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l. Introduction



1. Oxygen and Oxygenation chemistry

7

“Oxygen: An essential toxin

I. C. Gunsalus, 1973"
1.1 Oxygenation Chemistry in Nature

Oxygen is the most abundant element in the Earth crust and after iron the most abundant element on Earth in
general.”! The dioxygen essential to respiration was nevertheless not always part of the Earth atmosphere. Only
since the first cyanobacteria started to produce dioxygen as a waste product of photosynthesis, the oxygen
amount started to rise slowly to the present value of 21 %. On the way there, oxygen was responsible for the first
mass extinction in Earth history, known as the great oxygenation event (GOE)."! This catastrophe can be seen as
the first indication of the high reactivity of dioxygen. Life had to adapt to the new atmosphere and overcame it
utilizing the former poison as an energy supply. An evolutionary stroke of genius, since the aerobic respiration had
a significantly higher energy potential than former anaerobic processes, thus making the way free for higher life
forms.” The biological oxygen fixation takes place in the coordination sphere of base metals with either copper
(hemocyanin) or iron (haemoglobin) in the centre of attraction for invertebrates and vertebrates, respectively.!®
The latter has aniron(ll)-high spin (hs) metal centre coordinated to a porphyrin ring in the active site of the protein
(1), which loses its paramagnetic ground state upon coordination of Oz and yields a diamagnetic oxyhaemoglobin

species (1) (Figure i1, a).[®
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Figure i1: a) Chemical structure of the heme-b unit of haemoglobin and cytochrome P450 (top) and schematic end-on oxygen binding to haemoglobin (bottom).

b) Catalytic oxygenation cycle of cytochrome P450.[17]



This finding in 1936 started an intense and still ongoing discussion about the nature of the Fe-O2 binding, including
a low-spin (Is) Fe(ll, Is)-Oz(singlet) interaction (Pauling model), an Fe(lll, Is)-Oz interaction, in which the superoxo
ligand is antiferromagnetically coupling to the iron centre (Weiss model) and an antiferromagnetically coupled
intermediate-spin model (is) Fe(ll, is)-Ox(triplet) (McClure, Harcourt, Goddard model).[® All these models agree in
some aspects with the performed experiments and are among the first examples of oxygen metal binding
interactions discussed in the literature. The same structural motif as for haemoglobin can be found in cytochrome
proteins which are responsible for biological electron transfer and oxygenation chemistry.®! Here, the ubiquitous
class of cytochrome P450 enzymes is of special interest, since these enzymes play a vital role in the metabolism
of xenobiotics® and in the synthesis of critical signal molecules.™ In contrast to haemoglobin, the iron is in the
ferric iron(ll1) oxidation state (111). Dioxygen binds after reduction of 111 and is further activated by an electron-
proton-proton transfer cascade (ET-PT-PT)? (IV-VII), yielding a terminal iron(IV) oxo complex (VI11) as the key
intermediate for the oxygenation of unactivated hydrocarbons (Figure i1, b).I*” The crucial reaction step of the
catalytic cycle is the hydrogen atom transfer (HAT) from the hydrocarbon substrate to V111 followed by the radical
rebound of the carbo-radical to IX, which yields the desired alcohol product complex X."*% Such iron oxo moieties
play a vital role for many biological enzyme families like cyclooxygenases and peroxidases and are proposed key
intermediates in many different reaction types like (cis)-hydroxylation, oxidative ligand transfer, de-
saturation/cyclisation by HAT and electrophilic aromatic substitution.!*™31 Another important field of
biochemistry in which a terminal oxo species is discussed is the oxygen evolving complex (OEC) in the heart of

photosystem(ll) (PSII) (Figure i2).014
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Figure i2: Schematic catalytic cycle of the oxygen evolving complex (OEC) according to Cox et al.l'4, structures of Sp and S; in analogy to Pal et al.[%%]

1 Xenobiotics are compounds which are not naturally part of the organism.

2 For a detailed discussion of ETPT/HAT/PCET chemistry see Section 2.



The manganese-calcium Mn4OsCa cofactor in the active centre of PSIl is activated by a proton-coupled electron
transfer (PCET)? step from the Soto the S1 state, which is further oxidized to the S state. Here, the cubic form of
Sa-closed is in equilibrium with an open form, S2-open, in which the Mna now has a vacant coordination site to
coordinate a second water molecule yielding Ss after PCET (Figure i2). For Ss an oxygen-oxygen interaction
between Mnq-O- -O-Mng is already predicted. The O-O bond is formed upon a last PCET step (S4), leading to the
rapid release of dioxygen upon coordination of a water molecule.*! These reaction types of transition metal
oxo complexes, which nature performs with ease, are essential for the synthesis of fine chemicals from
unactivated, fossil hydrocarbons as well as for future sustainable fuel cells and will be one of the main topics

discussed in Chapter Il of this thesis.!'®7]

1.2 Terminal Oxo Complexes
“The Oxo Wall stands”

Craig L. Hill in correspondence with Harry B. Gray'*®

Thousands of terminal transition metal oxo complexes are reported in the literature, but they are not evenly
distributed over the d-block.'”! Most transition metal oxo complexes are found for the early transition metals in
high oxidation states bearing a low d-electron count. This finding was rationalized by Ballhausen and Gray in 1962
by the consideration of the molecular frontier orbitals (MO) of the vanadyl oxo ion complex [(H20)sV(IV)0]%* XI
(Figure i3).'9 X1 is in tetragonal (Cav) coordination with four equivalent water ligands in equatorial position and
one water ligand and the oxo ligand in opposite axial positions. Considering the 3d, 4s and 4p metal orbitals, a MO
scheme with 17 orbitals arises which excellently reproduces the spectroscopic and magnetic data of XI.[1%
Additionally, a simplified MO scheme for near octahedral oxo complexes can be deducted from their elaborate
approach which explains why only few examples of late transition metal oxo complexes exist (Figure i3, right).
Together with the metal-oxo m-bonding interaction, a strong M-O triple bond can be formed for low electron
counts d%2, since only the non-bonding dx, will be populated. For higher d-electron counts the m*-orbitals of the
M-0O unit will be populated and thus lead to a weakening of the M-O moiety. The vanadyl(IV) oxo complex XI
exhibits with a d*-configuration a M-O triple bond, with one electron in the non-bonding dxy, while the iron(IV) oxo
VIII (d%) (see Figure i1) bears two electrons in the n*-orbitals and therefore only exhibits a M-O double bond. This
finding does not only explain the high reactivity of V111, as discussed in Section 1.1, but also explains the spin state
of the system. For the observed doublet ground state of V111, a triplet configuration at the iron centre is needed

that couples antiferromagnetically with the heme radical cation. This triplet configuration of the metal centre is

predicted in the MO scheme due to the degeneracy of the n*-orbitals.

The population of more than 5 d-electrons leads to a break down of the M-O m-bonding interaction, resulting in a

basic oxo ligand which is e.g. not stable towards protonation. These findings led to the definition of the “Oxo-

3 For a detailed discussion of PCET chemistry see Section 2.



Wall”: There is no stable terminal transition metal oxo complex in a tetragonal coordination sphere with d-electron
counts higher than d°. Since oxidation states are limited for the late transition metals, and very high oxidation
states would favour the extrusion of Oz or the oxidation of the environment, the oxo wall is placed between group

8 and 9 of the periodic system.!"
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Figure i3: Full frontier orbital MO scheme of the vanadium(IV) oxo complex X| after Ballhausen and Gray with bonding orbitals (green) non-bonding orbital (yellow)

and anti-bonding orbitals (red) (left)®) and simplified deducted MO scheme of a metal ion in near octahedral coordination sphere with an oxo ligand (right).

Late transition metals often favour lower coordination numbers than the (pseudo)octahedral coordination
discussed above, but the lower coordination numbers change the d-orbital splitting in e.g. tetrahedral and square-
planar complexes and thus the starting point of the metal oxo bonding discussion changes. The t2 orbital set in
tetrahedral coordination interacts with the oxo ligand, forming the o- and m-bonding interactions, while the
former e orbital set remains unchanged, thus forming two non-bonding orbitals (Figure i4, left).* A similar situation
arises for a square-planar oxo complex. Here, the dz2 and dy. orbitals do not interact with the oxo moiety and are
therefore non-bonding orbitals. The only difference to the (pseudo)tetrahedral coordination is that the non-
bonding orbitals are not degenerate as for the trigonal coordination (Figure i4, right). With the two non-bonding
orbitals in (pseudo)tetrahedral and (pseudo)square-planar geometry, the formal oxo wall in these coordination
environments is shifted from a d°/d® to a d’/d® configuration. The oxo wall in these coordination spheres is
therefore formally between group 10 and 11, and up to date, there is no isolated transition oxo complex that

violates the oxo wall.[28!

4Please note, that here the z-axis in tetrahedral coordination is ligand centred for clarity.
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Figure i4: Schematic MO scheme for a terminal oxo complex in trigonal coordination sphere depicted exemplarily for a d* metal ion (left). Schematic MO scheme

for a terminal oxo complex in C,, symmetry depicted exemplarily for a d® metal ion (right)

The M-O nt* population of late, electron rich, group 9 transition metals (Rh, Ir) explains their prevalence in synthetic
hydroxylation, water oxidation and related (isoelectronic) nitrene transfer chemistry.?*2¢! The isolation of the
reactive late transition metal oxo/nitrene intermediates is therefore important for a detailed understanding of
their reactivity. The few reported examples of this complex class in group 9 are dominated by pseudo(tetrahedral)
geometries and terminal imido complexes are by far more common than terminal oxo complexes which most likely
can be attributed to their higher steric protection from the N-R group (Figure i5).[27733134135-37) Only two terminal
oxo complexes of group 9 are reported, both are closed-shell and in (pseudo)-tetrahedral coordination. The
oxotrimesityliridium complex XXI by Wilkinson is in the iridium(V) oxidation state and thus exhibits a triple bond,
while the thermolabile cobalt oxo complex XV1I reported by Anderson is in the cobalt(lll) oxidation state and thus
exhibits double bond character.®33%> The lower bond order of XVl is reflected by its higher reactivity compared
to XX1. While XXI is mostly inert and can only oxygenate phosphines,2®! cobalt oxo XV11 additionally is a strong

hydrogen atom abstractor with an estimated bond dissociation free energy (BDFE) of 85 kcal mol™.

5 Anderson et al. discuss a triple bond in their paper even though the electron count [Co(Ill),d®] formally forbids a triple bond in this geometry. Additionally, their
own DFT computations have the Co-O o*-orbital as the HOMO thus reducing the bond order to two. For this reason, complex XV 1 is discussed to obtain double

character, to stay consistent with the oxo-wall discussion above.
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The reported group 9 oxo/imido complexes have a diamagnetic ground state, but catalytic nitrene and
oxygenation transfer is often associated to proceed via radical pathways and therefore accessible open-shell states
are discussed for the intermediates.’3*%% The only exceptions here are the two-coordinate cobalt(ll) imido complex
XVIII of Deng et al. and the square-planar iridium(Ill/IV/V) imido redox series XXII-XXIV by Schneider et al
(Figure i6).B%37 Iridium imide XXII represents an unprecedented iridium complex with a triplet ground state,
which is strongly stabilised by spin-orbit coupling as shown by SQUID magnetometry and computational analysis.
Substantial N-radical “imidyl” character of XXII with a (n1*/n2*)? configuration is predicted by computations, in
perfect agreement with the MO scheme depicted in Figure i4, resulting in ambiphilic nitrene transfer reactivity
with CO2, PMes and Hz. On the other hand, the cationic imido species XXI111 does not show reactivity with selected
nucleo- and electrophiles, which is attributed to spin-delocalisation by spin-orbit coupling and is also in line with
the formally higher Ir-N bond order. Reactivity studies of the dicationic complex XXIV were hampered by its

thermally instability forming the cationic nitride complex XXV|I and isobutene.’®”
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Figure i6: Square-planar terminal imido and nitride complexes with their formal oxidation states reported by Schneider et al.(37.41)

Examples of terminal imido/oxo complexes beyond group 9 are even scarcer.*2#41451146] Here 3 series of nickel
imides XXVII-XXIX by Hillhouse et al., a palladium imide XXX by Munz and co-workers, a platinum(lV) oxo
XXXI by Milstein et al, and very recently a copper(l) supported open-shell nitrene complex XXXI by Betley and

co-workers were reported (Figure i7).12%7 The platinum oxo complex XXXI of Milstein is a thermolabile
6



compound which inserts the oxygen atom into the Pt-P bond when heated to room temperature. XXXI has
diverse oxygenation chemistry with several substrates like carbon monoxide, phosphines, dihydrogen, hydrides
and water.*”? With an electron count of d®, XXXI exhibits a Pt-O double bond but is significantly more reactive
than the cobalt oxo XV, thus highlighting the importance of the accessibility of the metal oxidation state on the
stability/reactivity of the formed oxo complex. Very recently, a copper supported triplet nitrene complex XXXII
was isolated by Betley and co-workers which shows diverse nitrene transfer chemistry.[46] Even though the short
Cu-N bond distance (1.75 A) suggests multi-bonding character, XAS studies derived a copper(l) oxidation state
which was further refined by SORCI-CAS® computations. Here, the copper(l)-triplet (d'°) nitrene configuration
dominates the ground state (58%), while the copper(ll) doublet imidyl configuration only sums up to 25%. These
results suggest, that XXXII can be considered as the only stable imido complex beyond the oxo wall, stabilized
by the enormous steric bulk around the reactive centre. As discussed in this Section, isolated terminal oxo
complexes beyond group 8 are rare complexes and especially only closed-shell species have been published until
now. In Chapter Il of this thesis the isolation and characterisation of a new terminal iridium oxo complex with a

triplet ground state will be discussed.

a) Group 10 Me . Me /Bu
' Mem
R 8 1t
1 N— “Di P'Bu
P{BL.JQ N Dipp/ ‘i:,a( Dipp L 2
Ni=N—-R * i—N— /N Pt=0
NI | »>—Ni=N—dmp N O |
PBu, N SO NMe;
' i
R = Dipp XXVII, 2001 R Tol
R = dmp XXVIII, 2010 XXIX XXX XXXI
Hillhouse Hillhouse 2011 Munz 2018 Milstein 2008

XXXII
Betley 2019

Figure i7: a) Literature reported terminal imido and oxo complexes of group 10 of nickel#344, palladium®®, platinumi”;, R" = 1,1,7,7-tetraethyl-1,2,3,5,6,7-

hexahydro-3,3,5,5-tetramethyl-s-indacene; b) Only literature reported terminal imido complex of copperel. R” = 3,5-bis(trifluormethyl)phenyl R” = O'Bu, ‘Bu.
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2. Proton-Coupled Electron Transfer

“Among the most elementary and significant of all reactions is the transfer of a

hydrogen atom...”

Ahmed H. Zewail, Nobel Laureate 1999148

2.1 General Aspects in PCET Chemistry

This Section will describe and define the terms proton-coupled electron transfer (PCET), hydrogen atom transfer
(HAT) or stepwise proton-electron steps (PTET/ETPT), which are relevant to the chemistry of terminal oxo
complexes. Transfer of electrons and protons is ubiquitous in bioenergetic processes in nature (e.g. Cytochrome
P450, OER in photosynthesis, nitrogen fixation)”#>*% synthesis (e.g. Hydroxylations, Hydroaminations, Haber-
Bosch process)P%*U and artificial energy conversions (e.g. fuel cells, combustion)®?, just to name a few, and many
excellent reviewsP**¥ and books™®! have been published on the topic. Meyer et al. introduced the term Proton-
coupled electron transfer (PCET) first in 1981 for concerted transfer of one proton and one electron, but the term
is nowadays used more broadly for the general transfer of (multiple) protons and electrons even from different
reaction sites.”® Many sub-terms have been introduced in the literature to differentiate between the various

expressions and mechanisms of PCET chemistry (Figure i8, a).

a) Single PCET Acronyms b)  Thermodynamic Square-Scheme for a PCET
PTET 5
' AGpT(A +
A PT(A) AR
E Q
v AGeT(A) AGgr(A-H*)
: %/
—HAT ! ]
A-H CPET : Al : A-H
L ~MS-CPET ! AGeT(A)

Figure i8: a) Acronyms for single-proton single-electron PCET transformations of an acceptor molecule A. PTET = Proton-transfer electron-transfer; CPET =
Concerted proton-electron Transfer; ETPT = Electron-transfer proton-transfer; BA-CPET’ = Basic asynchronous concerted proton-electron transfer; OA-CPET =
Oxidative Asynchronous CPET; MS-CPET = Multiple-site CPET; HAT = Hydrogen Atom Transfer. b) Thermodynamic square-scheme for a PCET. AGgr = Free enthalpy

of electron transfer, AGpr = Free enthalpy of proton transfer, AGeper = Free enthalpy of concerted proton-electron transfer
The original definition of the PCET term by Meyer et al. is best described as a concerted proton-electron transfer
(CPET) as first discussed by Savéant et al®®, while reactions with subsequent proton/electron transfer are referred
to as PTET or ETPT processes, respectively.®3 For a CPET processes in which the formal hydrogen atom comes
from multiple reaction sites (e.g. proton from the ligand, electron from the metal) the term multi-centre (MS)-

CPET is commonly used in the literature, while a process in which the hydrogen atom is transferred from one

7 The abbreviations BA- and OA-CPET were introduced in this thesis for space reasons and are written out in their original publication by Anderson et al.
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reaction site is called hydrogen atom transfer (HAT).>3 Recently the group of Anderson gave experimental proof
for another nuance in PCET chemistry, an asynchronously concerted pathway, which is computationally predicted
to proceed via lower activation barriers than the fully synchronous transfer (Figure i8, a, bend arrows). Here, the
transition state is closer to either an oxidative (OA-CPET) or to a basic (BA-CPET) transfer character.®”*8 The
distinction between the different mechanistic models is often ambiguous. This can be visualised on the example
of the crucial reaction step of cytochrome P450 (see Section 1.1, Figure i1). Here, the Fe(lV) oxo moiety reacts
with an unactivated hydrocarbon in which the proton and the electron both arise from one C-H bond rendering
this reaction as a HAT, but on the acceptor site the proton binds to the oxygen and the electron quenches the

radical cation in the porphyrin unit rendering it as a MS-CPET.

2.2 PCET Thermochemistry

“Not radical character but driving force quantifies PCET chemistry”

Key message of James M. Mayer, 1998

The (free) enthalpy of a formal hydrogen atom transfer can be split, following Hess” law, into the sum of enthalpies
of proton transfer and subsequent electron transfer (Figure i8, b,eq.i1).®® The pKa value of a substance is derived
as the decadic logarithm of the proton transfer equilibrium constant with a reference base (eq.i2)®Y, thus the free
enthalpy of proton transfer AGer is derived for standard conditions via eq.i3. The free energy of electron transfer
can be derived analogously from the difference of the redox potentials between two reactants following eq.i4.

With these equations at hand, the reaction free enthalpy of a CPET step is obtained from eq.i5.

A"+ D—H——>A—H+D’

AGcper = AGpT+ AGer eq.il

ApKa = logio AKeq eq.i2

AGpr=RTIn Keg = RT In 10 ApKa = 5.70 ApKa eq.i3
AGer = ZFAE® = 96.5AF° eq.i4

AGeper = 5.70 ApKa + 96.5AF° eq.i5

A—H——=A"+H

BDFE(A-H) = 5.70 pKa+ 96.5£°-96.5E%(H*/H2, soiv) + AG%on(H ')+ AG%(H) eq.ib6
- BDFE(A-H) = 5.70 pKa+ 96.5E° + Cg eq.i7
Ch = Co —T[SP(H') + ASson®(H)], for ASson®(A-H) = ASson°(A) eq.i8

Figure i9: Thermodynamic equations (in kJ mol~') based on the square scheme Figure i8,b for a CPET reaction between an acceptor molecule A" and a donor

molecule D-H (top) and derivation of the absolute bond dissociation (free) energy equation in analogy to Bordwell and Tilset.[6263]
Absolute bond dissociation (free) energies BD(F)E's are commonly used in PCET literature to simplify the
comparison between different substrates. To convert the relative reaction free enthalpy of eq.i5 into a BDFE value,

the enthalpy of the formally released “free hydrogen atom” must be considered. Here, three terms are important:



1) The standard reduction potential of the H'/H* couple in the respective solvent?, 2) The free enthalpy of solvation
AG%on(H) and 3) The free enthalpy of formation AG%(H’) of the hydrogen atom (eq.i6).[°® The enthalpy of solvation
for a hydrogen atom is commonly approximated by the solvation enthalpy of argon, while in older literature the
solvation enthalpy of H2 was used.!®” The three terms are commonly abbreviated in the literature with the solvent
depended term Cgyielding Bordwell’s equation (eq.i7).1®? Especially in organic literature, the enthalpic term bond
dissociation energy (BDE) is commonly used. For the derivation of a BDE the Cs term has to be replaced by the
term Ch, in which the entropic contribution of the hydrogen atom formation is subtracted from Cs (eq.i8), under
the assumption that the solvation entropy difference between A-H and A" is negligible.!® This assumption holds
true for most organic PCET reagents, but cannot generally be applied to transition metal complexes, since a PCET
from the latter may lead to electronic rearrangement and thus results in significant changes in the solvation
entropy.®® Here, equilibration techniques and calorimetric measurements, as described in the main part of this

thesis, enable the direct measurement of the CPET reaction enthalpy for transition metal complexes.

A long-standing discussion in PCET chemistry was the necessity of radical character for hydrogen atom transfer.
Organic HAT transformations generally do involve radicals (RO, CI'), while the oxidation of hydrocarbons with
chromates or permanganates start from diamagnetic species.® Radical intermediates are discussed in the
literature to be part of the mechanism of permanganate oxidation reactions.!®”%8! First hints, that the radical
character is not rendering the HAT reactivity of transition metal compounds gave the analysis of the rhenium(l)
oxo [(bis-acetylene)Re(1)0] anion XXXIII by Mayer et al. XXXIII exhibits significant Re=O ©"-character and
yields upon one-electron oxidation the rhenium(ll) oxo XXXIV which indeed shows radical reactivity but not
arising from the oxo ligand. Instead of the expected formation of an hydroxo ligand, the metal centre is the reactive
site, yielding the dimerization of XXXV to XXXVI or, in low yields, hydrogen atom abstraction from tributyltin
hydride, to the rhenium hydride complex XXXVI (Figure i10).%°! This finding lead to the detailed kinetic
investigation of the oxidation of hydrocarbons with closed-shell CrO2Cl», in which the bimolecular attack of CrO»Cl»
was found to be the rate determining step.’>’Y Furthermore, a positive linear correlation between the activation
enthalpy and the reaction enthalpy is found, supporting the formation of carboradicals over carbocations.
Additionally for substrate oxidation with closed-shell MnO47, a linear free energy relationship between the bond
strength and rate constant is found, which leads to the key message: Not radical character but the driving force of

the reaction is rendering a proton-coupled electron transfer.”

2
/Re—Re\
R, /R
Na* Ro®
(”3 XXXV
Rle — [ReO(RCCR);]
R XXXIV
0
11}
XXXIII "BusSnH Rle\
| Bugond R
R 'R
XXXVI

Figure i10: Radical reactivity of rhenium(ll) oxo complex XXXV reported by Mayer et al.

8 Potentials referenced vs. the ferrocene/ferrocenium couple in organic media.
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The PCET chemistry of transition and f-block metals is generally of interest, since the weakest found Element-
Hydrogen bonds are found in this field. One important reagent here is samarium dioide.’? The oxophilic Sm?* ion
weakens the O-H bonds of alcohols and water by up to 280 kJ mol™ through coordination to the oxygen atom and
thus enables the hydrogen atom transfer from the O-H group to a substrate.l’>’4 Also simple transition metal
hydrides (BDFE[CpCr(CO)s-H] = 240 kJ mol™*; BDFE[CpFe(CO)2H] = 210 kJ mol™) are commonly used in catalysis
and can posses BDFE values close to the limit (BDFE(Hy, gas)/2 = 203 kJ mol™) of thermodynamic favourable
dihydrogen gas formation.?? Transition metal ion PCET chemistry is long known to be critically pH dependent,
which was first rationalized by Pourbaix in 1945.7°)° Here, the chemistry of transition metal oxo species was of
special interest, since these species were important in biochemical (see Section 1.1) and organic oxidation
reactions.’®”7) One of the best analysed examples in the field is the aquo-hydroxo-oxo complex series [cis-
(bpy)2(py)RUOHK]Y*10 XXXVII(X,y) whose ET, PT, PCET, hydride transfer and hydrocarbon oxidation chemistry

was investigated in detail (Figure i11, a).b3787%

a) _|2*ib)

||IVN
lRu'VIZ* Pas? lRu'V13+ g g

N
EY <|0.48 Vv

xxxvu(o,z)

m,
5
v
o
<

Q

OH OH,
[ %U“II*'

0.85
M‘-lR ||||2+p“_.. “;I{u||||3+

343 kJ mol’

Figure i11: a) Thermodynamic data of the PCET chemistry of XXXVII in aqueous solution. Potentials are given vs. NHE. Values without an equal sign are upper

limits. 15378791 b) Thermodynamic data of the PCET chemistry of water. Potentials are given vs. NHE.[5380

The most interesting finding in these studies, expressed in the poorly defined pKa and EY? values between
XXXVII(0,2) and XXXVI1I(1,2), is the strong preference of XXXVI11(0,2) to undergo a CPET step over a stepwise
proton/electron transfer. The O-H BDFE of water strongly decreases by 160 kJ mol™ (Figure i11, b) upon
coordination to XXXV, but still yields high BDFE values of 355 kJ mol™t and 344 kJ mol™* for XXXV11(0,2) and
XXXVI1(1,2), respectively. This rationalizes the high hydrocarbon oxidation capability of XXXVII and related
systems.!®Y This thesis will in the following Chapters focus on the investigation of PCET chemistry of heavy metal

complexes.

9 In the preface of this book it is mentioned that the first version of the atlas is published in the dissertation of M. Pourbaix in 1945.

10 hpy = bipyridine; py= pyridine
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3. Computational Thermochemistry

The main Chapters Il and IV include the computational rationalisation of a spin-orbit coupling effect (SOC) on PCET
solution thermochemistry. The following Section will therefore give a brief introduction to the performed
computational methods and to the treatment of relativistic effects. Since this is no pure theoretical work, this
Section is meant as a brief introduction for the interested reader and to find orientation in the performed methods

and corresponding literature.

3.1.Computational Methods

“I think I can safely say that nobody understands quantum mechanics”

Richard P. Feynman, 19641

Two main methods are frequently used for the computation of thermochemical data. Density functional theory
(DFT) and wavefunction theory (WFT) based ab initio (from first principle) methods with the Hartree-Fock (HF)
theory at the fundament.’®? On the one hand, modern DFT methods are indispensable tools for the fast, cost
efficient computation of ground- and excited-state structures and many more properties, but on the other hand
they lack a systematically improvement towards the “real” state of the analysed system.!828412 The solution of

|/r

the time-dependent Schrodinger equation (eq.i9) can yield the desired “real” properties of a molecule, but only

for non-trivial systems like H2* etc. a strategy for its exact solution is known.®
AY = E¥ eq.i9
H=T+Vy, + V.2 eq.i10
A systematic approach towards the exact solution of eq.i9, and therefore towards a better understanding of the
errors of the computations, can be achieved by ab initio techniques.® The Hartree-Fock method is based on a
mean-field approach, in which electron n only experiences the mean electric field of the other n-1 electrons of the
molecule. This non-interacting electrons approach thus only represents a rough estimate of the electronic

8,871 Electrons as charged particles experience coulombic interactions with other

situation in the molecule.!
electrons in the molecule and their movement must therefore be correlated. This can be systematically treated
by post Hartree-Fock methods by introducing the correlation energy Ec as the difference between the HF energy
Enr to the (unknown) exact energy Eexact of the system (eq.i11).8728 The correlation energy is, due to the variational

principle, always a negative quantity and “stabilises” the system.

Ec = Eexact — Enr eq.ill

11 Richard P. Feynman on his Messenger Lecture at Cornell University. | am deeply sorry for all the footnotes in this Section.
12 For time reasons, DFT is not discussed in detail. An excellent book for a chemist’s introduction to DFT by Koch and Holthausen can be found in the quotation.

13 Electronic Hamiltonian T = electron kinetic energy, Py, = potential nucleus/e” energy ,, = potential e”/e- energy.
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The correlation treatment is encountered by “opening” the unoccupied orbitals for the electrons through an
excitation operator. A straightforward approach for the excitation treatment is called configuration interaction
(CI) in which e.g. electron i from orbital @; is excited into the unoccupied orbital ®, for a single excitation,
electrons i and j from the orbital ®; and ®; are excited into unoccupied ®, and @, for a double excitation etc.
The specific method is then named after the performed excitations (e.g. CISDT = Cl with single, double and triple

excitations). Full configuration interaction (FCl) is reached for n-fold excitations and here the only difference to

the exact solution of the Schrédinger equation is due to the use of finite basis sets.[7114
_ b g ab
We = by + Z CoDE + Z CHDI + . cq.i12
ia i<j
a<b

Unfortunately, an FCI treatment of the correlation problem scales with the number of electrons n of the system
with basis functions N to N, thus the computational costs for the description of a 5d metal complex system with
n>100 electrons are elusive.®”) Therefore, the excitations need to be treated in a more cost-efficient manner. The
modern “gold standard” of computational chemistry is the coupled-cluster (CC) approach with single, double and
perturbative triple excitations CCSD(T).1892% Here, the excitations are treated within an exponential operator T
(eq.i13), which is expanded by a Tailor series (eq.i14). The higher excitation amplitudes are now expressed as
products of the single and double excitations (for CCSD), which is drastically reducing the computational costs by
maintaining high predictive power.”
Wee = exp(T) Wur eq.i13
exp(T) = 1+ 7 + T + - TTT+.., with T = T, + T, for CCSD eq.il4

For comparison, the computational error of CCSD(T) for small molecules (BH, HF, H,0), compared to a FCl
computation, is ~ 16 times smaller than for a CISDT computation, while the formal excitation level is the same.8”
Even though the computational demand of the CCSD(T) method is drastically reduced compared to Cl methods, it
nevertheless scales with N’.®% Therefore, the computation of medium-sized or larger transition metal complex
systems is currently prohibitive, even on modern computer clusters. This issue can be addressed by several
methods such as partitioning or localization schemes.®*%! An “our own n-layered integrated molecular orbital
and molecular mechanics” (ONIOM) approach is partitioning the molecule in different “onion like” layers, in which
the correlation problem is then treated on the inner layer at the high CCSD(T) level of theory, while the outer
layer(s) are computed with cheaper methods e.g. DFT and Molecular Mechanics (MM) (Figure i12).06-98116 A
possible truncation of the haemoglobin molecule from Section 1.1 could therewith include the iron and its direct
coordination environment in the inner layer (Figure i12, green), the porphyrin ring in the medium layer (Figure
i12, orange) and the protein chain in the outer layer (Figure i12, red). The ONIOM3 (three layers) energy is then

derived via eq.i15. ONIOM methods perform excellently in several benchmarks and are therefore a good method

for the computation of accurate energies for metal complex systems.

14 The term basis set will be briefly introduced later.
15 In conjunction with a complete basis set extrapolation

16 please note that the outer layers are composed of the inner layer plus additional parts, e.g. the intermediate layer of Figure i12 also includes the iron centre.
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Example:

outer layer: Low accurate \ /
e

cheap e.g. (MM)

' His
\\‘:\\ inner layer: High accurate

expensive e.g. CCSD(T)

Figure i12: Illustration of the ONIOM approach based on Svenson et al.8

ONIOM3 _ pHigh
E - Elnner layer +

+ E(%Z‘E/er Layer — Elertvgrmediate Layer eq'i15
A second method, which does not rely on the truncation of the molecule into different layers but on the
localisation of the correlation problem, is the domain-based local pairs of natural orbitals CCSD(T) (DLPNO-

4 Here, pairs of natural orbitals (PNOs)®>1% are constructed from a set

CCSD(T)) approach of the Neese group.
of projected atomic orbitals (PAOs) which are assigned to a given electron pair specific local domain. This enables
the localised treatment of the correlation problem or simply speaking: Electron i on one end of the molecule is
not correlated with electron j on the opposite edge. The computational costs of the DLPNO method scale almost
linearly with the system size, while 99.9% of the CCSD(T) correlation energy can be recovered, rendering DLPNO-

CCSD(T) as a very cost efficient and precise method for accurate thermochemistry.®*

Besides the dynamical correlation mentioned above, the “static correlation” as a second contribution to the
correlation energy must be mentioned. Static correlation describes the situation, in which the electronic ground
state cannot be described with a single slater determinant e.g. the ground state of a molecule is not a singlet or a
triplet but a combination of both.®”) Multiconfigurational character can already be observed for small molecules
of the type XH2. While for water (X = O, ¢ = 104.5°)1%U the 3a; orbital lies well below the 1b1 orbital (one Slater
determinant is sufficient) the orbitals are close for methylene (X = C, ¢ = 134°)[19% 3nd thus the singlet and triplet

state are close in energy.[103104

T

X

~
‘CI

I

H,0 CH,

/6 = - /fg 9- b g ghig,
oL c = A
i

Y 180°
H,0 CH,

Figure i13: Walsh type diagram of the active orbitals for a XH, molecule (left)%] and simplified molecular orbital scheme for water and methylene deducted from

the Walsh diagram. 1s electrons are omitted for clarity (right).
Multireference character is commonly addressed by a complete active space self consistent field (CASSCF)

treatment. Here, the valence orbitals of a molecule are defined as active orbitals in which an FCI treatment is

105-108

performed. ! 1 Additionally, the MO coefficients of the active orbitals are optimised for a better description of

the electronic,multireference ground state. On the example of Figure i13, the methylene molecule has two
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electrons in the two active orbitals leading to a 2,2 CAS expansion. Several methods are known for the (expensive)

combination of static and dynamic correlation and an excellent review on this topic is written by Shepard et al.[*%%

One particular method applicable to larger molecules is the n-electron valence perturbation theory of second
order from the Cimiraglia group (NEVPT2).[110-112INEVPT2 has two main advantages compared to the also common
complete active space perturbation theory of second order (CASPT2).'3114 NEVPT2 exhibits exact size

consistency™ and lacks of intruder states.[*1617

The predictive power of any computation is always determined by the methods level of theory and equally
important by the applied basis set. An excellent book Chapter by Jensen et al. is written on this topic.**”! A given
basis set is a set of functions for the atomic orbitals (AO) of the atoms in the molecule, which are then yielding the
molecular orbitals (MO) in the computation as linear combinations (LCAO approach).'® The simplest basis set of
single-zeta (SZ) type only has functions for the occupied AOs (e.g. s- and p-type functions for Li-Ar) and thus has
no flexibility to describe bonding interactions. A double-zeta (DZ) type basis adds functions with one higher angular
momentum than the occupied AOs (e.g. d-orbitals for p-block elements) etc. Additionally, polarisation and
augmentation functions can be added to a given basis to further enhance its flexibility for chemical bonding.™”!
While general chemical trends can already be described on low level basis sets (e.g. double zeta), accurate
thermochemistry needs computations close to the complete basis set (CBS) limit. The Karlsruhe basis sets denoted
e.g. def2-TZVP (second generation-triple zeta valence + polarisation) have been shown to be close to the DFT CBS
limit with rational computational costs and are thus frequently used in the literature.l'® For ab initio methods the
correlation consistent Dunning basis sets (cc-VnZ, correlation consistent-n-zeta valence) are of particular interest,
since they are designed in “shells”*® in which each shell captures a similar amount of correlation energy, thus
enabling an accurate extrapolation to the CBS.[1*1%% The extrapolations are however only most accurate when
large basis sets (n = Q, 5) are used."?Y Here, explicitly correlated F12 extensions to the Dunning basis sets perform
excellently and converge faster and closer to the CBS even when a double zeta basis is used. They rely on R12
methods (interelectronic distance) with non-linear terms and density fitting (RI) for faster convergence and are

used in conjunction with explicitly correlated F12 coupled cluster expansions.[122127]

For this reason, this thesis will feature the ONIOM approach mentioned above, including CCSD(T)-F12/VTZ

computations, and the DLPNO-CCSD(T) method for the accurate computation of 5d metal complex systems.

17 The cited papers show that CASPT2 is not generally fulfilling these criteria. For NEVPT2 the size consistency and the lack of intruder states are shown in the

original publications.
18 plane wave basis sets for surface chemistry are not discussed.

19 A shell refers to the cardinal number of the basis set e.g. First shell no correlation (HF), cc-VDZ = Second shell , cc-VTZ = third shell etc.
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3.2.Relativistic Effects on Thermochemistry
“I know that Einsteins theory of special relativity is correct because every
weekend goes by twice as normal”
Anonymous

The special theory of relativity was introduced by Albert Einstein in his 1905 publication “Zur Elektrodynamik
bewegter Kérper” and is based on one fundamental assumption: Light is moving at a constant, universal speed in
vacuum.!"?8 Many important quantities can be deduced from this elemental assumption, but for chemists the
most important consequence is the acceleration of the inner electrons of heavy elements, which leads to the
relativistic contraction and stabilisation of the s- and p-electrons, while the d- and f-electrons are destabilised.[?!
Several basic phenomena are attributed to this scalar relativistic effect such as the yellow colour of gold, the “inert-
pair” effect in main group chemistry or the tendency for higher oxidation states of 5d metals compared to their
4d analogues.[3% For valence electrons the relativistic effect scales with ~Z2[31 A second important relativistic
effect, which also scales with ~z2,13% is the coupling of the spin- and angular momentum of the electron, termed
spin-orbit coupling (SOC). Even though SOC also scales with ~Z2 for valence orbitals, it already has a non negligible
effects on the F + H, reaction cross section.'33 Furthermore, the enhanced reactivity of 5d metals in gas phase
methane activation, compared to their 4d analogous, can be explained by high relativistic stabilisation and
significant SOC contributions on the formed carbene complexes.[3* The scalar relativistic effects are routinely
incorporated in general quantum chemistry, while SOC effects are mostly neglected, since they are assumed to be
“quenched by the ligand field”.13>-139 Contrary theoreto Kyvala and Rulisek reported in 2008 on the computational
prediction of M3/2*(M = Ru, Os) reduction potentials of twelve different complexes by multireference methods.
Here, the inclusion of SOC was indispensable for the agreement with the experiment, resulting in an average
potential shift of =70 mV and =300 mV for ruthenium and osmium, respectively. A vivid review on relativistic

effects in chemistry is given by Pyykkd.[4!

Relativistic effects are included in the time-dependent Schrodinger equation. An approach for its solution is the
Dirac-Fock (DF) method, which uses a four-component Hamiltonian with time as a variable. For the majority of
molecules with >2 atoms this approach is elusive, since the DF method has high computational costs and also
suffers from negative energy solutions.[**?l Additionally, dynamic correlation is not included in the classic DF
method resulting in a good description of relativistic effects on cost of the description of correlation effects. For
this reason, several empirical approaches have been developed to add relativity to non-relativistic methods. For
heavy metals the electrons are often divided into valence and core electrons (for correlated methods) in which
the latter are then described with a scalar-relativistic electron core potentials (ECP), but also all-electron scalar
relativistic basis sets (SARC) are known.[*3144 ECPs are derived from a relativistic all electron treatment of the
corresponding atom and have shown to sufficiently describe the electronic situation of heavy metals. Additionally,
they remove a significant number of electrons from the explicit treatment in the computation and are therefore
crucial for the computation of big to medium sized 5d metal complex systems, e.g. the relativistic “Stuttgart” ECP
145]

on iridium™ removes 60 electrons from the explicit treatment. A comprehensive book Chapter on this topic is

written by Dolg.*®! One approach to reduce the four-component Hamiltonian of the time-dependent Schrédinger
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equation to a two-component Hamiltonian is called zeroth order regular approximation (ZORA).[142147-152120 7R A
is e.g. the recommended method of choice for relativistic DFT computations in the ADF program packages (also
including a spin-orbit coupling ZORA method) and is as well implemented in the ORCA program package.[*>31>4
SOC can also be introduced to a non-relativistic, correlated computation by applying a spin-orbit mean field
(SOMF) operator, which is reproducing the full relativistic?* SOC stabilisations of e.g. Pd, PdCl and Pd.* within a

155 Fyrther development of this methodology led to the inclusion of the SOMF operator into

few wavenumbers.!
CASSCF.[*%%1 |n the following chapters the SOC effect on 5d metal pincer PCET chemistry will be analysed by CASSCF-
NEVPT2-QDPT computations, where QDPT is the quasi-degenerate perturbation theory. By QDPT a SOMF is

applied on the CASSCF-NEVPT2 wavefunction for the explicit treatment of SOC.

20 Two-component: Neglecting the positronic solutions and thus also the problems of the negative solutions. A book chapter by M. Barysz is given in the quotation.

21 Fyll Breit-Pauli Operator
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4. Outline

4.1 Outline of Chapter Il

The synthesis and characterisation of late transition metal oxo complexes is, as discussed in Chapter 1, an active
field of chemistry, with only two reported examples in group 9.333¢ Here, open-shell systems are of special
interest, since they are frequently suggested as key intermediates in oxygenation chemistry and in related nitrene

(39401 The group of Schneider recently presented the successful isolation of a terminal iridium

transfer catalysis.
imido complex series [(PNP)IrN'Bu]™(n = 0,1,2) XXII-XXIV featuring the first iridium complex (XXII) with a
triplet ground state.?”) This is rendering the PNP pincer platform as an ideal ligand for the stabilisation of an
isoelectronic terminal iridium oxo complex. Additionally, the open-shell ground state of XXII hints towards an

open-shell character of the desired oxo species (Figure i14).

+ 2+
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Figure i14: Potential isoelectronic terminal iridium oxo complexes to the terminal iridium imido complexes reported by Schneider et al.
In Section 1 of the upcoming Chapter, the synthesis and characterisation of an iridium(l,11,1ll) hydroxo complex
redox series will be covered, including improved synthetic routes compared to the published ones in the Ph.D.
thesis of Dr. Markus van Alten born Kinauer. In Section 2 the synthetic pathways towards the terminal iridium(lll)
oxo complex 4 and its full spectroscopic and magnetic characterisation will be discussed, including rationalisation
by high level ab initio computations of the electronic structure of 4 and on the PCET thermochemistry of the O-H
bond cleavage from 2 to 4. The reactivity of 4 will be analysed in Section 3, including the determination of its
philicity by reaction with selected small molecules, the derivation of the O-H bond strength (BD(F)E) of 2 by
isothermal titration calorimetry and the comparison to the theoretically predicted value. The Section ends with

the C-H bond oxygenation reactivity of 4, including thermal reactivity and reactivity under irradiation. At the end

a summary of the Chapter can be found in Section 4.
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4.2 Outline of Chapter Il

In the excurses Chapter Ill, results are discussed which arose from collaborations within our group with Dr. Josh
Abbenseth (Section 1) and with the external collaboration partners from the Yale University Prof. James Mayer

and Prof Patrick Holland and Gannon Connor as their Ph.D. student (Section 2).

Excursus 1: Interconversion of Phosphinyl Radical and Phosphinidene Complexes by Proton Coupled Electron
Transfer discusses the calorimetric P-H BDE determination of a [PNP)Os(H)(PHMes*)] phosphinyl radical complex
17 which forms the phosphinidene [(PNP)Os(H)(PMes*)] complex 19 upon PCET. Additionally, the derivation of
the pKa value of the cationic phosphide complex [(PNP)Os(H)(PHMes*)]* 18 will be reported(Figure i15).
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/l-\\PBUQ
N-Os-PHMes*
E /
PtBU2
E° 18 PKa
H_ H
/F\PBuz /‘T\\PBUZ
N-Os— * N-Os=PMes*
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17 19

Figure i15: Thermodynamically examined PCET chemistry of the osmium phosphanyl radical/phosphinidene complex couple.

Excursus 2: is about the thermodynamic analysis of a rhenium(lll) amide [(PNP)Re(CI)(NH2)], rhenium(V) nitride
[(PNP)Re(CI)(N)], complex couple 20/22 relevant for ammonia oxidation. Here, the N-H BDE of the double PCET

step is determined by isothermal titration calorimetry (Figure i16).
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Figure i16: Investigation of the mean BDE of the double PCET step from 13 to 12 by isothermal titration calorimetry.
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4.3 QOutline of Chapter IV

In Chapter I, the O-H bond of the terminal iridium(ll) hydroxo/iridium(lIl) oxo couple 2/4 was found to be stabilised
by 2.9 ki mol™ as a reason of spin-orbit coupling (SOC).*>” The small SOC effect on the O-H BDE was attributed to
the negligible spin-change at the heavy metal centre upon PCET, resulting in similar SOC stabilisations for 2 and 4,
respectively. In Chapter IV the SOC effect on the PCET chemistry at heavy metal sites will be further analysed.
Here, the rhenium(lll) amine complex [(PHNP)Re(ll1)Cls] 23, which has been shown to be a good a starting platform
for the incorporation of N» into benzonitrile, is chosen as a platform. 23 exhibits an extraordinary shift of its 31P-
NMR signal to &1p = -1526 ppm, which was assigned to high temperature independent paramagnetism (TIP) as a
result of strong SOC. This finding is rendering this platform as an ideal candidate for the investigation of a high
SOC effect on its PCET thermochemistry, especially since the corresponding product of HAT the rhenium(1V) amide
[(PNP)Re(IV)Cls] 24 is as well accessible.® In chapter IV the PCET process from 23 to 24 will be thermochemically
analysed via direct calorimetric measurement or via oxidation to the rhenium(IV) amine complex [(PYNP)Re(IV)Cls]*
25 and subsequent deprotonation (Figure i17). On the computational site, the reaction thermochemistry will be
computed “spin-free” via the ONIOM and DLPNO method (see Chapter | Section 3.1), while SOC is introduced by
CASSCF-NEVPT2-QDPT computations (see Chapter | Section 3.2).
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25
Cl
H . Cl
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N‘-—.Re N [ 2
(\P/I cl Calorimetry EP/RI‘E“‘CI
'Pr; Cl iPr, Cl
23 24

Figure i17: Examination scheme for the N-H BD(F)E of 15 by direct HAT (calorimetry) or oxidation and subsequent deprotonation (square scheme).
In Section 1, the structural, spectroscopic and magnetic properties of the rhenium(lll) amine 23 (Section 1.1) and
rhenium(lV) amide complex 24 (Section 1.2) are discussed, extended by the characterisation of the cationic

rhenium(IV) amine complex 25 [(PHNP)Re(IV)(Cl)3][BArF24] (Section 1.3).

In Section 2, the ab initio computational rationalization of the spectroscopic and magnetic features of the
complexes 23 (Section 2.1), 24 (Section 2.2) and 24 (Section 2.3) are presented by means of complete active
space self consistent field (CASSCF) computations extend by n-electron valence perturbation theory of second

order (NEVPT2) followed by quasi-degenerate perturbation theory (QDPT) to include spin-orbit coupling effects.

In Section 3, the (free) reaction enthalpy of the PCET reaction is measured experimentally (Section 3.1) and

compared to the predicted value by the ab initio techniques DLPNO and ONIOM(CCSD(T)-f12/DFT) (Section 3.2).

At the end in Section 4, a summary of the Chapter can be found.
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Chapter |1

Il. A Terminal Iridium Oxo Complex with a Triplet Ground
State



1. Synthesis of Terminal Iridium Hydroxo Complexes

Parts of this Chapter have been published in: D. Delony, M. Kinauer, M. Diefenbach, S. Demeshko, C. Wiirtele, M.
C. Holthausen, S. Schneider, Angew. Chem. Int. Ed. 2019 58, 10971-10974. “A Terminal Iridium Oxo Complex with
a Triplet Ground State. The initial synthesis of the neutral Ir(ll) hydroxo complex 2 as well as the cationic Ir(Ill)
hydroxo complex 3 and their analysation, as well as first attempts towards the iridium oxo complex were performed

by Dr. Markus Van Alten born Van Alten born Kinauer and will be briefly discussed here.

Towards the synthesis of a terminal oxo complex of iridium a suitable precursor platform must be found. Possible
pathways would be (1) Oxygen Atom Transfer (OAT) with reagents like pyridine-N-oxide or trimethylamine-N-oxide
with a low valent iridium platform or (2) Hydrogen Atom Transfer (HAT) from terminal hydroxo complexes. Both
pathways are literature known. The only known terminal oxo complex of iridium by Wilkinson et al.?® (see
Chapter | in Section 1.2) was synthesized by treatment of Ir(Mes)s with trimethylamine-N-oxide, while for the
isoelectronic terminal imido complexes, the HAT route was utilized for the synthesis of [(PNP)IrNR]"™ (R = ‘Bu, Ph,
n=0, 1, 2) XXII-XXIV.B7%>% Dye to the structural similarity of the latter to the pincer platform utilized in this
thesis, the HAT route is followed here. Therefore, the synthesis of terminal hydroxo complexes of the type (PNP)Ir-
OH is required as a starting platform towards the synthesis of a terminal oxo complex. Of course, HAT is not the
only possible route to transform a terminal hydroxo complex into a terminal oxo complex. Depending on the metal
oxidation state, also hydride transfer and deprotonation should be considered (Scheme 1).
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N—Ir=0

EPng2
4

Scheme 1; Possible Pathways from terminal iridium hydroxo platforms bearing a PNP pincer ligand towards a terminal oxo. Hydride Transfer (left), Hydrogen Atom

Transfer (HAT, middle) and deprotonation (right).

As a starting platform for this project, the well established square planar iridium chloro pincer complex [(PNP)Ir(Cl)]
5 was chosen,** which has proven to be a versatile precursor for formally isoelectronic complexes to a terminal
oxo, like terminal nitrides and imido complexes.?”*1 Salt metathesis with NaOH in a mixture of THF and water
(7:1) is yielding the desired Ir(ll) hydroxo complex 2 [(PNP)Ir(OH)] in very good yields (>90%) (Figure 1a). Only a
careful exclusion of Oz in the synthesis leads to high yields, due to the inherently higher instability of 2 towards

dioxygen compared to 5.
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Figure 1: a) Improved synthetic route from 5 to 2 by salt metathesis with NaOH. b) Molecular structure in the solid state of 2 obtained by X-ray single crystal

diffraction. The ORTEP plot shown with anisotropic displacement parameters at 50 %. All C-H hydrogen atoms as well as the disorder of the molecule are omitted
for clarity. Selected parameters: Ir-N/0: 1.988(3) A, Ir-P: 2.3172(10) A, C=C: 1.340(6) & N-Ir-O: 180°, P-Ir-P: 161.64(5)". ¢) IR(Nujol) spectrum of 2. d) *H(para)-
NMR spectrum of 2 in benzene at 25 °C.

Structural confirmation for 2 was obtained by single crystal X-ray diffraction, which shows the expected square
planar coordination mode (angle sum around Ir = 360°).22 The molecule is heavily disordered in the solid state with
the oxygen and nitrogen atoms on opposite positions, thus the distinction between the Ir-N and Ir-O bond length
is impossible (dirno = 1.988 A) (Figure 1b). The O-H stretch in the infrared spectrum of 2 appears as a weak
transmission at vo-4 = 3627 cm? (Figure 1c) in line with other literature known square planar iridium hydroxo
complexes like the complexes reported by Werner et al.[161182 [trans-Ir(OH)(C2Ha)(PPrs)2] (vo-n = 3652 cm™) and
[trans-Ir(OH)(=C=C=CPh3)(P'Pr3)2 (vo-n = 3643 cm™) or the pincer complexes by Parvez et al.'3 [PCPR)IrOH]?
(V8o =3642 cm™, vR5Po4 = = 3625 cm™) and Burger et al.’® [(PDI)IrOH]* (vo+ = 3561 cm™). The hydroxo
complex 2 has a paramagnetic ground state with broadened signals (6 = 7.2 ppm and § = -33 ppm ) in the
'H(para)-NMR spectrum (Figure 1d). It is noteworthy that 2 is therefore representing the only literature reported
paramagnetic iridium hydroxo complex. The electrochemistry of 2 was investigated by cyclic voltammetry (CV) to
analyse the accessibility of the anionic and cationic hydroxo complexes 1 and 3. On first glance, both redox events
(E°(Red) = -2.12 V; E%(Ox) = -0.37 V) seem to be reversible, which indicates that hydroxo complex 1 and 3 are
both stable and isolatable (Figure 2). A more detailed analysis by the Randles-Sevcik equation (see Chapter IlI,
Section 1.2.1) gives a reversible electrochemical process with fast electron transfer to freely diffusing ions (Figure

2a), but the analysation of the scan rate depended peak ratio (forward vs. backward peak) reveals for the

22 Crystal grown by Dr. Markus van Alten, born Kinauer, crystal structure solved by Dr. Christian Wirtele.
23 pCP = Bis(2-diisopropylphosphaneyl)phenyl)carbene

24 pDI = Pyridine-diimine
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reduction, a moderate decrease of the peak ratio at higher scan rates, indicating a quasi-reversible process with a

slowly equilibrating chemical reaction after the electrochemical step (EC mechanism) (Figure 2c, left).
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Figure 2: a) Linear regression of i, vs. v/2 (i,,c for the reduction iridium (II/1) couple and iy,a for the iridium (I1/11l) couple) for the oxidation. b) Cyclic Voltammogram
of 2 (1 mM) at different scan rates in THF with NBu,4PFs (0.1 M) as the conducting salt. Shown is the first cycle. c) Scan rate dependent peak ratio of the forward

and backward peak for the reduction as well as for the oxidation.
A possible explanation for the chemical irreversibility is the dimerization of the formed iridium(l) hydroxo species
which is a literature known process.!**1% On the oxidative site the iy ratio is, at any scan rate close to unity and
supports a reversible process. Indeed the oxidation of 2 with AgPFe as the oxidizing agent in DCM yields selectively
(isolated vyield: 92%) the desired cationic hydroxo species 3 [(PNP)Ir(OH)][PFs] (Figure 3a and d). The cationic
hydroxo species could be confirmed by XRD analysis (Figure 3b).?> Again, the angle sum around iridium sums up
to 360°, but no disorder of the molecule in the N-Ir-O plane is observed as for 2. The Ir-O bond length is significantly
shortened by 0.05 A to diro= 1.935 A, which indicates an increase in bond strength and represents the by far
shortest Ir-OH bond reported in literature.?>1%6-1741 Also, the N-Ir-O angle is slightly deviating from 180° (N-Ir-O =
177°) and hints towards a minor amount of m—backdonation from the pincer nitrogen, however it could as well
arise from packing effects in the crystal. IR spectroscopy yields a decrease of the O-H stretching frequency
(vo-n=3577 cm™) by 50 wavenumbers compared to 2, which supports a higher degree of activation of the O-H
bond of 3 (Figure 3c). 3 exhibits a Cov symmetric signal set with four signals in the 'H-NMR spectrum (& = 14.6
ppm, § =7.1ppm, § =5.2 ppmand & = 1.8 ppm) 2™ one signal for the pincer phosphorous atoms in the *'P-NMR
spectrum (& = 41.3 ppm). The O-H group of 3 is remarkably deshielded with a proton shift to d o-n = 14.6 ppm,

which hints towards an acidification of the O-H group (Figure 3d).

25 Crystal grown by Dr. Markus Van Alten born Kinauer, crystal structure solved by Dr. Christian Wiirtele.

26 Scifinder© and Google Scholar© search on ,iridium hydroxide” on 20.04.2020 and additional tracing of cross references.
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Figure 3: a) Improved synthetic route to the cationic hydroxo species 3 by oxidation of 2 with AgPFs. b) Molecular structure in the solid state of 3 obtained by X-
ray single crystal diffraction. The ORTEP plot shown with anisotropic displacement parameters at 50 %. All C-H hydrogen atoms and disorder omitted for clarity.
Selected parameters: Ir-O: 1.935(3) A, Ir-N: 1.900(4) A, Ir-P: 2.3348(12) A, C=C: 1.326(8) A N-Ir-0: 177.35(18) °, P-Ir-P: 167.39(4)°. c) IR spectrum of 3 in Nujol. d)
'H-NMR spectrum (top) and 3'P{!H} NMR spectrum (bottom) of 3 in DCM-d, at 25 °C.

The reduction towards an anionic iridium(l) hydroxo complex can be achieved by treatment of 2 with 1 M Na/Hg
as the reducing agent in few THF, yielding an orange product (Figure 4a). The solution needs to be cooled
immediately to —-40 °C because the product is temperature sensitive and decomposes to several species at
prolonged times, at room temperature as well as in the solid state. The molecular structure of the reduction
product was determined by XRD analysis. Complex 1 is not monomeric but a dimer of the iridium(l) hydroxo
species [(PNP)Ir(NaOH)(thf)]2 with bridging sodium atoms, which confirms the hypothesis regarding the chemically
non-reversible behaviour in the cyclic voltammogram of 2 (Figure 4b).?” The metal centre is coordinated in a
square-planar fashion with only weak distortion from the ideal 360° (Angle sum around iridium = 358°) and the Ir-
O bond is drastically elongated to di~o= 2.134 A and therefore reflects the high electron count. The O-H hydrogen
atoms could be found in the electronic density map and isotopically refined, giving an O-H bond length of do-n=
0.79 A, which is already close to the O-H bond length in pure NaOH-H20 do.n = 0.74 A 1751 A G5y symmetric signal
set is found for 1 with four signals in the *H-NMR spectrum (& = 6.89 ppm, & =4.02 ppm and & = 1.35 ppm,
8 =-2.1 ppm) and one signal in the 3P{*H}-NMR spectrum (& = 57.2 ppm). The dimeric nature of 1 could be

observed as well in solution by the broadened NMR-signals, due to hindered rotation (Figure 4c). The O-H protons

of 1 are shifted to d o-u = -2.1 ppm which hints towards some hydridic character.

27 Crystal structure solved by Dr. Christian Wiirtele. The same structure was previously reported by Dr. Markus van Alten born Kinauer.
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Figure 4: a) Synthetic route towards the iridium(l) hydroxo species 1 from 2 by reduction with sodium amalgam in THF. b) Molecular structure in the solid state of
1 obtained by X-ray single crystal diffraction. The ORTEP plot shown with anisotropic displacement parameters at 50 %. All C-H hydrogen atoms, disorder and a
cocrystallised THF molecule omitted for clarity. Selected parameters: Ir-O: 2.1341(13) A, Ir-N: 2.0352(19) A, Ir-P1: 2.2889(6) A, Ir-P1: 2.2914(6) A, C1=C2: 1.349(3),
C11=C12: 1.345(3), Na1-01: 2.235(2), 01-Nal-O1#: 91.60(7)°, N-Ir-O: 176.53(7)°, P-Ir-P: 163.26(2)°. ¢) H-NMR (top) and 31P{!H}-NMR (bottom) of 1 in THF-ds at
25°C.

2. Synthesis and Characterisation of a Terminal Iridium Oxo Complex

The inherent thermal instability of 1 prevents its use as a synthetic starting platform, therefore only the hydroxo
complexes 2 and 3 were probed as precursors towards the terminal iridium oxo complex. Addition of KO'Bu in THF
to 3 leads to a direct colour change from red-violet to purple. Washing with pentane and crystallisation from
toluene leads to the isolation of the desired terminal oxo complex 4 [(PNP)Ir(O)] in moderate yields as confirmed
by single crystal X-ray analysis (Figure 5, b). It must be noted, that absolutely pure and Na/K dried toluene must
be used, since otherwise exclusively the hydroxo complex 2 will be obtained (Figure 5a). Even with sublimed KO'Bu
the yield of 4 does not exceed 60% and green, pentane soluble side products are formed. A second route towards

4 is the HAT reaction from 2, therefore the strong hydrogen atom abstracting reagent 2,4,6-tris-tert-butylphenoxyl
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(Mes*0) was added to 2. Performing this reaction in polar solvents like THF will only lead to a 50:50 mixture of 4
and 2, indicating a very low driving force for the reaction, however in contrast to the deprotonation route from 3
no side products are observed. The equilibrium can be shifted exclusively to the product site by usage of an unpolar
solvent like hexamethyldisiloxane (HMDSO) or pentane. Here, the additional driving force arises from the
precipitation of 4, while the starting materials as well as the second product 2,4,6-tris-tert-butylphenol (Mes*OH)
are all soluble. Filtration of the reaction mixture, washing with pentane and crystallisation from toluene yields the

terminal oxo complex 4 pure in high isolated yields (80%) (Figure 5a).
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Figure 5: a) Synthetic routes towards 4 by oxidation of 2 with AgPF¢ to 3 and subsequent deprotonation with KO'Bu in THF or HAT from 2 with Mes*O in pentane.
b) Molecular structure in the solid state of 4 obtained by X-ray single crystal diffraction. The ORTEP plot shown with anisotropic displacement parameters at 50 %.
All C-H hydrogen atoms and disorder are omitted for clarity. Selected parameters: Ir-O: 1.827(4) A, Ir-N: 2.040(4) A, Ir-P1: 2.3296(9) A, Ir-P1: 2.3296(9) A, C1=C2:
1.344(4), N-Ir-0: 173.6(6)°, P-Ir-P: 163.16(4)°.

XRD analysis of 4 reveals a square-planar coordinated iridium metal centre (angle sum around Ir = 360°),%® with a
drastically reduced Ir-O bond length (diro = 1.827(4) A) compared to the hydroxo species 1-3, which indicates
multibonding character within the Ir-O moiety (Figure 5b). This is also reflected by the N-Ir-O angle of 174°, which
speaks for the avoidance of m—back donation from the pincer nitrogen. For the isoelectronic iridium imido complex
XXI1 [(PNP)Ir(N'Bu)] a longer Ir-N bond length was reported (din = 1.868(2) A). This reflects the high steric
shielding of the N-'Bu group.B” The Ir-O bond of 4 is significantly elongated (A = 0.1 A), compared to the only
other reported iridium oxo complex by Wilkinson et al®% XXI (di-o = 1.73 A) (Figure 6a, left). This can be explained
by a simple molecular orbital (MO) scheme of the Ir-O bonding for both species. The terminal oxo by Wilkinson is
in trigonal coordination with a formal iridium(V) oxidation state. The dz orbital is forming the o—bonding
interaction between iridium and oxygen and the dy; and dx; orbitals the 7~bonding interactions, while the dx*-yand
dxy orbitals stay non-bonding. With the six electrons from the formal 0~ ligand and the four electrons from the
iridium(V) metal centre only bonding and non-bonding orbitals are occupied, resulting in an Ir-O triple bond (Figure

6a, left). The terminal oxo 4 is in a square planar coordination mode with a formal iridium(lll) metal centre. Here,

28 Crystal structure solved by Dr. Christian Wirtele.
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the dx%y?is forming the o—bonding interaction and the dx. and dxyorbitals the 7—bonding interactions, while the d
and dy; orbitals remain non-bonding. The two additional electrons from the formal iridium(lIl) oxidation state result

in the population of antibonding m* orbitals which reduces the bond order of 4 to an Ir-O double bond (Figure 6a,

left).
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Figure 6: a) MO-scheme of the Ir-O bond for 4 (right) and the Wilkinson oxo complex XXI (left). b) IR(ATR) spectrum of 4 (left) and overlay of the IR(ATR) spectrum

of 4 and its %0 isotopologue.

The IR (ATR?) of 4 is silent in the region of around 3500 cm™ were O-H stretches would be expected, which
supports the formation of a terminal oxo complex (Figure 6a). For further bonding analysis the ¥0-isotopologue
of 4 was synthesised. The Ir-O stretching frequency was thereby assigned to vro =743 cm™, while the Ir-180

stretching frequency of vro= 712 cm™ is in good agreement to the expected value of the harmonic oscillator

29 ATR = Attenuated total reflection
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approximation (vi-o (HO) = 701 cm™). The other visible deviations in the #0-isotopologue spectrum at e.g. v=
772 cm™ can tentatively be assigned to Fermi resonances in the 0 isotopologue which cancel upon labelling
(Figure 6b, right). A comparison of the Ir-O frequencies of 4 and XXI (viro = 802 cm™)B% supports the stronger

bond for the latter, confirming the picture of a double bond for 4 and a triple bond for XXI.

The electrochemistry of 4 was analysed by cyclic voltammetry, revealing two redox events at £12 = =1.95 V and
E12 = -0.13 V vs. Fc/Fc* (Figure 7a)*. The reductive wave is quasi-reversible, which can be rationalized by the
higher electron count of the formal anionic oxo species 4- and thus less stabilizing m-bonding character within the
Ir-O unit. In analogy to the MO-scheme of Figure 6a the Ir-O bond of the anionic terminal oxo 4- is further activated
(the bond order drops to 1.5) and thus the complex is destabilized. The oxidative event is at a very mild potential

176

for a formal Ir"/Ir'V oxidation!*®! reflecting the high covalency in the Ir-O unit and therefore the low validity of the

concept of oxidation numbers for very covalent complexes in general.
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Figure 7: a) Cyclic Voltammogram of 4 (1.0 mM) in THF with 0.1 M NBu4PFs. Shown is the 2" cycle. b) Oxidation of 4 with AgSbFg in THF at room temperature and

trapping of the formed species 4+ with liquid nitrogen. c) *H(para)-NMR spectrum of the reaction after filtration. d) X-Band EPR spectrum at 143 K obtained by
oxidation of 4 with AgSbFs in THF.3!

30 Cyclic voltammogram recorded by Niklas Welker.

31 Simulation of the EPR spectrum by Prof. Dr. Bas de Bruin University of Amsterdam.
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The electrochemistry of 4 seems very promising for the synthesis of a cationic terminal oxo, thus the chemical
oxidation with AgSbFe in PhCl was probed (Figure 7b). An instant colour change from the reddish purple of 4 to a
blue violet is observed. Keeping this solution at ambient temperature will lead to the decomposition of the species,
in which the cationic hydroxo 3 could be observed as the main decomposition product. Directly cooling with liquid
nitrogen after the reaction enables the spectroscopic characterisation of 4+ [(PNP)Ir(O)][SbFs]. The *H(para)-NMR
of 4+ speaks for a Cov symmetric complex with only one main signal at 6 = 11.9 ppm, which indicates that 4+ is
also a terminal oxo complex, since a decomposition pathway by insertion into the metal phosphorous bond, as
observed for the platinum oxo by Milstein,*”? would reduce the product symmetry to C1 (Figure 7c). Transient 4+
was further analysed by EPR spectroscopy where an almost axial spectrum with a very low g-anisotropy for a 5d
metal compound (g11 = 1.96, g2 = 1.91 and g3 = 1.61) can be observed.3? A comparison to the formally
isoelectronic iridium(IV) nitride complex XXV [(PNP)Ir(N)] and the iridium(lV) imido complex XXIII
[(PNP)Ir(NtBu]* highlights the special electronic structure of 4+.B5741 For XXV (g11 = 1.86, g22 = 1.58, g33 = 1.32)
and XXII (g11 = 1.71, g22 = 1.63, g3z = 1.33) the g-anisotropy is much more distinct and the values are less
deviating from the value of the free electron ge = 2.002.3% This supportsa ligand centred oxyl radical character for
4+. Further insight into the electronic structure of 4+ was obtained by computational analysis on the PBEO-
D3/def2TZVP level of theory.3* The cationic oxo 4+ is computed to be in square planar coordination geometry
(angle around iridium = 360°) with a significantly shortened Ir-O bond (di-o = 1.75 A) compared to the crystal
structure of 4 and additionally a lower N-Ir-O angle (169.7°). This nicely reflects the trend of rising bond order and
thus shorter Ir-O bond length due to less electrons in antibonding m*-orbitals. Additionally, the rare oxyl radical

character of 4+ is confirmed by the Mulliken spin density analysis (O: 75 %).

b)

Figure 8: a) Structure of 4+ on the PBEO-D3/def2TZVP level of theory. b) Mulliken spin density plot at isolevel 0.0075 a3 computed at the PBE0-D3/def2TZVP level
of theory. Ir: 42% O: 75% N: -18%

32 The fitting of the EPR spectrum was performed by Prof. Dr. Bas de Bruin, University of Amsterdam.
33 https://physics.nist.gov/cgi-bin/cuu/Value?gem |search_for=all free electron g factor

34 For more details see Section 4.2 of Chapter VI.

31



The three sharp and strongly paramagnetically shifted signals in the *H{para}-NMR spectrum of 4 (Sweu = +21 ppm,
OxucH =—-62 ppm, et = -76 ppm) support a Cov symmetric structure on the NMR timescale (Figure 9a). The
signals are almost temperature invariant over a wide range (-75 to +65 °C) besides the third signal
(O2xcH = =76 ppm), which exhibits approximately Curie dependence above ~250 K, which indicates accessible
thermally excited states (Figure 9b). Such spectroscopic behaviour was also found for the isoelectronic
[(PNP)Ir=N*Bu] complex XXII and was rationalized by ab initio computations. Imido complex XXII has a triplet
ground state which is strongly stabilised by spin-orbit coupling (SOC). This causes a non-magnetic ground state
that mixes due to temperature independent paramagnetism (TIP) with the open-shell excited states.*” This
explains the sharp signals NMR signals and their paramagnetic shift in contrast to the broadened signals expected

for a classic, paramagnetic compound.
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Figure 9: a) 'H{para}-NMR of 4 in C¢Dg at 25 °C. b) VT-NMR of 4 from -75 °C to +65 °C. c) Temperature dependent magnetic susceptibility measurement by SQUID

magnetometry. d) Revision of the Lewis-structure of 4 reflecting the triplet ground state.

Accordingly, the ymT vs. T curve of a powder sample of 4, obtained by SQUID magnetometry features temperature
independent paramagnetism up to around 250 K and shows slight bending of the curve at higher temperatures
which arises from the partial population of excited states (Figure 9c¢).3> The data can be fitted with a spin
Hamiltonian for a triplet state (S = 1, gav = 2.32) with a large zero-field splitting (D = 647 cm™) which is 181 cm™
higher compared to imido complex XXII. This can be attributed within a simple ligand-field picture to reduced

covalent bonding of 4 in the Ir=E (E = ER,O) moiety, which leads to a smaller relativistic nephelauxetic effect for 4

35 SQUID magnetometric measurements performed by Dr. Serhiy Demeshko.
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and therefore to a higher effective spin-orbit coupling parameter .3 With these spectroscopic and magnetic

data at hand, the Lewis-structure of 4 should be revised in analogy to Figure 9d as a biradical species.

The spectroscopic and magnetic description of 4 is corroborated by high level (ab initio) computations.®” The
structures are optimized by DFT on the B3LYP(V)-(D3)/def2TZVP level of theory and reproduce the short Ir-O bond
d* o= 1.80 A and the near linearity of the N-Ir-O moiety (179.0°) for the 3A” state (Figure 10a). In contrast, the
lowest singlet state (*A’) of 4 exhibits a high deviation from linearity (157.0°) as also found computationally for the
isoelectronic platinum(IV) pincer (PCN) oxo complex XXXI by Milstein et al. (Triplet state: C-Pt-O = 175.4°; Singlet
state: C-Pt-O = 138.2°).#7177) The adiabatic triplet-singlet gap of 4 is significantly higher with AE(T/S) = 41 kJ mol™?
compared to the computational value of XXXI which vanishes on high level ab initio computations resulting in

virtually isoenergetic states of XXXI.177!
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Figure 10: a) Computed structures for 4 (3A”, 1A’), 2 (?A) as well as for Mes*OH and Mes*O on the B3LYP(V)-D3/def2TZVP level of theory. Selected parameters:
4(3A"): Ir-0: 1.80 , Ir-N: 2.10 A, Ir-P: 2.36 A, N-Ir-0: 179°; 4(1A’): ”): Ir-O: 1.82 A, Ir-N: 2.01 A, Ir-P: 2.35 A, N-Ir-O: 157°; 2(2A”): Ir-0: 1.98 A, Ir-N: 2.02 A, Ir-P: 2.34 A,
0-H:0.96 A, N-Ir-O: 176°. Mes*OH(1A’): C=C(-0): 1.41 A. C-C(tBu): 1.54 A, C-0: 1.38 A, O-H: 0.96 A; Mes*O(2A”): C=C(-0): 1.47 A. C-C(tBu): 1.53 A, C-0: 1.25 A.

For a more detailed insight into the electronic structure and the influence of spin-orbit coupling (SOC) in 4 and 2,
state averaged multireference computations on the CASSCF/NEVPT2 level of theory, extended by quasi-
degenerate perturbation theory (QDPT), were performed. The active spaces were constructed to reflect the
bonding situation around the iridium metal centre. In addition to the 5d orbitals of iridium the 6— and t—bonding
interaction of the oxo moiety, the o—bonding interaction of the phosphorous atoms and the m—bonding
interaction of the pincer-nitrogen atom were considered leading to a (16,10) CAS extension for 4 and to a (17,11)
CAS extension for 2, where the O-H o—bonding interaction is additionally considered. In analogy to the DFT

computations, the CASSCF wavefunction also predicts a triplet ground state for 4 AErs= 52 kJ mol™ with a Ir-O

36 The spin-Hamiltonian formally loses its physical meaning in cases of strong spin-orbit coupling, making “spin” a bad quantum number. It is, nevertheless, easier

to capture. For further information please see reference 12°81,

37 The computations of this chapter, except for the computations for 4+, were performed by Dr. Martin Diefenbach. A comprehensive discussion of the

computations performed for this Section can be also found in Section 4.2 of chapter VI.
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(m1*n2")? configuration and a doublet ground state AE(D/Q) = 388 kJ mol™ for 2 (Figure 11). Upon treatment of
spin-orbit coupling (SOC) by QDPT the triplet ground state of 4 is strongly stabilised (AE(SOC) = -23.5 kJ mol™*) and

splits into its ms = 0, £1 microstates, resulting in an isolated “non-magnetic” ground state.
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Figure 11: CASSCF state correlation on the NEVPT2 level of theory and with spin-orbit coupling (SOC) treatment by QDPT for 4 (16,10) (left) and 2 (17,11) (right)
based on state averaged CASSCF wavefunctions over all roots which arise from excitations within the 5d shell of the metal centre 4 (50 singlet, 45 triplet, and 5

quintet states), 2 (40 doublet, 10 quartet states)

The zero-field splitting to the excited states was computed to Daper = 775 cm™, which very nicely reflects the
experimental value of 647 cm™. The same picture was derived for the imido complex XXII, even though the
computed and experimentally found zero-field splitting was significantly lower (Daper = 450 cm™).7! Conclusively,
imido complex XXI1I and oxo complex 4 have both a spin-orbit stabilized triplet ground state, but 4 experiences a
higher SOC stabilisation due to the reduced covalency of the Ir-E (E = N/O) unit. The doublet ground state of 2 has
contributions from the first excited doublet root and is even exhibiting a higher stabilisation by SOC than 4
(AE(SOC) = -26.4 kl mol™) resulting in a differential SOC effect of -2.9 klmol™ which formally describes a
strengthening of the O-H bond by SOC (Figure 11).
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3. Reactivity of the Terminal Iridium Oxo Complex

3.1. Oxygen Atom Transfer and Philicity Derivation

With the terminal oxo complex 4 at hand, its reactivity towards oxygen atom transfer (OAT), including the
derivation of its philicity, was probed with selected reagents. Hydrogenolysis of 4 with 1 bar H, at ambient
temperature in benzene leads to a direct colour change from purple to green (Figure 12a). 4 is already after 5 min
fully converted as seen by the immediate measurement of 'H-NMR after the addition of dihydrogen (Figure 12b,
top). A broad signal at & =7 ppm indicates the formation of 2 and of a second, Cov symmetric product, with
broadened signals (JaxcH = 7.16 ppm, OaxcH = 4.49 ppm, daxcicHs): = 1.32 ppm) accompanied by the formation of H20
at 0 ~0 ppm. 2 is fully converted after one hour reaction time and yields a new orange product (Figure 12b,

bottom).
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Figure 12: a) Hydrogenolysis of 4 with 1 bar H, at ambient temperature in benzene to 6 and water. b) 'H-NMR of the reaction mixture under 1 bar of H, gas 5 min

after the addition. c) 'H(para)-NMR of the reaction mixture 1 h after the addition after degassing and addition of Ar.
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The signals of the new product are broadened in the presence of Hz which speaks for chemical exchange. The H20
signal shifts (concentration depended) to d~0.4 ppm after freeze-pump-thaw degassing the mixture, which
resembles the literature known shift in CeDs (Figure 12, c).['78 Additionally a new signal at 5= -26 ppm can be
observed, integrating to two protons, thus the NMR signals can be assigned to the dihydride complex 6
[(PNP)Ir(H)2] previously reported by Schneider et al.B” Here, hydrogenolysis of XXI1 also led to the formation of

6 and ‘BuNH; as the second product and again reflects the chemical relationship between 4 and XXII.
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Figure 13: a) Carbonylation of 4 in benzene at ambient temperature yielding 7 and CO,. b) *H-NMR spectrum of the reaction mixture. c) 3-NMR spectrum of the

reaction mixture. d) Headspace analysis plot of the reaction mixture.

The reaction of 4 with CO gas (1 bar) in benzene at ambient temperature gives an immediate colour change to
pale yellow (Figure 13a). The *H-NMR spectrum of the reaction mixture shows the formation of one, Cov symmetric,
main product with three distinct signals in the spectrum (daxcrn = 7.02 ppm, Oaxcr = 4.30 ppm, daxc(cHs): = 1.36 ppm)
and one signal in the 3P-NMR spectrum (&= 82 ppm) which confirms the synthesis of the previously reported
[(PNP)IrCO] carbonyl complex 7 (Figure 13b).79 Thus, in analogy to Milstein’s platinum oxo XXXI

[(PCN)Pt(0)][BF4]3, the second product must be CO,, which could be confirmed by headspace analysis.”*”"3° The

38 PCN = CgH3[CH,P(t-Bu)](CH,)2N(CH3),

39 Head space analysis performed by M.Sc. Marcus Thater
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reaction of CO2 with iridium hydroxo- and imido complexes forming the (hydrogen)carbonate analogous is
literature reported and speaks for a nucleophilic oxo moiety.3>37168172 |n the 3P-NMR spectrum of the
carbonylation reaction of 4, also a second species at = 46 ppm can be found, which might arise from the reaction

of 4 with the formed CO,.

To test the hypothesis, that the side product in the carbonylation reaction of 4 arises from reactivity with the
second product CO2, 4 was directly reacted with carbon dioxide. The addition of CO; to a degassed THF solution
of 4 at ambient temperature leads to an instant colour change to deep red (Figure 14a). The 'H-NMR spectrum of
the reaction exhibits no paramagnetic species but three distinct signals (JSaxcw = 6.40 ppm, OaxcH = 5.45 ppm,
Ouxc(chs = 1.47 ppm) which belong to one species by integration. The 3*P-NMR spectrum exhibits one signal at
0= 46 ppm, which is identical to the second product in the carbonylation of 4 (Figure 14b and c) and thus supports
the aforementioned hypothesis. A potential candidate for the quarteric carbonyl C atom is found at 6= 174 ppm

in the 3C-NMR spectrum, which exhibits no coupling to the phosphorous atoms (Figure 14d).
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Figure 14: a) Synthesis scheme for the reaction of 4 with CO, in THF at ambient temperature yielding the carbonate complex 5. b) *H-NMR spectrum of 5 in THF-
dg at ambient temperature. Signals marked with * arise from n-pentane. c) 3'P-NMR spectrum of 8 in THF-dg at ambient temperature. d) 3C-NMR spectrum of 5

at ambient temperature. Signals marked with * arise from n-pentane.
The IR(ATR) spectrum exhibits three distinct sharp signals in the “carbonyl region” at v= 1663 cm™, 1625 cm™
and 1553 cm™?, which as well supports the formation of a carbonate complex (Figure 15a). Crystallisation from few

toluene at -40 °C yields crystals suitable for XRD analysis and finally confirms the successful isolation of the
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iridium(l1l) carbonate complex [(PNP)Ir(COs)] 8.%° The metal centre in 8 is in square planar coordination (angle sum
around Ir = 360°)*! with two oxygen atoms of the carbonate unit coordinated to the metal centre at angles of N-
Ir-O1 = 151° and N-Ir-O = 146°. The Ir-O bonds are elongated compared to 4 (di-o1 = 2.06 A and dir-02 = 2.07 A)
resembling their single bond character. The carbonyl atom has two different sets of C-O bonds. The C-O bond to
the uncoordinated oxygen is significantly shortened (dc.os = 1.224(4) A) which indicates double bond character,
while the bonds to the coordinating oxygen atoms are elongated (dc.o1 = 1.32 A and dc.0> = 1.31 A) compared to

“free” carbonate (Figure 15, b).[180
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Figure 15: a) IR(ATR) spectrum of 8 b) Molecular structure in the solid state of 8 obtained by X-ray single crystal diffraction. The ORTEP plot shown with anisotropic
displacement parameters at 50 %. All C-H hydrogen atoms, disorder and a cocrystallised toluene molecule omitted for clarity. Selected parameters: Ir-O;: 2.061(2)
A, Ir-05:2.068(2) A Ir-N: 1.928(3) A, Ir-P1: 2.3374(8) A, Ir-P2: 2.3383(8) A, C1=C2: 1.326(4),01-Cy1: 1.317(4), 05-Co1: 1.313(4), 05-Coy: 1.224(4), N-Ir-01: 151.47(10)°,
N-Ir-O5: 146.35(10)°, P-Ir-P: 163.75(3)° N-Ir-Cy1: 177.38(12)°.

The philicity of 4 was further analysed with trimethyl phosphine as an ambiphilic reagent.!3”18%1821 While the
addition of 1 eq. PMes to a suspension of 4 in pentane at ambient temperature only results in partial conversion,
the addition of 2 eq. leads to full conversion of the starting materials accompanied by the formation of a new
complex and OPMes!'83) as determined by 3'P-NMR spectroscopy (Figure 16a and c).*? Besides the main signal in
the 3P-NMR at 6= 61.5 ppm, a second signal at §=61.3 ppm can be observed, which is assigned to the hydrido
phenyl complex 9 [(PNP)Ir(H)(Ph)], this indicates an oxidative addition of the NMR solvent to an intermediately
formed iridium(l) species.*’” The NMR solvent was changed to cyclohexane-d12 in which side reactivity only played
a very minor role. The OPMes can be removed by washing with hexamethyldisiloxane (HMDSO) and crystallisation
at -40 °Cyields material pure enough for further analysis. In the 3!P-NMR spectrum, two sets of signals were found
at &p = 61.75 ppm, & =—52.6 ppm which integrate in a 2:1 ratio and exhibit P-P coupling (Jr-» = 16.9 Hz) and thus
support the coordination of a second equivalent PMes to the iridium(l) complex intermediate, which is left after

the oxygenation of the first equivalent of PMes (Figure 16e).%

40 picking and measurement of the crystal by Dr. Sebastian Forrest, solving of the crystal structure by Dr. Christian Wirtele.
41 Angle sum computed with the carbonyl C atom as the 4t substituent.

42 The solvent is changed to the more unreactive pentane, compared to the published route, to encounter the reactivity of 10 the reaction time could drastically

be reduced.

43 Please note, that for a reliable integration of 3'P-NMR spectra the T; time needs to be adjusted, which was not done here. Therefore, the integrated values can

only be estimates.
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In analogy, the *H-NMR spectrum exhibits a Coy symmetric species with four sets of signals (Sacw = 7.00 ppm,

OxxcH = 4.19 ppm, Or(cHs)s = 1.82 ppm and daxcicHs)s = 1.31 ppm) which integrate to 2:2:9:36. This further supports

the coordination of PMes (Figure 16d).#* XRD analysis finally confirms the coordination of PMes to the formed

iridium(l) fragment (Figure 16b). The iridium(l) PMes complex [(PNP)Ir(PMes)] 10 is in square planar coordination

environment (angle sum around iridium = 360.0°) with one PMes ligand coordinating. The Ir-N bond length is, due

to the trans-effect of the strongly o-donating phosphine, elongated compared to the other complexes reported

in this thesis. From this reactivity the philicity of 4 can be attributed to be of nucleo- to ambiphilic character.
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Figure 16: a) Synthetic scheme for the reaction of 4 with 2 eq. PMe; to 10 and OPMejs in THF at ambient temperature. b) Molecular structure in the solid state of

10 obtained by X-ray single crystal diffraction. The ORTEP plot shown with anisotropic displacement parameters at 50 %. All C-H hydrogen atoms are omitted for

clarity. Selected parameters: Ir-P3: 2.2418(13) A, Ir-N: 2.092(4) A, Ir-P1: 2.3361(13) A, Ir-P2: 2.3594(14) A, C1=C2: 1.326(7),P1-Cy1: 1.843(5) A, N-Ir-P3: 174.03(12)°,

P-Ir-P: 160.37(4)°. c) 3'P-NMR spectrum of the reaction mixture in C¢Ds (reaction also carried out in C¢Dg). d) *H-NMR spectrum of the 10 in cyclohexane-d;; at

ambient temperature. e) 3P-NMR spectrum of 10 in cyclohexane-dy,. Signals marked with an asterix belong to pentane.

44 This special solvent was chosen to partially overcome the thermal instability of 10.
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3.2. BD(F)E determination of the hydroxo/oxo couple 2/4

An important measure for the ability of terminal oxo complexes to activate and oxygenate C-H bonds, is the bond
dissociation (free) energy (BD(F)E) of the formed O-H bond upon hydrogen atom transfer. Thus the O-H bond
strength of the hydroxo/oxo couple 2/4 in THF was determined by isothermal titration calorimetry (ITC).*
Therefore, the strong hydrogen atom transfer (HAT) reagent Mes*O with a reported BDEwes*on' of 354 kJ mol™

was chosen as a titrant to 2 (Figure 18a).1184
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Scheme 2: Reaction analysed by isothermal titration calorimetry.

The reaction is only slightly exothermic with a maximum heat rate of 16 p s and has no s-shaped character of
the titration curve, which implies an equilibrium constant close to unity (Figure 18b). The background corrected
integrated thermogram is fitted with an independent PCET model (for more information of this model see Section
C in Chapter 7) and yields indeed a low reaction enthalpy of AH: = -=3.8 kJ mol™ and an even slightly endergonic
equilibrium constant K = 0.993. Appealingly, the stoichiometry factor n = 0.998 is very close to the ideal value of
unity for an A+B > C+D reaction and indicates the clean conversion of 2 to 4 without severe weighting errors or
impurities of the compounds (Figure 18c and d). The low driving force is not unexpected, since in Section 2 the
synthetic hydrogen atom transfer (HAT) from 2 with Mes*O in THF also does not lead to full conversion but runs
into an equilibrium. The driving force for the synthesis of 4 was here enhanced by an unpolar solvent to enable
precipitation of 4. With the literature known BDE value of Mes*O an experimental value for the O-H bond of 2 can
be calculated to BDE2o-n™" = 350+2 kJ mol™. For the determination of the BDFE of 2, the BDFE of Mes*O in THF
had to be determined first via a solvent transfer (MeCN -> THF) utilizing the Abrahams solvation model as

described by Mayer et al. (eq. 1).[53/185186146

a) | @ B |b  BDFERW™ = BDFERV™ + AAGon(H) + [AAGeon(R)- AAGson(R-H)] 01
THF 0 051 | [AAGson(R)- AAGsow(R-H)] = —41.92[0tmes orBmecn— Omescorfrie] = 0.63 kI mol™  eq.2
MecN | 0 022
Mes*OH [ 022 — BDFE+™" = (323 + 1.03 + 0.63) kJ mol " = 325 kJ mol™?

Figure 17: a) Abrahams model parameters for the solvation transfer of Mes*OH from MeCN to THF.[18518¢] b) eq. 1: Bond dissociation free energy of R-H in THF or
MeCN (BDFEescon™eN = 323 kJ mol?) respectively.l®3 AAG,,,(H) differential free energy of solvation between MeCN and THF of a hydrogen atom AGry22815K(H,)
=-20.38 k) mol™! and AGyecn?®15%(H,) = =21.41 k) mol™! = AAGy(H) = 1.03 kJ mol1).531, AAG,,,(R) differential free energy of solvation between MeCN and THF
of the residual radical. AAGs(R-H), the differential free energy of solvation between MeCN and THF of the HAT reagent. eq. 2: Calculation of the differential free

energy of solvation between the solvents with the Abrahams parameters.
The free energy of solvation of the hydrogen atom was approximated by the free energy of solvation of H> and
the solvation difference of the residual radical Mes*0O and Mes*OH were obtained with the Abrahams parameters

in eq. 2. The BDFE for Mes*OH in THF is calculated to 325 kJ mol™* and therewith the BDFE of 2 is determined with

4> A comprehensive description of the experiment can be found in Section 3.1 of chapter VI.

6 pPlease note, that after this work a new reference value for Mes*O was published: BDFE = 311 kJ mol1.1259 Based on this value the BDE of Mes*O can be

calculated (Approximating TSO(H) = TS%(H,) = 27 k) mol1)2%9) to BDE = 338 kJ mol L. Therefore, the values of 2 change to BDFE =311 kJ mol'/BDE = 334 kJ mol™.
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the experimental value of AGr = 0 to 32546 kl mol™L. Additionally, via a square scheme approach, the pKa value of

the cationic hydroxo complex 3 can be calculated with the reported®”) Cy value of 66 kcal mol™ in THF to

pKa30 =19,
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Figure 18: a) Raw heat curve of the titration of 2 (2.0 mM, 950 pL) with Mes*O (15.3 mM, 250 uL) in THF at 25 °C with fifty 5 pL injection steps. b) Background

corrected integrated thermogram fitted with an independent PCET model. c) Background of the titration, the first point was out of range and it not shown here.

The PCET reaction was additionally analysed by computational means with the high level ab initio techniques

ONIOM(CCSD(T)-F12b/DFT*’) and DLPNO,[®>%7:98148 \yhere the ONIOM energy is computed via eq. 3.

Eoniom = E(Truncation)ccsp(r)-r126 — E(Truncation)orr + E(Fullsystem)prr eq.3

Truncation: Referring to truncated model systems; Fullsystem: Referring to the untruncated systems.

Two different truncation levels were probed for the ONIOM approach, “H-truncation” where hydrogen atoms

replace the tert-butyl groups on the complexes 2 and 4 and Mes*OH and Mes*0O, respectively and “Me-

47 DFT: B3LYP(V)-D3/def2TZVP + Solvation Correction (SMD:THF) on the converged structures.

48 Computations performed by Dr. Martin Diefenbach. A comprehensive computational analysis of the thermochemistry can be found in Section 4.2 of chapter VI.
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truncation” where methyl groups replace tert-butyl groups. The ab initio methods also assign the triplet
electromer of 4 as the ground state, but with a smaller triplet/singlet gap is smaller (AE(T/S))% inite =
37-41 kI mol™) compared to the value of the DFT computation (AE(T/S))°" = 74 k) mol™). The DFT level of theory
places the simple HAT reaction (Figure 19i and Table 1) of the complexes 4 and 2, forming a free hydrogen atom,
at 322 kJ mol™, whereas the ab initio techniques converge at much higher values. The DLPNO approach predicts
for this reaction step a BDE of 349 kJ mol™, while all ONIOM approaches converge at 339 k) mol™. The computation
of the Mes*OH/Mes*O couple (Figure 19ii) is resulting in a BDE of 308 kJ mol™ on the DFT level and a BDE of
335 kJ mol™* at the DLPNO level of theory, while the results are more differing between the ONIOM approaches
(Table 1). Here, the Mes*O-H bond is predicted to be stronger, the higher the level of theory. While the H-
truncation on double-zeta basis is resulting in an BDE of 326 kJ mol™? the Me-truncation triple-zeta basis
computation results in a BDE of 331 kJ mol™. All computational approaches predict an endergonic reaction
enthalpy for reaction iii), while experimentally a slightly exothermic reaction was observed (Table 1). A possible
explanation is the higher uncertainty on the Mes*OH/Mes*O couple for all computational methods, while the

computation of the “pure” BDE of the 2/4 couple (reaction i) yields comparable values to the experimental BDE of

350 ki mol™.
i) " i)
OH o
f ! . Bu Bu ‘B B
/?PBUz THE /“P Bu, N THE u tBu .
N—Ir—OH N—Ir+0 + H -
EPfgu EPf/Bu !
: ? 5 Bu tBu
A A : 1 A"
iii)
0 OH
=~ PBu, By tBu THE = .,\PrBuz By By
N—IF—OH  + ———  _N-IF%0 +
T s
P'Bu PBuU,
tBu Bu
2" 2" 3p" 1A

Figure 19: i) HAT reaction between 2 and 4 forming a free hydrogen atom. ii) HAT reaction between Mes*OH and Mes*O forming a free hydrogen atom. iii) PCET

reaction between 2 and Mes*O forming iroxo and Mes*OH.

Table 1: Summary table of the thermochemical computations a) All structures computed at the DFT(B3LYP(V)-D3/def2TZVP) level of theory values given in
k) mol-1. b) Triplet/Singlet gap on different levels of theory, Excitation energy at 0 K from the 3A” (C) to the lowest energy *A”(C;) electromer. c) Reaction enthalpy
at 298 K of reaction i) including solvation in THF. d) Reaction enthalpy at 298 K of reaction i) including solvation in THF and spin-orbit coupling derived by CASSCF-
NEVPT2/QDPT AAEsoc = -2.9 k) mol~. e) Reaction enthalpy at 298 K of reaction ii) including solvation in THF. f) Reaction enthalpy at 298 K of reaction iii) including
solvation in THF. g) Reaction enthalpy at 298 K of reaction iii) including solvation in THF and spin-orbit coupling derived by CASSCF-NEVPT2/QDPT AAEsoc = -2.9 kJ
mol-1. f) h) B3LYP(V)-D3/def2TZVP i) DLPNO-CCSD(T)/CBS(T,Q) level of theory. j) ONIOM(CCSD(T*)-VDZ-F12:DFT)(H:‘Bu) k) ONIOM(CCSD(T*)-VDZ-F12:DFT) (Me:‘Bu)
1) ONIOM(CCSD(T*)-VTZ-F12:DFT)(H:'Bu) m) ONIOM(CCSD(T*)-VTZ-F12:DFT) (Me:'Bu).

Method? / kJ mol™ AE(T/S)? AHson® 1) AHson(SOC) Vi) AHson® i) AHson™ i) AHson(SOC) & iii)
DFTM 74.0 321.8 324.7 308.3 16.4 13.5
DLPNO" 41.1 349.1 352.1 335.1 17.0 14.1
ONIOM(H:VDZ-F12b)? 36.7 338.6 3415 326.4 15.1 12.2
ONIOM(Me:VDZ-F12b)¥ 36.9 339.0 342.2 327.6 14.5 11.6
ONIOM(H:VTZ-F12b)" 39.9 339.3 341.9 329.2 12.7 9.8
ONIOM(Me:VTZ-F12b)™ 40.5 339.4 3423 330.6 11.7 8.8
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The spin-orbit coupling effect determined by multi-reference treatment of 2 and 4 in Section 2 (Figure 11, AAEsoc
=-2.9 kJ mol™) is almost closing the gap between experiment and theory. The rather small value of the SOC effect
was however unexpected. In a simple picture, 2 with its doublet ground state, only has one electron on the heavy
nucleus which experiences spin-orbit coupling, while 4 is in a triplet ground state with two unpaired electrons
which can be influenced by SOC. In this simple picture, 4 should be more stabilized by SOC than 2. A possible
explanation for the small SOC effect comes from the computed spin-density plots of 2 and 4 on the DFT and NBO-
NPA level of theory (Figure 20). While the SOMOs of 4 predominantly exhibit Ir-O n*—character, which results in
an equal spin-density distribution over iridium and oxygen, the spin-density of 2 is mainly focused on the metal
centre. The experimental and computational analysis of 4 is therewith representing an unprecedented iridium oxo
biradical with strong oxyl radical character. The overall spin density at the iridium metal centre of 4 therefore does
no change significantly compared to 2 upon PCET, which results in similar SOC stabilisations and thus no substantial
overall SOC effect on the thermochemistry. This is a contrary situation as the quenching of the SOC effect by the

ligand field commonly proposed in the literature.[134136-138]

a) § . b
: ; Spin Density

Ir 0] Ir @]
Mulliken 0.77 0.13 095 0.88

NBO 0.72 016 ] 0.89 054

Figure 20: a) B3LYP(V)-D3/def2TZVP spin-density plots for the triplet ground state of 4 (3A”) (top) and the doublet ground state of 2(?A”) (bottom) shown at isovalue
0.0075 ap3. b) Mulliken and NBO/NPA analysis of the spin density of 2 and 4.

With all these thermodynamic parameters at hand, a full square scheme for all discussed oxo species can be
formulated (Figure 21). The pKavalue of 19 of 3 is much more acidic than for 2 (pKa = 46) but still in the medium
range in THF, thus 4 is stabilized as a weak base. The irreversible reduction in the cyclic voltammogram of 4 can
be easily explained by the super base character of the formed anionic oxo 4— which might even be capable of
deprotonating the solvent THF itself. The O-H bond strength rises within the hydroxo redox series. The anionic
hydroxo complex 1 has the lowest BDE with 336 kJ] mol™, therefore the anionic oxo complex 4— will favour
deprotonation over hydrogen atom abstraction. The BDE of neutral oxo complex 4 lies directly in the middle and
is with a BDE value of 350 kJ mol™ strong enough for the activation of weak C-H bonds but is not sufficient for the
cleavage of the strong C-H bonds of most solvents. The same picture arises for the pKa value of 4 and thus explains
why 4 is stable in the first place. The cationic hydroxo complex 3 is bearing the strongest O-H bond with
372 k) mol™. A comparison of the spin densities at the oxygen atom of 4 (0: 95%) and 4+ (O: 75%) reveals, that
the more reactive cationic oxo 4+ has less radical character, which supports the statement of James Mayer that

“Not radical character but bond strength is defining radical reactivity” 1>
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Figure 21: Thermodynamic parameters of 4-, 4 and 4+ with a square scheme approach: Blue = calculated values via BDET™ = 23.06£%+1.37pK+66[187). The errors
for the cyclic voltammograms are taken from upper limits standard errors of the technique. For the irreversible processes the error is assumed to be higher. Please

note, that for reliable data only electrochemically reversible signals should be considered, thus the values shown here give a qualitative picture.

3.3. C-H bond Activation Chemistry of 4

With the O-H bond strength of 2 at hand (BDE = 350 kl mol™, BDFE = 325 kJ mol™), the C-H bond activation
capability of 4 is analysed. C-H bonds belong to the strongest bonds in nature with BDE values up to 558 kJ mol™
(HC=C-H, gas), 472 k) mol?, (CeHs, gas) or 439 ki mol™ (CHa, gas), and can surpass elemental hydrogen gas (436 kJ
mol™1).53 The C-H bond strength decreases when the formed carboradicals can be stabilized by delocalisation over

larger m-systems or when aromaticity can be reached upon HAT (Figure 22).

i) iii)
BDE = 352 kJ mol™’ BDE = 349 kJ mol' BDE = 345 kJ mol”' BDE =343 kJ mol”" BDE = 340 kJ mol"
DMSO DMSO DMSO DMSO DMSO
vii) vm)

oo ©

BDE = 337 kJ mol”" BDE = 326 kJ mol”' BDE = 318 kJ mol™
DMSO DMSO gas

Figure 22: Selection of C-H bond strength in the range of 4 sorted by BDE. The weak C-H bonds are depicted for clarity. For 1,4-cyclohexadiene (viii) no value in
DMSO was found. 3

The selective oxygenation of C-H bonds is a fundamental process in nature and an active field in chemical research,
thus the most desired reactivity of 4 would be the formation of C-O bonds after the initial HAT reaction.[*83189 For
HAT reagents with two active HAT sites like cyclohexadiene or dihydroanthracene (Figure 22vi and viii,
respectively) the driving force towards the aromatic products benzene and anthracene will most likely by higher
than towards the formation of an alkoxide complex (Figure 23a). On the other hand, reagents with only one active
hydrogen atom can form an intermediate carboradical which can further react with a second equivalent of 4 to

form a C-O bond (Figure 23b).
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Figure 23: a) Expected reactivity of 4 with HAT donor bearing two active hydrogen atoms forming only 2 and the aromatic by-product. b) Expected reactivity of 4

with single HAT donor reagents with the example of fluorene.
Therefore, single HAT reagents were reacted with 4. Stirring a solution of xanthene (Figure 22vii) and two
equivalents of 4 in THF overnight at 60 °C leads to a colour change to green blue (Figure 24, a). The *H-NMR(para)
spectrum shows an aromatic, diamagnetic species and two paramagnetic species with main peaks at 5= 8.2 ppm,
0=7.2 ppm and 6= 6.2 ppm. Here, the signal at 6= 7.2 ppm can be assigned to hydroxo complex 2 (Figure 24b).
Column chromatography over silanized silica enables the separation of both complexes but the organic,
diamagnetic compound in the aromatic region of the spectrum cannot be separated on this way (Figure 24c).
LIFDI-mass spectrometry gives one single complex product signal at m/z = 746.2 hinting towards the desired C-O
bond formation towards an [(PNP)Ir(Il)(xanthenolate)] complex 11 (Calculated: m/z =746.3) (Figure 24d).
Structural proof of the C-O bond formation was obtained by XRD analysis (Figure 24e). The xanthenolate complex
11isin a square-planar coordination environment (angle sum around Ir = 360°), but the N-Ir-O and O-Ir-P1# angles
deviate from an ideal square-planar coordination (167° and 111°, respectively). The elongated Ir-O bond of dir-0 =
1.98 A and the Ir-O-C angle of 130° indicates no multibonding character in the Ir-O unit or in the xanthene
fragment. A closer look at the 'H-NMR spectra reveals two main tert-butyl peaks for 11 suggests a Cs symmetric
structure in solution. The integration of both peaks (6= 8.2 ppm and o= 6.2 ppm) of 11 combined does however
not reach the integral of the main peak of 2 which speaks for a non-selective reaction. Here, the organic side
product helps to identify the second reaction pathway and gives inside into the mechanism of the reaction. The
signal at §=4.0 ppm in the *H-NMR spectrum can be assigned to the Csps-H proton of dimeric xanthene, integrating
4:2 with the aromatic protons, instead of 2:2 for monomeric xanthene.® Therefore, the first step in the xanthene
activation is the hydrogen atom abstraction forming one molecule of 2 and an intermediate xanthenyl radical. At
this point the reaction pathways divide to 1) C-O bond formation between a second equivalent of 4 and the
xanthenyl radical and 2) Dimerization of two xanthenyl radicals towards bixanthene. Independent synthetic routes
towards 11, like ligand substitution to the chlorine complex 5 or the amide complex [(PNP)IrNHz] 13 with free

xanthenol under basic conditions unfortunately failed by now, which hinders the full characterisation of 11.
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Figure 24: a) Reaction of 4 in THF at 60 °C for 16 h with xanthene (X = O) or fluorene (X = none) forming 2 and 11 or 12, respectively. b) *H(para)-NMR spectrum of
the reaction mixture for xanthene in C¢Dg at 25 °C. c) Pentane phase of the reaction mixture after column chromatography over silanized silica for xanthene. d)
LIFDI-mass spectrometry results of 12, creation parameters: Average(MS[1] Time 0.66..0.72). e+f) Molecular structure in the solid state obtained by XRD analysis
of 11 (e) and 12 (f), respectively. The ORTEP plots are shown with anisotropic displacement parameters at 50 %. All C-H hydrogen atoms and disorder of the
molecule omitted for clarity. Selected parameters 11: Ir-O,: 1.983(5) A, Ir-N: 1.988(4) A, Ir-P1: 2.3327(9) A, C1=C2: 1.327(6) A, 0,-Cy3: 1.385(8) A, N-Ir-0;:
166.75(14)°, N-Ir-P1: 82.44(3)°, P-Ir-P: 164.87(5)°, Oy-Ir-P1y: 110.74(14)°, Ir-0,-Cos: 129.5(4)°. f) Selected parameters 12: Ir-O,: 1.960(4) A, Ir-N: 1.988(4) A, Ir-P1:
2.3091(17) A, C1=C2: 1.340(9) A, 0,-Cy7: 1.387(7) A, N-Ir-0,: 170.5(2)°, N-Ir-P;: 82.69(17)°, P-Ir-P: 164.99(5)°, O,-Ir-P;: 106.68(14)°, Ir-0,-Cp3: 131.5(4)°.

The same picture arises, when 4 is reacted with fluorene (Figure 22iv) with the corresponding
[(PNP)Ir(Il)(fluorenolate)] complex 12 as the main product, besides other diamagnetic species.*® .The solid state

structure of 12 resembles the structure of 11 (Figure 24f) but with a smaller angle distortion of the N-Ir-O and P»-

49 One signal can be assigned to the dihydride complex 6, while the other one is commonly observed with wet reagents which speaks for an impurity of fluorene.
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Ir-O, which can be ascribed to the lower steric demand of the fluorenolate ligand. It should be noted that the
reaction of 4 with xanthene also proceeds slowly at room temperature, while heating to 60 °C is mandatory for
the reaction with fluorene, which reflects the decreasing driving force (BD(F)E difference) of the two compounds

compared to 2.

Benzaldehydes are an ideal platform to test for the concurrence reaction between HAT abstraction of the aldehyde
C-H proton vs. a nucleophilic attack at the carbonyl atom, since they feature a relatively weak and sterically
unprotected C-H bond (BDE(PhC(O)-H ~ 365 kJ mol™)**Y and an electrophilic carbonyl group in close proximity.
Thermal reactivity could not be observed, but the filter less irradiation with a mercury arc lamp of 4 in benzene

with 10-fold excess of the benzaldehyde is yielding two paramagnetic products (Figure 25b).

a) 0

PBuU PBu P'B

Eﬁ;Wvo + H E_N;Ir—OH + Eﬁ;k—o
P'Bu, X PBu, PBu; o

4 X =F, H, Me, OMe 14-X = F, H, Me, OMe
b) C(H)O
PhC(H
4 - MRS

B “ W 3

21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6
o/ ppm

Figure 25: a) Irradiation of 4 with a mercury arc lamp (no filter) in benzene with different benzaldehydes (10 eq.) present (X = F, H, Me, OMe) forming 2 and the

corresponding benzoate complex. 9-x. b) *H-para NMR spectrum after 30 min irradiation of 4 with benzaldehyde X = H after 30 min.

From the characteristic peak at §=7.2 ppm in the H-NMR the formation of hydroxo complex 2 can be concluded,
while besides 2 a second paramagnetic product with signals at (6 ~13 ppm, o= 4.9 ppm, 6= 2.8 ppm, 6=-4.9
ppm and &= -5.7 ppm) can be observed, suggesting the coordination of benzaldehyde to 4. A rational guess for
benzaldehyde activation is the HAT transfer of the substrate to one molecule 4, forming 2, followed by the
oxygenation of the benzaldehyde residue with a second equivalent of 4, which yields the corresponding
[(PNP)Ir(O2CPh-X)] complex 14-x, analogous to the reaction with xanthene and fluorene. To test this hypothesis
an independent synthetic route towards 14-x was probed. Reaction of the corresponding benzoic acid with the
iridium amido complex 13, yields one paramagnetic product with the exact same NMR signature as observed in
the irradiation experiment, confirming the oxygenation of benzaldehydes by 4 under irradiative conditions

(Scheme 3).
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Scheme 3: Independent synthetic route towards 9-x by reaction of 13 with the corresponding benzoic acid in THF at ambient temperature.
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Figure 26: a) 'H(para)-NMR spectra of the benzoate complexes 14-x with (X = F, H, Me, OMe. Molecular structure in the solid state of b) 14-H, c) 14-F and d) 14-
OMe obtained by X-ray single crystal diffraction. The ORTEP plot shown with anisotropic displacement parameters at 50 %. All C-H hydrogen atoms are omitted
for clarity. For b) Two molecules crystalized in the asymmetric unit only one is shown for clarity. Selected parameters: Ir-Oy: 2.061(2) A, Ir-N: 1.960(3) A, Ir-P1:
2.3159(9) A, C1=C2: 1.344(4) A, 01-Co1: 1.293(4) A, 0,-Co1: 1.231(4) A, N-Ir-O: 177.14(9)°, N-Ir-P;: 82.82(8)°, P-Ir-P: 165.53(3)°, O4-Ir-P,: 97.08(6)°. For c) Two
molecules crystalized in the asymmetric unit only one is shown for clarity. Selected parameters: Ir-Oy: 2.048(2) A, Ir-N: 1.963(3) A, Ir-P1: 2.3149(10) A, C1=C2:
1.340(5) A, 01-Cy1: 1.288(4) A, 0,-Cy1: 1.226(4), N-Ir-O1: 174.24(12)°, N-Ir-Py: 82.84(9)°, P-Ir-P: 166.43(3)°, O4-Ir-P5: 95.75(7)°. For c) Selected parameters: Ir-O;:
2.0316(19) A, Ir-N: 1.972(2) A, Ir-P1: 2.3257(7) A, C1=C2: 1.332(4) A, 01-C,1: 1.297(3) A, 05-Co1: 1.225(4) A, N-Ir-0;: 172.86(9)°, N-Ir-Py: 83.30(8)°, P-Ir-P: 166.56(3)°,
O4-Ir-P,: 94.82(6)°.

The H-NMR signals of the benzoate complexes 14-H, 9-F, 14-Me and 14-OMe are paramagnetically shifted with
the main peak, corresponding to the tert-butyl groups at & ~13 ppm. Further, the signal at §=4.9 ppm (X = H) is
not present for X = F, therefore this signal can be assigned to the para-H in the phenyl ring, while the new signals

at 6=0.3 ppm (X =Me) and 6= 2.0 ppm (X = OMe) can be assigned to the methyl groups in this compounds. The
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assignment of the other signals is more uncertain. It can be seen, that the signal at § ~2.5 ppm is shifting less
within the complex series and thus suggests that it is not close to the rest X and therefore most likely a pincer
backbone signal, while the two signals at & ~ 5.0 ppm exhibit a higher shift with differe