tuning of the PCP-diphosphinine ligand.

Moreover, occupying the remaining positions, which can in principle undergo
ortho-metalation (R and R’, Figure 5), can direct the activation of the desired central
proton towards successful PCP-pincer systems. In addition, the backbone could be
designed in such a way that both phosphinine rings possess rotational restriction. This
can be achieved for instance, by introducing bulky groups on the central anionic aryl
group (R’, Figure 5), placing the two phosphorus atoms in ideal position for a tridentate
coordination.
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6.7 Experimental Section
All experiments were performed under an inert argon atmosphere, using standard Schlenk techniques or
in an MBraun dry box. All glassware was dried prior to use to remove traces of water.
1,3-Bis(4’,6’-diphenylphosphinin-2’-yl)benzene (1)[13] was prepared according to modified literature
procedure. Metal precursors were used as purchased from the supplier. The solvents were dried and
deoxygenated using custom-made solvent purification columns filled with Al2O3. The 31P{1H} NMR spectra
were recorded on a Varian Mercury 400 MHz spectrometer and chemical shifts are reported relative to
residual proton resonance of the deuterated solvents.
Complex 5
The compound was prepared according to a modified literature
procedure.[14] A mixture of [(cod)PdCl2] (11.0 mg, 0.039 mmol, 1.0 equiv) and
diphosphinine 1 (22,0 mg, 0.039 mmol, 1.0 equiv) was suspended in
dichloromethane (0.6 mL) and transferred to a Young NMR tube under
argon. After approximately 10 minutes at room temperature complex
formation was monitored by means of 31P{1H} NMR spectroscopy. Yellow
crystals were formed from the brown reaction mixture at room temperature. Yield: 12.3 mg, 21.3%;
31P NMR (162 MHz; CD2Cl2, 25°C) δ = 113.1, 114.8 ppm.
Reaction of diphosphinine 1 with [(cod)PdCl2]:
Attempt 1: A mixture of [(cod)PdCl2] (19.9 mg, 0.070 mmol, 1.3 equiv) and diphosphinine 1 (30.8 mg,
0.054 mmol, 1.0 equiv) was suspended in CD2Cl2 (0.7 mL) and heated to T = 50°C for approximately 6 days
under argon. The reaction mixture was analyzed by means of 31P{1H} NMR spectroscopy. A mixture of 3
different phosphorus-containing products was obtained (δ = 174 ppm and 149 ppm), including complex 5,
from which no pure product could be isolated.
Attempt 2: A mixture of [(cod)PdCl2] (12.0 mg, 0.042 mmol, 1.1 equiv) and diphosphinine 1 (21.8 mg,
0.038 mmol, 1.0 equiv) was suspended in toluene (0.7 mL) and heated to T = 110°C for approximately
5 hours under argon. The reaction mixture was analyzed by means of 31P{1H} NMR spectroscopy. A
mixture of 3 different phosphorus-containing products was obtained (δ = 195 ppm, 186 ppm and 178 ppm),
from which no pure product could be isolated.
Reaction of diphosphinine 1 with [PdCl2(PhCN)2]:
Attempt 1: A mixture of [PdCl2(PhCN)2] (16.5 mg, 0.043 mmol, 1.0 equiv) and diphosphinine 1 (25.0 mg,
0.044 mmol, 1.0 equiv) was suspended in CD2Cl2 (0.8 mL), which showed the characteristic peaks in 31P{1H}
NMR spectroscopy of complex 5 after 40 minutes at room temperature. The closed system was
subsequently heated to T = 60°C for approximately 1 hour. The reaction mixture was analyzed by means of
31P{1H} NMR spectroscopy. A mixture of non-coordinated diphosphinine 1 and complex 5 was visible, after
which the temperature was increased to T = 80°C for 4 days. Approximately 50% of a new product was
detected in 31P{1H} NMR spectroscopy with a chemical shift at δ = 174 ppm, besides the non-coordinated
diphosphinine 1. This composition didn’t change upon heating the reaction mixture any further, and the
new coordination compound could also not be isolated from the crude reaction mixture.
Attempt 2: A mixture of [PdCl2(PhCN)2] (21.1 mg, 0.055 mmol, 1.1 equiv) and diphosphinine 1 (30.0 mg,
0.053 mmol, 1.0 equiv) was suspended in toluene (0.8 mL) and subsequently heated to T = 100°C for
approximately 3 days. The reaction mixture was analyzed by means of 31P{1H} NMR spectroscopy. A
mixture of 3 different phosphorus-containing products was obtained (δ = 198 ppm, 189 ppm and 188 ppm),
from which no pure product could be isolated.
Attempt 3: A mixture of [PdCl2(PhCN)2] (20.3 mg, 0.053 mmol, 1.0 equiv), diphosphinine 1 (30.8 mg,
0.054 mmol, 1.0 equiv), and NaOAc (5.5 mg, 0.067 mmol, 1.3 equiv.) was suspended in CD2Cl2 (0.8 mL),
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which showed the characteristic peaks in 31P{1H} NMR spectroscopy of complex 5 after 10 minutes at room
temperature. The closed system was subsequently heated to T = 80°C for approximately 17.5 hours.
Approximately 40% of the new product was detected in 31P{1H} NMR spectroscopy with a chemical shift at
δ = 174 ppm, besides the non-coordinated diphosphinine 1 and a small contribution of another species (δ =
191 ppm). This composition didn’t change any further upon heating the reaction mixture, and the new
coordination compound could also not be isolated from the crude reaction mixture.
Attempt 4: A mixture of [PdCl2(PhCN)2] (20.3 mg, 0.053 mmol, 1.0 equiv), diphosphinine 1 (30.2 mg,
0.053 mmol, 1.0 equiv), and NaOAc (5.5 mg, 0.067 mmol, 1.3 equiv.) was suspended in CD2Cl2 (0.8 mL)
and showed the characteristic peaks in 31P{1H} NMR spectroscopy of complex 5 after 10 minutes at room
temperature. The closed system was subsequently heated to T = 30°C and 40°C for 1 hour each, which
didn’t change the composition of the reaction mixture. The closed system was subsequently heated to T =
50°C for approximately 3 days. The reaction mixture was analyzed by means of 31P{1H} NMR spectroscopy.
A mixture of 5 different phosphorus-containing products was obtained (δ = 191 ppm, 174 ppm and
150 ppm), including the non-coordinated diphosphinine 1 and complex 5, from which no pure product
could be isolated.
Reaction of diphosphinine 1 with [(cod)IrCl]2:
Attempt 1 This reaction was performed according to a modified procedure of Brookhart et al.[19] A mixture
of [(cod)IrCl]2 (28.0 mg, 0.042 mmol, 1.0 equiv) and diphosphinine 1 (47.6 mg, 0.083 mmol, 2.0 equiv) was
suspended in toluene (1.5 mL) and heated to T = 150°C for 1 hour. A single product was detected in 31P{1H}
NMR spectroscopy as a broad signal at δ = 173 ppm. Purification consisted of slow diffusion of Et2O into
the reaction mixture, after which the precipitate was dissolved in CH2Cl2 and recrystallized by slow
diffusion of Et2O in this reaction mixture. No suitable crystals could be obtained yet.
Attempt 2: A mixture of [(cod)IrCl]2 (16.7 mg, 0.025 mmol, 1.0 equiv) and diphosphinine 1 (30.0 mg,
0.053 mmol, 2.1 equiv) was suspended in toluene (1.5 mL) and heated to T = 40°C for 2 hours. A single
product was detected in 31P{1H} NMR spectroscopy as a broad signal around δ = 173 ppm. Crystals were
formed by slow diffusion of Et2O into the reaction mixture, but could not be measured by X-ray analysis.
Attempt 3: A mixture of [(cod)IrCl]2 (16.1 mg, 0.024 mmol, 1.0 equiv) and diphosphinine 1 (27.1 mg,
0.047 mmol, 2.0 equiv) was suspended in toluene (1 mL). The red reaction mixture was heated to T = 100°C
for approximately 20 hours. A single product was detected in 31P{1H} NMR spectroscopy as a broad signal
at δ = 166 ppm. The product was precipitated by slow diffusion of Et2O into the reaction mixture, after
which another precipitation was performed in Et2O using a small amount of CH2Cl2 to dissolve the
complex. Finally, crystallization using diffusion of pentane into the THF solution of the complex resulted in
small crystals but could not be measured by X-ray analysis.
Attempt 4: A mixture of [(cod)IrCl]2 (12.4 mg, 0.018 mmol, 1.0 equiv) and diphosphinine 1 (20.0 mg,
0.035 mmol, 2.0 equiv) was suspended in CH2Cl2 (1 mL) and stirred at room temperature for approximately
3 days. A mixture of 6 different phosphorus-containing products was detected in 31P{1H} NMR
spectroscopy (δ = 183 ppm, 176 ppm, 170 ppm, 169 ppm, 164 ppm and 138 ppm), from which no pure
product could be isolated.
Reaction of diphosphinine 1 with [(coe)IrCl]2:
Attempt 1: This reaction was performed according to a modified procedure of a recent patent.[20] A mixture
of [(coe)IrCl]2 (16.5 mg, 0.018 mmol, 1.0 equiv) and diphosphinine 1 (22.0 mg, 0.039 mmol, 2.1 equiv) was
suspended in toluene (1 mL) under argon. After 1 hour the reaction mixture was heated to T = 60°C for
another hour. One signal was detected by 31P{1H} NMR spectroscopy at δ = 145 ppm, after which the
temperature was increased to T = 110°C for approximately 2 days. Purification consisted of slow diffusion
of Et2O into the reaction mixture, after which the precipitate was recrystallized by slow diffusion of Et2O in
a CH2Cl2 solution of the compound. No suitable crystals could be obtained yet.
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Attempt 2: A mixture of [(coe)IrCl]2 (15.5 mg, 0.017 mmol, 1.0 equiv) and diphosphinine 1 (20.0 mg,
0.035 mmol, 2.0 equiv) was suspended in CH2Cl2 (1 mL) under argon and stirred for approximately 2 hours
at room temperature. The reaction mixture was analyzed by means of 31P{1H} NMR spectroscopy. A
mixture of 3 different phosphorus-containing products was obtained (δ = 146 ppm, 144 ppm and 143 ppm),
from which no pure product could be isolated.
Reaction of diphosphinine 1 with [Cp*IrCl2]2:
Attempt 1: A mixture of [Cp*IrCl2]2 (25.0 mg, 0.031 mmol, 1.0 equiv), diphosphinine 1 (35.1 mg,
0.062 mmol, 2.0 equiv) and NaOAc (5.7 mg, 0.069 mmol, 2.2 equiv.) was suspended in CH2Cl2 (0.6 mL)
under argon and heated to T = 80°C for approximately 1 day. The reaction mixture was analyzed by means
of 31P{1H} NMR spectroscopy. A 50:50 mixture of the non-coordinated ligand 1 and a cyclometalated
species (δ = 170 ppm) was obtained, from which no pure product could be isolated.
Attempt 2: A mixture of [Cp*IrCl2]2 (70.0 mg, 0.088 mmol, 1.0 equiv) and diphosphinine 1 (49.9 mg,
0.087 mmol, 1.0 equiv) was suspended in CH2Cl2 (0.8 mL) under argon and heated to T = 80°C for
approximately 5 days. The reaction mixture was analyzed by means of 31P{1H} NMR spectroscopy. A 35:65
mixture of respectively a P-coordinated species (δ = 133 ppm) and a cyclometalated species (δ = 170 ppm)
was obtained, from which no pure product could be isolated.
Attempt 3: A mixture of [Cp*IrCl2]2 (70.0 mg, 0.088 mmol, 1.0 equiv), diphosphinine 1 (49.9 mg,
0.087 mmol, 1.0 equiv) and NaOAc (7.6 mg, 0.093 mmol, 1.1 equiv.) was suspended in CH2Cl2 (0.8 mL)
under argon and heated to T = 80°C for approximately 1 day. A single product was detected in 31P{1H}
NMR spectroscopy as a broad signal around δ = 170 ppm which is in the region of a cyclometalated
product. After filtration over celite, the product was purified by slow diffusion of Et2O and pentane into
the reaction mixture, from which no pure product could be isolated.
Reaction of diphosphinine 1 with [Cp*RhCl2]2:
Attempt 1: A mixture of [Cp*RhCl2]2 (28.0 mg, 0.045 mmol, 1.0 equiv) and diphosphinine 1 (49.9 mg,
0.087 mmol, 1.9 equiv) was suspended in CH2Cl2 (0.7 mL) under argon and heated to T = 80°C for
approximately 5 days. The reaction mixture was analyzed by means of 31P{1H} NMR spectroscopy. No
coordination was obtained and therefore NaOAc (7.2 mg, 0.088 mmol, 1.9 equiv.) was added after which
heating to T = 80°C was continued for 10 days. A 60:25:15 mixture of respectively the non-coordinated
diphosphinine (δ = 183 ppm), a cyclometalated species (δ = 209 ppm) and a side-product (δ = 2.5 ppm) was
obtained, from which no pure product could be isolated.
Attempt 2: A mixture of [Cp*RhCl2]2 (54.6 mg, 0.088 mmol, 1.0 equiv), diphosphinine 1 (50.7 mg,
0.089 mmol, 1.0 equiv) and NaOAc (7.3 mg, 0.089 mmol, 1.0 equiv.) was suspended in CH2Cl2 (2.0 mL)
under argon and heated to T = 80°C for approximately 10 days. The reaction mixture was analyzed by
means of 31P{1H} NMR spectroscopy. A 75:25 mixture of respectively the non-coordinated diphosphinine
(δ = 183 ppm) and a cyclometalated species (δ = 209 ppm) was obtained, from which no pure product could
be isolated.
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Summary

Cyclometalation of Phosphinines via C-H Activation:
Towards Functional Coordination Compounds

Cyclometalation reactions have attracted considerable interest due to the generally
facile access of metallacycles and their wide variety of applications. For instance,
transition metal complexes of cyclometallated pyridine derivatives are often applied as
functional components in molecular materials and devices for solar energy conversion or
in homogeneous catalysis. An introduction into cyclometalation via C-H activation is
given in Chapter 1, together with an elaboration on the different mechanisms towards
transition metal-mediated cleavage of a normally unreactive C-H bond. Some highlights
on the wide variety of application of these metallacycles are subsequently provided as
well. In this context, the replacement of pyridines by their corresponding π-accepting
phosphinines in similar structures might lead to novel functional coordination
compounds with significantly different properties, due to the electronic difference that
exists between nitrogen and phosphorus as heteroatoms. However, to understand the
hurdles of applying phosphinines in the cyclometalation reaction, their properties and
coordination chemistry are reviewed.
For possible applications in functional coordination compounds, transition metals
with medium-to-high oxidation states have to be accessed, which is normally
mismatched with the π-accepting properties of phosphinines. Nevertheless, Chapter 2
describes the first base-assisted cyclometalation of 2,4,6-triphenylphosphinines via C-H
activation, leading to unprecedented phosphinine-M(III) complexes (M = Ir or Rh). The
aryl group in ortho-position of the phosphinine core, together with the chelate effect
contribute significantly to the formation and kinetic stabilization of these unusual
coordination compounds. In the absence of sodium acetate as base, no cyclometalation of
2,4,6-triphenylphosphinine with [Cp*RhCl2]2 is observed, while an equilibrium between
the P-coordinated and the cyclometalated phosphinine-Ir(III) complex occurs in the case
of [Cp*IrCl2]2. The reactivity study of these phosphinine-M(III) complexes towards
nucleophilic attack of water showed a selective addition to one P=C double bond,
presumably in syn-fashion. Nevertheless, an exact determination of the molecular
structure could not be obtained, yet. Moreover, a remarkable reversibility of the water
addition to the cyclometalated 2,4,6-triphenylphosphinine-Ir(III) complex is observed
and discussed. Room temperature seems to favor the addition product, while the
presence of the starting complex is favored at T = 80°C. Furthermore, a slight steric
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protection of the P=C double bond could be achieved by introducing two bulky tert-butyl
groups in meta-position of the non-cyclometalated ortho-aryl group.
In Chapter 3, the effect of the substitution pattern of 2,4,6-triarylphosphinines on
the rate and the regioselectivity of the cyclometalation reaction via C-H bond activation
with [Cp*IrCl2]2 as metal precursor is studied. Electron donating groups accelerate the
cyclometalation reaction, while electron withdrawing groups decrease the rate of the C-H
activation significantly. This effect is predominant for substituents in meta-position,
indicating an electrophilic mechanism for the C-H activation reaction via a Wheland
intermediate. Moreover, slower cyclometalation reactions for 2,4,6-triarylphosphinines
bearing substituents in 2’-position of the ortho-aryl group are attributed to the reduced
number of positions available for activation. Furthermore, 31P{1H} NMR spectroscopy and
crystallographic

determinations

of

the

novel

cyclometalated phosphinine-Ir(III)

complexes gave insight in the regioselectivity of the reaction. Donor-functionalized nonsymmetrical phosphinines favor cyclometalation on the substituted aryl group, if the
substituent does not sterically hinder the formation of the metallacycle. Remarkably, the
C-H activation of the unsubstituted aryl group is shown to be the thermodynamic
product for the non-symmetrical 2,4,6-triarylphosphinine bearing a 3’-MeO-group. Fluor
substituents in 3’-position of the 2,4,6-triarylphosphinine core, however, act as
deactivating ortho,para-directors, favoring the activation of the C-H bond in 2’-position,
which is known as the “ortho-effect”. The observed trends in the cyclometalation
reactions suggest a concerted base-assisted metalation-deprotonation (CMD) mechanism,
which is electrophilic in nature. A kinetic study of the simplified two-step mechanism
has shown that the dissociation step is first order and rate limiting for 2,4,6triphenylphosphinine as well as for 2,6-di(phenyl-[D5])-4-phenylphosphinine. The C-H
activation step is second order with an increasing kinetic isotope effect with decreasing
temperature. Donor-substituted phosphinines act in a similar fashion compared to the
calculated 2,4,6-triphenylphosphinine, whereas a shift in the rate limiting step to the C-H
activation step is suggested for phosphinines bearing electron withdrawing groups.
As the pyridine-based cyclometalated Ir(III) complexes have shown to be
interesting catalysts in water oxidation reactions, phosphinines are investigated in
similar coordination compounds in Chapter 4. The hurdle for a straightforward
application of [Cp*Ir(P^C)Cl] with (P^C) = 2,4,6-triphenylphosphinine in the water
oxidation reaction, is the poor solubility in water. Therefore, a cationic phosphininebased Ir(III) complex of the type [Cp*Ir(P^C)(NCCH3)][OTf] was synthesized by ligand
exchange using an equimolar amount of silver triflate. When two equivalents of AgOTf
were applied, a dinuclear structure with bridging Ag(I)-cations is formed as confirmed
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by means of X-ray diffraction. These novel cationic complexes are shown to be more
reactive towards nucleophilic attack of water to the P=C double bond, compared to
[Cp*Ir(P^C)Cl]. Therefore, most likely the water-addition product enters the catalytic
cycle during water oxidation experiments. The water oxidation reactions were performed
using different techniques for the mononuclear [Cp*Ir(P^C)(NCCH3)][OTf] complex and
showed TOFs which are in line with the values found in literature for pyridine based
systems. Therefore, these preliminary results are promising for future applications of
these phosphinine-containing catalysts in the water oxidation or other catalytic reactions.
In Chapter 5, it is shown that a novel homoleptic phosphinine-Ir(III) complex of the
type fac-[Ir(P^C)3] with (P^C) = 2,4,6-triphenylphosphinine, similar to the well-known
triplet emitter [Ir(ppy)3], is accessible via C-H activation. Unfortunately, first
investigations on the physical properties as well as TD-DFT calculations of this novel
complex show no phosphorescence emission. This might be due to the fact that the
emission is mainly ligand centered, while radiationless deactivation pathways are
essentially responsible for the deactivation of the excited states. In order to avoid mixing
of various types of transitions and ultimately obtain phosphorescence emission,
substituents could be added on the 2,4,6-triarylphosphinine core. Fac-[Ir(P^C)3] with
(P^C) = 2,6-difluorophenyl-4-phenylphosphinine can be synthesized, although further
study on the effect of the luminescence properties is necessary. A whole new field of
phosphorus-containing molecular materials can be accessible in this way and opens up
new perspectives for applications in OLEDs.
The

synthesis

of

1,3-bis(4’,6’-diphenylphosphinin-2’-yl)benzene

and

PCP-

coordination via C-H bond activation to various metal centers is investigated in Chapter
6. This ligand backbone is interesting as similar well-known diphosphine and
diphosphite

containing

palladacycles

are

applied

in

C-C

coupling

reactions.

Coordination of the diphosphinine to [(cod)PdCl2] at low temperature, however, leads to
a dinuclear Pd(II) complex without activation of the central C-H bond. Promising results
for the cyclometalation of the diphosphinine via oxidative addition using [(cod)IrCl]2 or
[(coe)2IrCl]2 are presented, although further research is necessary. Nevertheless,
cyclometalation of the diphosphinine via C-H bond activation using [Cp*IrCl2]2 or
[Cp*RhCl2]2 is shown to be successful by 31P{1H} NMR spectroscopy, but unfortunately
not selective.
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Cyclometalering van Fosfininen via C-H-Activatie:
voor het Verkrijgen van Nieuwe Functionele Metaalcomplexen

Cyclometaleringsreacties krijgen veel belangstelling aangezien het doorgaans een
gemakkelijke manier is om cyclische metaalverbindingen toegankelijk te maken, met hun
grote verscheidenheid aan toepassingen. Zo worden bijvoorbeeld metaalverbindingen
van gecyclometaleerde pyridinederivaten vaak gebruikt als functionele componenten in
moleculaire materialen voor de conversie van zonne-energie of in homogene katalyse. De
cyclometaleringsreactie via C-H-activering wordt ingeleid in Hoofdstuk 1, samen met
een uitbreiding over de verschillende mechanismen voor het breken van een normaal
niet-reactieve C-H-binding met behulp van een overgangsmetaal. Enkele hoogtepunten
van de diverse toepassingen van deze cyclische metaalverbindingen worden vervolgens
weergegeven. De vervanging van pyridinen met hun overeenkomstige π-accepterende
fosfininen in soortgelijke structuren, kan leiden tot nieuwe functionele coördinatieverbindingen met andere eigenschappen, vanwege het elektronische verschil tussen de
heteroatomen stikstof en fosfor. Om echter de hindernissen te begrijpen die opduiken
wanneer fosfininen worden gebruikt in de cyclometaleringsreactie, worden hun
eigenschappen en coördinatiechemie toegelicht.
Om

dit

in

functionele

coördinatieverbindingen

toe

te

passen,

moeten

overgangsmetalen met midden-tot-hoge oxidatie toestanden toegankelijk zijn, wat
doorgaans niet overeenstemt met de π-accepterende eigenschappen van fosfininen.
Niettemin, Hoofdstuk 2 beschrijft de eerste base-geassisteerde cyclometalering van 2,4,6trifenylfosfininen via C-H-activering, wat leidt tot nieuwe fosfinine-M(III) complexen (M
= Ir of Rh). De arylgroep in ortho-positie van de fosfinine kern helpt samen met het
chelaat effect aanzienlijk aan de vorming en kinetische stabilisatie van deze ongewone
coördinatieverbindingen. Bij afwezigheid van natriumacetaat als base wordt er geen
cyclometalering van 2,4,6-trifenylfosfinine geobserveerd met [Cp*RhCl2]2, terwijl er zich
een evenwicht instelt tussen het P-gecoördineerde en het gecyclometaleerde fosfinineIr(III)-complex in het geval van [Cp*IrCl2]2. De reactiviteitsstudie van deze fosfinineM(III) complexen met betrekking tot nucleofiele aanval van water toonde een selectieve
additie van water op één P=C dubbele binding, vermoedelijk in syn-mode. Desondanks
kon een exacte bepaling van de moleculaire structuur nog niet verkregen worden.
Bovendien wordt een opmerkelijke omkeerbaarheid van de water additie aan het
gecyclometaleerde 2,4,6-trifenylfosfinine-Ir(III)-complex waargenomen en besproken.
Kamertemperatuur lijkt de reactie te drijven naar het additieproduct, terwijl de reactie
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teruggaat naar het uitgangsmateriaal bij T = 80°C. Ook een geringe sterische bescherming
van de P=C dubbele binding kon bereikt worden door twee tert-butyl groepen in metapositie van de niet-gecyclometaleerde ortho-arylgroep te introduceren.
In Hoofdstuk 3 wordt het effect van het substitutiepatroon van 2,4,6triarylfosfininen op de snelheid en de regioselectiviteit van de cyclometalering via
activering van de C-H-binding bestudeerd met [Cp*IrCl2]2 als metaalprecursor.
Elektrondonerende groepen versnellen de cyclometalering, terwijl elektronzuigende
groepen de snelheid van de C-H-activering significant verlagen. Dit effect is
overheersend voor substituenten in meta-positie, wat aangeeft dat de C-H-activering
gebaseerd is op een elektrofiel mechanisme via een Wheland tussenproduct. Bovendien
worden de tragere cyclometaleringen van 2,4,6-triarylfosfininen met subsituenten in 2’positie van de ortho-arylgroep toegeschreven aan het beperkte aantal beschikbare
plaatsen

voor

activatie.

Daarenboven

gaven

P{1H}

31

NMR

spectroscopie

en

kristallografische bepalingen van de nieuwe gecyclometaleerde fosfinine-Ir(III)complexen inzicht in de regioselectiviteit van de reactie. Donor-gefunctionaliseerde nietsymmetrische fosfininen begunstigen de cyclometalering van de gesubstitueerde
arylgroep, als de substituent de vorming van de cyclische metaalverbinding niet sterisch
belemmert. Merkwaardig genoeg bleek de C-H-activering van de ongesubstitueerde
arylgroep van het niet-symmetrische 2,4,6-triarylfosfinine met een 3’-MeO-groep, het
thermodynamische

product.

Fluor

substituenten

in

3’-positie

van

de

2,4,6-

triarylfosfininekern, fungeren echter als deactiverende ortho,para-richters wat de activatie
van de C-H-binding in 2’-positie begunstigt en bekend staat als het “ortho-effect”. De
waargenomen trends in de cyclometaleringsreacties wijzen op een base-geassisteerde
metallering-deprotonering mechanisme, dat elektrofiel is van aard. Een kinetisch
onderzoek van het vereenvoudigde tweestapsmechanisme heeft aangetoond dat de
dissociatie stap eerste orde gedrag vertoont en snelheidsbepalend is voor 2,4,6trifenylfosfinine en 2,6-di(fenyl-[D5])-4-fenylfosfinine. De C-H-activeringsstap is tweede
orde met een toenemend kinetisch-isotoopeffect bij dalende temperatuur. Donorgesubstitueerde

fosfininen

gedragen

zich

analoog

aan

het

berekende

2,4,6-

trifenylfosfinine, terwijl een verschuiving in de snelheidsbepalende stap naar de C-Hactiveringsstap wordt voorgesteld voor fosfinines met elektronzuigende groepen.
Aangezien pyridine-bevattende gecyclometaleerde Ir(III)-complexen interessante
katalysatoren zijn in de oxidatie van water, worden fosfininen in soortgelijke
coördinatieverbindingen onderzocht als alternatief in Hoofdstuk 4. Het obstakel voor
een eenvoudige toepassing van [Cp*Ir(P^C)Cl] met (P^C) = 2,4,6-trifenylfosfinine in de
wateroxidatie, is zijn slechte oplosbaarheid in water. Daarom werd een kationisch
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fosfinine-Ir(III)-complex van het type [Cp*Ir(P^C)(NCCH3)][OTf] gesynthetiseerd door
liganduitwisseling met een equimolaire hoeveelheid zilvertriflaat. Wanneer twee
equivalenten AgOTf werden toegevoegd, ontstond een structuur met twee kernen en
overbruggende Ag(I)-kationen, zoals bevestigd met röntgendiffractie. Deze nieuwe
kationische complexen blijken reactiever voor een nucleofiele aanval van water aan de
P=C dubbele binding in vergelijking met [Cp*Ir(P^C)Cl]. Daarom is het waarschijnlijk het
water-additieproduct dat de katalytische cyclus binnentreedt tijdens wateroxidatieexperimenten. De wateroxidaties werden uitgevoerd met behulp van verschillende
technieken voor het [Cp*Ir(P^C)(NCCH3)][OTf] monomeer en resulteerden in TOFwaardes vergelijkbaar met de systemen gebaseerd op pyridines beschreven in de
literatuur. Daarom zijn deze eerste resultaten veelbelovend voor toekomstige
toepassingen in wateroxidatie of andere katalytische reacties.
Hoofdstuk 5 toont aan dat een nieuw homoleptisch fosfinine-Ir(III)-complex van
het type fac-[Ir(P^C)3] met (P^C) = 2,4,6-trifenylfosfinine, analoog aan de bekende tripletemitter [Ir(ppy)3], toegankelijk is via C-H-activering. Maar helaas blijkt uit de eerste
studies van de fysische eigenschappen en TD-DFT-berekeningen dat dit complex geen
fosforescentie vertoont. Dit kan te wijten zijn aan het feit dat de emissie voornamelijk
gecentreerd is op het ligand ofwel aan stralingsloos verval, dat hoofdzakelijk
verantwoordelijk is voor de deactivering van de aangeslagen toestanden. Om het
mengen van verschillende transities te voorkomen en uiteindelijk fosforescentie te
verkrijgen, kunnen substituenten toegevoegd worden op de 2,4,6-triarylfosfininekern.
Fac-[Ir(P^C)3] met (P^C) = 2,6-difluorfenyl-4-fenylfosfinine werd gesynthetiseerd, maar
verder onderzoek naar het effect op de luminescentie eigenschappen is noodzakelijk. Een
heel nieuw gebied van fosfor-bevattende moleculaire materialen kan zo worden bereikt,
wat nieuwe perspectieven biedt voor de toepassingen in OLEDs.
De synthese van 1,3-bis(4’,6’-difenylfosfinin-2’-yl)benzeen en PCP-coördinatie aan
verschillende metalen via C-H-activering is onderzocht in Hoofdstuk 6. Deze
ligandstructuur is interessant aangezien analoge bekende difosfinen- of difosfietenbevattende

cyclische

koppelingsreacties.

palladiumverbindingen,

Coördinatie

van

het

toegepast

difosfinine

aan

worden
[(cod)PdCl2]

in
bij

C-Clage

temperatuur, leidt echter tot een Pd(II)-complex met twee kernen zonder activering van
de centrale C-H-binding. Veelbelovende resultaten voor de cyclometaleringsreactie van
het difosfinine met [(cod)IrCl]2 of [(coe)2IrCl]2 via oxidatieve additie zijn behaald, hoewel
verder onderzoek nodig is. Desalniettemin, de cyclometalering van het difosfinine met
[Cp*IrCl2]2 en [Cp*RhCl2]2 via C-H-activatie kon worden aangetoond met 31P{1H} NMR
spectroscopie, maar was helaas niet selectief.
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