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Introduction



1. Dinitrogen activation

Nitrogen is besides carbon, hydrogen and oxygen one of the main elements found in
organic molecules and an important building block for molecular architecture and reac-
tivity. In nature, it appears mainly in form of the diatomic molecule dinitrogen (Ng). The
two nitrogen atoms of dinitrogen are connected via a triple bond!!! formed by one molec-
ular orbital (MO) with o- and two MOs with m-symmetry. The resulting strong N=N
bond (BDE = 941 kJ/mol) is the reason for the high thermodynamic stability of No. In
addition, Ny exhibits a large energy difference of 10.82 eV between the highest occupied
molecular orbital (HOMO) possessing o-symmetry, and the lowest unoccupied molecular
orbital (LUMO), which is m-symmetric.[?l The cleavage of the first bond upon formation
of a formal N-N double bond requires the major part of the energy (410 kJ/mol) needed
for No splitting, and hence, results in a high kinetic barrier for the transformation of
Ns. 13l Both kinetic and thermodynamic stability are the reason for the inertness of N,
promoting its use e.g. as an inert gas, and hinders its direct utilization as starting ma-
terial for the synthesis of fertilizers or organic materials. !

A synthetically suitable nitrogen source for bio- and industrial utilization is ammonia
(NH3) and its formation is covered by the term ’nitrogen fixation’.!4l The synthesis of
NHj out of the elements (equation 1.1) can be performed catalytically, due to the negative
heat of formation of NH3 (AH? = -46.2 KJ/mol). Despite the tremendous importance of
the NHgs synthesis for nature and mankind, only two main processes exist for the world’s

NH; production today. [

Ny + 3 Hy — 2 NHs (11)

The process responsible for nitrogen fixation in vivo is performed via an enzyme class
called "nitrogenase’.[6] The site of No-fixation in the most active, the Fe-Mo nitrogenase
was first structurally characterized 1992 by Rees and coworkers using X-ray diffraction
studies and turned out to be a cluster of seven iron and one molybdenum atoms bridged

by ten sulfur atoms (FeMo—co).[7] A higher resolved structure indicated one light atom
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(C, N, O) in the center of the cluster.!®! Its identity was revealed as interstitial carbide
spectroscopically by X-ray emission spectroscopy ! and electron spin echo envelope mod-
ulation !9, and also by X-ray diffraction with higher resolution one decade later 19,

There are two different pathways proposed for the hydrogenation mechanisms of No by
nitrogenase (figure I.1.1): The alternating pathway entails the reduction and protonation
of metal bound Ny (most likely Fe) under formation of a diazene species, that is further
converted into metal bound hydrazine. The distal mechanism covers full reduction and

protonation of the nitrogen atom in S-position to the metal center and is anticipated to

proceed upon reduction of Mo bound No.[6:11]
Alternating H +2H* H +H*
pathway N — +2e” _ 2 _ +e°
+2H+_> M—N=NH ——> M—N —NH» “NH3
+2¢” +H*
M—N=N— | 5> M—NH; —& > M—NHs
+3H* +2H*
Distal +3¢e - M=N +2¢€
pathway -NH3 -

Figure I.1.1.: Proposed mechanisms for the reduction of Ny at nitrogenase (M = Mo
or Fe).[0:11]

The latter mechanism is in close analogy to the homogeneous system presented by Schrock
and Yandulov in 2003:[12] Successive catalytic protonation and reduction of metal coor-
dinated Ny at the distal N-atom was achieved by a mononuclear Mo complex (figure
[.1.2, left). Six turn overs were observed in total with an overall yield of 63 - 66% of
NH; with respect to the amount of reducing agent applied.[!3] The cleavage of the N-N
bond occurs after a total reduction by three electrons and addition of three protons to
the N atom in S-position to the Mo center (distal N atom). 4] Nishibayashi and cowork-
ers reported higher catalytic activities for a different Mo complex (figure 1.1.2, middle)
also by addition of proton and electron sources.['®! Remarkably, Peters and coworkers
reported an Fe based catalytic system (figure 1.1.2, right) with even better performance
under similar conditions. The demonstration of an Fe based molecular catalyst questions

the nature of the metal for Ny fixation in nitrogenase. [6]
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Ill\f Ill\f -
Ny Bu,P |
HIPT e, N
N HIPT Py — PP |
HIPT /> — &
\ /Mo—N d /N Mo—N N—Mo N ; Fe—PPrg
N7 | 4 4 PrgPJ
N P

‘BuaN, 'Bu2P

HIPT = hexaisopropylterphenyl

Figure 1.1.2.: Catalytically active complexes for the reduction of No to NHgs in the
presence of reducing agent and proton source.

The industrial production of NHg is preformed heterogeneously catalyzed by reaction
of No with Hs developed by Fritz Haber, applied on industrial scale by Carl Bosch and
is known as the Haber-Bosch-Process. The produced quantity of 175-10° ton/year of
NHj is only exceeded by the production of sulfuric acid. The tremendous demand of
NHj3 in combination with the harsh reaction conditions (480 °C, 400 bar) required for its
industrial production leads to an overall consumption of 1.4% of the global energy and

hence, demonstrates the importance of nitrogen fixation for modern economy. 7]

1/2N=N
+
3/2 H—H NHz
1/2 Np . -
%\ 7777 77777
M M==N N H H H NHg
I i
i e
NH3 3/2 Hy l T
“IH ||—| ||-| — NH, H
|
S S S S S S S S

Figure 1.1.3.: left: Two principle steps of dinitrogen fization. Ng splitting into
terminal nitrido complexes and conversion of the nitrides with Hy under formation of
NHgs. right: Accepted mechanism for NHg synthesis on iron surface following
dissociative chemisorption of the reactant gases No and Hyp and the conversion of
resulting surface bound nitrides with chemisorbed H-atoms.
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The accepted mechanism for the Haber-Bosch-process can be divided into two principle

parts (figure I.1.3): Dissociative chemisorption of Ny to surface bond nitrides (18] and their

9]

conversion with Hg A model reaction for the first part, namely the cleavage of No

into terminal nitrides at ambient temperatures was first demonstrated by Cummins and

I complex,

coworkers in 1995 by conversion of No with a three-coordinate triamido Mo
resulting in a four-coordinate MoY! nitrido complex (scheme 1.1.1 top).[2! Later on, Ny
cleavage into terminal nitrides with tricoordinate early transition metal platforms was

(2122 4nd could be fur-

achieved with Mo supported by similar ancillary amido-ligands
ther demonstrated using mixed Nb/Mo systems 23,24 Except one example using Os, 2]
Ny splitting reactions resulting in defined terminal nitrido complexes were performed
with early transition-metals owing to the high thermodynamic stabilities of the resulting
nitrido complexes. 26l Recently, cleavage of Ny was demonstrated using a five coordinated

Mo complex[?2l and even more remarkable, under utilization of a Re complex 27,

1. Step: Splitting N, into terminal nitrido complex
) N
Bu, \NArBu N2 Il

N— Mo —_—

! YNArBu BUAN~

Mo. ! h
NAr'‘Bu
Ar v

NArBu
Ar = 3,5-dimethylphenyl

2. Step: Hydrogenation of terminal nitrido complex

)==D P'B
= ~ H N uz
Hz R S Ho Mo
- & N_/M=N - > N—RuH,4

= -NH
=D ® P
‘ tBUg

D = NAr, PBBu,

Scheme 1.1.1: First example of dinitrogen splitting into a well defined terminal nitrido
complex (top), and examples for conversion of terminal nitrido ligands with Hp.

The second part of the nitrogen fixation cycle, namely the conversion of a terminal ni-
trido moiety with Hy was only demonstrated with late transition metal nitrido complexes
(scheme I.1.1 bottom): Insertion of an iridium nitrido complex into Hy under formation
of a parent iridium amido complex was reported by Burger and coworkers.28] Further-
more, full hydrogenolysis towards ammonia was achieved using a ruthenium nitride. In
this case, metal-ligand cooperativity was found to be crucial for Hy activation. [29]

Today, there is only one system reported to achieve the substoichiometric conversion of
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Ny with Hy to NHs under ambient conditions using a bis-zirconocene dimer. 3% Recently,
a tetra-nuclear iron dinitrogen complex was reported undergoing the formation NHj in
the presence of Hy. 3!l However, reinvestigations on the reaction revealed that the con-
version was only attributed to the presence of acid. 32l

These examples demonstrate well the challenge of Ns fixation to chemists. With respect
to the high energy consumption of industrial nitrogen fixation, the formation of NHj
by hydrogenation of N9 or metal nitrido complexes is still a subject of high importance
for research today. Furthermore, the high temperatures required for heterogeneously
catalyzed NHgs formation result in low yields and a catalytic system operating at lower
temperatures is a desirable goal in modern research. However, the commercial Haber-
Bosch process is one of the energetically most optimized processes in industry, 33 and a
'renaissance’ of the industrial NH3 production driven by a homogenous catalyst is rather
unlikely. Nonetheless, the synthesis of a broad scope of nitrogen containing compounds
like fertilizers, pharmaceuticals, basic and fine chemicals directly from Ng without the
full protonation to NHs or NH4 " is relevant for research and industry. [34:3%]

Note that the direct use of NH3 as nitrogen source for the formation of organic compounds
is challenging attributed to the strong N—H bond dissociation enthalpy (BDE(NHj3) =
107 kecal/mol) 18] and the high affinity of transition-metal catalysts for the formation of
inactive Werner-type amine-complexes.3”l C-N coupling mediated by transition metal
nitrene species is an evolving field of research in organic chemistry. 3839 Providing a
pathway to generate these nitrenes directly from Ny would bypass the energy demanding
NHjs formation and represents an alternative approach for No fixation.

On the other hand, NH3 exhibits a high energy density. In addition, the existing tech-
nologies for secure storage, handling and distribution of NH3 promotes its use as a fuel
e.g. for applications in a direct ammonia fuel cell. 334041 Anodic oxidation of NHs to
Ny with release of three protons and three electrons, for example derived by cathodic
reduction of O2 to HoO, represents a sustainable and carbon-free alternative for energy
transformation and storage.*®) The understanding of the individual oxidation and de-

protonation steps is crucial for the design of an appropriate catalyst.



2. Terminal transition metal

nitrides

2.1. Bonding and electronic structure

Lone pairs localized in p-orbitals of coordinated ligands, e.g. terminal oxo or nitrido lig-
ands, are in m-symmetry with respect to the metal ligand bond. Their interaction with
these m-symmetric metal d-orbitals can either be repulsive dm/pm interactions when the
metals d—orbitals are filled (figure 1.2.1 left), or a multiple bond can result with empty
m-symmetric d—orbitals (figure 1.2.1 right).[42’43] Hence, these ligands are characterized

as strong m-donors and rise the energy of the 7-symmetric d-orbitals. [43:44]

.
. . S
N
. N
. . S
. N N
. . N
. B S
, N . N
. . . B
. N . N
. N . N
— >
>
N ., N ,
N , N ‘.
S . S .,
N N ,
N N .
~ S ,
N N
< . .
. . N
N . .
S . S .
N . N .
S . N .
N 1 “n < 1 “n

metal ligand metal ligand

Figure 1.2.1.: Interactions of a metal with a ligand bearing lone pairs. Repulsive
dr /pm interactions (left) when the m-symmetric metals d-orbitals are filled and
formation of a multiple bond with empty w-symmetric d-orbitals (right).

The frontier-orbital splitting scheme for the octahedral vanadyl ion was established by
Gray and Ballhausen!® and can be adopted for octahedral nitrido complexes. [42:46-50]

Attaching of a nitrido ligand in z-direction to an octahedral complex bearing solely o-
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donors as ancillary ligands results in a d-orbital splitting of (duy)(dsz, duz)(dy2_y2)(d,2)
(figure 1.2.2 middle). The dy, and d,2_,

nitrido ligand, the d,2 orbital derives from the g-anti-bonding orbital combination and the

2 orbitals are non-bonding with respect to the

dy. and dy. overlap with the nitrides p, and p, orbital resulting in the m-anti-bonding
MOs. "1 Filling of all bonding and non-bonding orbitals affords a total of 2 electrons
and leads to a (dyy)*(daz, dpz)(dy2_y2)(d,2) electronic configuration. Addition of more
electrons results in occupation of M—N 7*-anti-bonding orbitals, reduces the M—N bond

order and hence destabilizes the complex. [43:52]

E A
dyz dy, dy2 —.
dya.y2 — . R
dpe dy, dy, — T -
4 G A v
dyy  Oyay2 Y
~—P'Bu
”N' I x—l esi
_Fe.. 1 7 N-Rusz
D v ~N
N=Z2 e~ E
AwE a F7/
T]) ‘BUQ
(e} E = SiMe,, CH,
R=H, Ph

D= Carbene, Pyrazole, Phosphine

Figure 1.2.2.: Qualitative frontier orbital splitting scheme and representative examples
for nitrido complexes in threefold (left), fourfold (middle) and twofold (right) symmetry
demonstrating the isolobal relationship between octahedral d* and square-planar d*
nitrido complexes.

These simplified frontier orbital considerations explain well the high stability of transi-
tion metal complexes with multiply bonded ligands in a d" electronic configuration with
n<2, and is the reason for the large number of reported octahedral ReV, Os¥! and RuV!
nitrido complexes. [48:53:54]

In contrast, the first terminal nitrido complex of iron was identified by observation of char-
acteristic bands attributable to the Fe=N stretch after laser photolysis of Fe porphyrinato
azido complexes via resonance raman spectroscopy. [55.56] Further investigations on the

electronic structures of Fe nitrido complexes were provided by Wieghardt and coworkers,
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who reported an FeV nitride as the transient intermediate after photolysis of octahe-
dral Fe azido complexes.®l The spin doublet ground-state of these systems supports
full occupation of the non-bonding orbitals and one additional electron localized within
the Fe-N 7* orbitals, as it is suggested by frontier orbital considerations.®® Even more

111

remarkable, photolysis of an Fe' azido complex allowed for the spectroscopic charac-

terization of am FeV! nitrido complex, which is, besides the ferrate anion ([FeO4]|%), the
second example of Fe in the formal oxidation state of +VI (figure 1.2.2 middle). %]

Thermally stable nitrido complexes are obtained when all m-anti-bonding orbitals are
empty and the bonding and non-bonding orbitals are fully occupied. Hence, stable ni-
trides with a d" electron count (n > 2) requires additional non-bonding orbitals lower in
energy than the M=N 7* orbitals. Upon changing from octahedral to tetrahedral coor-
dination geometry, the d,2_ 2-orbital becomes non-bonding with respect to the nitride,

and therefore becomes lower in energy (figure 1.2.2 left).

(0] O O
Il [ [
“Re\ Be Ir iy,
Iy, "\l‘n\\\ 5\ 4
= Iy, ——4 0t
(=\ .
T -

Figure 1.2.3.: First terminal ozo complezes with a d* (left) and d® (middle) electron
configuration and first terminal oxo complex beyond group 8 (right).

Accordingly, the synthesis and structural characterization of the first terminal oxo com-
plex [Re!''(MeC=CMe),I(0)] with a d* electron count was reported by Mayer and
coworkers (figure 1.2.3 left). Investigations on the electronic structure revealed full occu-
pation of two non-bonding d-orbitals with respect to the oxo ligand. %] Upon two electron
reduction and release of I", three coordinate Re! oxo complex [Re'(RC=CR)2(0)]" with
a d% electron count was isolated. This complex exhibits significant lowering of the Re-O
bond order due to singly occupation of two Re-O 7*-orbitals (figure 1.2.3 middle). 6!

Even more remarkably, the terminal oxo complex of iridium, [Ir(Mes)s(O)| (Mes = 2,4,6-
trimethylphenyl) reported by Wilkinson and coworkers is the first fully characterized
example of a terminal oxo complex beyond group 8 (figure 1.2.3 right) and was obtained

upon conversion of [Ir(Mes)s| with air or Me3NO. 2l However, no further investigations

on the reactivity of this compound were reported, due to the difficult and low yield syn-
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thesis of starting [Ir(Mes)s].63]

The formation of four coordinate Fe!V nitrido complex was first reported by Peters and
coworkers (figure 1.2.4 left).[64 Its electronic structure agrees well with considerations of
the general frontier-orbital splitting scheme for terminal-nitrido complexes in threefold
symmetry, [0 represented by a (day, dy2—y2)*(d,2)(dyz, dy2) electronic configuration 641,
A shorter Fe-N distance of d* Fe!V nitride in comparison with the six-coordinate FeV

and FeV! nitrido complexes was revealed by X-ray spectroscopy. 66!

Mes +
tBU N [B o N Mes
I|=” I|:” / Bu II=” N//Mes
; e- l'P/Pr2 e- n, N e-.,(
N N \)
VN

Ph P

Figure 1.2.4.: Nitrido complexes of Fe in three-fold symmetry.

Two independent reports about structural analysis of Fe!V nitrido complexes in three
fold symmetry by X-ray diffraction were provided by Meyer and Smith, and confirm the
short Fe-N distance for pseudo-tetrahedral nitrido complexes (figure 1.2.4 middle and
right). 167681 Even more remarkable is the structural characterization of a four coordinate
FeV nitrido complex.!% The Fe-N distance in this example is shorter than in six co-
ordinate FeV1[58:59 illustrating impressively the importance of the electronic structure
in comparison to the metal’s formal oxidation state for the bonding situation in nitrido
complexes and the high degree in covalency within the M—N moiety. In general, the re-
ported examples of Fe nitrido complexes indicate a higher thermal stability of complexes
in three fold than their counterparts in four fold symmetry. (7071l

Energetically low-lying non-bonding d-orbitals with respect to the M-L bond are also
obtained in square-planar coordination geometry. Removal of two apical ligands of an
octahedral coordinated complex bearing one multiple bonded ligand results in a square-
planar complex (figure 1.2.2 right). Note that the molecular z-axis of square-planar
complexes is perpendicular to the ML4 plane and therefore localizes the multiple bonded
ligands either on the z—axis. Hence, the d,2_,2-orbital rises in energy and the (non-

bonding) d,2-orbital is lowered. ™ The M-N o-bond is formed by combination of the

10



2. Terminal transition metal nitrides

nitrogen p, and the metal d,2_,2 orbital and the metals d,. and d,, orbitals form the

-y
m-symmetric MOs by overlapping with the p, and p, orbitals of the multiply bonded
ligand, respectively. Occupation of all non-bonding orbitals (with respect to the M-N
interaction) affords a total of four electrons and results in a (dy)?(d,2)?(day, de)(dy2—y2)
electronic configuration.

In square-planar d* nitrido complexes, the HOMO is mainly represented by the non-
bonding d,» orbital, while the LUMO and LUMO-1 are derived from the metal nitride
7 anti-bonding orbital combination. Hence, the frontier orbitals exhibit the same num-
ber, energies and symmetry than in octahedral d? systems. This defines an isolobal
relationship, suggesting stable nitrido complexes due to the similarities in their elec-

tronic structures. (72l

,—P'Bu P'Bu
MeSi” & = ° Rl
Me Si/N-/RUSN < N_/RU$N
2
—p P
tBU2 tBU2

Figure 1.2.5.: Exzamples of stable square-planar terminal nitrido complezes.

Only three examples of square-planar nitrido complexes have been reported, two of
Ru2%73] and one of Ir (28l (figure 1.2.5), demonstrating the suitability of the square-planar
geometry in stabilizing electron rich nitrido complexes of the late transition metals. Ac-
cording to the small number of isolated examples, the reactivity of square-planar nitrido
complexes is only sparingly elucidated. Remarkably, all attempts to synthesize isostruc-
tural nitrido complexes of Fel™l and Col™! bearing the N{SiMe, CHgPtBug}g ligand were
hampered by insertion of the nitride into the PNP ligand.

Note that the number of terminal nitrido complexes decrease with increasing group num-
ber of the respective transition metall4®l and is in close analogy to the trend observed for
related terminal oxo complexes. A strict rule named the ’oxo-wall’ was deployed by Ball-
hausen and Winkler, claiming that there will be no terminal oxo-ligands supported by
transition metals beyond group 8 in a tetragonal symmetry. 45 Until today, there are no
examples which disprove this rule!™ and with respect to the similarities in bonding and
structure between oxo and nitrido complexes!™ . it is tempting to build up an analogous

"nitrido wall’. [78l

11



2. Terminal transition metal nitrides

2.2. Reactivity

2.2.1. Nucleophilic vs. electrophilic reactivity

The fundamental reactivity of terminal transition metal nitrides, is determined by the
metal, its oxidation state, the coordination geometry and the ancillary ligands. These
factors define the energy of the m-symmetric metal d—orbitals and hence localize the
LUMO on either the metal or the nitride (figure 1.2.6). Nucleophilic attack on the
nitrido ligand is expected when the LUMO of the complex is nitrogen centered. [26:46-50]
The LUMO and LUMO+-1 of closed-shell transition metal nitrido complex are represented
by the M—N 7 anti-bonding orbital combinations and derive from overlap of a p orbital
of the nitride with a m-symmetric d orbital of the metal (vide supra). Lower energy of
the p-orbitals of nitrogen than the d-orbitals of the metal results in major localization
of the HOMO at the nitrogen and result in nucleophilic reactivity of the nitride (case
A, figure 1.2.6). The other extreme is represented by a metal center with low-lying 7-
symmetric d-orbitals, resulting in a nitride centered LUMO and hence, in an electrophilic
nitrido ligand (case B, figure 1.2.6).[46748] The energy of the d orbitals correlates with
their diffusity, which is a function of the atomic radius of the metal. Consequently, the
nucleophilic character of nitrido ligands decreases going to top right of the transition

metals. 7]

case A case B
nucleophilc nitride electrophilic nitride
— T M=N — a*
. .
"o‘ “ "' ~0‘~
* . * -~
0 . 0 S
d _g‘ 3 "' '_ p
. kY " "
- * ¢
. *, * l'
S s g *
. P d—=<, .
“\ o" "0 l"
+ " ’. *
“ o' ~~ 0'
\‘ "O 5‘. 'l
\-1+—' T + T

metal nitride metal nitride

Figure 1.2.6.: Simplified m-interactions of the ligands p-orbitals with the metals
d-orbitals characterize nucleophilic reactivity of the nitrido ligand (case A) and
electrophilic reactivity (case B).

12



2. Terminal transition metal nitrides

Terminal nitrides bound to transition metals lower than group 8 all exhibit nucleophilic
behavior. 8] This is demonstrated by conversion with strong electrophiles like methyl
triflate3983] acid chlorides/[®¥ and trityl tetrafluoroborate 82831 but also the conversion
of nitrides with CO under formation of isocyanide complexes 298587 Also the formation
of adducts with lewis acids such as AX3 or DXy (A = B, Al, Ga, In; D = Ge, Sn; X =

F, Cl, Br, I) is characteristic for nucleophilic reactivity of the nitrido ligand. [8]

= NAr

I11

R'=H, Me

R =Me, Pr
M =Ir, Rh ‘tuck-in'

Scheme 1.2.2: Synthesis and reactivity of square-planar nitrido complexes of Ir and Rh.
Structure I is only proposed in the case of M = Rh and fully characterized for M = Ir.

Beyond group 8, there exists only one example of an isolated terminal nitrido complex.
Burger and coworkers reported about thermolysis of [Ir(PDI)(N3)] (PDI = pyridine-2,6-
bis(N-(2,6-diisopropylphenyl)ethan-1-imine)) yielding in the corresponding nitrido com-
plex (I) after release of Ny (scheme 1.2.2). Electrophilic behavior of the nitrido moiety
was demonstrated by reaction with Me3NO under formation of the corresponding nitrosyl
complex (IT). In addition, the iridium parent amido complex [Ir(PDI)(NHz)| (III) was
isolated by conversion of I with He. This reactivity was attributed to the energetically
low lying LUMO, which is localized mainly at the nitrido ligand and inserts into the H-H
bond. 28 However, extended heating of the azide lead to intramolecular C-E (E = H,
Cl) activation at aromatic substituents on the PDI ligand under formation of 'tuck-in’
structures. 399 All attempts to isolate the corresponding nitrido complex of rhodium
using this ligand manifold resulted in the double tuck-in structure after two successive

intramolecular C-H activation steps. Based on DFT calculations, a reaction pathway via

13



2. Terminal transition metal nitrides

H atom abstraction of the nitride was proposed for rhodium [®!, while the mechanism in
the case of iridium most likely proceeds via direct insertion of the nitride into the C-E
bond. 9]

Similar tuck-in structures were obtained for a corresponding Co complex by Chirik and
coworkers (scheme 1.2.3). Thermolysis of [Co(PDI’)(N3)| (PDI"’ = pyridine-2,6-bis(N-
aryl-1-phenylmethanimine) (IV) results in radical C-H activation on the substituents
on the aryl group in analogy to the rhodium complex reported by Burger.®*! However,
thermolysis of IV in the presence of CO yields in the corresponding isocyanato com-
plex. C-N coupling of a nitride with CO is usually observed for nucleophilic nitrido
complexes29:85:86] and therefore in contrast with the trends within the periodic tables,
that expects rather electrophilic reactivity of cobalt nitrido complex.!™! However, C-N
coupling of the azide was proposed to proceed prior to the release of No for this example

and therefore argues against nucleophilic reactivity of a transient Co nitrido complex. 9!l

Ar = 2,4,6-trimethylphenyl
2,6-diisopropylphenyl

Scheme 1.2.3: C-H abstraction of proposed transient Co nitrido complex by Chirik
and coworkers and formation of isocyanate complex by photolysis of Co azido complex
under CO atmosphere.

Regarding the trends in reactivity of terminal nitrides bound to transition metals of group
9, the electrophilic behavior observed for iridium turns into an open-shell reactivity upon
going to the lighter metals. This is in agreement with decrease of ligand-field splitting
for the lighter atoms, 92! resulting in smaller energy differences between the singlet and
the triplet surface.

Terminal nitrido ligands coordinated to group 8 transition metals are borderline be-

14



2. Terminal transition metal nitrides

tween nucleophilic and electrophilic behavior. All nitrido complexes reported for Os
are in octahedral coordination geometry with a d? electron count. For these OsV! ni-
trides, the reactivity of the nitrido ligand solely depends on the mw-donor strength of
the ancillary ligands.!*®49 Detailed investigations on [Os(Tp)(R)2(N)| (Tp = hydri-
dotris(pyrazolyl)borate) (V:R = Cl; VI: R = Ph) revealed strong dependence of the
reactivity on the nature of the ligand R. Alkylation of the nitride with PhMgBr is much
faster and proceeds with higher conversions in the case of V than VI.[%! Even more
remarkably, reaction of V with B(CgF5)s leads to insertion of the nitride into the B-C
bond!®¥ while the formation of a simple Lewis-acid-base adduct is observed for the cor-
responding reaction of VI (scheme 1.2.4). This difference in reactivity is rationalized
upon considerations on the energetics of the frontier orbitals. A higher ligand-field split-
ting is obtained with the stronger donating Ph group instead of the chloride. Hence,
the resulting higher total energy of the LUMO of VI leads to a reduced electrophilic
behavior of the nitrido ligand. This picture based on DFT was further supported by
higher difference between oxidation and reduction potential of VI than in the case of V

derived by electrochemical investigations. [%]

‘IB(CGFS)3 CeF B(CgFs)
N N 6 S\N/ 65)2
7= Il «Ph B(CsFs)s = |l \r B(CsFs)s ~ |l \c
—0s—Ph €——— —0s—R —» —0Os—Cl
/ﬁQN'l R=Ph /EQNﬂ R=Cl AT |
NN NN NN
B O B QO B QO
H H H
Vv :R=Cl
VIR =Ph

Scheme 1.2.4: Dependency of nitride reactivity for OsV! nitrido complex on the nature
of the ancillary ligand R. Strong donating Ph group rises the LUMO energy and results
in electrophilic nitrido ligand (left) and nucleophilic insertion of the nitride into the
B-C bond (right) for R = CI.

The reactivity of terminal nitrido complexes of ruthenium depend strongly on the met-
als oxidation state. Solely electrophilic reactivity is reported for terminal RuV! nitrido
complexes and is in agreement with a decrease in energy of the metals d orbitals when
going from OsV! to RuVT, [48:49]

Only [Ru{N(ECH,P!Buy),}(N)| (VIII™3l: E = SiMey; VIII[?l: E = CH,, scheme 1.2.5)

have been reported as the sole examples of ruthenium nitrides in the oxidation state +IV.
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2. Terminal transition metal nitrides

No discrimination between nucleophilic or open-shell reaction pathway was performed for
the conversion of VII with NO under the formation of [Ru{N(SiMe2CHoP!Buy)s }(NO)]
and release of NoO.19] However, the conversion of VII with methyl triflate resulted in
the corresponding cationic methylimido complex. This reaction was attributed to nucle-
ophilic attack of the nitride at the carbon electrophile.®7l The nucleophilic behavior of
the second reported Ru!Y nitrido complex VIII was demonstrated by selective C-N cou-
pling with CO under formation of [Ru{N(CHyCHsP!Bug)s}(NCO)(CO)]. In addition,
the full hydrogenation of a terminal metal-nitrido moiety with Hy under release of NHs
could be demonstrated by the conversion of VIII with Hy. The resulting ruthenium
polyhydrido complex could be converted within two steps into square-planar ruthenium
PNP chloro complex IX, which is the starting material for the synthesis of nitride VIII

closing a synthetic cycle for the transformation of azide with Hy into ammonia. [29]

1) Vacuum
W —PBu 3 —P'Bu, —pBu, |OTf
NN 3)KOtBu £ 3 MeoSi” &
N—RuH,4 N-Ru—Cl N-Rua
-2H 4 7 N—Me

4 > E Me,Si Y

p -KCl —p —p

Bu, -tBuOH 'Bu, 'Bu,

X
Ho . MeOTf
NHg Ns.
-Cl
co
-P'B —P'B —P'B
N o s o MeSi” & 2
N-Ri—nco €———— _N-Rlsz —< > /N—R"u—No
< 7 4 N0 ™ s
P —pP —p
'Bu, 'Bu, 'Bu,
E =SiMe,: VII
E=CH: VIII

Scheme 1.2.5: Reactivity of square-planar nitrido complexes of Ru'V (E = SiMey,
CHy).

The number of characterized terminal nitrido complexes of Fe is still sizeable. [26:49:50,54]
Reactivity studies for octahedral Fe nitrido complexes remain elusive due to their in-
trinsic low thermal stabilities. Nitride coupling of octahedral FeV nitrido complexes has
been described as one major decomposition pathway, 98 but also nitrido-bridged dimeric
complexes were found as decomposition products.?>5999 Studies of in situ generated

octahedral nitrides in the gas phase revealed intramolecular E-H activation (E = C, N)
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Scheme 1.2.6: N-P coupling reaction of Fe'V nitrido complex via a dual-nature
transition state. Nucleophilic attack of the HOMO of the phosphine at the o*-orbital of
the Fe=N moiety is accompanied by nucleophilic attack of the m-symmetric HOMO of
the nitride at low-lying P-C o*-orbital.

or NH transfer to activated olefines[!%% but also electrophilic reactivity was reported for

FeV nitrides in solution (7.

Fe!V nitrido complexes in three-fold symmetry are more robust than the isolobal octa-
hedral FeV! analogues, as demonstrated by their structural characterization.[67:68 Elec-
trophilic behavior of the nitrido ligand was implied by the formation of phosphoranim-
inato complexes upon conversion with phosphines (scheme 1.2.6). 64.68] Detailed investi-
gations on the mechanism of N-P coupling reaction revealed an ambiphilic reactivity of
the nitrido ligand. Both nucleophilic attack of the phosphines HOMO at the empty 7*
orbital of the Fe=N moiety and the accompanied interaction of the o-symmetric lone pair
of the nitride with the phosphines LUMO characterizes the dual-nature of the transition
state. (% The ambiphilic character of the nitrido ligand attached to four-coordinate FelV
was further substantiated by C-N coupling with CO and the complete N atom trans-
fer reaction by conversion with C=N-'Bu towards coordinated carbodiimide (scheme
[.2.7). Upon conversion of the latter with benzyl halide, the respective carbodiimide
was released under formation of the corresponding Fe'l halide complex, which closes the
synthetic cycle for stoichiometric N atom transfer. [87]

In addition, formation of NH3 could be achieved with Fe!V nitrido complexes either by
protonation under reductive conditions 4, or by conversion with an H-atom donor such
as TEMPO-HI9U A radical reaction pathway is suggested for the latter reaction, and
is supported by C-N coupling of the nitride with the Gomberg radical under formation
of Fe'™ imido complex. [101]

Furthermore, a four-coordinated FeV nitrido complex was characterized structurally, sup-
porting the higher robustness of Fe-nitrides in three-fold symmetry. In contrast to the
Fe!V' nitrides, conversion of the nitride into NHs could be achieved using HoO and a

reducing agent.!% For the cationic FeV nitrido complex stabilized by the TIMEN ligand
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Scheme 1.2.7: Synthetic cycle for full N atom transfer of an azide derived Fe nitride
under the formation of carbodiimide.

(TIMEN = tris-(2-(3-aryl-imidazo-2-ylidene)ethyl)amine), insertion of the nitride into
the Fe—carbene bond was reported, but the mechanism is still not elucidated. 102l

As it was already observed for transition metal complexes of group 9, the reactivity of
terminal nitrido complexes of group 8 becomes more dominated by an open-shell char-

acter upon ascending within the group.

2.2.2. N=N cleavage and coupling

The most prominent example for the cleavage of dinitrogen into terminal nitrido com-
plexes was reported by Cummins and coworkers in 1995 (scheme I.1.1 top).po] The
utilization of three coordinated molybdenum triamido complex allowed for the cleavage
of Ny into terminal nitrides. The resulting terminal molybdenum nitride forms lewis acid
base adducts with a large number of lewis acids, and reacts with strong electrophiles
under the formation of nitriles, which could be be further functionalized.!38 The nucle-
ophilic reactivity of the Mo nitride also allowed for the formation of nitriles by conversion
with acid chlorides. 84 The same reactivity was found for tetrahedral terminal nitrido
complexes of NbI24 and W0 also coordinated by a ligand field consistent of three
arylalkylamido ligands. However, the origin of the nitride in the latter cases does not
derive from free Nj.

More recently, Schrock and coworkers reported the cleavage of Ny into terminal nitrides

using a five coordinate Mo precursor resulting in a square-pyramidal complex with the
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2. Terminal transition metal nitrides

nitrido ligand in the apical position.[?2] Furthermore, a five coordinate Re complex was
reported by Schneider and coworkers to undergo N-N cleavage into a terminal nitrido
complex and was further transformed into methyl imido complex upon conversion with
methyl triflate. 7]

N=N bond cleavage by molybdenum is driven by the formation of a very strong Mo=N
triple bond (BDE = 155.3 kcal/mol).['% This thermodynamic sink defines the inher-
ent stability of early transition metal nitrides[?!, where moderate changes within the
(electronic) structure are only induced by conversion with strong electrophiles. [105-106]
An increase in reactivity is expected by going to the right in the periodic table. [26:4
Cleavage of the N=N triple bond in Ny requires occupation of all anti-bonding MOs,
which equals a total amount of six electrons. [64107:108] Tts microscopic reverse!%9 the ox-
idative coupling of two terminal nitrido complexes under formation of Ns allows for mech-
anistic investigations on this challenging reaction. M9 The discovery of the first Ny coor-
dinated transition-metal complex by Allen and Senoff in 1965111 initiated the search for
Ny complexes of other metals!'2l under utilization of NHg 1131161 N, H, [111.117] N - [117]
or organic azides[!!®l besides Ny-gas!'19 as the nitrogen source. The proposed mecha-

nisms for Ny formation, however, were often lacking experimental support. 112l

Ng _l 2+ N —l 2+ ) N, _l 2+
1 NHs hv | NH; [Ru(NHg)s(Ng)]=* 1 NHs
H3N—/RU— NH3 EEEE—— H3N—/RU—NH3 _— H3N—/RU— NH3
HaN 7 | HaN 7 | HaN |
NH3 NH5 NH3
Os
%
o
NHs E QNO NHs NHs s
1 NHz K2S208 Qi 1 NHz 1 NHz
HN—=Os=NH; ~———» Os ———> HN—0s=N=N=0s"NH,
oc” | a9V oc” | oc” |
NH3 — - NH3 NH3

Scheme 1.2.8: Proposed coupling intermediates for No formation reaction. In the case
of Ru (top) a metal coordinated nitrene species was postulated as the central
intermediate. In contrast, the coupling of two open-shell nitrido complex was suggested
in the case of Os (bottom).

Mechanistic studies on the formation of Ny complexes out of protonation or photolysis of

Ru, Rh and Ir azido complexes were performed by Basolo and coworkers (scheme 1.2.8
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top). [120-123] A metal coordinated nitrene M—N was proposed as the transient intermedi-
ate, which underwent N-N coupling reaction. [12!]

The nitrene formalism characterizing an excited-state reactivity was heavily discussed
by Taube and coworkers, who attributed the N-N coupling to the electronic ground
state of the transient intermediate and thus favored the chemical nitrido nomencla-
ture. Experimental support was provided by the formation of a Ns bridged Os dimer
by oxidation of monomeric [Os(NH3)5CO]>". A transient open-shell nitrido complex
[Os(NH3)4(N)COJ*" was proposed as the reactive intermediate of the N-N coupling re-
action (scheme 1.2.8 bottom).[1?4] In a bent transition state, the HOMO of one nitrido
molecule, which represents the Os=N w-bonding orbital combination of the metal ni-
trido entity, is suggested to attacks the Os=N 7* anti-bonding orbital combination. The
electronic ground-state of the transient open-shell Os nitrido complex is further risen in
energy via singly occupation of Os=N 7* orbitals. Hence, the kinetic barrier for N-N
coupling decreases and therefore accelerates the coupling reaction. 2l

No-bridged dimeric complexes of Os are known in the formal oxidation states of Os'!/
OsT124-127] - OgMl /O [124-130] 3 Qs /O [124:125,127] - gither directly formed by ni-
tride coupling or by subsequent oxidation of low valent dimeric complexes. Note that the
most stable dimeric complex is represented by both metals in oxidation state +II,1224 and
results from nitride coupling of two OsY nitrido complexes. [72:110,126,129,131,132] ipetic
studies provided by Ny formation via oxidation of [Os(NH3)5(CO)]?" suggests an oxida-
tion state of +5 for the coupling intermediate [Os(NHz)4(CO)(N)|>*.[124 The same inter-
mediate was postulated for oxidative nitride-coupling after photo-excitation of OsV! ni-
trides in the presence of an electron donor under formation of a mixed-valent N9 bridged
dimer. This complex results by coupling of photo-excited OsV! nitride with a second
nitride in the electronic ground-state.

Note that mixed-valent No dimers could be formed electrochemically or via chemical
reduction of OsV,133] which stresses the importance of the OsY nitrido species in all
N, formation reactions. The same intermediate was proposed by Meyer and coworkers
for Ny formation upon oxidation of Os polypyridyl coordinated NHj ligands['3% and
electrochemical investigations on OsY! nitrides bearing several tridentate ancillary lig-
ands[125-127]

Brown and coworkers studied the thermodynamic and kinetic effects of No cleavage.
Heating a mixture of a nucleophilic Mo nitride with an electrophilic Os nitride resulted
in bimetallic nitrido-coupling under the formation of Ny, a p-nitrido bridged bimetal-

lic dimer and several unidentified side products (scheme 1.2.9). Because of the higher
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thermodynamic driving force expected for homocoupling, the observed higher rate for
heterocoupling was solely assigned to a kinetic effect. [10°]

Mo ( Etzdtc)g

S
[ IIl
NEt, ll\l N

N
Il \ci s /Y = | .\C | .C
—0Os—Cl + Mo—S — Ny + — Os—Cl + —0s—Cl + ..
@y et LA
\/B/ O NE, \/BfNO,'7 \/B’NO{7

H H H
Etodtc = N, N-diethyldthioamidocarbonate

Scheme 1.2.9: Bimetallic N-N coupling reaction of a nucleophilic Mo nitride with an
electrophilic Os nitride under liberation of Ng.

RuV! salen complexes have been reported to dimerize via N-N coupling reaction in sol-
vents like N, N-dimethylformamide or dimethylsulfoxide under release of No. However,
the redox-properties of the Ru¥! nitrido salen complex are in contrast to one electron
reduction prior to nitride coupling. (132!

N, formation was further demonstrated in the case of coordinate Fe!V nitride by Peters
and coworkers (figure 1.2.4 left).[64] The diamagnetic d* nitrido complex is transferred
into dimeric high-spin Fe! dinitrogen complex (% and therefore implies a singlet-triplet
crossing during the course of the coupling reaction. With respect to the accumulation
of open-shell character for intermediates of all reported coupling reactions and the pro-
nounced radical character of nitrido complexes of the 3d transition metals, it is tempting
to assign the N-N bond forming reactivity to an open-shell reaction, rather then HOMO-
LUMO interactions.
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3. Synthesis of late transition

metal nitrido complexes

3.1. Nitride precursors

Two fundamental strategies are reported for the synthesis of terminal transition-metal
nitrido complexes:

a) Exchange of an ancillary ligand on a complex already bearing the nitride functionality
can effect a dramatic change of the nature of the metal complex.!48:5] The success of
this approach depends on the stability of the respective starting materials and is often
used for high-valent electron poor transition metal nitrides.

b) Formation of a metal nitrogen multiple bond starting from a metal nitrogen single
bond. 59 Viable routes are oxidative deprotonation of NHg [46,127,130,130,134-138] ‘N, cleav-
agel22108] pitrogen atom transfer reactions/59:64139 op thermolysis/photolysis of metal

5[28:2957.59,73.99] byt also the N-E cleavage (E = O, S, Si) for chalcogenonitro-

azide
syl complexes46:50:134] o1 gilylamines[*4°% has been reported. Besides one example of
FelV (64 all investigations on terminal nitrido complexes of Fe, Ru!V and Ir were per-
formed starting from low-valent azido complexes. [29:49:50]

Complexes bearing azido ligands are usually prepared by salt metathesis starting from
the corresponding halides. The transformation of a M—N single into a triple bond in-
creases the metals’ formal oxidation state of +2. Hence, nitrido complexes with a d*
electron count derive from azide splitting of metal precursors exhibiting a d® electronic
configuration. N3 cleavage is facilitated, when the electronic configuration of the metal

complex stabilizes the resulting nitrido complex. This is accomplished when the metals’

m-symmetric d—orbitals with respect to the M—N bond are empty.
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3. Synthesis of late transition metal nitrido complexes

3.2. Suitable platforms

A low-spin d® electronic configuration in a square-planar complex was first reported for
the Ru! chloro complex IX, stabilized by an anionic PNP pincer ligand. ™9 In this case,
salt-metathesis did not lead to a stable azido complex, but nitride formation was directly
observed (scheme 1.2.5).[2

A general approach to such platforms is provided by frontier molecular orbital considera-
tions: Octahedral transition metal complexes with six identical solely o-donating ligands
exhibit two sets of degenerate frontier orbitals (t24 and e4) and hence, only two possible
spin-states of either fully pairing or unpairing of the electrons (high- and low-spin) are
possible (figure 1.3.1 left). Formation of a square-planar complex by removal of two api-
cal ligands results in further splitting of the two sets of former degenerated orbitals in
a configuration of one set of two degenerate and three non-degenerate frontier orbitals
(figure 1.3.1 middle). Accordingly, a third intermediate spin state is possible, besides high
and low-spin. Upon further increasing of the m-donor strength of the ligand field, the
spin-pairing energy becomes smaller than the energy difference between the two singly

occupied orbitals and a low-spin configuration is energetically favored (figure 1.3.1 right).

- 1 e ,44:{.’_’ ________ 4.}_ d
vs. R % i

Is hs is is Is

L

| oL WL g{ oL L
L=M>L L=M>L — ML VL
v | L\

L

Figure 1.3.1.: Frontier orbital splitting scheme for octahedral complexes bearing solely
o-donating ligands in high-spin (hs) or low-spin (Is) configuration (left). Development
of a square-planar ligand splitting by removal of two apical ligands in z-direction allows
for the occurrence of an intermediate-spin (is) electronic configuration. Increasing
w-donation rises the energy of the d,, orbital leads to spin-pairing, thus resulting in
square-planar complexes in ls configuration.
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3. Synthesis of late transition metal nitrido complexes

The overall spin-state of square-planar complexes depends on the energy difference be-
tween the frontier orbitals and the spin-pairing energy. The former is dependent on the
m-donor strength of the ligand field. The spin-pairing energy is a function of the diffuse
character of the molecular orbital and correlates with the electronegativity of the metal
center. [92141] Spin-pairing in the set of non-bonding frontier orbitals only occurs in the
presence of strong m-donating ligands like amides. 92 However, interactions between filled
metal d-orbitals with strong 7-basic amido ligands results in repulsive pr/dr interactions
(vide supra), [43] which lead to degradation of the complexes for example via S-hydrogen
or reductive elimination pathways.[142]

The first amido complexes of Rul and Rh! were stable

enough to be characterized by preventing the presence of (- Me,Si /‘SPth
hydrogen atoms on the amido ligand, as it is provided by '/f\l—l\/i—C|
bis(trimethylsilyl)amide. ['43] Thermally robust late transition Me23|\_P
metal amido complexes were isolated by Fryzuk and cowork- NP Ph,

= Ni,

ers using a tridentate chelating pincer ligand consistent of two

soft phosphorous and a hard nitrogen atom as donors (figure Figure 1.3.2.: First
1.3.2).[144-148] stable late transition

The utilization of a similar ligand manifold allowed for the syn- metal amido complez.

thesis of the first example!!9 of a square-planar d® complex,

namely the [Ru'{N(SiMeysCHyP!Buy)s }(Cl)] with an intermediate-spin (S =1) electronic
structure. [15% This complex further allowed for the isolation of the first example of a ni-
trido complex in a (distorted) square-planar coordination geometry with a d* electron
count (figure 1.2.5 left).[151]

Increasing the m-basicity of the pincers’ amide by substitution of the dimethylsi-
lyl groups against stronger donating alkyl groups (figure 1.3.3 right) yields in
[Ru{N(CH2CH2P'Buy)2}(Cl)] as the first example of a square-planar complex with a
d® electron count in low-spin configuration, 9 and an ideal platform for the synthesis of
square-planar Ru nitrido complex (figure 1.2.5 middle). (291 However, late transition metal
amido complexes bearing 8 hydrogen atoms are prone to imine formation. [140:152] Further-
more, theoretical investigations revealed that the square-planar coordination geometry
of this compound is mainly determined by the steric bulk of the tert—butyl substituents
on the phosphine groups. 140!

A ligand-manifold lacking of S-hydrogen atoms and a-silyl groups is provided by the
phenylene bridged PNP pincer ligands, which were employed by Ozerov and coworkers

(figure 1.3.3 left). [153-156] However, preliminary investigations on the synthesis of the free
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3. Synthesis of late transition metal nitrido complexes
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R =Ph, PPr, Bu
R'= Ph,Pr

Figure 1.3.3.: PNP pincer ligands with increasing w-donor strength.

ligand with the sterically demanding tert—butyl substituents on the phosphines did not
succeed. [157]

On the other hand, oxidation of the aliphatic bridged PNP pincer ligand towards enam-
ido[198-160] o1 dienamido decreases the m-basicity of the amido donor, however, increases
the rigidity and robustness of the ligand framework. These type of ligands should pro-
vide a platform, which enables studies on (electronic) structure reactivity relationships
of electron-rich late-transition metal nitrido complexes.

In summary, an ideal ligand platform for the synthesis of electron rich transition metal
complexes provides a strong m-donor in combination with steric demanding substituents
and avoids the presence of S-hydrogens or suppression of S-hydride elimination by explo-
ration chelation. This might be achieved by full dehydrogenation of the ethylene bridged
PNP pincer ligand N(CHyCHyP?'Bug)s bearing the large tert—butyl groups.

3.3. Square-planar iridium(Il)

Recently, Ir! complex [Ir(COE){NH(CHyCH2P*Pry)2}]" (COE = cis-cyclooctene) was
reported to undergo reversible intramolecular C-H activation at the COE ligand un-

der formation of an Ir!!!

hydride hydrocarbyl complex.[!6!] Increasing the steric bulk
on the PNP pincer ligand by substitution of the iso-propyl groups on phosphorus ver-
sus tert—butyl groups was intended to facilitate intermolecular C-H activation. The
product of the conversion of [Ir(COE)2Cl]y with NH{CHyCH2P!Buy}y (1) was iden-
tified as octahedral [Ir"{NH(CHyCHyP'Bug)s}(CgHy3)(H)(C1)] (2) resulting from in-
tramolecular C-H activation of the vinylic C-H bond of the COE ligand (scheme 1.3.10).
This complex was found to be in a solvent dependent equilibrium with the cationic

[Ir{NH(CH2CH2P'Buy)2} (COE)|" complex resulting from C-H bond formation via re-
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3. Synthesis of late transition metal nitrido complexes

ductive elimination of the cyclooctenyl and hydride ligand. [162]

2 could be oxidized under formation of square-planar Ir'' complex 3 bearing a new fully

dehydrogenated anionic PNP pincer ligand (scheme 1.3.10). 163l

cl
H ~PBu, o=<:>=o P'Bu,
HN(CH2CH,P'Bu,), Sl = s

0.5 [IrCI(COE)s], > _N—Ir N—Ir—Cl
i ('
tBUZ H tBUg
1 2 3

Scheme 1.3.10: Synthesis of 3.

The spin doublet electronic ground-state of 3 determined by SQUID (superconducting
quantum interference device) magnetometry is in agreement with one unpaired electron.
The spin density was calculated to be localized in an iridium d,, based molecular orbital
assigning 67% of the spin density on the metal center and was further supported by EPR
spectroscopic investigations on 3. [163]

The molecular structure of 3 derived by X-ray diffraction studies indicated full dehydro-
genation of the PNP pincer backbone and the absence of any hydride ligand could be
demonstrated by neutron diffraction studies.

The potential redox non-innocence of amido ligands has attracted considerable interest
in recent years.[164’172] For example, radical complexes with related, chelating amido
ligands, such as [(COD)Ir{N(CHC5H5N)(CH2C5H5N)}| (COD = 1,5-cyclooctadiene) or
[NiCI{N(CgMeH3P*Pry)« }| 7, were reported to exhibit strongly ligand-centered spin den-
sities.[171172 Thus, resonance structures which describe 3 in terms of an iridium(IT)
amido or iridium(I) aminyl complex provide conceivable alternatives. Mononuclear irid-
ium(IT) complexes were frequently postulated as transient reaction intermediates. How-
ever, fully characterized examples are more rare than those of rhodium(II).[173-183]

One irreversible redox wave, which became quasi-reversible at fast scan rates, and one
fully reversible oxidation wave was revealed by electrochemical investigations on 3 in
DCM solution. Reversible oxidation at Ej/, = + 0.02 V (100 mV/s) even at low
scan rates is particularly surprising, as the chemical oxidation of the related complex

[ CH{N(SiMesCH, P?Bug }o }] resulted in the isolation of subsequent products after P!Bu

cyclometalation. [183]
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3. Synthesis of late transition metal nitrido complexes

Furthermore, chemical oxidation was also demonstrated by redox titration. The ap-
pearance of new signals in the 'H NMR spectrum of an equimolar mixture of 3 with
[Fe(C5Hj5)2|PFg indicated the reversible formation of cationic square-planar iridium (I1I)

complex 4.1163] However, isolation of oxidation product 4 was not accomplished so far.
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4. Scope of this work

1. The new fully dehydrogenated PNP pincer ligand provides a suitable platform for
investigations on multiply bonded ligands at late transition metal complexes. [163]
Based on the redox properties of fully characterized Ir'! PNP chloro complex 3,

I complexes in identical coordination environment will

a redox series of Ir!/Ir™ /Tr
be investigated. Furthermore, reactivity studies will be performed to explore (elec-
tronic) structure reactivity relationships for the new Ir PNP platform. In particu-
lar, the suitability of this platform for small molecule and C-H activation will be

investigated

2. Nitrido complexes with d" (n>4) valence-electron counts are particularly rare. [49]

Besides the known pseudo-tetrahedral examples (vide supm),[54’184] square-planar
d* nitrido complexes should also be accessible, as the isolobal relationship with
octahedral d? nitrides suggests that two vacant d orbitals with appropriate sym-
metry are available for M=N 7w-bonding. However, isolated examples are restricted
to Ru and Ir nitrido complexes.[28:29151] The square-planar Ir platform provided
by the new fully dehydrogenated PNP pincer ligand will be used for the synthesis
of nitrido complexes. Investigations on the electronic structures of these nitride

complexes and reactivity studies will be performed.

3. Template synthesis of the new fully dehydrogenated PNP pincer ligand on Ir[163]

and its suitability for the formation of Ir nitrido complexes encourages investiga-
tions on reactivity transfer upon Rh. Higher electrophilic reactivity is expected
for nitrido complexes of Rh, rather than Ir, expecting a pronounced potential for
electrophilic insertion of the nitride into C—H bonds. Therefore, investigations on
the characterization and reactivity of terminal nitrido complexes of Rh will be

performed .
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4. Oxidative C—H amination reactions are usually performed wia nitrene insertion of
imidoiodinanes.[3®! Although intramolecular C-H insertion reactions of transient
nitrido complexes have been reported, (8991185187 gtydies on intermolecular C—H
insertions reactions are limited to gas-phase studies. ' Based on investigations on
Ir nitrido complexes, the interconversion of nitride into imido-, amido and amino
complexes will be examined either via successive electron and proton transfer and
upon proton coupled electron transfer. The course of the reactions will be ratio-

nalized in terms of N-H bond dissociation energies.

5. Conversion of electrophilic nitrido complexes with elemental sulfur and selenium
to give chalcogenonitrosyl complexes are reported.[!3819 Although the number
of thionitrosyl complexes is sizable, yet mostly obtained by other routes, only one
example of a selenonitrosyl complex is recorded. ™ Furthermore, formation of
nitrosyl complex of reported Ir nitride demonstrated its electrophilic reactivity. [28]
The reactivity of Ir nitrido complex stabilized by the fully dehydrogenated PNP
pincer ligand will be investigated upon the synthesis of chalcogenonitrosyl com-

plexes.
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Part I1I.

Results and Discussion
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1. Square-planar iridium(1/11/11l)

platforms

The results of this chapter were published 2011 under the title: , Square-Planar Irid-
aum(Il) and Iridium(III) Amido Complezes Stabilized by a PNP Pincer Ligand* 16l

1.1. Iridium(Il)

Full conversion of in situ generated 2 with 1,4-benzoquinone was reported after 16 h
at room temperature, and 3 can be isolated after repeated extraction with THF and
benzene and subsequent pentane crystallization in analytically pure form. However, the
described work-up procedure suffered from only moderate isolated yields of 41%. [163] 1n
contrast, 3 can be isolated from the reaction mixture after stepwise extraction of the
reaction product with THF, benzene and pentane. The stoichiometric side product hy-
droquinone is still remaining within the crude product, but can be removed easily via
sublimation i. wac. at 60 °C. Hence, an increased yield up to 80% is provided on this
route in sufficient purity. In addition, 3 can further be purified by vacuum sublimation
at 100 °C.

1.2, Iridium(Il)

The electrochemical investigations on 3 and the reversibility indicated by the redox titra-
tion experiments initiated the synthesis of the primary oxidation product, [IrCI{N(CHCH
P'Bug)2}|PFs (4). Conversion of 3 with AgPFg resulted in 4 in 40% isolated yield
(scheme I1.1.1).
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1. Square-planar iridium(I1/11/III) platforms

PB PRy, | °
= B AgPFe = s
N—Ir—Cl ————— N—Ir—Cl
7 Ag°® .
[BUQ tBUg
3 40% 4

Scheme I1.1.1: Ozidation of 3 to cationic 4.

4 is thermally labile, and complete decomposition to several products is observed after
4 h in solution at room temperature. One singlet in the 3'P NMR spectrum and the well
resolved mulitplet structures of the signal groups within the 'H NMR spectrum of 4 indi-
cate diamagnetism for 4 and Csy, symmetry on the NMR timescale. The diamagnetism
of 4 is unexpected, as square-planar d® complexes with a formal 14-valence-electron count
typically exhibit an electronic intermediate-spin (S=1) configuration. [140]
The molecular structure of 4 in the crystalline state confirms the square-planar geometry
(figure I1.1.1)%. The steric bulk of the ‘Bu substituents or the planarization of the ligand
backbone possibly contribute to the stabilization of square-planar instead of saw-horse
coordination, which is generally observed for four-coordinate Ir'™.[91 However, DFT
calculations predict a square-planar structure for the less sterically encumbered model
complex [[rCI{N(CHCHPMey)2}| " (4M¢), as well (vide infra). The structural parameters
of 4 and 3 in the crystalline state are very similar. As the most striking difference, the
Ir1-N1 bond shortens considerably upon oxidation (4 1.922(2), 3 1.986(2)). The com-
parison with the Ir1-Cll bond lengths (4 2.2966(6), 3 2.3390(7)) suggests that the Ir-N
bond contraction cannot only be attributed to the smaller ionic radius of iridium(III).
Furthermore, significant elongation of the pincer backbone N-C bonds are also observed.
The bonding picture was elaborated by electronic structure calculations using DFT
methods for the model complexes [IrCI{N(CHCHPMey)2}| (3M¢) and [IrCI{N(CHCH
PMes)2}|™ (4M€).2 The optimized geometries of 3M¢ (doublet state) and 4Me (sin-
glet state) are in good agreement with the crystallographic results for the respective
{Ir(PNP)}%* fragments. 4Me (triplet state) is found at higher energies with respect to
the singlet state by around 4.1 kcal/mol (B3LYP) or 9.3 kcal /mol (BP). Furthermore, the
Ir-N bond length is considerably overestimated in the triplet state (Ady,—n = 0.08 A)

!Determination and refinement of the molecular structure of 3 in the solid state was performed
by Dr. Eberhardt Herdtweck.
2DFT calculations were performed by Dr. Marat Khusniyarov.
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1. Square-planar iridium(I1/11/III) platforms

Figure I1.1.1.: ORTEP plot of the molecular structure of 4 from single crystal X-ray
diffraction (ellipsoids set at 50% probability, hydrogen atoms and one THE solvent
molecule are omitted for clarity). Selected bond lengths [A] and angles [°]: Ir1-Cl1
2.2966(6), Ir1-N1 1.922(2), Ir1-P1 2.83416(6), Ir1-P2 2.8443(6), N1-C2 1.414(3),
N1-C4 1.415(3), C2-C3 1.335(3), C4-C5 1.334(3); N1-Ir1-Cl1 174.93(6), P1-Ir1-P2
167.56(2).

The structural trends are easily explained by consideration of the frontier orbitals. The
SOMO of 3Me exhibits considerable N-Ir 7* character and the spin density is mainly
localized within the d,.-based MO (figure I1.1.2 left). Therefore, removal of this electron

4Me

by oxidation towards in the singlet state effects reinforcement of the N-Ir 7- bond

(figure I11.1.2 right). Therefore, the unusual electronic low-spin configuration of 4 is at-
tributed to strong N—Ir 7 donation as in the case of [RuCl{N(CHyCHsP'Bug)2}] (s. fig
I1.1.2). 29,140 \While the m-donor properties of the saturated ligand should be weakened
by dehydrogenation to the vinylidene bridged ligand, this effect is counter-balanced by
the cationic charge and the change from a 4d to a 5d metal, which should strengthen
M-N bonding.

The valence-tautomeric description of diamagnetic 4 resulting from ligand centered ox-
idation of 3 and antiferromagnetic coupling of the ligand with the metal center ((L-)Ir™)
cannot be fully excluded. However, a broken-symmetry solution was not found by DFT,
and the present experimental results (for example, the Ir-N bond lengths) do not point
towards such an electronic structure. Thus, the more simple description (L)"/Ir'!l (L =
N(CHCHP'Buy)s,) is preferred. 19l
Isolation of the thermally stable complex 3 bearing the new dieneamido ligand was per-
formed wvia template synthesis. The oxidation towards cationic 4 provides synthetic

access to a rare class of coordinatively and electronically unsaturated species. In addi-
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1. Square-planar iridium(I1/11/III) platforms
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Figure I1.1.2.: Spin density map for 3¢ (left) and metal-centered Kohn-Sham
frontier orbitals of M€ in the singlet state (right) from spin-unrestricted
ZORA-B3LYP-DFT calculations (the z axis is perpendicular to the
[Ir{N(CHCHPMey)2}| plane).

tion, the low-spin electronic configuration provides a suitable platform for investigations

on multiple bonded ligands, i.e. the synthesis of iridium nitrido complexes.

1.3. Iridium(I)

The results of this chapter were published in 2014 under the title: ,/IrCl{N(CHCH
P'Buy)s}[ : a versatile source of the Ir' (PNP) pincer platform,1%3 and are reproduced
by permission of The Royal Society of Chemistry.
The new dieneamido PNP ligand opens up the opportunity to examine an unusual one-
electron reactivity of iridium. In the following chapter, the isolation of anionic Ir! PNP
chloro complex, which completes an Ir! /Ir™ /Ir' redox series will be described.

The electrochemical properties of 3 were reevaluated by cyclic voltammetry (CV) in
THF (figure I1.1.3). The change of solvent showed the Ir!/Ir!! redox couple to be re-
versible even at low scan rates (10 - 400 mV/s) indicating that irreversible reduction

of 3 in DCM might be attributed to reoxidation by the solvent. Accordingly, chemical

35



1. Square-planar iridium(I1/11/III) platforms
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Figure I1.1.3.: Cyclic voltammogram of 3 in THF (0.1 M [nBuyN|PFg, room
temperature, Pt working electrode) at different scan rates (black: 100 mV/s, orange:
400 mV /s, green: 800 mV/s).

reduction of 3 with KCg in THF and in the presence of 15-crown-5 affords the isolation
of the anionic reduction product [K(C19H19O5)2|[IrC{N(CHCHP!Buy)2}| (5) in almost
45% yield as an orange compound (scheme 11.1.2).3

The high air sensitivity of 5 is in line with the low oxidation potential F;, = -1.8 V
obtained by CV. Characterization of 5 by NMR spectroscopy at room temperature is
in agreement with Csy symmetry on the NMR timescale. The 3'P chemical shift of 5
exhibits a remarkable downfield shift by Ad = 45 ppm as compared with the cationic
complex 4 indicating the profound influence of the 2-electron reduction on the paramag-

netic screening tensor.

[K(C10H100s)2]
%—\\P’Buz KCq %—\\P’Bug 10M10VYs)2

N S

N—IF—C ———— > N—Ir—Cl
4 . . 4
&_ p 15-crown-5 Q_ p
Bu, Bup
3 45% 5

Scheme I1.1.2: Isolation of anionic 5 by reduction of 3 in the presence of crown ether.

5 was characterized by single crystal X-ray diffraction (figure I11.1.4) completing a unique,

structurally characterized Ir'/Tr'!/Tr™™ redox series (5/3/4) in an identical coordination

3Isolation and Characterization of 5 was performed by M. Sc. Markus Kinauer. 194
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1. Square-planar iridium(I1/11/III) platforms

environment.* The molecular structure of 5 confirms the distorted square-planar lig-
and arrangement in the solid state. The distortion arises from the pincer bite an-
gle (P1-Ir1-P2: 164.00(3)°), which is the smallest within the series (3: 166.22(2)°; 4:
167.56(2)°). This trend seems to be a consequence of the strong dependence of the Ir-N
bond length on the metal oxidation state, which is transferred wvia the rigid pincer lig-
and backbone. In fact, the Ir-N bond becomes considerably shorter on going from Ir!
(2.030(2) A) to Ir'" (1.985(2) A) and Ir'™ (1.922(2) A), respectively. 193] This observation

can be most easily rationalized with a simple Lewis structure formalism (figure I1.1.5).

Figure I1.1.4.: Molecular structure of & in the crystal. Selected bond lengths [/i/ and
angles [°[: Ir1-Cl1 2.83995(8), Ir1-N1 2.030(2), Ir1-P1 2.2779(9), Ir1-P2 2.2760(9),
N1-C2 1.370(4), N1-C3 1.369(4), C1-C2 1.8349(4), C3-C4 1.850(4); N1-Ir1-Cl1
178.72(7), P1-Ir1-P2 164.00(3).

As N—Ir m-donation increases with rising metal oxidation state, the Lewis structure A
is weighed stronger resulting in a shorter Ir-N distance. Note that the LUMO of 4 has
a predominantly Ir-N 7*-anti-bonding character, therefore exhibiting considerable Ir—N
double bond character. Upon successive reduction to 3 and 5, this orbital will be filled
with two electrons resulting in no net Ir-N 7-bond in 5, which provides an MO basis for
the observed trend in bond lengths. In turn, the mesomeric Lewis structure B exhibits
a higher weight upon reduction as reflected in the average pincer backbone N-C (Ir':
1.37 A, ™ 1.39 A, '™ 1.41 A) and C-C (Ir': 1.35 A, ™ 1.34 A, '™ 1.33 A) bond
lengths. However, the effect is much smaller as compared with the Ir—-N bond length.
Interestingly, the Ir-P bond lengths (4: 2.34 A; 3: 2.32 A: 5: 2.28 A) exhibit the opposite

4The determination of the molecular structure of 5 was performed by M. Sc. Peter Stollberg.
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Figure I1.1.5.: Selected resonance structures and bond lengths for the redox series 5

(Ir!, red), 8 (Ir'", black) and 4 (Ir'!, blue).

trend as expected on a simple consideration of ionic radii, therefore pointing to increased
Ir—P back donation upon reduction.

T redox series are in agreement

Hence, the structural parameters within the Ir'/Ir! /Ir
with competitive m-acceptance of the N lone-pair by the metal center and the vinyl sub-
stituents, respectively, subject to the availability of a vacant (4) or half filled (3) metal
d-orbital with a suitable symmetry. This simple interpretation of the electronic structure
explains the stability of this unusual redox series by the divinylamido PNP pincer ligand.
The isolation of a [MCI(PEP)|" anion (M = Rh, Ir; PEP = anionic pincer ligand) is un-
precedented in pincer chemistry. One related compound, [Ir'(dippe)s] " [IrCly!(dippe)s]
(dippe = “ProP(CHs)2P Pry), was previously reported as a coordinatively relatively la-
bile intermediate leading to [Ir(u—Cl)(dippe)]s and [Ir(dippe)2|CL 19! [Ir(OTf)q (dfepe)|
(dfepe = (CoF5)2P (CHg)2P(CyF5)2) with a highly fluorinated phosphine ligand was also
reported, pointing to stabilization by m-acidic ligands. 196l Accordingly, the dihalodicar-
bonyl anions of iridium are known for a long time and play an important role in catalytic
carbonylation reactions. [197] Tny this case, the combination of steric protection and elec-
tronic flexibility provided by the pincer ligand effectively stabilizes the unusually electron

II1

rich anionic complex and the complete Ir!/Ir™ /Ir'!l redox series.

1.4. Reactivity of the iridium(l) PNP chloride

1.4.1. Iridium(l) carbonyl complex

The electronic properties of the Ir PNP pincer platform were further probed by the prepa-
ration of the Ir! carbonyl complex (scheme I1.1.3) [Ir(CO){N(CHCHP!Buy)2}| (6). 6 can

be isolated from direct reduction of 3 with KCg under an atmosphere of CO, demon-
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Scheme I1.1.3: Synthesis of iridium(I) carbonyl complex 6 by in situ reduction of 3
under an atmosphere of CO.

strating the suitability of the chloride as a leaving group. Interestingly, 5 is stable in
solution in the absence of CO, yet readily reacts with CO as well, to give 6. Hence, this
observation supports an associative Cl vs. CO substitution mechanism after reduction
of 3.

The solution NMR data of 6 are in agreement with Csy symmetry. The molecular struc-
ture in the solid state (figure I1.1.6) was also derived by single-crystal X-ray diffraction,
confirming the distorted square-planar coordination geometry around the metal center
with a P1-Ir1-P1 bite angle (163.37(2)°) similar to that in 5. Accordingly, the Ir-N
distance (2.061(2) A) is slightly longer as in the case of parent 5 (2.030(2) A) as a con-
sequence of the higher CO wvs. Cl trans-influence, again emphasizing the relationship of

the pincer bite angle and the Ir-N distance within this rigid framework.’

Figure I1.1.6.: Molecular structure of 6 in the crystal. Selected bond lengths [/i/ and
angles [°[: Ir1-C21 1.829(2), Ir1-N1 2.061(2), Ir1-P1 2.3137(6), Ir1-P2 2.3080(6),
N1-C1 1.367(3), N1-C3 1.371(3), C1-C2 1.347(3), C3-C4 1.351(3), O1-C21 1.153(3);
Ni1-Ir1-C21 178.20(9), P1-Ir1-P2 163.37(2).

5X-Ray diffraction was performed by Dr. Frank W. Heinemann.
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The CO stretching vibration of 6 can be assigned to a signal at 1937 cm™ in the IR spec-
trum. This value compares well with the CO band of [Ir(CO)CI(P*Pr3)s] (1939 cm™) 198l
or with some corresponding disilylamido ([Ir(CO)(N{SiMeaCHyP*Buy}2)|: 1930 cmt) [148]
and diarylamido ([Ir(CO)(N{CsH3CH3P*Pry}2)]: 1930 cm™) 1991 PNP pincer complexes.
In contrast, the dialkylamido PNP complex [Ir(CO)(N{CHyCH3P*Prs}2)] exhibits a CO
band at considerably lower wavenumber (1908 Cm‘l),[wl] emphasizing reduced L. - M
electron donation by the divinylamido ligand. o- and m-bonding effects cannot be sepa-
rated merely from the CO stretching vibration. However, the conjugation of the azallylic
C=C double bonds with the N-lone pair, which is indicated by the trends within the
pincer ligand backbone bond lengths of the Ir!/Ir™ /Ir™ redox series (vide supra), sug-
gests that reduced L—M m-donation of the divinyl- vs. the dialkylamido ligand probably
constitutes a significant contribution to the higher CO stretching vibration in 6.

Clean reduction of 3 is also accomplished by reaction with nBulLi. Monitoring this re-
action by 3'P NMR spectroscopy reveals the quantitative formation of a diamagnetic
compound at 56.5 ppm (THF), which was assigned to Li[lrCI(N{CHCHP!Buy}s)| by
comparison with 5 (55.5 ppm). These solutions were only stable below -20 °C, probably
owing to LiCl elimination. However, the Ir(PNP) fragment could be trapped by thawing
a frozen solution under a No atmosphere (1 bar) giving [Ir{N(CHCHP?Buy)s}(N2)] (7)°
in around 60% spectroscopic yield by 3'P NMR spectroscopy (scheme I11.1.4).

1. nBulLi

—~——PBu = PBu
N/I‘\\\ CT 2 No N/I$ N2
—Ir— —Ir—Np
4 4
(. (O
tBUg tBu2
3 60% 7

Scheme I1.1.4: Formation of dinitrogen complex 7 by in situ reduction of 8 under an
atmosphere of Na.

Hence, the observation of dinitrogen complex 7 suggests that C—H activation reactions
should be carried out under argon to avoid inhibition by Ng binding to the Ir(PNP) frag-
ment. This observation was also reported for the Ir(CgH3z{CHyP!Bus }2) platform. [201,202]

6Characterization of Ir' Ny complex 7 will be provided in chapter 2200
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1.4.2. Oxidative addition to iridium(l) PNP chloride

Besides substitution for CO, chloride dissociation can also be utilized as the source of
Ir(N{CHCHP!Buy}5), which undergoes C-H oxidative addition. Reduction of 3 with
Na/Hg in benzene results in facile formation of the red Ir''! hydride phenyl complex 8
in almost quantitative spectroscopic (*}P NMR) yield (scheme I1.1.5). Isolation of the
highly lipophilic compound by crystallization from pentane resulted in isolated yields
just below 50%.

H
= :\\PtBUQ CGHG = |;\PtBU2
N—Ir—ClI _— N—Ir—Ph
4
(e Cp
Bu, Bup
3 41% 8

Scheme I1.1.5: C-H oxidative addition of benzene after in situ reduction of 3.

The addition of benzene to Ir' PNP was confirmed by NMR spectroscopy and elemental
analysis. The chemical shift of the hydride ligand (§ = -46.5 ppm) suggests a vacant
coordination site in trans-position, and hence a square pyramidal coordination geometry
around the metal. The three phenyl 'H and four '3C NMR signals at room temperature,
respectively, indicate rapid rotation around the Ir—C bond on the NMR timescale.

The structural assignments from solution NMR spectroscopy were confirmed by single
crystal X-ray diffraction.” In the solid state (figure I1.1.7), the five-coordinate metal
atom exhibits a square-pyramidal coordination geometry with the hydride ligand in api-
cal position and an almost linear N-Ir-phenyl bond angle (179.8(39°). The Ir1-N1 bond
(2.109(6) A) is particularly long due to the strong trans-ligand CgHs also resulting in a
smaller P1-Ir1-P2 pincer bite angle (162.58(7)°).

The C-H oxidative addition most likely proceeds via three-coordinate [Ir(N{CHCHP
‘Buy}s)| after reduction of 3 and NaCl elimination in the absence of stabilizing crown-
ether. Such three-coordinate d® intermediates are prone to C-H oxidative addition via an
intermediate C—H o-complex. 23] However, halides as leaving groups were not previously

reported for their formation.

"Structural characterization of 8 was performed by Dr. Christian Wiirtele.
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Figure 11.1.7.: Molecular structure of 8 in the crystal. Selected bond lengths [/i] and
angles [°[: Ir1-C21 2.080(7), Ir1-N1 2.109(6), Ir1-P1 2.337(2), Ir1-P2 2.3276(19),
N1-C1 1.348(10), N1-C11 1.857(10), C1-C2 1.5362(12), C11-C12 1.852(10);
N1-Ir1-C21 179.8(3), P1-Ir1-P2 162.58(7).

Besides nucleophilic C-H activation, attack of C-electrophiles also provides access to Ir'!!

hydrocarbyl complexes. The reaction of 5 with MeOTf yields the Ir'!

methyl complex
[IrC1(CH3(N{CHCHP'Bus}2)] (9) in around 90% yield (scheme II.1.6).® Spectroscopic
characterization of 9 is in agreement with Cg symmetry on the NMR timescale. The
methyl ligand was assigned to signals at 2.08 (*H NMR) and -27.1 ppm (}3C NMR),
respectively, both exhibiting triplet multiplicity due to coupling with the 3'P nuclei, un-
equivocally indicating formation of an Ir!'l
lamido complex [Ir(PMe3z)(N{CHyCHsP?Pry}5)] is selectively methylated with MeOTf
at the ligand nitrogen atom to form the Ir' complex [Ir(PMes)(MeN{CHyCHyP?Pry}2)]

OTY.[204] Such a ligand centered nucleophilic reactivity was similarly observed for Pdl!

methyl complex. In comparison, the dialky-

dialkylamido complexes with MeOTf.1205:206] Also  the five-coordinate alkylvinylamido
Ru!! complex [RuH(PMe3){N(CHCHP?Pry}{CH2CH2PPra})| exhibits exclusive ligand
methylation upon reaction with MeOTf.[207 In this context, the high selectivity of metal
alkylation in the case of 5 is remarkable and emphasizes the rigid, pincer-type behavior

of the chelating ligand.

8Isolation and characterization of 9 was performed by M. Sc. Markus Kinauer.!'9%
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|[K(C10H1005)2] Me t
%—}\ PBu, f|—\\ PBu,

; MeOTf .
N—Ir—Cl —_— N—Ir—Cl
4 4
(S (e
Bu, Bup
5 89% 9

Scheme I1.1.6: Electrophilic attack of methyl triflate on 5 under formation of iridium
methyl complex 9.

1.4.3. O, activation

The activation of dioxygen with iridium complexes has been the subject of several
studies, e.g. in the context of alkene oxygenation.[25-2191 With phosphine pincer lig-
ands, the formation of Ir'!' peroxo complexes, such as [Ir(O2)(N{SiMeaCHaP!Buz }2)| or
[Ir(O2(CeH3{CH2P!Buy}s)|, was reported upon hydrocarbon reductive elimination from
It under O,. [183:210] However, to the best of our knowledge, the only crystallographically
characterized iridium pincer mono-Oy adduct is the 'POCOP’-complex [Ir(O2){CsHs-2,6-
(PPRF3)2}] (RF = CgH-2,4,6-(CF3)3) which was synthesized in the solid state and was
in turn not spectroscopically examined. [211] Hence, a full set of spectroscopic and struc-

tural data for this class of compounds is surprisingly not available.

N Ny
N N Os 0 N N
| ircob) - > " Ir(COD)
N =N
L/ L/

Scheme I1.1.7: Reaction of anionic Ir! NNN complex with Os.

Tejel, de Bruin and co-workers observed the backbone oxygenation of a vinylenediamido
ligand instead of cyclooctadiene upon reaction of the corresponding anionic Ir! complex
with dioxygen (scheme II.1.7).[2'2l Importantly, this reactivity was attributed to the re-
dox non-innocent behavior of the NNN ligand. Hence, the relationship of this iridate(I)
with 5 initiated this examination on the reactivity of 5 with molecular oxygen.

A solution of 5 in THF immediately turns red upon stirring under dioxygen (scheme
[1.1.8). From this solution, the oxygen adduct [Ir(Os)(N{CHCHP'Bus}s)| (10) was

43



1. Square-planar iridium(I1/11/III) platforms

isolated as a stable compound in around 80% yield. The NMR spectroscopic charac-
terization reveals the formation of a diamagnetic compound with Cyy symmetry on the
NMR timescale at room temperature. In the IR spectrum, a strong band at 910 cm™! was
assigned to the O—O stretching vibration by comparison with parent 5. This value is at
the upper end of the range reported for peroxo ligands and close to the one reported for
[Ir(O2(CeH3{CH2P'Bus}2)] (895 cm™!) suggesting a formal iridium(III) oxidation state
for 10.1213] The apparently slightly weaker reducing activation of the dioxygen ligand
by the Ir(N{CHCHP'Buy}3) compared with Ir(CgH3{CHsP!Bus}s) fragment is in line
with the CO stretching vibrations of 6 (1937 ecm™) vs. [Ir(CO)(CgHz{CHyP!Bus}s)]
(1913 cm™). [214]

t [K(C+10H100s)2] Bu,
%_‘\\P Buo 0, %_\\\P
N—Ir—Cl —_ N—Ir |
ﬁ- F’l ﬁ. pl 0
Bu, Buy
5 80% 10

Scheme I1.1.8: Activation of diozygen by anionic iridium(I) chloro complex 5.

The spectroscopic interpretations are corroborated by the molecular structure of 10 (fig-
ure 11.1.8). The crystal exhibited disorder with two superimposed positions of the
molecule. While for this reason, the experimental bond lengths and angles should be
interpreted with care, some important conclusions regarding Os bonding from structural
parameters can be drawn. Complex 10 exhibits a distorted square-planar geometry
and the side-on 7%-Oy ligand occupies the trans-position to nitrogen with perpendic-
ular orientation to this plane. The weak trans-influence of the dioxygen ligand, simi-
lar to chloride in 5, is indicated by the Ir-N distance (2.015(5) A) and the resulting
P-Ir-P bite angle (162.79(4)°). The O-O distance (1.415(7) A) suggests considerable
activation of the dioxygen ligand (dpo = 1.21 A) and is close to the typical range
found for Ir(n?-Oy) complexes (1.43-1.53 A).[215] Furthermore, this bond is slightly
longer than the ones reported for [Ir(O9){CsHs-2,6-(PPR"3)5}] (1.372(15) A) and re-
lated rhodium dioxygen pincer complexes [Rh(Oz)(N{SiMe,CHoPBus}o)] (1.363(10) A)
and [Rh(O3)(CsMeaH{CH,P!Buy}o)] (1.365(18) A).[211:216:217] Hence, the structural fea-

9Determination of the molecular structure of 10 was performed by Dr. Christian Wiirtele.
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Figure I1.1.8.: Molecular structure of 10 in the crystal (one of two orientations within
the disordered crystal). Selected bond lengths [A] and angles [°]: Ir1-O1 1.945(3),
Ir1-N1 2.015(5), Ir1-P1 2.3461(13), 01-01° 1.415(7), N1-C1 1.407(4), C1-C2
1.352(5); N1-Ir1-P1 158.66(11), O1-Ir1-01’ 42.7(2), P1-Ir1-P1’ 162.79(4)

I heroxo complex, as also indicated by

tures are in agreement with assignment to an Ir
IR spectroscopy. However, as Caulton and co-workers carefully stated about the O-O
bond lengths in such 1?-Oy complexes, perhaps this parameter is not truly reliable for

establishing the charge state, but rather only the degree of back bonding. [216]

45



2. Square-planar iridium nitrido

complexes

As mentioned before (chapter 3.2), the fully dehydrogenated PNP pincer ligand coor-
dinated to iridium provides a suitable platform for the stabilization of multiply bonded
ligands. In particular, the vacant d,.-based molecular orbital possessing m-symmetry
with respect to the Ir—Cl bond in the case of 4 encourages investigations on attachment
of a nitrido ligand on Ir. Furthermore, 3 is expected to be an ideal starting material for
the synthesis of stable nitrido precursor complexes such as azides or dbabh complexes,
due to its thermal robustness.

The results of this chapter were published in 2012 under the title: ,,Closed-shell and

open-shell square-planar iridium nitride complezes*.[200]

2.1. Iridium(1l) PNP azide

Salt metathesis of 3 with sodium azide allowed for the synthesis of iridium(II) azido

complex 11 in high yield (Scheme I11.2.1). When 3 is stirred in benzene in the presence

%_\\PtBUQ [(Pth)QN]Ng %—\\PtBUQ

& NaN3 B
N—Ir Cl > N—Ir N3
e UPPhePLNICI T €
tBUg tBUg
3 83% 11

Scheme I1.2.1: Salt metathesis of 3 with bis(triphenylphosphoranylidene)ammonium
azide and excess of sodium azide to 11.

of sodium azide, no reaction is observed even at elevated temperatures over the course

of 16 h. The lack of reactivity is attributed to the poor solubility of the azide source in

46



2. Square-planar iridium nitrido complexes

non-polar solvent. Conversion of 3 with the bis(triphenylphosphoranylidene)ammonium
azide ([(PhsP)2N|N3) in THF results in color change of the blue solution to green and
the formation of one set of three paramagnetically broadened and shifted signals can be
observed by 'H NMR spectroscopy (wide infra). Besides, the formation diamagnetic side
products is indicated by sharp signals in the 3'P NMR spectrum.

The low conversion of the starting material points towards an equilibrium of 3 and
11 in solution in the presence of [(PhsP)2N|X (X = N3, Cl). Increasing the excess of
[(PhsP)2N|N3 to 5 equivalents and changing the solvent to acetone shifts the ratio of
3:11 to 1.3:1 (*H NMR integration) and full conversion is achieved when 10 equivalents
of the azide salt are added.

The expensive [(PhsP)aN|™ provides high azide solubility and can be applied as phase
transfer catalyst, as demonstrated by full conversion of 3 by conversion with [(Ph3P)2N|Njs:
NaNj3 in a 1:9 ratio. Full conversion of starting material is achieved after 0.5 h reaction
time and 11 can be obtained after removal of all ionic impurities by stepwise extraction
with benzene and pentanes. After lyophilization, 11 can be obtained in 83% yield as
green powder in analytically pure form.

An '°N enriched sample of 11 (*4/15°N-11) is obtained when 11 is stirred with 2 equiv-
alents of [(Ph3P)aN|'®N-Ny providing '4/15N-11 33% enriched with the °N isotope in
a-position to the metal, according to the stoichiometry of the reaction.

11 is only moderately stable at room temperature and decomposition is observed under
light even in the solid state (vide infra). Hence, 11 was synthesis at 0 °C under exclusion
of light and stored at -35 °C under an argon atmosphere in the dark.

The IR spectrum of 11 exhibits one characteristic band at 2047 cm™, which is assigned
to the azido stretching vibration. No additional bands derived from isotopic labeling
could be observed in the IR spectrum of 4/15N-11.

11 exhibits three paramagnetically broadened and shifted signals attributable either to
the ‘Bu groups (6§ = 9.3 ppm) or to two sets of CH backbone protons (§ = -5.6 and
-135.9 ppm), respectively, indicating Czy symmetry on the NMR timescale. The mag-
netic moment derived by the Fvan’s method (perr = 2.3 pp) is in agreement with a
doublet ground state and similar to the effective magnetic moment of starting material
3. [163,176]

The EPR spectrum of 11 (figure I1.2.1) is rhombic with a large anisotropy of the g tensor
(g11 = 3.091, goo = 2.066, g33 — 1.700) without resolved (super)hyperfine couplings. The
experimental g-tensor could be reproduced very well by DFT calculations (g1; = 2.878,

g22 — 2.080, g33 = 1.653) with only slight deviations for g1; on the truncated model
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Figure I1.2.1.: Ezperimental (black line) and simulated (red line) EPR spectrum of 11
recorded at 20 K in a toluene glass (modulation amplitude, 4 G; microwave power,
0.2 mW; frequency, 9.377 GHz).

complex [Ir(N3{N(CHCHPMey)}| 11M€ bearing the methyl substituents on the phos-
phorus atoms. The spin density of 11M€ is mainly located at the metal center (ADF:
58%; Turbomole: 71%) and is very similar to 311631, Hence, only minor differences in the
redox behavior is expected for 3 and 11.1

Single crystals of 11 could be obtained by slow evaporation of a concentrated pentanes
solution to dryness. Attempts to resolve the molecular structure were unsuccessful due
to modulation based on disorder of the azido ligand. However, crystals obtained out
of a concentrated solution of 11 in pentanes or hexanes revealed an azido-bridged irid-
ium(II) /iridium(III) dimer. The structure revealed one iridium center in square-planar
coordinated by the PNP pincer ligand and one bridging azide ligand, which is further
coordinated to a second iridium atom. This second iridium center is in an octahedral
coordination geometry with the meridional coordinated PNP pincer ligand, two terminal
azido ligands and the bridging azido ligand perpendicular to the Iridium PNP plane.
There were no investigation on final resolution of the structure or onto the mechanism
responsible for formation of this product.? Due to the disagreement of the molecular
structure with the spectroscopic results derived from analytically pure 11, its formation
is attributed to decomposition during crystallization and was not further investigated.

Putative Iridium(III) azido complex is not expected to be stable. Ny elimination from

'EPR spectroscopy and DFT calculations were performed in collaboration with Prof. Dr. Bas
de Bruin.

2Investigation on the molecular structure of 11 were performed in collaboration with Prof. Dr.
Dietmar Stalke.
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cationic Iridium(IIT) azide (S = 0, AGaoggr” = -34.8 kcal mol?) is calculated to be con-
siderably more exergonic than from neutral 11M€ (S = 1/2, AGaggx? = -14.3 kcal mol™!).
This can be rationalized easily in terms of stronger Ir=N bonding in the resulting nitride
for the cationic compound. This trend in increasing m bond character with increasing
formal oxidation state of the metal was already observed for the iridium PNP chloro sys-
tem 3 and 4 (wide supra). Hence, no stable cationic iridium azido complex is expected

by one electron oxidation of 11.

2.2. Iridium(V) PNP nitride

Chemical oxidation of 11 results in Ny extrusion and yields in cationic terminal iridium

nitrido complex 12 (scheme 11.2.2).

PB PRy, | °
- & Yz FcPFe ~ 2 Uz
N—Ir—N; ————> N—Ir=N
4 ; 4
(. o Cp
[BUQ 2 tBUg
11 82% 12

Scheme I1.2.2: Oxidation of 11 with ferrocenium hexafluorophosphate under Na
elimination to cationic iridium('V) nitride complex 12.

Dissolving a mixture of 11 and FcPFg (Fc = ferrocene) in DCM or acetone results
in deep blue solution and gas evolution in time of mixing. After removal of residual
starting material and ferrocene (Fc) by extraction with benzene, 12 can be obtained
as dark blue micro crystalline solid in 82% yield analytically pure after crystallization
from DCM /pentanes. Oxidation of *#/15N-11 allowed for the isolation of 4/15N-12,
which is 33% enriched with the N isotope in the nitrido ligand based on the isotopic
distribution in the starting material (vide supra).

Diamagnetism of 12 is indicated by one further signal in the 3'P NMR spectrum besides
the characteristic heptet of the PFg anion. The 'H NMR spectrum of 12 exhibits three
characteristic multiplet assignable to the ‘Bugroups and two sets of pincer backbone

protons, respectively. One signal with a chemical shift in the typical range for terminal
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Figure I1.2.2.: "N NMR spectrum (dy-DCM, RT) of 15/14N-12 (top) and IR
spectrum. (bottom) of 12 (red line) and of 12/14N-12 (blue line).

nitrido complexes in the >N NMR spectrum of 14/15N-12 (916 ppm ws. PNH4NOs,
figure I1.2.2 top) is characteristic for a terminal nitrido moiety.

Comparison of the IR spectra of 12 and *4/15N-12 (figure I1.2.2 bottom) allowed for the
assignment of a weak band at 999 cm™ to the Ir='4N stretching vibration, that is shifted
to 972 cm™! in the N enriched sample. The isotopic shift of Av = 27 cm™ compares
well with the theoretical value calculated out of the harmonic oscillator approximation
(Av = 26 cm™). The stretching frequency for 12 is in good agreement to one reported
for iridium nitrido complex I (958 cm™!). 128!

Suitable single crystals of the triflate (= OTT) salt of 12 could be obtained pentane

diffusion in a DCM solution of 12, that was formed via oxidation of 11 with AgOTf.
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Figure I1.2.3.: Molecular structure of 120Tf in the crystal (one out of two
crystallographically independent ion pairs; H atoms and co-crystallized DCM omitted
for clarity). Representative bond lengths [A] and angles [°]: Ir1-N1 2.041(4), Ir1-N2
1.678(4), Ir1-P1 2.3718(12), Ir1-P2 2.3753(12), N1-C2 1.405(6), N1-C4 1.408(6),
C2-C3 1.330(6), C4-C5 1.329(5); N1-Ir1-N2 174.5(2), P1-Ir1-P2 160.13(4).

The molecular structure consistent of two crystallographically independent ion pairs ex-
hibits planar cations with almost linear N-Ir=N moieties (174.5(2) and 173.4(2)°). The
short Ir=N bonds (1.678(4) and 1.677(4) A) compares well with those of iridium ni-
tride T (1.646(9) A).[?] The C=C double bonds in the pincer-ligand backbone are evi-
denced by distances that range between 1.320(6) and 1.330(6) A. This rigid ligand frame-
work enforces planar coordination of the dienamido nitrogen atom, in contrast with the
stingily pyramidally coordinated amido nitrogen in [Ru(N){N(SiMeyCHyP!Buy})| 2!
and [Ru(N){N(SiMe,CHoP*Buy)2}][™]. Despite the higher formal oxidation state, the
IrNamido bond length in 12 (X-ray, 2.041(4) and 2.032(4) A) is considerably longer than
the corresponding distances in iridium(IT) and iridium(ITI) complexes 3 (1.985(2) A) and
4 (1.922(2) A)I'631. This is consequence of the strong nitrido trans-influence.?

Electronic structure calculations for 12 (S = 0) confirmed the qualitative picture from
the isolobal relationship with octahedral d® nitrides (figure 11.2.4). As expected for a
square-planar complex, the filled orbitals with a predominant d,. and d,, character are
energetically low-lying (HOMO-1 and HOMO-3) and the vacant d,e 2 orbital is raised
strongly in energy (LUMO-+3). In between, the LUMO and LUMO+1 represent the
Ir=N 7" orbitals. The Ir=N Wiberg bond index (WBI, 2.447) and natural bond order
analysis indicate highly covalent Ir=N multiple bonding, formed with an N (sp?) hybrid
(o-bond, 34% Ir contribution) and two N(p) orbitals (w-bonds, 57% and 58% Ir con-

3Determination and refinement of the molecular structure of 12 in the solid state was performed
by Dr. Frank W. Heinemann.
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tributions), respectively. Hence, a considerably lower effective oxidation state must be
assigned to the metal center, being closer to Iridium(III) than to the formal oxidation
number Iridium(V). This electronic structure is reflected by the reactivity which results
in electrophilicity of the nitride ligand.*

Owing to the Ir=N 7" character of the LUMO, reduction of 12 was examined to fur-
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Figure I1.2.4.: Frontier Kohn-Sham orbitals of 12 (S=0), virtual orbitals are indicated
with dashed lines and predominantly pincer-ligand centered orbitals are in grey.

ther probe the Ir=N bonding interaction. The cyclic voltammogram (figure I1.2.5) of 12
in DCM exhibits a quasi-reversible reduction wave at -0.9 V (vs Fc/Fc™) at scan rates
>1 Vs'!, which becomes irreversible on slower cycling. Hence, the timescale for decom-
position of the immediate reduction product, that is the neutral nitrido complex 13, is

slow enough for spectroscopical characterization (wide infra).

4DFT calculations on 12 were performed by Prof. Dr. Bas de Bruin.
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Figure I1.2.5.: Cyclic voltammograms of 12 at different scan rates: 1200 (green), 400
(orange), 100 (black) mVs™t (room temperature, DOM, glassy carbon working electrode,
0.1 M [NnBuy|PFj).

2.3. Iridium(1V) PNP nitride

2.3.1. Spectroscopic characterization

Based on the electrochemical investigations on 12 (wide supra), it was suggested that
neutral iridium nitrido complex 13 is stable enough for spectroscopic characterization.
Synthetic assess to 13 was provided either by photolytic Ny extrusion derived from 11
or by chemical reduction of 12 (scheme I1.2.3).

Chemical reduction of 12 with [(CsMes)2Co| in dg-THF lead to the disappearance of the

PF
K—\\\PTBUQ hv 3 P'Bu, KCeg vs. \%—\\\PTBLZI 6

N—Ir—N N— Iré\\: N - [(Gshes)Col N—Ir=N
Q Pl 3 . Q P( T -KPFg vs. Q Pl D
Bu, B, [(CsMes)2ColPFg Bu,
11 13 12

Scheme I1.2.3: Synthesis of neutral square-planar iridium nitrido complex 13 by
photolysis of 11 or reduction of 12.

'H and 3'P NMR signals of starting material at -40 °C (figure 11.2.6) and the formation
of one new set of paramagnetically broadened and shifted signals in 65% spectroscopic

yield. These signals with a chemical shift of § = 7.77, -13.4 and -63.2 ppm at -40 °C (§ =
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2. Square-planar iridium nitrido complexes

6.55, -9.54 and -49.2 ppm at room temperature) are attributed to either the ‘Bu groups or
two set of PNP pincer backbone protons of 13, respectively, according to their intensities.
Additionally, diamagnetic signals assigned to decomposition products (wide infra) were
already observable even at low temperatures. The same set of signals were obtained
by treatment of a sample of 11 at -80 °C with strong UV light for 15 min. The NMR
experiments confirms the formation of the same intermediate on either the photolysis or
the reduction route and evidences the open-shell character of 13 and a Csy symmetric

structure on the NMR timescale.
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Figure 11.2.6.: 'H NMR spectrum of 18 at -40 °C in dg-THF obtained by reduction of
12 with [(C5M€5)QCO/.

Comparison of the IR spectra (figure 11.2.7) obtained by irradiation of a KBr disc con-
taining 11 and '5/14N-11 allows for the assignment of the Ir='*N stretching vibration
of 13 to a weak band at 901 cm™. The isotopic shift of the Ir='N stretch (v = 874 cm™!)
with Av = 27 cm™ compares well with the theoretic value calculated by the harmonic
oscillator approximation of Av — 28 cm™'. The bathochromic shift of the stretching
vibration is indicative for lowering the bond order within the Ir=N moiety.

Photolysis of 11 in toluene glass (20 K) and motoring by X-band EPR spectroscopy led
to the gradual disappearance of its signals and clean formation of new signals assigned

to 13. The spectrum of 13 (figure 11.2.8 right) shows a rhombic signal with large g-
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Figure I1.2.7.: IR spectra of KBr disks of 11 (red line) and 1%/ N-11 (blue line)

after irradiation. The bands shown are assigned to the Ir="4N and Ir="°N stretching
vibrations.

anisotropy (g11 = 1.885, gao = 1.631 and g33 = 1.320) without resolved (super)hyperfine
couplings. Remarkably, all g-values of this species are well below g = g. = 2.00, pointing
towards strong spin-orbit coupling interactions with MOs based on empty d orbitals, but
negligible spin-orbit coupling interactions with MOs based on filled d orbits.?
Furthermore, the nitrido 4N hyperfine interactions (HFIs, AY;, = -26.5, A3, = 63.5 and

Zs = -62.0) and nuclear quadrupole interactions (NQIs, Py} = 2.70, P, — -0.71, P
= -2.31) were derived by X-band Davies electron-nuclear double resonance (ENDOR)
spectroscopy (figure 11.2.8).6

The positive HFI along g22(z) suggests large excess of a-spin along the z-axis, whereas
the negative HFI's along ¢11(y) and gs3(x) are attributed to spin polarization and thus
creating [-spin directing along the x and y molecular axes. This large a-spin predicts
alignment of the orientation of the SOMO with the z-axis of the molecule. The polar-
ization mechanism is assigned to exited state admixture of orbital angular momentum
via spin orbit coupling (SOC) of the SOMO with solely unoccupied molecular orbitals.
The large negative value of the HFI in A%, is rationalized in terms of spin polarization in

x-direction. Hence, the molecular orbital in z-direction is attributed to an empty MO,

SEPR spectroscopy was performed by Prof. Dr. Bas de Bruin.
SENDOR spectroscopy was performed by Dr. Edward J. Reijerse.
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Figure I1.2.8.: Experimental (black line) and simulated (red line) EPR spectra (left) of
nitrido radical complex 183 after ultraviolet photolysis (120 minutes) of 11 (20 K;
toluene glass; modulation amplitude, 4 Gauss; microwave power, 0.2 mW; frequency,
9.377 GHz) and experimental X-band Davies-ENDOR spectra of 12 (black line) (right)
with simulation of the 4N HFIs (red line) at g1, g5, and g&; observer positions.
Spectra were recorded at 6 K in a toluene glass.

with respect to the low corresponding ¢ value. The energy difference of a g-value from
the value of the free electron g, is dependent following equation 2.1 on the SOC constant
of the corresponding metal (\), the energy difference of SOMO and mixing molecular
orbital (A) and a factor (n), which depends on the symmetry of the mixing orbitals. The
sign of A is positive when mixing with filled orbitals and negative when the orbitals are
empty. Hence, a shift to lower g-values (negative sign) is obtained by mixing with empty

MOs and vice versa. 176

g = ge £ —— (2'1)

2.3.2. DFT characterization

Complex 13 was examined with DFT computations (S = 1/2) to rationalize the spec-
troscopic parameters and to analyze the electronic structure. The computed structural
features are close to those of iridium(V) nitride 12, but with a slightly longer Ir=N bond

(L.727 A), as a consequence of the injection of an electron into an Ir=N anti-bonding
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2. Square-planar iridium nitrido complexes

orbital. Accordingly, the Ir=N WBI is reduced by Awpr = 0.372 on reducing 12 to
13. Weakening of the Ir=N bond was also confirmed experimentally by vibrational
spectroscopy (wide supra). The bathochromic shift derived by reduction of 12 to 13
of ~100 cm™ is in excellent agreement with DFT calculations (v = 903 ecm™, Av =
96 cm™).

o 08

R N
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n(dy,;—p) %8

Figure I1.2.9.: Spin density plot (left) and SOMO (middle) of 13 and schematic
representation of the important orbital interactions that lead to the SOMO.

Accordingly, the SOMO and the Muliken spin density distribution of 13 strongly resem-
ble the LUMO (n},—p) of 12. Nearly covalent Ir(d,.) and N(p,) contributions to the
SOMO of 13 effect an almost even delocalization of the spin density (~40% localized on
Ir and ~50% on the nitrido ligand), which suggests substantial {Ir=N*®} ’nitridyl’ ligand
radical character. Hence, reduction of 12 is perceived as a partial reduction of both, the
metal center and the ligand. Most importantly, the DFT-calculated EPR parameters
of 13, such as the g-tensor, the "N HFI tensor and the NQI tensor, are in excellent
agreement with the experimental values (table 11.2.1). This gives strong confidence in
the accuracy of the applied DFT methods, because EPR parameters are generally very
sensitive to small geometric and electronic structure changes.

Analysis of the frontier orbitals of 13 also provides a basis to rationalize qualitatively
the EPR results. As for the LUMO and LUMO-+1 of 12, the SOMO and LUMO of
13 are nearly degenerate and have the appropriate rotation symmetry for optimal spin-
orbit coupling. In contrast, the large energy separation of the SOMO with MOs based
on filled d orbitals, the distortion of the SOMO and the filled d,.-based HOMO-3 and
HOMO-4 from the considerable ligand character and the opposite spin-orbit interactions
of the SOMO with the empty d,2_,2 and filled d» orbitals (orbital rotation method) [176]
quench the spin-orbit coupling interactions between the SOMO and the filled 'metal d
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Table I1.2.1.: Experimental (spectral simulation, HFCs in MHz) and DFT (ADF,
BP86, ZORA-TZP, geometry optimized with turbomole, b3-lyp, def2-TZVP) calculated
EPR parameters of 13.

g-values gi1(y)  g22(2)  gs3(x)

EXP 1.885 1.632 1.320
DFT 1.862 1.582 1.321
YNyitrido HFT  AY; A3y A3,
EXP -26.5 +63.5 -62.0
DFT -19 +49 -60
NQI Py P Py
EXP +2.70 -0.39 -2.31
DFT +3.10 -0.71 -2.40

orbitals’, and thus provide a reasonable explanation for the fact that all EPR g-tensor
components of 13 are considerably smaller then the free electron value. Similarly, the
rhombicity of the nitrido "N HFI tensor can be attributed to a considerable orbital con-
tribution to the HFT tensor.

The detection and relatively high thermal stability of 13 are remarkable. Open-shell, ter-
minal nitrido complexes are very rare in general, in particular for the platinum metals.
The formation of [RuY (N)(imp)]*> (imp = mess-octamethylporphyrinogen) by reduction
of the nitrido complex [Ru!V (imp)|" has been reported, but the electronic structure of
[RuV(N)(imp)]*> was not examined.?'8 The associated elongation of the Ru=N bond
length by about 0.2 A possibly indicates a weakening of this bond on population of a
Ru=N 7* orbital. For the Ruy paddlewheel nitrido complex [Rug(N)(PhNCHNPh)],
EPR data and DFT computations indicate a predominant metal radical character. 29l
Notably, in contrast to 13 or [RuV(N)Ls] (L = NHs, pyridines, CO, CI'), the postulated
yet unobserved intermediates in N-N coupling, [Ruz(N)(PhNCHNPh)4|, decomposes by
insertion into aromatic C—H bonds. 2201 Therefore, it is obscurs as to whether this princi-

ple reactivity can be attributed to the features of the (ground state) electronic structures.

2.4. lridium(l) PNP dinitrogen complexes

When a sample of 13 is kept at room temperature, the formation of two new diamag-

netic products 14 and 7 can be observed by 'H and 3'P NMR spectroscopy. 7 can be
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2. Square-planar iridium nitrido complexes

synthesized independently by heating a solution of 11, or by stirring iridium(I) chloro
complex 5 in solution under N9 atmosphere (chapter 1.3).

The 'H and 3C NMR spectroscopic features of 14 and 7 are nearly identical and indicate
Caoy symmetry on the NMR timescale. However, both compounds can be distinguished
easily by their 3P NMR chemical shifts. Furthermore, the N NMR spectrum of a
mixture of both 14 and 7 prepared via reduction of 14/15N-12 (figure 11.2.10) reveals
three signals assignable to either the two isotopologues of terminal Ny complex 7 N

labelled either in a or 3 position two the metal or to !N labelled ;-Nj bridged Ir dimer.
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Figure I1.2.10.: "N NMR spectrum (dg-THF, -20 °C) obtained after the reaction of
15/14 N-12 with KCs under an atmosphere of Argon.

There is one intense stretching vibration at 2077 cm™ (v(*N='“N)) observable in the
IR spectrum of 7. Irradiation of a KBr disk containing 1/14N-11 leads to the appear-
ance of two additional bands 2040 and 2003 cm™ (figure 11.2.11), which could be further
assigned to 1"'N=N and "’ N=!N stretching vibration, respectively. The isotopic shifts
of Av(M*N=""N) = 34 cm™! and Av( 'N=!N) = 71 cm™ are in excellent agreement
with the values calculated by the harmonic oscillator approximation (Av(**N=!N) =
35 cm™!; Av BN=PN = 70 cm™).

Single crystals suitable for the determination of the molecular structure of 7 and 14 by X-
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Figure I1.2.11.: IR spectrum of a KBr disk of 15/14N-11 after irradiation.

ray diffraction experiments were obtained by evaporation of a concentrated solution of ei-
ther 7 or 14 in pentane to dryness.” The molecular structures of 7 and 14 (figure 11.2.12)
are in agreement with the spectroscopic characterization and exhibit similar structural

features to those reported for related Ir! PCP Ny (PCP — 2,6-(*BugPCHz)2CgH3) com-

plexes. [201]

//—s\PtBuz N, //—\\\P’BUZ 'Bu% \\\P —\> hy //—\\\P’BUZ

2 N—Ir—Np, =-~— N—Ir—N=N—Ir—N~ —> N—Ir—N, + [Ir(PNP)]
. (SR L s
tBUg tBUg tBUg tBUZ
7 14 7

Scheme I1.2.4: Decomposition pathways of 14.

The dependence of the 14/7 ratio on the synthetic pathway is attributed to the amount
of free Ng present in the system (scheme I1.2.4). One equivalent of dinitrogen is released
upon photolytic cleavage of the azido ligand of 11. On the reduction pathway, only minor

traces of dinitrogen in the inert gas can induce the cleavage of the dimer. The observed
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Figure I1.2.12.: Molecular structure of 7 (left) and 14 (right) in the crystal from
single crystal diffraction. Representative bond lengths [A] and angles [°]: 7 Ir-N1
2.019(3), Ir-N2 1.885(3), Ir-P1 2.3062(8), Ir-P2 2.311/(8), N1-N2 1.109(4); N1-Ir-N2
178.1(2); P1-Ir-P2 164.15(3), Ir-N2-N3 178.6(3); 14 Ir1-N1 2.041(3), Ir1-N3 1.937(3),
Ir1-P1 2.3134(8), Ir1-P2 2.3354(9), N3-Nj 1.135(4), Ir2-N2 2.035(4), Ir2-Nj 1.933(3),
[r2-P3 2.336(8), Ir2-Pj 2.8443(8); N1-Ir1-N3 173.6(2)m P1-Ir1-P2 161.11(3),
N2-Ir2-Nj 171.0(1), P3-Ir2-PJ 160.09(3), Ir1-N3-NJ 174.6(2), Ir2-N4-N3 172.3(3).

quantities of 7 origin from heterolytic light induced cleavage of 14 into 7 and a three
coordinate [Ir!(PNP)].

Attributed to this sensitivity, the isolation of 14 in analytically pure form was not suc-
cessful. However, the identity of 14 was confirmed by high resolution mass spectrome-
try. Analysis of a freshly prepared solution of 14 obtained by the reduction route, the
main product found in the mass spectrum with m/z = 1125.4681 (|[M+H"| caled. for
CyoHg1 NyP4Irg 1125.4643) could be assigned to the molar peak of 14 with one additional
proton added.

2.5. Investigations on the nitride coupling
reaction

The decay of 13 was monitored by 'H NMR. spectroscopy (figure 11.2.13). A solution of
11 in dg-THF containing naphthalene as internal standard was irradiated for 15 min at
-80 °C and the decay of the 'H NMR signals of the tert-butyl groups of the resulting 13

was monitored over the course of 1 h.

7X-Ray diffraction experiments were performed by Dr. Frank W. Heinemann.
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Figure 11.2.13.: 'H NMR spectra following the decay of 18 in dg-THF at room
temperature after photolysis of 11 at -60 °C (right: expansion; left: full spectrum,).

A linear dependence of the reciprocal concentration of 13 wvs. time indicates decay
of 13 following second order rate law. A reaction rate of kgggrr — 1.1(2) M'min! was
found and the half life time of 13 was determined to 20 minutes at room temperature.
Therefore, the spectroscopic and kinetic results suggest that 13 dimerizes by bimolecular,
oxidative nitride coupling to the dimeric, labile complex 14, which is partially trapped as

monomer 7 in the presence of additional Ng, for example from photolytic azide cleavage.
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Figure I1.2.14.: Kinetic plot (reciprocal concentration ¢ versus time) of the decay of
13 and least squads fit used for estimation of the rate constant (dashed line).
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This interpretation was corroborated by DFT computations. Nitride coupling of the
model complex 13M® to 14Me was calculated to be energetically favorable by AGg% K=
-108 kcal mol™! and an open-shell singlet transition state (TSpg) was located at AG§98 K
— 414 kcal mol'l. As expected for such a strongly exergonic reaction, the computed
geometric parameters and bond orders of the transition state are close to those of the
starting complex 13Me. The two [Ir(N){N(CHCHPMey)}| fragments approach each
other with an almost co-planar ’zig-zag’ [(PNP)IrN---NIr (PNP)| arrangement, which is
very similar to the transition state proposed for Ny cleavage with molybdenum anilido

[108] " This encounter permits the out-of-plane interactions of the two SOMOs,

complexes
and thus leads to N-N bond formation via radical-radical coupling. It has been pointed
out previously that in-plane orbital interactions involving N lone pairs and vacant Ir-N
7* orbitals stabilize such a zig-zag transition state for nitride coupling.[?2!] However, in
the present case the analysis of the TSgg orbitals did not reveal any significant in-plane
interactions. Instead, they became apparent in constrained-geometry optimizations at a
later stage on the reaction coordinate with shorter N-N distances prior to completion of
the overall 6e” redox process. Hence, this mechanism is, at least in part, determined by
the radical character of 13. A polar ’semi-bent’ transition state with nucleophilic attack
of one nitrido ligand at the M—N #* orbital of the other nitrido complex was proposed
originally for {OsV=N} nitride coupling. [52,133] Finally, formation of the mononuclear No-
adduct 7Me from the binuclear No-bridged species 14M€ and Ny is exergonic by another

3 kcal mol™, according to DFT.®

2.6. C-H activation

The partial 'nitridyl’ character of 13 raises the question as to whether intermolecular rad-
ical C—H activation is a viable reaction pathway. Hence, an excess of 1,4-cyclohexadiene
(4.3 equiv.) was added to a sample of photochemically generated 13 and warmed to room
temperature. However, as in the case without cyclohexadiene, the No complexes 14 and
7 were the only products detected by 'H and 3'P NMR spectroscopy. Furthermore, no
conversion of cyclohexadiene was observed. This result suggests that hydrogen atom ab-

straction is not kinetically competitive with N-N coupling for 13 even with hydrocarbons

8DFT computations were performed by Prof. Dr. Bas de Bruin.
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Figure 11.2.15.: Calculated energy barriers for formation of the No-bridged species
14Me via bimolecular radical coupling of the neutral nitrido complex 13.

that form highly stabilized radical intermediates, such as 1,4-cyclohexadiene and will be

discussed in detail in chapter 4.
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complex

The stabilization of terminal square-planar nitrido complexes of Ir by the new PNP
pincer ligand 2% encouraged investigations on terminal nitrido complexes of Rh. The
results of this chapter are published in 2013 under the title: , Synthesis and Reactivity of

a Transient, Terminal Nitrido Complex of Rhodium*.1222

3.1. Square-planar rhodium(ll) chloro and azido
complexes

The reaction of Wilkinson’s complex [RhCl(PPhs)s| with 1 and in situ oxidation with
2.5 equivalents of 1,4-benzoquinone affords rhodium(II) pincer complex [RhCI{N(CHCH
P!Bs)s}| (15) as green solid in around 50% isolated yield, similar to the corresponding

iridium(IT) complex 3 (scheme 11.3.5).1200]

Ay e

N—-Rh—Cl
- HO —@— OH © p!
tBUg

1 50% 15

[RhCI(PPhg)] +  HN(CHoCH2PBuy),

Scheme I1.3.5: Conversion of the Wilkinson complex with the PNP pincer ligand and
in situ ozidation to square-planar rhodium(1I) chloro complex 15.

Removal of residual PPhs from the crude product failed via extraction, crystallization

and column chromatography, however only succeeded by sublimation . wac. at 60 °C
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Figure 11.3.1.: Molecular structure of [Rh(PPhs){HN(CHyCHyP'Bug}s)|Cl in the
crystal (thermal ellipsoids at 50% probability; hydrogen atoms except for H1 omitted for
clarity.) Selected bond lengths [A] and angles [?]: Rh1-N1 2.170(3), Rhi1-P3
2.2611(11), Rh1-P1 2.4356(10), Rh1-P2 2.3666(10), C17-C18 1.512(5), C19-C20
1.513(5), N1-C18 1.480(5), N1-C20 1.486(4), N1-H1 0.92(4); N1-Rh1-P3 164.09(9),
P1-Rh1-P2 156.56(4).

for several hours. The mechanism for the formation of 15 was not examined. However,
without an oxidizing agent, the Rh! complex [Rh(PPh3){HN(CH2CHsP!Bug)s}|Cl was
isolated and crystallographically characterized (figure I1.3.1), probably representing an
intermediate prior to backbone dehydrogenation.

Salt metathesis of 15 with a mixture of [N(Phs)2|N3/NaNs (1:9) in acetone gives the
azido complex [Rh(N3){N(CHCHP'Bus)2}| (16) in almost quantitative yield. Interest-
ingly, the reaction time for full conversion of 15 is four times longer than for 3 under

identical reaction conditions.

PtBUZ [(Pth)QN]Ng PtBUQ
- NaN; -

N—Rh—ClI > N—Rh—Nj
(e UPPhePLNICE T ¢
Bu, ‘Bup
15 89% 16

Scheme I1.3.6: Synthesis of square-planar rhodium(Il) azido complex 16.

IFirst investigations on the synthesis of 15 were performed by M. Sc. Yanlin Wu.[223 Determi-
nation of the molecular structures within this project were performed in collaboration with
Prof. Dr. Dietmar Stalke by M. Sc. Lennard Krause and Dr. Elena Karl.
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Two (15) and three (16) paramagnetically broadened and shifted signals in the 'H NMR
spectra, respectively, indicate Csy symmetry on the NMR, timescale. The missing back-
bone proton signal of 15 is assumed to be superimposed with the broad and intense
signal of the ‘Bu group, as indicated by the peak integral. Note that these two signals
are close in the case of complex 16 as well (Ad = 3.0 ppm). The magnetic moment of 15
(tefr = 1.7 pup, Evans’s method) is in agreement with an S = 1/2 ground state. The
large anisotropy of the g-tensors (15: g11 = 3.25, gaa = 1.82, g33 = 1.68; 16: g11 — 2.92,
g22 = 1.96, g3z = 1.85) in the rhombic EPR spectra (figure I11.3.2) of 15 and 16 (figure

11.3.2) indicate the presence of metal-centered (Rh') radical complexes.?

g-value g-value
4 35 3 2.5 2 1.5 3.63.3 3 2.7 24 2.1 1.8 1.5

dX"/dB
dX"/dB

T T T T T T T T T T
1500 2000 2500 3000 3500 4000 4500 2000 2500 3000 3500 4000 4500
B [Gauss] B [Gauss]

Figure I1.3.2.: Ezperimental and simulated EPR spectra in frozen toluene of 15 (T =
117 K; Frog = 9.436340 GHz; modulation amplitude, 1 G; microwave power,
5.023 mW) left and 16 (T = 20 K; Fyeq = 9.380845 GHz; modulation amplitude, 4 G;

microwave power, 0.2 mW) right.

The azide stretching vibration of 16 was assigned to a strong peak at 2040 cm™ in the IR
spectrum. DFT electronic structure (b3lyp/def2-TZVP) and EPR (BP86/ZORA /TZVP)
property calculations are in good agreement with the spectroscopic results (15: g1 =
3.13, goo = 1.88, g33 = 1.52; 16: g11 = 2.79, goo = 1.94, g33 = 1.79) and corroborate
the assignments as rare examples of square-planar rhodium(IT) complexes (Mulliken spin

density on Rh: 81% (15), 74% (16)).3[173-175:224] The molecular structure of 15 was also
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Figure 11.3.3.: DIAMOND plot of the molecular structure of 15 from single-X-ray
diffraction (ellipsoids set at 50% probability, hydrogen atoms are omitted for clarity).
Selected bond lengths [A] and angles [7]: Rh1-Cl1 2.3344(7), Rh1-N1 1.9667(14),

Rh1-P1 2.3249(7), C9-C10 1.83499(16), N1-Rh1-Cl1 180, P1-Rh1-P1’ 166.5753(16).

determined by single-crystal X-ray diffraction (figure 11.3.3), confirming the square-planar

coordination geometry around the metal.

3.2. Open-shell rhodium nitride

Irradiation of 16 in frozen toluene at 20 K led to the gradual disappearance of its EPR

signal and clean formation of exclusively one new signal (scheme 11.3.7, figure 11.3.4).

@PtBUQ hv %_\\\PtBUQ

N-Rh—N; —— N-Rh=N
&. p‘ -N2 &. p‘
Bu, Bup
16 17

Scheme I1.3.7: Synthesis of open-shell rhodium nitrido complex 17.

All components of the rhombic g-tensor (g11 = 2.04, gaa = 1.93, gs3 = 1.70) are close to

or well below the value for the free electron (g. = 2.002). This new signal was assigned

2EPR spectroscopy of 15 was performed in collaboration with Dr. A. Claudia Stickl. EPR
spectroscopy of 16 and all simulations were performed by Prof. Dr. Bas de Bruin.

3DFT calculations were performed by Prof. Dr. Bas de Bruin.

4EPR spectroscopy, simulations and DFT were performed by Prof. Dr. Bas de Bruin.
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to rhodium(IV) nitride [Rh(N){N(CHCHP?Bus)2}| (17). The EPR spectrum of 17 is
similar to that of iridium(IV) nitrido complex 13 (g11 = 1.89, goo = 1.63, gs3 = 1.32), for
which the unusual g-tensor was rationalized on the basis of extensive mixing via spin—
orbit coupling of the nearly degenerate SOMO and LUMO, which exhibit strong Ir=N
7*-MO character. 291 The smaller orbital contributions to the g-tensor of 17, as compar-
ison with 13, are in agreement with the smaller spin—orbit coupling (SOC) constant of
Rh.[225] In contrast to 13, hyperfine interactions (HFI) are resolved along one direction
of the HFI tensor. The clearly resolved ¥N hyperfine coupling (Asy — +65 MHz) is
close to the value found for 13 by Davies ENDOR spectroscopy (A2 = +64 MHZ),[QOO]
further indicating similar electronic structures of 13 and 17. Spectral simulations and

line shape analysis point to a smaller '°3Rh hyperfine coupling of ~25 MHz along gas.
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Figure 11.3.4.: Experimental and simulated EPR spectra of rhodium nitrido species
17 obtained by irradiation of 16 with UV light in frozen toluene (T = 20 K; Fyeq =
9.380845 GHz; modulation amplitude, 4 G; microwave power, 0.2 mW).

The formation of a nitrido complex is further supported by vibrational spectroscopy.
Short irradiation of a KBr pellet of 16 causes the appearance of a weak band at 874 cm™!
in the IR spectrum (figure 11.3.6 top), which was assigned to the Rh=N stretching vi-
bration of 17. The band disappears on extended irradiation. Upon use of partially
15N-azide labeled 16, a second band at 848 cm™ was also observed (figure I1.3.6 bottom)
and matches well with the expectations derived from the harmonic oscillator approxi-
mation for the 15/14N-17 isotopologues (A7 = 26 cm™!). These values are also in ex-

cellent agreement with the DFT computer stretching frequencies for 17 (1N: 871 ecm™;
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15N: 842 ecm™!) upon applying the same scaling factor as was used for 12 and 13. No-
tably, the M=N stretching vibration of 17 is slightly lower than that in the analogous
Ir complex 13 (901 cm™). Hence, the ratio of the harmonic oscillator force constants
(% = % = 0.88) indicates weaker Rh=N than Ir=N bonding. In agreement,
DFT calculations reveal a weaker M=N Mayer bond order for Rh compared to that for Ir
(Rh: 1.972; Ir: 2.290), and also formation of the nitrido species from its azido precursor
is calculated to be less exergonic (AGYqg; Rh: -4.7 keal/mol; Ir: -14.3 kcal/mol) and

has a higher kinetic barrier (AG;)SK Rh: +33.4 kecal/mol; Ir: +27.8 kcal/mol).

Figure I1.3.5.: SOMO (MO 111« left), LUMO (MO 112c, middle) and spin density
plot (right) of 17.

The EPR spectroscopic assignments were also substantiated computationally. According
to DFT, the electronic structure of 17 is analogous to that of 13. The SOMO (MO
111e, figure I1.3.5 left) represents an anti-bonding interaction between the metal (d,)
and the nitrido ligand (p,). As for 13, the other predominantly M-N 7* anti-bonding
orbital is close in energy (LUMO: MO 112« figure I1.3.5 middle) and exhibits the ap-
propriate (rotational) symmetry for efficient SOMO/LUMO excited state admixture of
orbital angular momentum into the ground state via SOC, indicating minor effects of
spin polarization on the distribution. Hence, the unpaired electron is mainly situated in
a m* Rh—N orbital. As a consequence of the high degree of covalency within the Rh=N
m-bonding, the spin density is strongly delocalized over this moiety (figure 11.3.5 right),
exhibiting a preference for the N (~64%) over the Rh (~37%) atom according to Muliken
spin-densities (b3-lyp, def2-TZVP). Hence, the nitridyl-radical character of Rh complex
17 is even higher (and better defined due to smaller spin orbit coupling contributions)
than for Ir complex 13 (~50% spin density at N).[20% The experimental g-tensor (g1; —
2.04, goo = 1.97, g33 — 1.70) and the resolved N HFI value along gos (Asy — 65 MHz)
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Figure I1.3.6.: Top: Infrared spectra of 16 as KBr disc (green curve), directly after
irradiation for 10 s from each side (red curve) and after 2 min of irradiation (black
curve). Bottom: Irradiation of KBr disc for 10 s from each side of 16 (red curve) and
15/14N-16 (blue curve), respectively.
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3. Square-planar rhodium nitrido complex

of 17 are well reproduced by DFT property computations (g11 = 2.02, goo = 1.93, g33 —

1.62; AY, = 52 MHz), thus giving confidence in the calculated electronic structure.

3.3. Reactivity of open-shell rhodium nitrido
complex

Upon thawing a frozen solution of 17, the EPR signature disappears immediately. Two
diamagnetic molecules are formed after photolysis in frozen solution of in the liquid phase
at -60 °C. Their ratio is subject to the reaction conditions: Irradiation in solution under
an atmosphere of dinitrogen produces the Rh! complex [Rh(N2){N(CHCHPBusgs}] (18),
selectively, which was fully characterized including single-crystal X-ray diffraction (figure
11.3.7).°

Figure 11.3.7.: DIAMOND plot of the molecular structure of 18 from single-X-ray
diffraction (ellipsoids set at 50% probability, hydrogen atoms are omitted for clarity).
Selected bond lengths [A] and angles [°]: Rhi1-N1 2.025(3), Rh1-N2 1.911(3), Rh1-P1
2.8246(10), Rh1-P2 2.3165(10), N2-N3 1.091(4), C1-C2 1.851(5), C11-C12 1.354(5);
N1-Rh-N2 177.95(11), P1-Rh1-P2 164.12(3).

The IR spectrum of 18 exhibits an intense band at 2120 cm™ that can be assigned to
the N-N stretching vibration and is shifted to 2083 cm™ when generation of 18 start-

ing from '®/1N4N,-16 (harmonic oscillator: A = 36 cm™!). NMR characterization

SDetermination of the molecular structure of 18 was performed by Prof. Dr. Dietmar Stalke
and M. Sc. Elena Carl.
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3. Square-planar rhodium nitrido complex

(3'P: § — 78 ppm) is in agreement with Csy symmetry in solution. However, irradi-
ation of 16 in solution under vacuum results in partial formation of 18 (~34%). The
isolation of the main product (66%) was unsuccessful, owing to very similar solubility,
but NMR (3'P: § = 75 ppm) and electrospray mass spectrometry (ESI-MS) character-
ization (figure I1.3.8 top) are in agreement with the assignment to bridging complex
[(Rh{N(CHCHP?Buy)2})2(N2)] (19). The use of partially >N-labeled 16 enabled the
detection of the Ny ligand by N NMR spectroscopy (6 = -76 ppm vs. Me!®NOg) and
of all three possible isotopomers (1PN'°N-19, ’N'4N-19, 1*N!4N-19) by ESI-MS (figure
I1.3.8 bottom), confirming that the azide group is the source for Ny formation.®

These results are in agreement with coupling of the transient nitride 17 to a bridging Ny
complex (19), which dissociates to the terminal Ny complex 18 in the presence of excess
N, e.g. from azide splitting (scheme 11.3.8). In contrast to the previously reported Ir'V
nitride 13, the corresponding Rh!V nitride 17 is too reactive to be detected in the liquid
phase. It is tempting to attribute the lower thermal stability of 17 to the enhanced
N-radical character. In agreement with these observations, the DFT calculated barrier
for N-N coupling is lower for rhodium (AGing = +11.9 kcal/mol) than for iridium
(AG£89K = +13.7 kcal /mol).

%—é\PtBUQ %—é\PtBUZ tBUz\\\P_‘\> %—é\PtBUQ

. R 12 N, R
N-Rh=—=N —> 12 N-Rh—N=—=N—Rh—N ——> N—-Rh—N>
T C R o
tBLIg 'BUZ tBUg tBUg
17 19 18

Scheme I1.3.8: Decay of nitride 17 under the formation of 19 and dimer cleavage
under formation of monomeric 18.

Interestingly, irradiation of 16 in the presence of 10 equiv. of 1,4-cyclohexadiene (BDEq p1
— +76 keal /mol) [226] gave the same product (18) as without the hydrogen donor reagent
(DFT estimated BDEN g of [Rh(NH)(N{CHCHPMes}s)|: +78.7 kcal/mol). In good
agreement, DFT calculations reveal a substantially higher kinetic barrier for HAT from
1,4-cyclohexadiene to [Rh(NH)(N{CHCHP Mes}5)] (AG£89K = 421.9 keal /mol) as com-
pared to the barrier for N-N coupling of two nitridyl radical species to form [(Rh(N{CHCH
PMes}2))2(Na)] (AGhgo= +11.9 keal /mol).

6Mass spectrometry was performed in collaboration with M. Sc. Krisitan Dalle.
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Figure I1.3.8.: Ezperimental (blue) and simulated (red) ESI™ Mass spectra of 19 (top)
and 1° N-19 (below) in toluene.
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4. Series of parent Ir amino,
amido, imido and nitrido

complexes

Nitrogen containing molecules are ubiquitous in organic chemistry and despite few ex-
amples, the nitrogen source is commonly derived from NHg synthesized by Nitrogenase
activity 1 or by the industrial Haber-Bosch process!l. Examples for direct incorporation
of No within the synthesis of organic compounds 7.e. via functionalization of metal nitrido
complexes derived from Ny are rare, due to the intrinsic stability of the M=N moiety
and hence, strong electrophiles are usually required for nitride transfer. [24,84,103,227]
Direct catalytic intramolecular sp? C-H amination reactions gained increasing inter-
est, e.g. for heterocycle formation, 2282301 and became powerful tools in total synthe-
sis231-233] ' The central intermediate proposed for transition metal catalyzed C—H amina-
tions are metal nitrene (or imido) species, [228:234-236] depending on their respective elec-
tronic structures and are derived from low valent metal centers such as ruthenium(II) por-
phyrins[234:236:237] o1 rhodium(I) paddlewheel complexes. The nitrene transfer reagents
are commonly generated in situ by oxidation of tosylamine with iodosobenzene. Inser-
tion of the transition metal nitrene into the C—H bond occurs either via concerted C-H
insertion 229 or through C—H abstraction and subsequent radical rebound [234:235,237-239]
However, C—H amination reactions catalyzed by metal imido/nitrene complexes are lim-
ited to primary amines substituted with electronic withdrawing substituents such as
tosylates and sulfamate esters.[23% A general rationalization of an (electronic) structure
reactivity relationship for insertions of nitrenes in C—H bonds remains elusive.

C—-H insertions of terminal nitrido complexes, in contrast, are limited to stoichiomet-
ric intramolecular reactions and performed by electrophilic late-transition 5d metal ni-

trides3999 or via radical reaction pathways by nitrides coordinated to 4 [39-186,187,240,241]

and 3d°!! transition metals or to uranium['85:242], Remarkably, highly transient open-

I0)



4. Series of parent Ir amino, amido, imido and nitrido complexes

shell nitrido complexes of Ir (13)[2° and Rh (17)[??? decompose solely via selective N-N
coupling reaction towards dinitrogen bridged dimeric complexes, even in the presence of
weak C-H bonds e.g. 1,4-cyclohexadiene (BDE¢c_ g (gas) = 76.0 kcal/mol), and H atom
transfer (HAT) or C-N coupling was not observed.

i : Irv : i ; i
[Ir]EN—I + = [IN=N ;
12 ; 13 : :
5 % 5
E -H* [| +H* -H- E
: e :
: M=NH | + === [M=NH :
" +e ]
; 23 : 22 :
: : +H
H E H* || +H* H
: . o
: - ]— NH, ] * [Ir] — NH,
: : +e
: : 21 : 24
=P e || e
(Ir] =(_l'\l;lr : : :
\ : : :
Bu; : : 5 ) — N *
: : 20

Chart I1.4.1: Interconversion of a full series of Ir-NH, complezes (z = 0-3) by either
successive proton and electron transfer, or via proton coupled electron transfer. The Ir
exhibits formal ozidation states ranging from Il to V, stabilized by a PNP pincer

platform.

In this chapter, interconversion of nitrido complexes of Ir (12,13) by sequential pro-
ton and electron transfer steps or HAT will provide a series of parent imido (22,23),
amido (24,21) and amino (20) complexes (chart 11.4.1). Estimation of the N-H bond
dissociation energies (BDE) of these complexes will be used to rationalize the selectiv-

ity for N-N coupling reaction of Ir nitrido complex 13 over E-H activation (E = element).
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4. Series of parent Ir amino, amido, imido and nitrido complexes

4.1. Parent iridium(l1-111) amido and amino
complexes

Stirring 3 in the presence of sodium amide (excess) in THF results in the slow, yet se-

lective formation of parent amido complex 24 as monitored by 'H NMR spectroscopy
(scheme 11.4.1).

‘/—b\PtBUZ NaNH, %—SP'BUZ

N—Ir—Cl - = N—Ir—NH,
@ ¢ -NaCl . ¢
tBUg tBUg
3 90% 24

Scheme I1.4.1: Synthesis of parent iridium amido complex 24.

The slow conversion of starting material is attributed to the poor solubility of sodium
amide and thus accelerated by addition of one equivalent of 15-crown-5. After 2 h,
full conversion is achieved and green 24 can be isolated in analytically pure form after
removal of all inorganic salts by filtration over celite in 90% yield. The 'H NMR spectrum
of 24 (figure 11.4.1) exhibits four paramagnetically broadened and shifted signals at
chemical shifts of § = 5.9 (*Bu), -33.1 (NHz), -53.9 (CH) and -73.1 ppm (CH), indicating
Coy symmetry on the NMR timescale. The assignment of signal at § = -33.2 ppm to the
NHs protons is based on the relative intensity of the low intense signals.

The magnetic moment of 24 (perr = 1.82 pp, Evans’ method) is in agreement with a S
=1/2 ground state, however, significantly lower than in chloro complex 3. In analogy to

starting material 3,193 no signal is observed in the 3'P NMR spectrum of 24.
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Figure 11.4.1.: 'H NMR spectrum of 24 in CgDg at room temperature.

Figure I1.4.2.: ORTEP plot of the molecular structure of 24 (carbon bound hydrogen
atoms are omitted for clarity). Selected bond lengths [A] and angles [°]: Ir1-N1
2.0194(15), Ir1-N2 1.9521(17), Ir1-P1 2.3116(5), Ir1-P2 2.3086(5), N1-C1 1.380(2),
N1-C8 1.385(2), C1-C2 1.348(3), C3-C4 1.8344(3); N1-Ir1-N2 179.74(7), P1-Ir1-P2
164.445(17).
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Suitable crystals for determination of the molecular structure in the solid state via X-
ray diffraction were obtained by slow evaporation of a pentanes solution of 24.! The
molecular structure of 24 (figure 11.4.2) confirms square-planar coordination around the
metal center (Xgnges = 359.98°) with a linear Npnxp—Ir-NHy axis (179.74(7)°). The
sum of angles around the NHs-nitrogen (Eangles = 360°) indicates sp? hybridization and
the Ir-NHy distance of 1.9521(17) A compares well with other parent iridium amido
complexes in square-planar coordination geometry ([Ir(PDI)(NHy)]: 1.926(15) Al
[Ir(PPEP)(NHy)|: 1.954(4) AP figure 11.4.3), however, is significantly shorter than
in a coordination number of five ([Ir(PCP*)(H)(NHy)]: 1.999(4) A)44 or six ([Ir(PCP)
(NC'Bu)(H)(NHy)|: 2.193(4) A% [Tr(CsMes) (PMes) (Ph)(NHy)]: 2.105(8) Al246]) bear-
ing hydrocarbyl-ligands in trans-position. The structural features within the pincer back-
bone are not affected by the exchange of chloride (3) vs. amide (24), as expressed by the
similar C-N (24: 1.380(2) and 1.385(2) A; 3: 1.387(2) A) and C-C (24: 1.348(3) and
1.344(3) A; 3: 1.342(3) A) distances. Most significantly, the Ir-Npyp distance decreases
from 24 to 3 (24: 2.0194(15); 3: 1.985(2) A%y due to the stronger trans-influence of
the amido ligand.

PDI PPEP PCP* PCP
H H Cp”
—NAr —PMes e PBu, |:\ PBu, |
N—Ir—NH N— Ir— NH Ir Ir—NH Ir-,
\ < 2\ = ¢ 2 p; ~~NH, ] 2 ~ NNH,
~ | MesP” \
NAr P P P oh
A t-Bu Bup Bu,NCBu
r=

[VaVaVay
)\©)\ t-Bu

Figure 11.4.3.: Structurally characterized monomeric parent amido complexes of
iridium.

!Determination of the molecular structure of 24 was performed by Dr. Frank W. Heinemann.
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Exposition of a solution of 24 to oxygen or air results in fast and selective formation of

10 in an isolated yield of 35% in analytically pure form (scheme I11.4.2).

1
%—\\\PBUZ air vs. O %—\\\P Bu

C;Ir—NHg CP;Ir—Og

,BUQ tBUg

24 35% 10

Scheme I1.4.2: Reactivity of amido complex 24 with air or oxygen.

24 reacts readily with HCI under formation of 3 and NH3, as confirmed by 'H NMR
spectroscopy. Protonation of 24 at the amido ligand towards an Ir'l amino complex and
ligand exchange wvs. chloride is assumed and in agreement with the basic reactivity of
coordinated NHy ligands. [247]

B(CgH3(CF
%—?\PTBUZ HIB(CaHa(CFa)a)al @PIBUQ [B(CgH3(CF3)2)4]
N—Ir——NH, L N—Ir——NH3
! !
Bu, Bu,
24 41% 20

Scheme 11.4.3: Protonation of 24 to Ir'l amino complex 20.

The utilization of the less nucleophilic acid HBarf (Barf = [B(CgH3(CF3)2)4]") allows for
the isolation of cationic Ir'l amino complex 20 in 41% isolated yield (scheme I1.4.3). Be-
sides two narrow singlets at 6 = 7.79 and 7.56 ppm attributable to the aromatic protons
of the counter ion [B(CgHs3(CF3)2)4]", only two paramagnetically broadened and shifted
signals at § = 38.4 and 13.5 ppm are observable in the 'H NMR spectrum of 20 (figure
I1.4.4). The signal at higher field is assigned to the tert—butyl groups, due to the higher
signal intensity. No further signals were found in a range of -160 and 130 ppm.?

Further support for the molecular composition of 20-BF,4 obtained by conversion of 24

2Synthesis of 20 was performed by M. Sc. Markus Kinauer.
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Figure 11.4.4.: 'H NMR spectrum of 20 in ds-THF at room temperature.

with HBF4 was provided by single crystal X-Ray diffraction.® The molecular structure
of 20-BF, (figure I1.4.5) shows square-planar coordination of the metal center. The
residual electron density around N2 suggested three further hydrogen substituents and
hence, supports the presence of an NHs group as fourth ligand at Irl. However, residual
electron density close to the metal center above the Ir(PNP) plane does not allow for
detailed discussion of bond lengths and angles.

The cyclic voltammogram of 24 (figure 11.4.6) exhibits one reversible oxidation wave
at Ej/p = -0.68 V and one irreversible reduction process at a cathodic peak potential
of Epe = -2.60 V (vs. Fc%F). The lower oxidation potential of the Ir™/M redox couple
for amido complex 24 in comparison to chloride 3 is attributed to the stronger w-donor
properties of amide and in alignment with the trends within the Ir-Npnp bond lengths
of both complexes.

Remarkably, the oxidation of Ir'V nitrido complexes 13 (E; /2 =-08YV) 200 hroceeds at
even lower potential than of Ir' amido complex 24 and is counterintuitive with respect
to the higher formal metals oxidation state of 13 as compared with 24. However, the

high degree of covalency within the Ir-NHy multiple bonds (x = 0-2) obscures the as-

3Determination of the molecular structure of 20-BFy4 as performed by Dr. Christian Wiirtele.
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Figure 11.4.5.: ORTEP plot of the molecular structure of 20-BF (carbon bound

hydrogen atoms, one molecule of THF and counterion BF; are omitted for clarity).
Selected bond lengths [A] and angles [: Ir1-N1 1.988(3), Ir1-N2 2.210(4), Ir1-P1
2.3265(10), Ir1-P2 2.3300(11), N1-C2 1.386(5), N1-C3 1.376(5), C1-C2 1.340(6),
C3-C4 1.8340(6); N1-Ir1-N2 174.42(15), P1-Ir1-P2 164.35(4).

signment of formal oxidation states solely based on strict charge separation depending
on the relative electronegativities of the respective bonding partners. Instead, the lower
oxidation potential of 13 is attributed to a higher SOMO energy as compared with 24

and is in alignment with the transient character of 13.

current [pA]

-2,5

-3,5

-3 -2,5 -2 -1,5 -1 -0,5 0
potential [V] vs [(C;H;),Fe]®*

Figure I1.4.6.: Cyclic voltammogram of 24 (107 mol/L) in THF (400 mV /s,

[nBuyN|PFg 0.1 mol/L, Pt working electrode, Pt counter electrode, Pt pseudo reference
electrode).

Chemical oxidation of 24 using AgPFg yields in diamagnetic cationic parent amido com-

plex 21 (scheme I1.4.4). Residual starting material is removed by extraction with non-
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polar solvents to accomplish the isolation of purple 21 in analytically pure form after

crystallization from THF /pentanes in 70% yield.

PF
%—&PIBUQ AgPF6 %—&PtBuz 6
N — Ir— NH, N— Ir— NH,
! 7
tBUg tBUg
24 70% 21

Scheme I1.4.4: Ozidation of 24 to closed-shell Ir'™ amino complex 21.

The 'H, C and 3'P NMR spectra of 21 are in agreement with Csy symmetry on the
NMR timescale. The 'H NMR chemical shift assigned to the NHy-group at § — 11.35 ppm
exhibits a significant low-field shift compared with other diamagnetic parent iridium
amido complexes ([Ir(PDI)(NHy)|: 5.99 ppm[?l; [Ir(PPEP)(NHy)]: 3.82 ppm[*43l; [Ir
(PCP’)(H)(NHy)]|: 4.24 ppm!2*4; [Ir(Cp*)(PMes3)(Ph)(NHy)]: -1.32 ppm[246l). Remark-
ably, the chemical shift of the signal assignable to the pincer backbone protons in a-
position to the phosphine is higher than for the protons in a-position to the amide and
is in contrast to the NMR properties of all reported diamagnetic iridium and rhodium
complexes with the fully dehydrogenated PNP pincer ligand. [163:193,200,222,248]
Suitable crystals for X-ray diffraction experiments of 21 were obtained by oxidation of
24 with AgSbFg. 21-SbFg (figure 11.4.7) exhibits a Cay symmetric molecular structure
in the solid state with a square-planar coordinated metal center (X4n9es = 360°) and
a basically linear Npyp—Ir-NHy axis (179.07(10)°). The structural features within the
PNP ligand of square-planar [Ir(PNP)X]|" (X = Cl, NHy) are not affected by the nature
of the X ligand, as expressed by identical Ir-Npyp (4: 1.922(2) A; 21: 1.926(2) A), N-C
(4: 1.414(3), 1.415(3) A; 21: 1.409(3), 1.416(3) A) and C-C (4: 1.335(3), 1.334(3) A;
21: 1.335(3), 1.334(3) A) bond lengths, '3 pointing towards similarities in their elec-
tronic structures. This is also demonstrated by shorter Ir-Npyp (24: 2.0194(15) A; 21
1.926(2) A) and Ir-NHy (24: 1.9521(17) A; 21: 1.900(2) A) distances of closed-shell vs.
open-shell parent amido complexes, which can be rationalized by stronger w-donation of
both amido ligands into vacant w-symmetric d-orbitals in the case of 21.

Examples of square-planar metal complexes with a d® electronic structure are rare. 249l

These strongly coordinatively unsaturated systems tend to exhibit an intermediate-spin
electronic structure as reported for [M(X){N(SiMeaCHyP*Buy)s}| (M = Os, Ru; X = F,
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Figure I1.4.7.: ORTEP plot of the molecular structure of 21-SbFg (carbon bound
hydrogen atoms are omitted for clarity). Selected bond lengths [A] and angles [°]:
[r1-N1 1.926(2), Ir1-N2 1.900(2), Ir1-P1 2.3333(8), Ir1-P2 2.3351(8), N1-C1
1.409(8), N1-C11 1.416(3), C1-C2 1.331(4), C11-C12 1.329(4); N1-Ir1-N2
179.07(10), P1-Ir1-P2 166.42(2).

Cl, 1, OTf) [150,151,250] o1 5 Jow-spin configuration as demonstrated for [RuCl{N(CH;CH,
P!Buy),}| (IX) with the stronger 7-donating ligand°. In comparison to the latter,
the low spin configuration of 4 is attributed to the positive charge of the complex and
the change from 4d to 5d metal.['63] Remarkably, the isolated square-planar chloro com-
plexes of Ru and Ir with d® electronic configuration possessing low spin state are ther-
mally not robust and decompose at ambient temperatures. 1401631 In contrast, 21 is
stable at room temperature even in solution over a prolonged time. This thermal ro-
bustness in particular by comparison with highly temperature sensitive chloro complex
4 is attributed to the amido ligand. Stabilization might arise by stronger m-donation
of the amide to the metal center. Note that thermally stable square-planar chloro com-
plex [Ir{C(CHyCH,PBuy)s }(Cl)| is isoelectronic to 4 and is reported with a low-spin
state. 251 However, the electronic structure assigned in between the formulations of an
Ir! carbene complex (structure A, figure 11.4.8) and Ir'!! ylid (structure B, figure 11.4.8)

obscures the assignment of oxidation states for the metal. 252l

4.2. lridium imido complexes

Fully characterized terminal parent imido complexes are rare!233] and reports about sta-

ble examples are limited to transition metals of group 4[254-256]  5[257-260] ), ¢[261-267]
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Figure 11.4.8.: Mesomeric structures of square-planar iridium chloro complex
described as Ir' carbene complex (A) or Ir''l ylide complex (B).

The structurally characterized examples of Os /263269 however, are not stable in solution:
The NH moiety of the cationic imido complex [Os(CsHs)(CH2SiMes)2(NH)| reported by
Shapley and coworkers exhibits acidic reactivity and forms a mixture of SiMey and in-
soluble osmium-containing products at ambient temperatures. 298] The second example
of a parent osmium imido complex [Os(Tp)(Cl)2(NH)| (Tp = tris-(pyrazolyl)borate)[26%]
was characterized crystallographically by Meyer and coworkers, however, is not observed
in solution due to fast disproportionation. 3% Furthermore, disproportionation of parent
Fe imido complex [Fe(PDI)(NH)] (PDI = 2,6-(2,6-*ProCgH3NCMe)2C5H3N) as transient
unobservable reaction intermediate upon conversion of [Fe(PDI)(Ng)s| with H-dbabh
(dbabh = 2,3:5,6-dibenzo-T7-azabicyclo[2.2.1]hepta-2,5-diene) was postulated by Meyer,
Chirik and coworkers. 27l

The synthesis of parent iridium imido complex 22 is envisioned by different synthetic
strategies (scheme I1.4.5): a) By abstraction of one H atom of neutral parent amido
complex 24, b) by single HAT to neutral nitrido complex 13 and ¢) by deprotonation of
neutral cationic amido complex 21.

The first synthetic approach towards parent imido complex 22 is HAT reaction with
excess of an H-atom donor reagent and neutral nitrido complex 13 (scheme I11.4.5).4
Addition of excess TEMPO-H (= 1-Hydroxy-2,2,6,6-tetramethyloxylpiperidine) to a so-
lution of 13 generated by irradiation of 11 at -60 °C leads to quantitative formation of 24
and full conversion of starting material upon time of mixing (figure 11.4.9 top). In con-
trast, nitride coupling of 13 is not affected by the presence of 2,4,6-tri-tert—butylphenol
(figure 11.4.9 middle), demonstrating the dependence of the reaction on the respective

hydrogen donor reagent.?

4Note that bimolecular nitride coupling of 13 proceeds at room temperature and traces of
coupling products 14 and 7 can not be prevented.

50One yet unidentified weak signal appeared at a chemical shift of § = 5.88 ppm, that could not
be assigned to any diamagnetic Ir containing complex due to the absence of any unknown
signals in the corresponding 3'P NMR spectrum.
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Scheme I1.4.5: Synthetic strategies for parent Ir imido complex 22 by HAT reaction to
neutral nitrido complex 13, by hydrogen atom abstraction from neutral amido complex
24 or by deprotonation of cationic amido complex 21.

Remarkably, only half conversion of 13 is observed upon addition of one equivalent of
TEMPO-H and a product mixture consistent of a 1:1 mixture of 13 and 24 is obtained
(figure 11.4.10, top and scheme I1.4.6 bottom). Additional trace amounts of dinitrogen
complexes 7 and 14 are attributed to slow nitride coupling of 13 under the experimental
conditions. However, one further reaction product exhibiting two broad signals in the
'H NMR spectrum (6 = 48.6 and 4.3 ppm) could not be assigned to any Ir complex
yet. Performing the same reaction in dg-toluene as solvent, in contrast, results in full
conversion of starting 13 and formation of 24 with trace amounts of nitride coupling
products (figure 11.4.10 bottom). The reverse reaction was investigated upon dissolv-
ing a mixture of amide 24 and one equivalent of 2,4,6-tri-tert—butylphenoxyl radical in
ds—toluene. A product mixture consistent of amide 24 (30%), nitride 13 (20%) and
dinitrogen complexes 14 and 7 (20% in total) is obtained (spectroscopic yields, figure
T1.4.11).
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Figure I11.4.9.: Top: Room temperature 'H NMR spectrum in dg-toluene of a mixture
of freshly prepared 13 by photolysis of 11 and subsequent conversion with excess of
TEMPO-H. Bottom: 'H NMR spectrum in dg-THF of a mizture consistent of Ph—OH,

12 and [(C5Mes)2Co] at room temperature (Ph-OH = 2,3,6-tri-tert—butylphenol).

87



4. Series of parent Ir amino, amido, imido and nitrido complexes

—6.97
6.82
—6.47
5.86
~4.27
137

~4.33

5500
5000
F4500

THF 14/7 4000

2500
2000

1500

14/7 13 24 14/7

=500

7.5 7.0 6.5 6.0 5.5 5.0 4.5 3 .0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)
o o @ 1w
§ 7 i 37 3400
3200
L3000
F2800
+2600
F2400
- 1 ene dg—toluene L2200
dg tolu 14/7

+2000
F1800
1600
1400
1200
1000

14/7 24 14/7 800

H600

J« \ 200

Y | | PN o o

8.0 7.5 7.0 6.5 6.0 5.5 5.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

45 40
f1 (ppm)

Figure I1.4.10.: Room temperature 'H NMR spectrum of a stoichiometric mizture of
13 and TEMPO-H at room temperature in dg-THF (top) and in dg-toluene (bottom).
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Scheme I1.4.6: Dependency of the course of HAT reactivity of 24 and 13 on the
respective reagent.

The second approach for imide synthesis followed hydrogen atom abstraction from neutral
parent amido complex (scheme I1.4.5). Remarkably, 24 is stable in solution containing
excess of TEMPO radical, as followed by 'H NMR. spectroscopy (figure I11.4.12 top). In
contrast, full conversion of 24 under formation of 13 and its coupling product 14 is

achieved upon conversion with 2,4,6-tri-tert-butylphenoxyl radical (figure 11.4.12).5

60nly broad signals in the aliphatic and aromatic region of the 'H NMR spectrum were assigned
to 2,4,6-tri-tert—butylphenol. Note that one yet unidentified signal at a chemical shift of
0 = 4.26 ppm was found, that was not assigned to any Ir containing complex due to the
absence of any further signals within the 3'P NMR spectrum.
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Figure I1.4.11.: Room temperature 'H NMR spectrum after dissolving an equimolar
mixture of amido complex 24 and 2,4,6-tri-tert—butylphenozyl radical in dg-toluene.
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The third route, namely the conversion of 21 in THF solution with a base such as
K|[N(SiMes)s] or KO*Bu resulted in full conversion of the starting material indicated by
the absence of its signals in the 'H and 3'P NMR spectrum, however, did not result
in neutral imido complex 22. Instead, a mixture consistent of 24 (66%), 14 and mi-
nor amounts of 7 (33% in total), and H|N(SiMes)a| (6 = -0.03 ppm) as determined by
'H NMR integration was obtained (figure I1.4.13 top). Monitoring the reaction at low
temperatures by NMR spectroscopy at -60 °C revealed full conversion of 21 and half
conversion of K[N(SiMes)s| (0 = -0.23 ppm) in time of mixing and allows for the obser-
vation of 12 yet unidentified broad singlets with 'H NMR chemical shifts of § — -189.0,
-99.2, -37.0, 1.24, 4.03, 5.52, 5.42, 5.52, 6.27, 7.57, 9.4 and 11.2 ppm, which disappear
within 5 minutes under formation of the final product mixture as obtained by reacting at
room temperature (figure 11.4.13 bottom). Additionally, trace amounts of neutral nitrido

complex 13 were detected in times of mixing at low and room temperature.

| PFe
//-P\P'Buz KIN(SiMez)s] //—;\P'BUZ tBug:\\P—B //——;\P’Bug = \\\P’Buz
N—l—NH, ————— N—IF—N=N—I—N" + _N—=IF—N: + _ N—I—NH,
Q Pl -H[N(SiMes)2] \ Pl Pl—/ Q Pl E_ 4
Bu, -KPFg Bu, Bu, Bu, fguz
21 14 7 24

Scheme I1.4.7: Deprotonation products of 21 resulting in 14, 7 and 24 .

Further insight into the conversion of 21 were provided by electrochemical investigations.
The cyclic voltammogram of 24 in the presence of K|N(SiMes)2| (10 fold excess, figure

/T yedox couple. Furthermore, a new redox wave

I1.4.14 top) exhibits an irreversible Ir
at a potential of E; /5 = -0.86 V appears after completing the first cycle (figure I1.4.14
bottom) and is attributed to the 12/13 redox couple by comparison with an authentic
sample of 12 in THF. Remarkably, the current drops after passing the anodic peak
potential of Ir'! oxidation and starts growing again until reaching the reversal potential.
Quantification of the individual peak currents of the 24/21 and 13/12 redox couples,
respectively, is obscured by the overlap of their redox waves. Decreasing of the excess of
K|N(SiMes)s] results in vanishing of the 12/13 redox couple, a reversible 24 /21 redox
couple and decay of the peak current after passing the anodic peak potential (figure
I1.4.15 top). Electrochemical activity of K|N(SiMes)sa| is excluded by the absence of
any features in the cyclic voltammogram of K[N(SiMes)s| in THF solution at potentials

between 0 and -3.5 V (figure 11.4.15 bottom).
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Figure 11.4.14.: Cyclic voltammogram (second cycle) of 24 (104 mol/L) in THF
containing K[N(SiMes)s] (10 mol/L) at different scan rates (top) and separation of
first and second cycle at a scan rate of 800 mV /s (bottom) ([nBuy;N|PFg 0.1 mol/L, Pt
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([nBuyN|PFg 0.1 mol/L, Pt working electrode, Pt counter electrode, Ag/Ag" reference

electrode).

95



4. Series of parent Ir amino, amido, imido and nitrido complexes

4.3. Discussion

The stability of parent amino, amido, imido and nitrido complexes of Ir can be ratio-
nalized upon considerations of the qualitative frontier molecular orbital (MO) splitting
(figure I1.4.16). In cationic amino complex 20, all metal electrons are localized in non-
bonding, d-orbital based MOs. Removal of one proton under formation of neutral amido
complex 24 leads to a repulsive dr/pm interaction of the amides’ lone pair with the oc-
cupied metal d-orbital, rising the energy of the d,, based MO and thus facilitating one
electron oxidation under formation of closed-shell amido complex 21. The increasing
m-donation of the amido ligand with increasing formal oxidation state of the metal is
reflected within the trends of Ir-NHy distance of Ir amido complexes (vide supra).
Further deprotonation of amido complex 21 under formation of imido complex 22 entails
m-interactions with a second nitrogen p-orbital and therefore rises the energy of a sec-
ond d-orbital based MO. Independent of the overall spin-state of transient neutral imido
complex 22, two electrons are occupied in energetically high lying MOs. Hence, it is
not surprising that open-shell Ir'V nitrido complex is more stable in solution than Ir'!
imido complex, due to singly occupation of Ir-N 7 anti-bonding MOs in the case of Ir!V.
Removal of one electron of 13 results in thermally stable cationic nitrido complex 12,
with all non-bonding MOs fully occupied and empty 7 anti-bonding MOs with respect
to the nitride.

Figure 11.4.16.: Qualitative frontier orbital scheme of square-planar Ir-NH, complezes
(x = 0-3). The m-donor strength of the NH, ligand increases with decreasing z, thus
rising the energy of the d, and subsequently the dg, based molecular orbital and
facilitate one electron oxidation of the corresponding complezes.
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Three different attempts for the synthesis of imido complex 22, namely deprotonation
of cationic amido complex 21, single HAT to neutral nitrido complex 13 and HAT from
neutral amido complex 24 did not allow for its characterization in solution (scheme
I1.4.5).

4.3.1. HAT between iridium amide and nitride

There were no further reaction intermediates observable upon double H atom abstrac-
tion from amido complex 24 or H atom addition to nitrido complex 13 that could be
assigned to neutral imido complex 22 as reaction intermediate and the course of the
reaction was solely dependent on the respective reagent applied. The fast conversions of
13 with TEMPO-H (BDEo_(CeHg) = 70.0 keal/mol) 2™ and 24 with 2,4,6-tri-tert—
butylphenoxyl radical (BDEo_ g (Ce¢Hg) = 81.6 kcal/mol) 21| respectively, suggests a
low kinetic barrier for the interconversions of nitride and amide via HAT. Addition-
ally, the lack of reactivity between 24 and TEMPO, as well as 13 and 2,4,6-tri-tert—
butylphenol suggest a sole thermodynamic driving force for the reactions and substan-
tiates a dependency of the course of the reaction on the BDE of the O-H bond of the
reagent. Hence, the average BDE over both N-H bonds of amido complex 24 is assigned
in between the BDE of the O-H bond of TEMPO-H as lower and the O-H bond of
2,4,6-tri-tert—butylphenol as upper limit (scheme 11.4.6).

The selectivity for N-N coupling with respect to HAT of nitrido complex 13 in the pres-
ence of 1,4-cyclohexadiene (BDE¢_(gas) = 76.0 kcal/mol[?%6]) can be rationalized as
follows: a) Double HAT of nitrido complex 13 from 1,4-cyclohexadiene is thermody-
namically uphill. b) The difference between the total energy of between the products
from single HAT (22 and cyclohexadienyl radical) and the starting materials (13 and
1,4-cyclohexadiene) is higher in energy than the kinetic barrier for N-N coupling would
also favor formation of Ng, even if the double HAT from 1,4-cyclohexadiene to nitride 13
under formation of amide 24 and benzene is thermodynamically downhill. ¢) A higher
kinetic barrier for the first H atom abstraction of 1,4-cyclohexadiene by nitride 13 com-
pared with the barrier for N-N coupling would also explain the observed selectivity for
N-N coupling.

A thermodynamic regime suggests proceeding of the reverse reaction. Hence, a) is ruled
out due to the stability of amido complex 24 in benzene. In the case of b), the similar
BDEs of the average N-H bond of amide 24 and the C-H bond of 1,4-cyclohexadiene

would entail a very low barrier for the N-N coupling reaction of 13 and is rather un-
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likely with respect to the selectivity for HAT of nitride 13 in the presence of TEMPO-H.
Hence, a kinetic resolution c¢) is favored to rationalize the selectivity for No formation
of nitride 13 in the presence of 1,4-cyclohexadiene, suggesting a higher kinetic barrier
for HAT of nitride 13 with 1,4-cyclohexadiene as compared with the barrier for N-N
coupling reaction. However, a final discrimination between b) and c) is not possible,
based on the experimental data.
Conversion of an equimolar mixture of nitride 13 and TEMPO-H results in nitride 13
and amide 24 in a 1:2 ratio, besides the dinitrogen complexes 14 and 7. The same
product mixture was also obtained on the reverse reaction, namely the conversion of
equimolar amounts of amide 24 and 2,4,6-tri-tert—butylphenoxyl radical.
The dinitrogen complexes 7 and 14 are observed as side-products in all conversions that
proceed under consumption or formation of nitrido complex 13, due to its thermal la-
bility at room temperature. Unfortunately, the 'H NMR signals of amido complex 24
and nitrido complex 13 suitable for 'H NMR integration are only separated at room
temperature and overlap upon reduced measurement temperature. However, the decay
of nitrido complex 13 as HAT starting material or product under formation of dinitrogen
complexes was observed within the timescale as reported earlier. 2901 Hence, the presence
of dinitrogen complexes 7 and 14 might be rationalized as thermodynamically indepen-
dent from imide reactivity and formed subsequently due to the transient character of
nitrido complex 13.
Following this assumption, the mixture of nitride and amide as disproportionation prod-
ucts of neutral imido complex 22 are rationalized in terms of a lower total energy of the
reaction products 13 and 24 over two equivalents of starting 22 (scheme 11.4.8). Hence,
energy is gained upon cleavage of the first N-H bond within imido complex 22 and for-
mation of a second N—H bond in 24, suggesting a higher BDE for the second N-H bond
in 24 over the first. Note that the assumption of independent nitride formation and sub-
sequent N-N coupling is not possible when cationic amido complex 21 is deprotonated,
due to the small quantities of nitride complex 13 observed in time of mixing (vide infra).
A lower BDE for the first N-H bond than for the second is further substantiated by
C-H activation of toluene of the imide, however, not from the nitride. When Ir'V nitrido
complex 13 is generated in toluene solution, only N-N coupling under formation of No
complexes 7 and 14 is observed. Remarkably, generation of the nitride in the presence

of one equivalent of TEMPO-H results in a solution containing amido complex 24 as
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Scheme 11.4.8: Disproportionation of imido complexr 22 into amide 24 and nitride 13.

reaction product and Ny complexes.” Full conversion of nitride with TEMPO-H under
formation of imido complex 22 is suggested, and activation of the weak benzylic C-H
bond of toluene (BDE(gas) = 89 kcal /mol!?20]) results in the generation of the amide.

In contrast, the product mixture from stoichiometric conversion of amide 24 with 2.4,6-
tri-tert—butylphenoxyl radical suggest only disproportionation of transient imido complex
22. A viable explanation for this difference in degradation pathways of 22 might be based
on a kinetic resolution of the two HAT reactions forming different N-H bonds, as it is
provided upon assuming a faster rater for HAT upon formation of the first N-H bond in
amido complex 24 as compared with the rate for formation of the second. Consequently,
full conversion of nitrido complex 13 upon reaction with one equivalent TEMPO-H un-
der formation of imide 22 is suggested and subsequent C-H abstraction of the latter
from the solvent toluene forms 24. In addition, C—H abstraction under formation of the
second N-H bond is assumed to be faster than disproportionation. On the other hand,
generation of imido complex 22 from the amide 24 and 2,4,6-tri-tert—butylphenoxyl rad-
ical is suggest to be slow, and the second HAT transfer is assumed to be faster. Hence,
the conversion of in situ formed imide 22 with the phenoxyl radical is faster than its
generation from the amide and the phenoxyl radical. Therefore, only the half amount of
amide but all of the phenoxyl radical is converted and is in agreement with the observed
product mixture consistent of 13, the dinitrogen complexes as side products derived from

N-N coupling and the amide 24 as unconverted starting material.

70 kecal mol™' < BDE(NH) < BDE(NH;) < 81.6 kcal mol™!

"The Ny complexes are already present after generation of nitride 13 and are not assigned as
side products from the conversion with TEMPO-H
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4.3.2. Deprotonation of cationic iridium amide

Upon deprotonation of cationic Ir amido complex 21, the formation of 13 as reaction
intermediate is substantiated by observation of its characteristic 'H NMR signals as well
as by the appearance of a redox wave attributable to the 13/12 redox couple by elec-
trochemical investigations on 24 in basic solution. In contrast to the HAT reactions,
the fast formation of dinitrogen complexes and the low concentrations of nitrido complex
13 observed after converting cationic amido complex 21 with base suggest a yet unknown
mechanism for Ny formation.

Deprotonation of parent amido complex 21 with K|[N(SiMes)s| is indicated by the ob-
servation of HN(SiMe3)s, as well as by the irreversibility of the Ir'l/Tr'!'l redox couple in
basic solution, suggesting the formation of transient neutral imido complex 22 as first
reaction intermediate. Viable pathways for imide degradations (scheme 11.4.9) are HAT,
proton transfer and electron transfer. HAT was already discussed as pathway for imide
disproportionation in the previous section and is not assumed in this case according to
the product composition. The following paragraphs will focus on separated proton and

electron transfer reactions.

7~ e, |- _——PB piay, | *
= ?\ Uo e = b\ Uo - //—\\\ Uo
N;Ir:NH -~ N;Ir:NH —_— N;Ir:NH
(e (i s
Bup Bu, Bup
22 23
+H- H* -H-
—~=—PBu K—\\P’BJ‘ ’ ——PBu,
N;Ir;NHZ N;lr'EN N;lr‘EN
s (K s
Bu, Bu, Bu,
24 13

Scheme 11.4.9: Degradation of neutral Ir"'! imido complex 22 either via proton,
electron or hydrogen atom transfer.
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Proton Transfer

Further deprotonation of neutral imido complex 22 would result in an anionic Ir nitrido
complex. The absence of any further reversible reduction process in the cyclic voltam-
mogram of nitrido complex 12 below the potential of the IrV /Ir'V redox wave questions

111

the existence of this anionic Ir** nitrido complex. Hence, proton transfer from imido

complex is not considered as initial degradation pathway of imido complex 22.

Electron Transfer

The electrochemical properties of transient neutral Ir imido complex 22 were not acces-
sible by experiment so far, but can be estimated with respect to its electronic structure:

I imido complex 22 suggests double

Qualitative molecular orbital considerations of Ir
occupation of Ir-N 7 anti-bonding orbitals, which are singly occupied in the case of ni-
trido complex 13 (scheme I1.4.16). Removal of one electron of these energetically high
lying orbitals is expected to proceed more readily in the case of 22 and hence, suggesting
a lower oxidation potential of 22 as compared with neutral nitrido complex 13.

T imido complex 22 entails its oxidation

This assumed low oxidation potential for Ir
towards cationic imido complex 23 with cationic nitride 12 (I1.4.10 top), as well as with
cationic amido complex 24 (I1.4.10 middle). Under the conditions of both electrochemi-
cal and stoichiometric experiments, quantitative one electron oxidation of neutral imido
complex 22 into 23 is expected and explains well the formation of neutral amido complex
24 as final reaction product and argues against reduction of the imide. Furthermore, the
redox potentials of amido and nitrido complexes suggest redox reaction between neutral
nitrido complex 13 and cationic amido complex 21 (scheme I1.4.10 bottom).

The irreversibility of the Ir'! /Tr™! redox wave of amido complexes, as well as the appear-
ance of the redox wave assignable to nitride complexes in the cyclic voltammogram of 24
in basic solution suggest degradation of cationic imido complexes 23 proceeds at higher
potentials as required for oxidation of neutral amido complex 24. It is rather likely that
the degradation of neutral imido complex 22 as postulated reaction intermediate from
deprotonation of cationic amido complex 21 proceeds mainly via initial electron transfer
under formation of cationic imido complex 23 under electrochemical, as well as under

stoichiometric investigations.
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Scheme 11.4.10: Direction of electron transfer reactions of Ir amido, imido and nitrido
complexes under the assumption of a lower potential for the oxidation of neutral imido
complex 22 than nitrido complex 13.

Degradation of cationic imido complex

It is tempting to assume a fast deprotonation of cationic imido complex 23 under for-
mation of neutral nitrido complex 13 in the basic reaction mixture. The lower potential
for the Ir'V/V nitride redox couple as compared with the amide suggest one electron oxi-
dation of neutral nitride with cationic amide 21 (scheme I1.4.10 top), hence providing a
viable pathway for the formation of cationic nitride 12 in both electrochemical and sto-
ichiometric conversions. Upon electrochemical conditions, the deprotonation products
of 21 and 23 are assumed to be further oxidized under formation of cationic imido and
nitrido complexes. This electron transfer from the reactants in solution to the electrode
is substantiated by the increase in current at potentials beyond the peak potential of the
I /Ir™ redox process.

Remarkably, the cationic nitride was never observed by 'H and 3'P NMR spectroscopy
upon stoichiometric conversion of cationic amide 21 with base and might provide a ra-
tionalization for the surprisingly fast rate for Ns formation. This yet unknown N-N

coupling mechanism, however, will not proceed via coupling of cationic Ir nitride 12
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with neutral imido complex 22, due to their relative oxidation potentials. More likely,
electron transfer between IrV nitride and Ir™! imide under formation of open-shell nitride
13 and cationic imide 23 (scheme I1.4.10 middle) might initiate their bimolecular cou-
pling reaction. Subsequent deprotonation of the first coupling intermediate forming the
dinitrogen complex is expected to proceed with a different overall reaction rate than the
initial deprotonation of cationic amido complex and might explain for the different rates
for conversion of K|N(SiMes)a]. Coupling of two charged species, as it would proceed by
coupling of IrV nitride 12 with Ir'V imide 23 is rather unlikely due to repulsive coulomb
interactions. Other reaction pathways for the formation of Ny complexes, such as cou-
pling of neutral and cationic nitrido complexes and subsequent reduction of the mixed
valent dinitrogen complex, however, can not be excluded.

The fast rate for degradation of nitrido complex 13 further hampers the differentiation
between degradation pathways for the imido complex 22. Homo-coupling of the nitride
for the formation of dinitrogen complex is rather slow at low temperatures and the com-
plex reaction mixture enables different, yet only proposed mechanisms for No formation.
Based on the observations, the following mechanism is suggested for the oxidation of
neutral amido complex 24 in basic solution (scheme II.4.11): One electron oxidation
of Ir'l amide results in cationic amido complex 21, that is subsequently deprotonated
under formation of neutral imido complex 22. The latter is oxidized either electrochem-

II1

ically, or by Ir*~ amido complex under formation of cationic imido complex 23. Upon

deprotonation of 23, formation of neutral nitride 13 is initiated and is subsequently ox-

I amido complex 21. Within

idized either electrochemically, or upon reaction with Ir
this mixture of cationic and neutral Ir-NHy complexes (x = 0,1,2), irreversible coupling
of neutral nitrido complex 13 with cationic imido complex 23 results in the formation
of a protonated positively charged dimeric No complex that is deprotonated under the
basic conditions forming dinitrogen complex 14 as final product.

Half conversion of the base upon dissolving stoichiometric mixtures of cationic amide 21
and K[N(SiMes)2| at early reaction times can be either rationalized by two distinct de-
protonation steps with different rates, or by an equilibrium in prior to the deprotonation
step. However, there are a multitude of decomposition pathways for cationic amido com-
plex 21 in the presence of the expected mixture of cationic and neutral Ir-NH, complexes
(x = 0-2) in basic solution, that might contribute to the overall reaction mechanism. A

final assignment to one main degradation pathway can not be performed based on these

experiments.
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Scheme I1.4.11: Proposed mechanism for the deprotonation of cationic amido complex
21, either generated electrochemically or employed as starting material. Ozidation steps
are intended by reduction of cationic amide under formation of 24 as final reaction
product.

4.4. Nitride coupling versus H-atom abstraction

Synthesis of parent amido complex 24 and its interconversions with nitride 13 upon re-
action with reagents varying in their E-H BDE (E = element) enables the prediction of
reaction pathways. The N-H bond resulting from the first H atom abstraction reaction
of nitrido complex 13 is weaker comparing to the second N-H of amido complex 24 and
explains well the transient character of imido complex 22. Disproportionation of the
latter is attributed to the higher thermodynamic stability of nitride and amide, which is
rationalized in the gain in energy from breaking the imide’s N-H bond under formation
of the amide’s N-H bond.

The insertion of the nitride into a C—H bond as decomposition pathway is in competi-
tion with N—-N coupling reaction. To favor the nitride insertion, the kinetic barrier as
well as the total energies of the first intermediates from HAT must be lower in energy
than the barrier for N-N coupling. The formation of a second N-H bond is energetically
downhill and in agreement with the multitude of applications of imido complexes for ni-
trene insertions and the few examples of C—H activation reactions performed by terminal

nitrides.
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5. Chalcogenonitrosyl complexes
of iridium

The reactivity of electron rich late terminal transition metal nitrido complexes is only
sparingly explored due to the low number of isolated examples. 9 For closed-shell Ir ni-
trido complex 12, electrophilic reactivity was demonstrated by formation of nitrosyl com-
plex 25 via conversion with trimethylamine N-oxide.[2901 There is only one report about
a full series of structurally characterized chalcogenonitrosyl complexes |[Os(Tp)(NE)Cls]
(Tp~ = tripyrazolylborate, E = none, O, S, Se), which were obtained by conversion of
electrophilic OsV! nitride with trimethylamine N-oxide, elemental sulfur or selenium. 189
The isolobal relationship between six coordinate OsV! and square-planar IrV nitrides sug-
gests similar reactivities for both systems. This relationship enables the synthesis of a
new series of structurally characterized chalcogenonitrosyl complexes of Ir. A bonding
model of the NE moiety (E = O, S, Se) will be derived from the structural and spectro-
scopic features.

The results of this chapter are published in 2013 under the title: ,Thionitrosyl- and

Selenonitrosyliridium Complezes® 1222]

5.1. Synthesis

The electrophilic character of the Iridium nitrido moiety can be demonstrated by the
conversion of 12 with trimethylamine N-oxide forming iridium PNP nitrosyl complex 25
(scheme I1.5.1). This reactivity is typically observed for electrophilic nitrides, [48] such as
iridium nitride I.28l

When an equimolar mixture of 12 and trimethylamine N-oxide is dissolved in THF
or DCM, an immediate change in color from deep blue to deep purple is observable
in combination with full conversion of 12 to solely one new diamagnetic product (3!P

NMR spectroscopy). Organic byproducts can be removed after crystallization out of
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Scheme I1.5.1: Oxidation of 12 with trimethylamine N-oxide under formation of
Iridium PNP nitrosyl compler 25.

pentanes/ DCM and 25 can be obtained analytically pure in 58% isolated yield.
Stirring a suspension of 12 and elemental sulfur at room temperature in DCM results
in the slow, yet selective conversion of 12 into thionitrosyl complex 26, as monitored by

3P NMR spectroscopy (scheme I1.5.2). Analytically pure, dark-teal 26 was isolated in

PF PF,
%—\\\Pf&:l 6 S5 ﬁP’Bm 6

N—Ir=N ————— > _N—IF—NS
(e .
Bu, ‘Bup
12 53% 26

Scheme I1.5.2: Conversion nitride 12 with elemental sulfur into thionitrosyl complex
26.

over 50% yield upon crystallization. In analogy, the reaction of 12 with gray selenium
at 40 °C gives selenonitrosyl complex 27 as the main product (scheme I1.5.3). In this
case, unidentified side products were also observed by 3'P NMR spectroscopy. These
products can be easily removed by crystallization, resulting in the isolation of dark-blue
27 in around 30% yield.

IH, 13C, and 3'P NMR spectra of 25, 26 and 27 are in agreement with Cyy symmetry of
the diamagnetic compounds on the NMR, timescale. The almost superimposable NMR
spectra point towards strongly related electronic structures for the thio- and selenonitro-
syl complexes. The >N NMR chemical shift of the thionitrosyl group (§ = 5.3 ppm vs.
Mel!®NO,) obtained with an isotopically enriched sample is close to the reported value
(6 = 26.0 ppm) for [Os(Tp)(NS)Cly].[189]
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Scheme I1.5.3: Conversion nitride 12 with gray selenium into selenonitrosyl complex
26.

5.2. IR spectroscopic characterization

One intense band in the IR spectrum (figure I1.5.1) at 1812 cm™ is assigned to the NO
stretching vibration and is similar in energy than found for nitrosyl complex derived from
iridium nitride T (1.759 cm™)[?8]. This observation is attributed to weaker Ir—+N=0 back

bonding in 25 due to the positive charge of the complex.

Transmission [%]

3600 3100 2600 2100 1600 1100 600
‘Wavenumber [cm-1]

Figure I1.5.1.: IR spectrum of 25 as nujol mull.

An IR peak at 1285 cm™ (table I1.5.1) could be assigned to the NS stretching vi-
bration by '°NS labeling (/1B isotopic shift: Ar = 36 cm™, figure 11.5.2). This
value is in the typical range found for other thionitrosyl complexes.[272-274 The ratio of
the NO/NS stretching frequencies (1.41) is in agreement with other reported examples
(1.40—1.41).[273] As for these compounds, this value is considerably higher than the dif-
ference in reduced mass for NO and NS within the harmonic oscillator approximation
(1.14), which is indicative of weaker N-S bonding. The N-Se stretching vibration was
assigned to a peak at 1134 cm™ by comparison with the spectra of 12, 25, 26 and 27.

This compares well with the other experimental value (1156 cm™) that was reported for
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Figure I1.5.2.: IR spectra (nujol mull) of 26 (red) and 15/14 N-26 (blue).

[Os(Tp)(NSe)Cly].[189] As for this Os-NE series, the ratio of stretching frequencies of the
thionitrosyl (26) versus selenonitrosyl (27) complexes (1.13) is close to the harmonic
oscillator approximation (1.11), which indicates similar N-E bond strengths within the

heavier chalcogenonitrosyl ligands.

5.3. Discussion of the molecular structures

Suitable single crystals of 25, 26 and 27 were obtained to determine the molecular
structures by single crystal X-ray diffraction, representing the second example of a crys-
tallogrphically characterized chalcogenonitrosyl M-NE (E = O, S, Se, none 299 figure
11.5.3) series.! Compounds 25 and 26 crystallize in the monoclinic P2;/m space group
and exhibit isostructural behavior, whereas selenium-substituted compound 27 crystal-
lizes in the monoclinic C2/c¢ space group. All three structures confirm the square-planar
coordination geometry around the Ir atom. The Ir(PNP) fragments exhibit similar struc-
tural features, as expressed, for example, in the Ir-Npyp bond lengths (25: 1.991(2) A,
26: 1.995(2) A, 27: 1.997(3) A). These values are in the same range as that found
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Figure I1.5.3.: Molecular structures of 25, 26 and 27 (H atoms and PFg counter ions
are omitted for clarity). The anisotropic displacement parameters are depicted at 50%
probability level. Selected bound lengths [A] and angles [°]: 25: Ir1-N1 1.991(2),
Ir1-N2 1.749(2), N2-01 1.168(3), Ir1-P1 2.3650(11), Ir1-P2 2.3640(12); N2-Ir1-N1
179.70(10), P1-Ir1-P2 165.43(3), O1-N2-Ir1 179.5(2). 26: Ir1-N1 1.995(2), Ir1-N2
1.768(2), N2-S1 1.1588(2), Ir1-P1 2.3552(7), Ir1-P2 2.3558(7); N2-Ir1-N1 179.42(8),
P1-Ir1-P2 168.35(2), S1-N2-Ir1 176.97(14). 27: Ir1-N1 1.997(3), Ir1-N2 1.756(4),
N2-Sel 1.678(4), Ir1-P1 2.3580(12), Ir1-P2 2.3614(12); N2-Ir1-N1 177.80(19),
P1-Ir1-P2 162.99(4), Sel-N2-Ir1 177.4(2).
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in [Ir(PNP)CI] (1.985(2) A),[183] yet they are shorter relative to found in parent 12
(2.041(4) A2 a5 a consequence of the stronger nitride trans influence.

All three Ir-N-E moieties are almost linear. Interestingly, the NSe ligand of the only other
selenonitrosyl complex (i.e., [Os(Tp)(NSe)Cly|) is considerably more bent (164.7(6)°).[189]
The Ir-NE bonds (table I1.5.1) are only slightly longer (0.07-0.09 A) relative to those of
parent 12 (1.678(4) A), which possibly indicates multiple-bond character with the metal
atom. This elongation compares well with the Os series [Os(Tp)Cla(NE)| (E = none:
1.70(2) A; S: 1.800(8) A, Se; 1.800(10) A), whereas [Os(Tp)Cly(NO)]| exhibits a slightly
shorter Os-N bond (1.65(3) A) than the parent nitride. The N-E bond length in 25, 26

and 27 is in the typical range for N-E double bonds. 27!

5.4. Discussion of the bonding model

The spectroscopic and structural features of the full 12, 25, 26 and 27 series reveal
interesting trends in the context of bonding models discussed for M—N multiple bonding.
The linearity of the Ir-N-E moieties are expected of {M(NE)}* complexes within the
description of the Enemark-Feltham notation. [276] This notation avoids ambiguities in the
assignment of the metal oxidation state to account for extensive m-electron delocalization.

These considerations generally apply for parent nitrido complexes as well. [277]

Table I1.5.1.: Selected infrared and crystallographic data for [Ir(NE)(PNP)[PFg
compounds 12, 25, 26 and 27.

Compound E v(N-E) d(N-E) d(Ir-NE) (Ir-N-E)

[cm] Al Al [’
12 - - - 1.678(4) 200 -
25 O 1812  1.168(3)  1.749(2) 179.5(2)
26 S 1285  1.522(29  1.768(2)  176.97(14)
27 Se 1134  1.678(4)  1.756(4) 177.4(2)

The high degree of covalency within Ir-N 7 bonding of 12 and 13 was demonstrated, and

II1

a spectroscopic oxidation state closer to Ir'!l rather than formal IrY was proposed for 12

1 X-ray diffraction was performed in collaboration with Prof. Dr. Dietmar Stalke, Dipl.-Chem.
Hilke Wolf and M. Sc. Peter Stollberg.
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(vide supra). [200] Gray et al. recently pointed out that the electronic ground-state config-
uration of d? ions in octahedral nitride complexes ([M(N)Ls|"), that is, (zy)?(zz,y2)°(2*-
y?)0(22)0, 154:184278] a]50 strongly contributes to the corresponding nitrosyl [M(NO)Ls]™
electronic structure. In contrast, the (zy)%(zzy2)*(2°-y°)°(#°)° resonance description
overemphasizes the metal redox state change upon oxygen transfer. 279280 It is tempting
to apply this description to our isolobal, square-planar Ir series, and the close metric
parameters within 12 and 25, 26 and 27 strengthen that view. For the calculated series
[Re(NE)Cla(PHs)s| (E = none, O, S, Se, Te), Vyboishchikov and Frenking distinguished
between M-NO and M-NE (E = S, Se, Te) bonding. (281] The nitrosyl complex was best
described with covalent Re=N=O0 double bonds. In contrast, bonding analysis for the
heavier chalcogens suggested a donor—acceptor interaction between the TM nitride moi-
ety and an E atom in the singlet state as an appropriate description (figure 11.5.4). In
support of this model, the results from vibrational spectroscopy and slightly longer Ir—
NO versus Ir-NS/Se distances suggest stronger bonding interactions within NE for E =
O than for E = S, Se.

oD@ — GED ME§

Figure I1.5.4.: Description of MN-E (E = S, Se) bonding as a donor-acceptor
interaction. [#81/
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Starting point of this work was the isolation and characterization of open-shell square-
planar Irl chloro complex 3 with a d” electron count stabilized by the new fully dehy-
drogenated PNP pincer ligand (= PNP’). Based on electrochemical investigations on 3,
the synthetic oxidation towards cationic 14 valence electron complex 4 in a low-spin d®
electronic configuration was accomplished (chart I11.5.1) and 4 was fully characterized.
Compared to the ethylene-bridged PNP amido ligand, the PNP’ pincer ligand exhibits
higher conformational rigidity, but electronic flexibility: While the radical complexes
from oxidation of Ir' dialkylamides are generally transient species, the metallo radical
3 and the oxidation product 4 are sufficiently stable to be easily isolated. [165,166,176,204]
Thus the new diene-amido ligand enables for examinations of an unusual one-electron

reactivity of iridium.
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Chart II1.5.1: Square-planar Ir'™™ PNP pincer redox series and respective qualitative
metal-centered frontier orbitals based on DFT.

Additionally, isolation and characterization of the anionic Ir' chloro pincer complex 5

I complexes

provides an excellent starting material for the synthesis of several Ir! and Ir
by ligand substitution and oxidative addition. In contrast to [Ir(PMes)(N{CH2CH,
P'Pry}2)] 294 exclusively metal-directed oxidative addition of MeTOf is observed, demon-
strating the rigid and chemically inert character of the PNP’ pincer platform. The use
of chloride as a leaving group represents a new route to generate the transient M(PEP)

(M = d® ion, E = C, N) intermediates, which readily oxidatively add hydrocarbons, like
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benzene. In reverse, the stabilization of the M(PEP) platform by chloride emphasizes
that excess halide salt formation in catalytic transformations could have a detrimental
effect on C-H activation with such pincer species, as was observed for Ny. In addition,
the first fully spectroscopically and structurally characterized iridium pincer n?-Oy com-
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plex 10 was obtained, indicating the formation of an Ir'"' peroxo compound.
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Chart II1.5.2: Reactivity of square-planar Ir' chloro complex 5 towards ligand
exchange, C—H activation, oxidative addition and small molecule activation.

In addition, the versatility of divinylamido pincer ligand PNP’ to stabilize a wide range of
oxidation states in identical coordination environments (5, 3, 4) and its ability to perform
1-electron redox-processes within the platinum metals is demonstrated by completion of

I redox series. The bond parameters indicate that the

an unusual isolated Ir'/Ir!!/Ir
extended m-system within the Ir-N(-C=C)2 moiety is a decisive electronic feature for the
stability of 3, 4 and 5. While this ligand platform has similar electronic properties as the

popular PNP ligands N(CgHzMePRg)2 and N(SiMeasCHoPRg)2, €.g9. expressed in car-
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bonyl stretching vibrations of the corresponding |Ir(CO)(PNP)| complexes, it combines
the hydrolytic stability of N(CgHsMePRa)2 (unlike N(SiMeaCH2PRg)2) with accessibil-
ity of the sterically highly protecting phosphine substituents, such as P!Buy, which are
on the other hand not available for N(CgH3zMePRy)q.[157]

The low-spin d® configuration of 4 is attributed to an electronic structure with one empty
M-N 7-symmetric d-orbital (chart II1.5.1), hence, it is well suited for the stabilization
of iridium element multiple bonds. However, single occupation of this orbital in the case
of Ir! chloro complex 3 disfavors the formation of m-bonds and offers synthetic access to
stable precursors. The possibility for electronic fine tuning based on the reversibility of
the Ir'l /Ir'™ redox couple and the wide range of oxidation states stabilized by the elec-
tronically flexible but rigid PNP’ pincer ligand qualifies these platforms for investigations
on metal-element multiple bonds.

With these platforms in hand, the isolation, characterization of closed-shell iridium ni-
tride [Ir(N)(PNP")|" (12) and spectroscopic characterization of open-shell nitrido com-
plex [Ir(N)(PNP’)| (13), as well as preliminary reactivity studies were performed (chart
I11.5.3). Their unusual electronic structures are characterized by strongly covalent Ir=N
m-bonding and 7*-anti-bonding interactions. For the cationic nitrido complex 12, this

leads to an effective Iril

oxidation state, which is reflected by its electrophilic nitrido
ligand, as showcased by the reaction with MesNO to produce the nitrosyl complex
[Ir(NO)(PNP’)|* (25). The SOMO of the neutral compound 13 essentially represents
an Ir-N 7*-anti-bonding orbital. The high covalency of the Ir-N m-bond leads to an
almost even distribution of the radical character over the iridium-nitrido moiety. This
species is thus best described with the resonance structures [(PNP")Ir'Vg_; 5(N*)g—]
and [(PNP")Ir'g_o(N'%)g_; 5] with a slightly dominating {Ir=N'} "nitridyl’ character
according to DFT. While aminyl (RoN") and imidyl (RN~) complexes have been reported,
this is the first example of an unequivocally spectroscopically characterized redox non-
innocent nitrido ligand.

In accord with the decreasing steric protection within this series, [Ir(N)(PNP’)| is
not thermally stable. The partial radical character of the ’'nitridyl’ ligand facilitates
easy N=N bond formation via a bimolecular coupling process, and thus produces the
binuclear radical complex [(PNP?)Ir'-N=N-Ir!(PNP’)| (14). Selective ammonia oxida-
tion to Ny was established a long time ago with Ru and Os amine complexes. The
experimental and theoretical bonding analysis on this new isolobal Ir system indicates

that the redox non-innocence of the terminal nitrido ligand might be an important fea-
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Chart II1.5.3: Synthesis and reactivity of nitrido complezes of rhodium and iridium.

ture to rationalize this reactivity. In view of a recent report on the reverse reaction,
that is the photochemical generation of ammonia from Ny within Taube’s Os complex
[(NH3)50s-N=N-Os(NH3)5|>", this work might also provide a conceptual advance for
nitrogen fixation. 25

In addition, the first spectroscopic characterization of a terminal rhodium nitrido com-
plex (17) using the same PNP’ pincer ligand as established for iridium (chart II1.5.3)
was achieved. Analysis of the EPR data of 17 with the aid of DFT property calculations
reveals a similar electronic structure as found for iridium. A SOMO, which is mainly
localized in a nearly covalent Rh—N 7* molecular orbital leads to substantial spin density
on the nitrido ligand (~60%), which stresses the importance of the mesomeric structure
possessing nitridyl character for the overall description of the electronic structure of 17.
As was shown for analogous iridium nitride 13, the transient rhodium nitride 17 read-
ily reacts via radical-type N-N coupling to the corresponding dimeric Rh! Ny complex
18. This mechanistic pathway similarly applies to d° nitrides, i.e. six coordinate FeV
nitrides, %8l pointing toward a fundamental electronic structure-reactivity relationship
for isolobal square-planar {M-N}? and octahedral {M-N}? complexes. Given the highly
transient nature of these compounds, the selectivity of decay by N-N coupling is remark-

able even in the presence of weak C—H bonds. The even higher nitridyl character in
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the case of Rh over Ir, which was predicted by DFT, is reflected in the lower thermal
stability. Whereas detection of open-shell iridium nitrido complex 13 was possible in
solution, the rhodium analogue is only stable in frozen solution and fast decay was also
observable in the solid state at room temperature.
In addition, the synthesis of open- and closed-shell parent amido complexes of iridium 3
and 21, respectively, was demonstrated (chart II1.5.4). The reactivity of amido complex
24 was elucidated in terms of conversion with Oy under formation of peroxo complex 10,
protonation yielding in amino complex 20 and upon chemical oxidation towards cationic
amido complex 21. The remarkable high thermal stability of 21 as an example of a rare
class of diamagnetic square-planar complexes with a d® electron count, is attributed to
the strong m-donating ability of the NHy ligand. Estimation of the N-H bond dissocia-
tion energies in 24 reveals a higher BDE of the second BDE, that is in between of 76 and
82 kcal /mol, over the first N-H bond, that is between 70 and 76 kcal mol~!. Attempts
to isolate the parent terminal imido complex resulted in disproportionation, driven by
breaking of a weak N—H bond in the imide and formation of a strong second N-H bond
in the amide.
The transient character of open-shell iridium nitrido complex 13 is in contrast with the
high selectivity for nitride coupling reaction, especially in the presence of weak C-H
bonds. The estimation of the relatively weak N—H bonds!226] determined experimentally
for amido complex 24 and particularly the smaller BDE for the first N-H bond over the
second suggests that single HAT reaction by open-shell iridium nitride 13 is thermo-
dynamically uphill. Hence, hydrogen atom abstraction of the nitride would proceed if
the difference in total energy of nitride and imide is smaller than the kinetic barrier for
N—-N coupling, assuming a low barrier for hydrogen atom transfer. The overall energy for
hydrogen atom uptake under the formation of neutral imido complex strongly depends
on the E-H (E = element) bond dissociation energy of the hydrogen atom donor reagent,
as demonstrated by the different reaction products upon conversion of nitride with either
TEMPO-H or 2.4,6-tri-tert—butylphenol. On the other hand, a higher kinetic barrier for
the abstraction of a hydrogen atom by open-shell nitride 13 as compared with the barrier
for N-N coupling would also explain the high selectivity for No formation. In this re-
spect, selective Ny formation of 13 in the presence of 1,4-cyclohexadiene (BDEqx_ j(gas)
— 76.0 keal /mol) 226! can be rationalized.

In summary, the insertion of open-shell nitrido complexes in E-H bonds via hydrogen

atom abstraction and radical rebound, as it was demonstrated for examples for transi-
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Chart II1.5.4: Synthesis and reactivity of parent iridium amido complex 24.

tion metal nitrene species, is hampered by the low energy of the N-H bond of transient
imido complex and its rapid decomposition via disproportionation. Higher reactivity in
terms of C-H activation and nitrene insertion is expected for the respective alkyl and
aryl imido complexes of iridium and their synthesis and reactivity studies offer interesting
approaches concerning N group transfer reactivity.

The electrophilic reactivity of closed-shell Ir nitrido complex 12 was further explored,
leading to chalcogen atom transfer either by conversion with O-atom donor reagent
MesN-O or by activation of elemental S and Se to afford thionitrosyl and selenonitrosyl
complexes and gives rise to a rare series of chalcogenonitrosyl complexes [Ir(NE)(PNP’)|PFg
(E = O, S, Se, none, chart II1.5.3). The spectroscopic and crystallographic character-
ization of the full series allowed evaluation of current bonding models. The structural
features suggest strong m-delocalization and multiple-bond character within the Ir=N=E
moiety. The experimental data also supports a different model for the heavier chalcogens,
which describes IrN-E bonding as a donor-acceptor interaction with a singlet chalcogen
atom. However, theoretical and experimental charge density investigations are required

to explain the detailed bonding within this novel series of compounds.
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1. Methods

1.1. General methods

Inert gas

All reactions with reagents sensitive to air or moisture were performed using standard
Schlenk techniques under an atmosphere of argon (99.9990 % purity, Linde gas). All
glassware were pretreated in a KOH /Isopropanol bath, neutralized with diluted HCI,
washed with deionized water and heated to 120 °C. Before utilization, the glassware was
heated i. vac. and flushed with argon in 3 cycles. Solvents were added via steel cannulas
and rubber septum or trap-to-trap transferred in the reaction vessel. Glass fiber filters
(Whatman GF/B, 25 mm) attached to teflon cannulas with teflon band were used for
standard filtrations. A glass frit (G4) was charged with hot celite (16 h at 120 °C) for
filtration over celite. Dewar vessels cooled with Isopropanol/Ng lig. or dry ice baths
were used for low temperature synthesis. All small scale experiments (< 20 pmol) were

performed in J-Young NMR tubes.

Glove box

Small scale reaction work up and weighing of sensitive materials was carried out in a
glove box of MBraun under argon atmosphere. The atmosphere was circulated through
columns filled with activated carbon, copper catalyst and molar sieves (4 A) to remove

traces of oxygen, water and solvents.

Solvents

Pentanes, benzene, THF, toluene and DCM were passed through columns packed with
activated alumina and/or molar sieves, respectively, in a solvent purification system of

MBraun. Methanol, ethanol, isopropanol, acetone and DMSO were dried by stirring over
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1. Methods

molar sieves. Triethylamine was distilled from KOH. Acetonitrile was dried over CaHs
and distilled under argon. Deuterated solvents were dried via stirring over Na/K-alloy
(C¢Dg, dg-THF, ds-toluene) or CaHy (CD2Cly), respectively, for four days and degassed
by three pump-freeze-thaw cycles. Separation of the solvent from drying agent was
performed via trap-to-trap transfer and the solvents were stored under argon atmosphere.
dg-Acetone was dried over molar sieves for 16 h, over BOj3 for additional 16 h and collected

by distillation under argon.

1.2. Analytical methods

Elemental analysis

Elemental analysis were obtained from the analytical laboratories of the Technical Uni-
versity Munich, the Friedrich-Alexander University Erlangen-Nuremberg (Euro EA 3000)
and Georg-August University Gottingen (Elementar Vario EL 3).

Magnetic measurements

The magnetic measurements were performed using the Fvans’ Method modified by Sur
at room temperature in CgDg. (2822831 Therefore, the sample (ca. 10 mg) was weighed
in a J-Young NMR tube and dissolved in a defined volume (ca. 500 puL) of CgDg and
referenced against the signal of a sealed capillary of the same solvent. The difference in
chemical shift of the residual proton resonance of the solvent and the sealed capillary

was used for the calculation of the magnetic moment using equation 1.1.

3-Av Xo(po — ps)
= 1.1
Xp XO+2-7T-Z/0-C+ c (1.1)
Xp = mass susceptibility of the compound [cm?/g]
Xo = mass susceptibility of the solvent [cm?/g]
Av = difference in chemical shift of residual proton signal of the solvent versus

the paramagnetic shifted signal [Hz|

vg = spectrometer frequency

c — concentration of the paramagnetic compound [g/cm?]
po = density of the pure solvent

ps = density of the solution
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1. Methods

Rotation of the sample parallel to the magnetic field in a modern high field FT NMR

spectrometer allows the modification of following Sur (s. equation 1.2).

3.A ~ )
v Xxo(po — ps)

1.2
4-m-vy-cC c (12)

Xp = Xo *+

The relatively small error by disregard of the first and last term was shown by Grant 234
and thus simplifies the equation additionally and converts the units to the SI system (s.

equation 1.3).

3-Av

M

= 1.3

Xtot 103 - Vo - ( )
M o 1 1 s 3

Xiot = molar susceptibility of the compound [m?®/mol|

Av = difference in chemical shift of residual proton signal of the solvent versus

the paramagnetic shifted signal [Hz|
I = spectrometer frequency

c = concentration of the paramagnetic compound [g/cm?]

The total molar susceptibility of the compound is adjusted by the diamagnetic con-

tribution (s. equation 1.4).

M M M
Xtot = Xpara + Xdia (14)
M = molar total susceptibility of the compound [m?3/mol]
X%ra = molar paramagnetic susceptibility [m?3/mol]
XM, = molar diamagnetic susceptibility [m?/mol]

The estimations of the diamagnetic susceptibilities were performed following the method
of Tilliew and Guy!?%! for the ligand and of Klemm [236:287] for the metal cations, respec-

tively. The magnetic moment of the compound is obtained out of equation 1.5.

X%ra'g'k'T

1.5
1% - po - Na (15)

Heff =
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1. Methods

uepy = effective magnetic moment

X%ra = molar paramagnetic susceptibility [m?3/mol]
k = 1.38066 - 102 JK-! (Boltzmann constant)

T = Temperatur [K]

UB = 9.27402 - 102* JT-! (Bohr magneton)

Lo = 47107 T?2m3J-! (magnetic field constant)
Na = 6.02213 - 10?® mol! (Avogadro constant)

The sample temperature was determined using the temperature unit of the spectrometer.

IR spectroscopy

IR spectra were recorded as nujol mulls between KBr plates or KBr pellets on a JASCO
FT/IR-4100 spectrometer, a Bruker Vertex 70 FT /IR spectrometer, a digilab Excalibur
FTS:3000, and a Thermo Scientific Nicolet isol0 spectrometer. Signal intensities are

abbreviated as: vw (very weak), w (weak), m (medium), s(strong), vs (very strong).

NMR spectroscopy

NMR spectra were recorded on a Bruker Avance III 300 and 400, a Bruker Avance
DRY 500 and a JEOL ECX 400 spectrometer and were calibrated to the residual proton
resonance of the solvent (s. table IV.1.1). 3!P NMR chemical shifts relative to exter-
nal phosphoric acid (§ = 0.0 ppm). N NMR chemical shifts are reported to external
nitromethane (§ = 0.0 ppm) and NH4NO3 (CH3NOy at +361 ppm) for iridium ni-
trides and dinitrogen complexes. Signal multiplicities are abbreviated as: s (singlet), d

(doublet), t (triplet), q (quartet), sept, (septet), m (multiplet), br (broad).

Table IV.1.1.: Chemical shift of residual proton resonance of deuterated solvents.?8%/
Losemittel d [ppm]
'HNMR 13C NMR
CgDg 7.16 128.4
de-THF  3.58; 1.72 67.2; 25.3
CD,Cly 5.32 54.0
dg-toluene 2.09 20.4
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1. Methods

EPR spectroscopy

Experimental X-band EPR spectra were recorded on a JEOL CW spectrometer JESDA200
equipped with an X-band Gunn diode oscillator bridge, a cylindrical mode cavity and
a helium cryostat in cooperation with Dr. Marat Khusniyarov at Friedrich-Alexander
University Erlangen-Nuremberg and with a Bruker EMX spectrometer equipped with a
He temperature control cryostat system (Oxford Instruments) in cooperation with Prof.
Dr. Bas de Bruin at University of Amsterdam. The spectra were simulated by iteration
of the anisotropic g-values, (super)hyperfine coupling constants, and line widths using
the EPR simulation program W95EPR, developed buy Prof. Dr. Frank Neese.

Mass spectroscopy

Mass spectrometry was performed with a HCT ultra (ESI) and a maxis UHR-TOF mass

spectrometer of Bruker.

Cyclic voltammetry

Cyclic voltammograms were either recorded with a CompactSat instrument from Ivium
Technologies equipped with a platinum wire counter electrode, a platinum wire pseudo-
reference electrode, and a glassy carbon working electrode or a Autolab PGSTAT101
from Metrohm equipped with a platinum wire counter electrode, a platinum wire pseudo-
reference electrode, and a platinum working electrode. Measurements were performed in
the glove box using a freshly prepared 0.1 M [NnBuy|PFg solution of either THF or DCM.
The ferrocene/ferrocenium couple was used as internal standard. For compounds with
a oxidation potential close to 0 V (vs. Fc/Fc'), the decamethylferrocene/decamethyl-
ferrocenium couple was used instead as internal standard with a potential of -0.440 V (vs.
Fc/Fet). Further referencing was performed via a Ag wire in a 0.01 M solution of AgNOj3
in a 0.1 M solution of [NnBuy|PFg in THF, separated from the analytic solution via a
glass diaphragm. External referencing of this electrode was performed by measurement
of the reversible Fc/Fc™ redox couple of a 0.1 M solution of ferrocene in THF containing
0.1 M |[nBuyN|PF¢ (figure IV.1.1).
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1. Methods

current [pA]
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Figure IV.1.1.: Cyclic voltammogram of a 0.001 M solution of ferrocene in THF
containing 0.1 M [nBuyN[PFg (Pt working electrode, Pt counter electrode, Ag/Ag™
reference electrode).
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2. Starting material and ligand

synthesis

2.1. Reagents and starting materials

2.1.1. Commercial available reagents and starting materials

AgPFg, AgSbFg, [Fe(CsMes)| (ABCR), K|N(SiMes)2| , Di-tert-butylchlorophosphine
(Alfa), Sulfur, KF, NaN3 (Merck), [Co(CsMes)2|, [Fe(CsHs)|, Lithium granula, Se-
lenium (Riedel- de Haen), TEMPO, CH3SO3CF3, NaNHs, bis(triphenylphosphoran-
ylidene)ammonium chloride, methyl triflate, KBr (Sigma-Aldrich), C10H;100s5, 2,4,6-Tri-
tert-butylphenol, and [Fe (CsHs)2]PFg (Acros) were used as purchased. Nal’NN,
was purchased from Cambridge Isotopic Laboratories. 1,4-Benzoquinone and MesNO
(Merck) were sublimed in prior to use. Silica gel 60 silanized was purchased from Merck
and heated ¢. wvac. for 16 hours prior to use. 1,4-Cyclohexadiene was purchased from
Alfa Aesar, dried over CaHsy, and distilled prior to use. Oy and CO (Linde gas) were

used as purchased. Hs (Linde gas) was dried over a column of P5Os.

2.1.2. Non-commercial available reagents and starting
materials

Following reagents and starting materials were not obtained commercially and synthe-

sized following literature:
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2. Starting material and ligand synthesis

Compound Literature
Di(2-chloroethyl)trimethylsilylamine [289]
Di( cis-cyclooctene)iridium (T)chloro-dimer [290]
Bis(triphenylphosphoranylidene)ammonium azide 291l
KCy [292]
Tris(triphenylphosphine)chlororhodium(I) [293]
Na/Hg [294]
H[B{CgHj5(CF3)2}4] 12951
TEMPO-H [296]

[297]

2,4,6-tri-tert-butylphenoxyl radical

2.2. Modified procedures

2.2.1. Bis(di-tert-butylphosphinoethyl)amine (1)

A procedure for the synthesis of compound 1 is already described, however, the improved
synthetic protocol described here facilitates its isolation by reduction of the number of
steps. [162]

A solution of ‘BuyPCl (3.5 mL; 3.35 g; 18.54 mmol; 2 eq) in THF (10 mL) is added drop
wise to a suspension of lithium granular (0.386 g; 55.62 mmol; 6 eq) in THF (25 mL) at
0 °C over a period of 30 min. The solution is warmed slowly to ambient temperatures
and stirred at room temperature for 4 d. The remaining lithium is decanted off and a
solution of di-(chloroethyl)trimethylsilylamine (1.985 g; 9.27 mmol; 1 eq) in THF (10 mL)
is added drop wise over a period of 30 minutes at -50 °C. The solution is slowly warmed to
ambient temperatures and heated to 70 °C for 16 h. After cooling to room temperature,
a solution of potassium fluoride (0.986 g; 16.96 mmol; 1.83 eq) in MeOH (30 mL) is
added at 0 °C and stirred for 1.5 h. After standing for 16 h at room temperature, the
solution is filtered off, the residue is extracted with THF (10 mL) and all volatiles are
removed i. wac. The crude product is extracted with pentanes and after removal the
solvent, (*BusPCHyCHs)oNH (1) (2.15 g; 5.95 mmol; 65%) is obtained as a yellow oil in
a spectroscopic purity of 85% based on 'H NMR Integration.
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2. Starting material and ligand synthesis

Spectroscopic Characterization

IH NMR: (250 MHz, C¢Dg, RT): § — 2.90 (td, 3Jun — 7.5 Hz,
3 Jup — 15 Hz, 4H, NCH,CH,P), 1.59 (dt, 3Juy — 7.5
Hz, 2Jup —3.9 Hz, 4H, NCH,CH,P), 1.08 (d, 3Jup —
10.8 Hz, 36H, P(C(CH3)3)s).

13C NMR: (100.62 MHz, C¢Dg, RT): § = 51.02 (d, 2Jcp — 30.3 Hz,
NCH,CH,P), 31.2 (d, *Jcp = 22.0 Hz, P(C(CHs)s)s),
29.9 (d, 2Jcp = 13.9 Hz, P(C(CHs)s)2), 23.0 (d, 1Jep =
22.8 Hz, NCH, CH,P).

31p NMR: (101.25 MHz, C¢Dg, RT): 6 = 21.6 (s).

2.2.2. Bis(triphenylphosphoranylidene)ammonium azide

A solution of NaN3 (0.100 g; 1.5 mmol; 1 eq) in HoO (0.5 mL) is added to a solution
obtained after heating a suspension of [(Ph3P)2N]|Cl (0.883 g; 1.5 mmol; 1 eq) in HaO
(5 mL) for 5 min at 70 °C and is stirred for additional 5 min. Afterwards, the product is
precipitated at 0 °C for 1 h, collected by filtration and extracted with MeCN (3 x 10 mL).
The solution is concentrated and precipitation of the product is initiated by addition of
EtoO (50 mL). After crystallization for 16 h at -30 °C, the crystals are collected by
filtration, washed with EtoO (2 x 5 mL) and [(PhsP)2N|N3 is obtained as colorless
crystalline solid (yield: 0.530 g; 0.91 mmol; 59%)
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3. Iridium(I-111) PNP plattforms

3.1. [I{N(CHCHP!Bu,),}Cl] (3)

Published route

A solution of NH(CH2CHoP!Bug)s (489 mg; 1.36 pmol; 1 eq) in THF (5 mL) is added
to a suspension of [Ir(COE)2Clle (596 mg; 665 pmol; 0.5 eq) in THF (25 mL) and
stirred at room temperature. After 15 min, a solution of para-benzoquinone (376 mg;
3.48 pmol; 2.5 eq) in THF (10 mL) is added drop wise and the mixture is stirred for 16 h
at room temperature. The solvent is removed i. vac. and the residue is extracted with
toluene/pentanes 1:1 (3 x 10 mL). The solvent is concentrated i. vac. and crystallized

at -18 °C for 16 h. 3 (318 mg; 544 pmol; 41%) is obtained as turquoise crystals.

Elemental Analysis

CQ()H4()CHI'NP2 (58416) calcd.: C, 4112, H, 690, N, 2.40.
found: C, 41.09; H, 7.11; N, 2.44.

Mass Spectrometric Characterization

FAB-MS m/z: = 5841 (IM]*, 100%), 528.1 ([M—CH,CMey|*,
39%), 472.0 ([M-2 CH,CMey]|*, 43%).
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3. Iridium(I-I1II) PNP plattforms

Spectroscopic Characterization

!H-NMR: (250 MHz, C¢Dg, RT): § = 10.45 (br, 36 H, P(C(CHj)3)2),
-6.77 (br, 2H, CH), -138.17 (br, 2 H, CH).

Improved synthesis

A solution of NH(CH2CH2P!Bug)s (1.21 g; 3.35 mmol; 2 eq) in THF (10 mL) is added
to a suspension of [Ir(COE)yCl]2 (1.50 g; 1.67 mmol; 1 eq) in THF (15 mL) and stirred
at room temperature. After 15 min, a solution of para-benzoquinone (0.91 g; 8.37 mmol;
5 eq) in THF (15 mL) is added drop wise and the mixture stirred for 16 h at room
temperature. The suspension is extracted with THF (3 x 10 mL) and after removal of
all volatiles, the residue is extracted with benzene (8 x 10 mL) and the solvent is removed
i. vac. Afterwards, the crude product is extracted with pentanes (10 x 20 mL), and
after removal of the solvent to dryness, the remaining solid is lyophilized out of benzene
(20 mL) and sublimed (60 °C, 30 mTorr, 1 h). After lyophilization of the residue out of
benzene (20 mL), 3 (1.42 g; 2.43 mmol; 73%) is obtained as fine turquoise powder.

Elemental Analysis

CooH4oCIIrNP, (584.16) caled.: C, 41.12; H, 6.90; N, 2.40.
found: C, 42.60; H, 7.15; N, 2.20.

3.2. [I{N(CHCHP!Bu,),}CI]PFs (4)

A mixture of 3 (1.3 mg; 19.3 pumol; 1.1 eq) and AgPFg (4.9 mg; 19 pmol; 1 eq) is
dissolved in cold THF (0.5 mL) and stirred for 5 minutes at -60 °C. The solvent is
removed i. wvac., the residue is washed with pentanes (3 x 0.5 mL), rapidly extracted
with THF (3 x 1 mL) at room temperature and filtered into a cooled flask at -60 °C.
After removal of the solvent, the residue is washed with toluene (3 x 0.5 mL) and dried
i. vac. The product (5.5 mg; 7.5 umol; 39%) is isolated as a temperature sensitive black

powder.
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3. Iridium(I-I1II) PNP plattforms

Elemental Analysis

C20H40C1F61TNP3 Ber.: C, 3360, H, 564, N, 1.88.
x 0.2 THF (729.12) Gef.: C, 34.08; H, 5.88; N, 1.78.

Spectroscopic Characterization

!H-NMR: (400.13 MHz, CD,Cly, RT): § = 4.70 (ABXX'B’A’,
N = [*Jup + *Jup| = 16.3 Hz, 3Jyy = 5.5 Hz, 2 H,
NCHCHP), 2.34 (AgXX'A'15, N = PJup + °Jup| =
7.8 Hz, 36 H, P(C(CHs3)s)s), 1.8 (t, 3Juyp = 7 Hz, 2H,
NCHCHP).

1 p{1H)-NMR: (101.25 MHz, C,Cly, RT): § = 7.8 (s, P(C(CHj)s)s), -145
(hept, 1<]PF =711 HZ, PFG)

3.3. [K(C10H1005)2][ll’{N(CHCHPtBU2)2}C|] (5)

A mixture of 3 (200.0 mg; 342.4 pumol; 1 eq) and KCg (55.5 mg; 410.8 pmol; 1.2 eq)
is dissolved in a solution of C19H19O5 (164.0 uL ; 821.7 pmol; 2.4 eq) in THF (15 mL)
at -50 °C. After 5 minutes of stirring, all volatiles are removed . wvac. and the residue
is extracted with THF (3 x 7 mL), layered with pentanes and crystallized at -32 °C
overnight. The crystals are collected by filtration, washed with pentanes (2 x 5 mL)
and dried . wac. 5 is obtained as an orange microcrystalline solid (yield: 164.0 mg;
154.2 pmol; 45%).

Elemental Analysis

C40H8()CHI"KN010P2 (106369) calcd: C, 4516, I‘I7 758, I\I7 1.32.
found: C, 44.97; H, 7.60; N, 1.29.
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3. Iridium(I-I1II) PNP plattforms

Spectroscopic Characterization

'H-NMR: (300 MHz, d¢THF, RT): § = 6.93 (ABXX'B'A’, N
— PJup + *Jup| = 172 Hz, 3Juyy = 5.2 Hz, 2 H,
NCHCHP), 4.04 (ABXX'B'A’N = [2Jup + *Jup| =
4.3 Hz, ®Jyg — 4.3 Hz, 2H, NCHCHP), 3.63 (s, 40H,
(CH,CH50)5), 1.35 (A1sXX’A’yg, N = PJup + °Jup| =
5.9 Hz, 36 H, P(C(CHj)3)s).

'H-NMR: (75 MHz, dg¢-THF, RT): 6 = 1224 (AXX’A’, N =
2Jep + 3Jep| = 5.8 Hz, NCHCHP), 95.0 (AXX'A’,
N = [YJep + 3Jcp| = 22,5 Hz, NCHCHP), 68.6 (s,
(CHyCH,0)5), 38.8 (AyXX'A’y, N = [*Jcp + 3Jcp| =
11.2 Hz, PC(CH3)3), 29.9 (A¢XX'A%, N = [2Jcp + *Jcp]
= 1.7 Hz, PC(CH3)3).

51 p{1H}-NMR: (121 MHz, dg-THF, RT): § = 55.5 (s).

134



4. Small molecule activation by
iridium(l) PNP

4.1. [Ir{N(CHCHP!Bu,),}(CO)] (6)

A mixture of 3 (60.0 mg; 102.7 pumol; 1.0 eq) and KCg (13.9 mg; 102.7 umol; 1.0 eq)
is dissolved at -50 °C in a THF solution (15 mL) saturated with CO and stirred for
15 min. After removal of all volatiles 4. wac., the residue is extracted with pentanes
(3 x 4 mL) and after evaporation to dryness, the crude product is purified by column
chromatography (silanized silica gel, 0.3 x 6 cm, pentanes). After removing the solvent
i. wac., the product is lyophilized out of benzene (5 mL) and 6 is obtained as bright
yellow powder (30.4 mg; 58.9 umol; 51%).

Elemental Analysis

021H40NOPQII' (57671) calcd.: C, 4373, H, 699, N, 2.43.
found: C, 43.82; H, 7.01; N, 2.16.

Spectroscopic Characterization

'H-NMR: (400 MHz, C6Dg, RT): § = 7.02 (ABXX’B’A’, N = |3Jyp
+ 4 Jpp| = 18.9 Hz, 3Jyg = 5.8 Hz, 2H, NCHCHP), 4.31
(ABXX'B'A’, N = |*Jup + *Jup| = 3.4 Hz, *Jun —
5.5 Hz, 2H, NCHCHP), 1.36 (A1gXX’A’5, N = [*Jup +
5Jup| = 7.0 Hz, 36H, P(C(CH3)3)2).
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4. Small molecule activation by iridium(I) PNP

BC{'H}-NMR: (101.25 MHz, C6Dg, RT): § = 190.6 (t, *Jcp = 7.6,
Ir-CO), 163.7 (AXX'A’, N = |?Jep + 3Jcp| = 9.6 Hz,
NCHCHP), 85.8 (AXX'A’, N = |'Jep + 3Jcp| =
21.5 Hz, NCHCHP), 36.7 (AsXX’A’y, N = |[YJcp +
3Jcp| = 13.5 Hz, P(C(CHs)3)s), 29.8 (AgXX’A’s, N =
2Jcp + *Jcp| = 3.0 Hz, P(C(CHs)3)s).

51 p{1H}-NMR: (161.93 MHz, C¢Dg, RT): 6 = 82.0 (s).

IR: (Nujol-mull/KBr) v = 1937 vs (v(CO)).

A solution of 3 (30.0 mg; 51.4 pmol; 1.0 eq) in benzene (5 mL) is added to Na/Hg
(1 mol/L; 833.4 mg; 61.6 pmol; 1.2 eq) and stirred at room temperature for 16 h. The
solution is decanted off, the Hg slurry is extracted with benzene (2 x 5 mL) and the
combined organic fractions are filtered over a pad of celite. After the removal of all
volatiles i. wvac., the crude product is extracted with pentanes (2 x 5 mL), concentrated
and crystallized at -82 °C. The crystals are collected by filtration, washed with cold
pentanes (3 mL), dissolved in benzene (7 mL) and lyophilized overnight. 8 is obtained
as red powder (13.0 mg; 21.2 pmol; 41%).

Elemental Analysis

CagHugNP,Ir (626.83) caled.: C, 49.82; H, 7.40; N, 2.23.
found: C, 49.42; H, 7.25; N, 2.15.
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4. Small molecule activation by iridium(I) PNP

Spectroscopic Characterization

"H-NMR:

1501 H)-NMR:

S1p{1H}-NMR:

(300 MHz, C6Dg, RT): § = 7.73 (d, ®Jun = 7.5 Hz, 2H,
ortho-C¢Hs), 7.37 (ABXX'B'A’, N = |3Jgp + *Jup| =
16.3 Hz, 3Jun = 5.6 Hz, 2H, NCHCHP), 7.20 (m, 2H,
meta-C¢Hs), 6.97 (t, 3Jug = 7.2 Hz, 1H, para-CgHs),
4.27 (ABXX'B'A’, N = |2Jgp + *Jup| = 3.7 Hz, 3Jun =
5.5 Hz, 2H, NCHCHP), 1.14 (AgXX'A’9, N = |3Jpp +
Jup| = 7.0 Hz, 18H, P(C(CH3)3)), 1.12 (AgXX’A’g, N
= |3Jup + 5Jup| = 7.0 Hz, 18H, P(C(CH3)3)), -46.52 (4,
2Jup = 12.6 Hz, 1H, IrH).

(101.25 MHz, C6Dg, RT): § — 163.6 (AXX'A’, N —
2Jep + 3Jcp| = 7.3 Hz, NCHCHP), 144.6 (t, 3Jcp
= 6.1 Hz, ortho-C¢Hs), 1289 (t, *Jep = 0.1 Hz,
ipso-CgHs), 127.1-126.6 (m, meta-CgHs), 120.5 (s para-
CoHs), 85.8 (AXX'A’, N = [Wep + 3Jop| = 22.6 H,
NCHCHP), 30.7 (AXX'A, N = [Uep + 3Jcp| =
12.1 Hz, P(C(CH,)s)), 35.3 (AXX'A', N = ['Jep +
3Jcp| = 13.4 Hz, P(C(CHs)3)), 29.5 (A3XX'A’;, N =
2Jcp + *Jop| = 3.0 Hz, P(C(CHy)s)), 29.3 (AzXX'A,
N = [2Jop + “Jop| = 2.7 Hz, P(C(CHy))).

(161.93 MHz, CD,Cly, RT): § = 61.3 (s).

4.3. [Ir{N(CHCHP'Bu,),}(CH3)CI] (9)

Methyl triflate (3.7 pL; 33.7 pmol; 1.0 eq) is added to a solution of 5 (35.4 mg; 33.3 pmol;
1.0 eq) in toluene (2 mL) at -20 °C and stirred for 5 min. After the color of the solution

changes from orange to violet, the solution is filtered off and all volatiles are removed 1.

vac. The residue is dissolved in benzene (10 mL), filtered off and lyophilized overnight.

9 is obtained as analytically pure violet powder (17.7 mg; 29.5 pmol; 89%).
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4. Small molecule activation by iridium(I) PNP

Elemental Analysis

C21H43C1NPQII' (599 19)

caled.: C, 42.09; H, 7.23; N, 2.34.
found: C, 42.43; H, 7.06; N, 1.92.

Spectroscopic Characterization

"H-NMR:

15C{1H)-NMR:

S1p{1H}-NMR:

(300 MHz, C6Dg, RT): 6 = 6.82 (ABXX'B’A’, N = |3 Jyp
+ 4Jyp| = 17.8 Hz, 3Jyy = 5.8 Hz, 2H, NCHCHP),
4.06 (ABXX'B'A’, N = [2Jup + “Jup| = 3.4 Hz, 3Jup
— 6.2 Hz, 2H, NCHCHP), 2.08 (t, *Jyp — 5.3 Hz, 3H,
Ir-CHy), 1.32 (AgXX'A’y, N = [3Jpp + ®Jyp| = 6.6 Hz,
18H, P(C(CH3)3)), 1.24 (AgXX'A’g, N = [3Jyp + > Jpp|
— 6.6 Hz, 18H, P(C(CH3)s)), -46.52 (t, 2Jyp — 12.6 Hz,
1H, IrH).

(101.25 MHz, C6Dg, RT): § = 163.3 (AXX'A’, N = |2Jcp
+ 3Jcp| = 7.2 Hz, NCHCHP), 85.3 (AXX’A’, N = |YJcp
+3Jcp| = 20.4 Hz, NCHCHP), 40.4 (AXX’A’, N = |'Jcp
+ 3Jep| = 12.1 Hz, P(C(CHs)3)), 36.2 (AXX'A’, N =
IYJcp + 3Jcp| = 12.1 Hz, P(C(CHs)3)), 30.6 (A3XX A’s,
N = |?Jep + *Jop| = 22 Hz, P(C(CHs)s)), 30.0
(AsXX'A’3, N = |2Jcp + *Jcp| = 2.2 Hz, P(C(CHs)3)),
-27.1 (¢, *Jep = 4.0 Hz, I-CH3).

(161.93 MHz, CD,Cly, RT): § = 41.9 (s).
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4. Small molecule activation by iridium(I) PNP

4.4. [Ir{N(CHCHP'Bu,),}(0,)] (10)

Conversion of 5 with oxygen

A solution of 5 (60.0 mg; 56.4 umol) in THF (20 mL) is degassed by one pump-freeze-
thaw cycle, the reaction vessel is backfilled with oxygen (1 bar) and stirred at -60 °C for
1 h. All volatiles are removed i. wvac., the residue is washed with pentanes (2 x 5 mL)
and extracted with THF (3 x 5 mL). After filtration, the THF solution is layered with
pentanes (45 mL) and the product is crystallized at -32 °C. Red crystals of 10 are collected
by filtration, washed with pentanes and dried 4. vac. (26.3 mg; 45.2 pmol; 80%).

Elemental Analysis

CQ()H40NOQPQII‘ (58071) calcd.: C, 4137, H, 694, N, 2.41.
found: C, 41.06; H, 6.67; N, 2.23.

Conversion of 24 with air

A solution of 24 (100.0 mg; 176.9 pmol) in THF (20 mL) is exposed for 1 min to air
and further stirred for 3 h in a closed vessel. All volatiles are removed i. vac. and the
residue is extracted with pentanes (4 x 5 mL). After evaporation of the to dryness, the
crude product is dissolved in toluene (10 mL) and crystallized at -35 °C. The crystals
are collected by filtration, washed with cold pentanes (2 x 5 mL) and lyophilized out of
benzene (10 mL). 10 is obtained as red powder (36.0 mg; 62.0 umol; 35%).

Elemental Analysis

CQ()H40NOQPQII‘ (58071) calcd.: C, 4137, H, 694, N, 2.41.
found: C, 41.04; H, 6.95; N, 2.26.
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4. Small molecule activation by iridium(I) PNP

Spectroscopic Characterization

"H-NMR:

15C{1H)-NMR:

51 p{1H)-NMR:

IR:

(300 MHz, ds-THF, RT): § = 6.77 (ABXX'B’A’, N =
3J1p + *Jup| = 17.9 Hz, 3 J g = 6.0 Hz, 2H, NCHCHP),
4.76 (ABXX'B'A’, N = |2Jyp + *Jyp| = 4.4 Hz, 3Ty —
6.0 Hz, 2H, NCHCHP), 1.39 (A;sXX'A’1s, N = [3Jyp +
5Jup| = 6.2 Hz, 36H, P(C(CHj)3)2).

(75.5 MHz, dg-THF, RT): § — 166.9 (AXX'A’, N —
2Jcp + 3 Jop| = 7.3 Hz, NCHCHP), 98.7 (AXX'A’, N =
"Jep + 3Jcp| = 18.7 Hz, NCHCHP), 36.2 (A;XX'A’,,
N = [“Jep + 3Jep| = 11.5 Hz, P(C(CHs)s)y), 29.8
(AgXX'A%, N = |2Jcp + *Jop| = 3.0 Hz, P(C(CHs)s)s).

(121 MHz, ds-THF, RT): § = 43.8 (s).

(Nujol-mull/KBr) v = 910 vs (v(00)).
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5. Iridium nitrido complexes

5.1. [I{N(CHCHP!Bu,),}(Ns)] (11)

A solid mixture of 3 (100.1 mg; 0.17 mmol; 1 eq), [(PPhs)2N|N3 (99.5 mg, 0.17 mmol,
1 eq) and NaNg (100.3 mg, 1.54 mmol; 9 eq) is dissolved in acetone (5 mL) and stirred
for 0.5 h (preparation and work-up were performed at 0 °C). After removal of the solvent,
the residue is extracted with benzene (3 x 4 mL) and the solvent is removed 4. vac. The
crude product is extracted with pentanes (5 x 4 mL), evaporated to dryness and the
residue is lyophilized out of benzene (6 mL). 11 (84.5 mg; 0.14 mmol; 83%) is obtained

as a blue powder.

Elemental Analysis
CQ()H4()II"N4P2 (58072) calcd.: C, 4066, H, 683, N, 9.48.
found: C, 40.76; H, 6.94; N, 9.55.

Spectroscopic Characterization

!H-NMR: (400 MHz, C¢Dg, RT): 6 = 9.3 (br, P(C(CH3)3)2), -5.6
(br, CH), -135.9 (br, CH).

IR: (Nujol-mull/KBr) v = 2047 vs (v(N3)).

Magnetic Properties

Evans method fefp = 2.3 B
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5. Iridium nitrido complexes

5.2. /14NN, [Ir{N(CHCHP!Bu,)>}(N3)]
(15/14N_11)

The '®N isotopic enriched azido complex 13/14N-11 is prepared by stirring 11 (50.2 mg;
85 pmol; 1 eq) and [(PPhs)oN|'N, (98.8 mg, 169.9 mmol; 2 eq) in acetone (5 mL)
for 0.5 h at 0 °C. After removal of the solvent i. wac, the residue is extracted with
benzene (2 x 5 mL), dried i. vac., and extracted with pentanes (4 x 7 mL). The solvent
is removed 4. wac. and the residue is lyophilized out of benzene (5 mL). 5/14N-11
(43.4 mg; 73.3 pmol; 86%) is obtained as a blue powder. According to the reaction
stoichiometry, the product was 33% enriched with "N isotope in the « position of the

azido ligand.

5.3. [I{N(CHCHP!Bu,),}(N)]PFs (12)

A mixture of 11 (50.0 mg; 84.6 umol; 1 eq) and |Fe(CsHs)2|PFg (28.0 mg; 84.6 pmol,
1 eq) is stirred in DCM (7 mL) for 15 minutes at room temperature. After removal of
the solvent, the residue is washed with benzene (3 x 5 mL), and extracted with DCM
(3 x 3 mL). The solution is layered with pentanes (20 mL) and stored at -18 C . The
solid is filtered off, washed with pentanes (2 x 4 mL) and dried i. vac. 12 (49.1 mg;
69.4 umol; 82%) is obtained as dark blue crystals.

Elemental Analysis

C20H40F6II'N2P3 (70767) calcd.: C, 3394, H, 570, N, 3.96.
found: C, 34.26; H, 5.83; N, 3.71.
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5. Iridium nitrido complexes

Spectroscopic Characterization

"H-NMR:

15C{1H)-NMR:

IYN-NMR:

51 p{1H)-NMR:

IR:

(400 MHz, CD,Cly, RT): § = 7.22 (ABXX'B'A’, N =
3J1p + *Jup| = 18.9 Hz, 3Jpyy = 6.3 Hz, 2H, NCHCHP),
5.41 (ABXX'B'A’, N = |2Jup + *Jpp| = 6.8 Hz, 3Jpy =
6.3 Hz, 2H, NCHCHP), 1.63 (A;sXX'A’1s, N = [2Jyp +
4 Jyp| = 8.4 Hz, 36H, P(C(CHj)3)s).

(101.25 MHz, CDyCl,, RT): § = 165.5 (AXX’A’, N =
2Jcp + 3Jcp| = 5.4 Hz, NCHCHP), 98.8 (AXX'A’, N =
YJcp + 2Jcp| = 25.3 Hz, NCHCHP), 40.9 (A, XX'A%s,
N = ["Jep + 3Jcp| = 11.7 Hz, P(C(CHs)s3)s), 29.9
(AgXX'A’g, N = PJcp + 5Jcp| = 1.9 Hz, P(C(CHs)s),).

(40.5 MHz, CD5Cly, RT): 6 = 916.1 (s, Ir-N).

(16193 MHZ, CDQCIQ, RT) 0 =107.7 (S, P(C(CHg)g)Q),
-145 (hept, 1JPF = 710.5 :[‘IZ7 PFG)

(Nujol-mull/KBr) v = 999 m (v(N)), 972 (v(*5N).

5.4. [I{N(CHCHPBu,),}(N)] (13)

Reduction route

Freshly degassed dg-THF is trap-to-trap transferred to 12 (5.0 mg; 7.01 pmol; 1.0 eq)
and |Co(CsMes)o| (2.3 mg; 7.01 pmol; 1.0 eq) in a J-Young NMR tube at -196 °C. The

solution is warmed to -60 °C and shaken for 5 min. '"H NMR spectroscopic characteriza-

tion at -40 °C reveals the same signals for 13 as observed on the photolysis route (vide

infra).
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5. Iridium nitrido complexes

Photolysis route

Freshly degassed dg-THF is trap-to-trap transferred to 11 (6.0 mg; 10.15 pmol) in a
J-Young quartz tube. The solution is irradiated with a strong UV lamp (270-600 nm
spectral range) at -80 °C for 15 min. 'H NMR spectroscopy at -40 °C confirms almost
full conversion (ca. 95%) of 11 and formation of one main product (about 65%), which
was assigned to complex 13, besides smaller amounts of coupling products 14 (about
20%) and 7 (about 10%). For kinetic examination, the same amount of 11 (with 3.2 mg
naphthalene as internal standard) was photolyzed under the same conditions and heated
to room temperature. The decay of 13 was monitored by 'H NMR spectroscopy over

50 min.

EPR spectroscopic characterization

A solution of 11 in toluene is frozen to a green-transparent glass in liquid No. This glass
is subsequently cooled to 20 K inside the EPR cavity. Photolysis of azido complex 11
with UV light to form the nitrido complex 13 is performed inside the EPR cavity at
20 K, using a strong UV lamp (270-600 nm spectral range) and glass-fiber technology.

IR spectroscopic characterization

A KBr pellet of 11 is irradiated with a strong UV lamp (270-600 nm spectral range) at

room temperature for 30 min.
Spectroscopic Characterization

! H_NMR: (400 MHz, ds-THF, -40 °C): § — 7.77 (br, 36H,
P(C(CH3)s)2), -13.4 (br, 2H, CH), -63.2 (br, 2H, CH).

'H-NMR: (400 MHz, dg-THF, RT): § = 6.55 (br, 36H,
P(C(CH3>2>2), -9.5 (bI‘, 2H, CH), -49.2 (bl", 2H,
CH).

IR: (Nujol-mull/KBr) v = 901 (v(N)), 874 (v(*>N).
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5. Iridium nitrido complexes

5.5. [I{N(CHCHPBu,),}(N»)] (7)

11 (9.8 mg; 16.6 pmol) is heated in benzene (0.5 mL) at 60 °C for 0.5 h in a sealed tube.
The solvent is removed i. wvac., and the product is isolated by column chromatography
(5 cm silanized silica gel; 0.5 cm diameter; pentanes). After lyophilization in benzene
(1 mL), 7 is obtained as a bright yellow powder (Yield: 4.9 mg; 8.4 umol; 51%).

Elemental Analysis

CQ()H4()II‘N3P2 (57672) calcd: C, 4165, I‘I7 699, I\I7 7.29.
found: C, 42.52; H, 6.57; N, 6.57.

Spectroscopic Characterization

'H-NMR: (400.13 MHz, C¢Dg, RT): 6 = 6.85 (ABXX'B'A’, N =
3 Jup + *Jup| = 18.9 Hz, 3 Jun = 5.6 Hz, 2H, NCHCHP),
4.27 (ABXX’B’A’, N = PJHP + 4JHP‘ =44 HZ, 3JHH -
5.0 Hz, 2H, NCHCHP), 1.38 (A;gXX'A’1g, N = [3Jyp +
5JHP‘ =6.7 HZ, 36H, P(C(CHg)g)z)

BO{'H}-NMR: (101.25 MHz, Cg¢Dg, RT): § — 164.8 (AXX'A’, N —
2Jcp + 3Jcp| = 9.6 Hz, NCHCHP), 85.2 (AXX'A’, N =
YJcp + 3Jcp| = 21.7 Hz, NCHCHP), 37.3 (A,XX'A’y,
N = |1<]CP + 3Jcp| = 12.7 Hz, P(C(CHg)g)g), 30.1
(AGXX’A’G, N = |3<]CP + 5JCP| =29 I‘IZ7 P(C(CH3)3)2)

15 N1 H}-NMR: 40.5 MHz, dg-THF, RT): § = 364.8 (s, IN, Ir-NN), 331.3

s, IN,. Ir-NN).

31 p{1H)-NMR:

(
(
(101.25 MHz, ds-THF, RT): 6 = 70.0 (s).
(

IR: Nujol-mull/KBr): v = 2077 vs (v(Ny)).
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5. Iridium nitrido complexes

Freshly degassed THF (0.5 mL) was trap-to-trap transferred to a mixture of 12 (17.0 mg;
24.0 pmol) and KCg (3.6 mg; 26.4 pmol) in a J-Young NMR tube and backfilled with

Argon. After thawing the solvent, the mixture was warmed to ambient temperate and

shaken for 5 minutes to give a brown solution. According to 'H and 3'P NMR. spec-

troscopy, the solution contained 14 and minor amounts of 7 (ca. 4%). Attempted isola-

tion of 14 was unsuccessful owing to decomposition during work-up. A sample enriched

in 1°N was obtained using 5/14N-12 as starting material.

Spectroscopic Characterization

"H-NMR:

15C{1H)-NMR:

15 N1 H}-NMR:

1 p{1H)-NMR:

(400.13 MHz, dg-THF, RT): § = 6.85 (ABXX'B’A’, N
= | 3Jup + *Jup | = 18.2 Hz, 3Jun = 5.7 Hz, 4H,
NCHCHP), 4.26 (ABXX'B'A’, N = [*Jgp + *Jup| =
3.0 Hz, 3Jug = 5.5 Hz, 4H, NCHCHP), 1.39 (A ;s XX A5,
N = *Jup + 5Jup| = 6.5 Hz, 72H, P(C(CH3)3)s).

(101.25 MHz, dg-THF, RT): § = 164.5 (AXX'A’, N =
2Jcp + 3Jcp| = 9.3 Hz, NCHCHP), 85.8 (AXX'A’, N =
YJcp + 3Jcp| = 21.7 Hz, NCHCHP), 37.0 (A;XX'A%s,
N = ["Jep + 3Jcp| = 12.0 Hz, P(C(CHs)s3)s), 31.3
(AgXX'A’g, N = [2Jcp + *Jcp| = 3.2 Hz, P(C(CHs)s),).

(40.5 MHz, dg-THF, RT): § = 320.1 (s, IN).

(101.25 MHz, dg-THF, RT): § = 65.8 (s, 2P) .

Mass Spectrometric Characterization

HRMS (m,/z) [M+H]*
CaoHgoIraNyPy

calcd.: 1125.4643.
found.: 1125.4681.
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5. Iridium nitrido complexes

5.7. Coupling of 13 in the presence of
1,4-cyclohexadiene

ds-THF (0.45 mL) was trap-to-trap transferred from Na/K to 11 (5.0 mg; 8.5 pmol,
1.0 eq) in a J-Young NMR tube. After thawing, the solution was irradiated for 15 min
at -60 °C and frozen at 77 K. 1,4-Cyclohexadiene (50 pL; 0.73 M in dg-THF; 4.3 eq)
was added by trap-to-trap transfer and the solution was shaken at room temperature.
Monitoring of the reaction by 'H and 3'P NMR spectroscopy revealed conversion to 14

and 7 and no reaction of 1,4-cyclohexadiene.
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6. Rhodium nitrido complexes

6.1. [Rh{N(CHCHP'Bu,),}Cl] (15)

A solution of 1 (390.5 mg; 1.08 mmol; 1 eq) in THF (5 mL) is added to a suspension
of [Rh(PPh3)3Cl] (1.00 g; 1.08 mmol; 1 eq) in THF (15 mL) and stirred at room tem-
perature. After 20 min, a solution of para-benzoquinone (291.8 mg; 2.70 mmol; 2.5 eq)
in THF (10 mL) is added drop wise and the mixture is stirred for additional 16 h. The
suspension is extracted with THF (3 x 10 mL) and the solvent is removed i. vac. The
residue is extracted with benzene (7 x 5 mL), the solvent is evaporated to dryness and
the crude product is extracted with pentanes (20 x 10 mL). After removal of the sol-
vent i. wvac., the remaining solid is lyophilized out of benzene (20 mL) and heated i.
vac. for 4 h at 60 °C. The residue is extracted with pentanes (10 x 10 mL), concentrated
i. wvac. and crystallized for 72 h at -32 °C. The solid is filtered off, washed with cold
pentanes (2 x 5 mL), dissolved in benzene (20 mL) and lyophilized. 15 (256.0. mg;
517.3 pmol; 48%) is obtained as fine green powder.

Elemental Analysis

020H4001RhNP2 calcd: C, 4929, H, 833, I\I7 2777 P, 12.25.
x 0.15 CsHyy (494.84) found: C, 49.73; H, 8.20; N, 2.61; P, 12.72.

For further purification, 15 (50.0 mg; 101.0 pmol; 1 eq) is sublimed (120 °C, 30 mTorr,
12 h) and recovered as dark green micro-crystalline solid (27.4 mg; 55.4 pmol; 55%).

Elemental Analysis

020H4001RhNP2 (49484) calcd: C, 4854, I‘I7 815, I\I7 2.83.
found: C, 48.62; H, 7.95; N, 2.77.
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6. Rhodium nitrido complexes

Spectroscopic Characterization

!H-NMR: (250 MHz, C¢Dg, RT): § = 10.45 (br, 36 H, P(C(CHj)s3)2),
-6.77 (br, 2H, CH), -138.17 (br, 2 H, CH).

Magnetic Properties

Evans method fegr = 1.7 B

6.2. [Rh{N(CHCHP!Bu,),}(Ns)] (16)

A mixture of 15 (100.0 mg; 202.1 pmol; 1 eq), [(PPhs)2N|N3 (116.0 mg, 202.1 pmol,
1 eq) and NaN3 (118.2 mg, 1.82 mmol; 9 eq) is stirred in acetone (10 mL) for 1 h at 0 °C
in the dark. After removal of the solvent i. vac., the residue is extracted with benzene
(4 x 7 mL), evaporated to dryness and the remaining solid is extracted with pentanes

(6 x 10 mL). The solvent is removed i. vac., the crude product is dissolved in benzene
(15 mL) and lyophilized. 16 (90.5 mg; 180.5 pmol; 89%) is obtained as green powder.

Elemental Analysis
020H40RhN4P2 (50141) calcd.: C, 4791, H, 804, N, 11.17.
found: C, 48.07; H, 7.89; N, 10.85.

Spectroscopic Characterization

"H-NMR: (300 MHz, CgDg, RT): § = 12.22 (br, CH), 9.21 (br,
P(C(CHg)g)g), -163.5 (bl", CH)

IR: (Nujol-mull/KBr) v = 2040 vs (v(N3)).
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6. Rhodium nitrido complexes

6.3. %/14N*N,-[Rh{N(CHCHP!Bu;),}(N3)]
(15/14N_16)

For the synthesis of '°N labeled 16, a mixture of 16 (50.0 mg; 99.76 pmol; 1 eq) and
[PPN]® NN, (1159.8 mg; 199.53 pmol; 2.0 eq) is stirred in acetone (10 mL) for 1 h
at 0 °C in the dark. After removal of the solvent i. wac., the residue is extracted with
benzene (3 x 5 mL), evaporated to dryness, and extracted with pentanes (5 x 5 mL).
15/14N-16 is obtained as green powder (46.0 mg; 91.78 pmol; 92%). According to the
reaction stoichiometry, the product was 33% enriched with N in the a position of the

azido ligand.

6.4. [Rh{N(CHCHP!Bu,),}(N)] (17)

EPR spectroscopic characterization

A solution of 16 in toluene is frozen to a green-transparent glass in liquid No. This glass
is subsequently cooled to 20 K inside the EPR cavity. Photolysis of azido complex 16
with UV light to from the nitrido complex 17 is performed inside the EPR cavity at
20 K, using a strong UV lamp (310-600 nm spectral range) and glass-fiber technology.

IR spectroscopic characterization

A KBr pellet of 16 is irradiated with a Xenon short-arc lamp for 10 seconds, turned
around and irradiated for additional 10 seconds at room temperature. An IR spectrum
is measured instantaneously after the photolysis.

Spectroscopic Characterization

IR: (Nujol-mull/KBr) v = 874 (v(*N)), 848 (v(**N).
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6. Rhodium nitrido complexes

6.5. [Rh{N(CHCHP!Bu,),}(N,)] (18)

A solution of 16 (30.0 mg; 59.8 pmol) in toluene (0.5 mL) is irradiated for 55 min at
-60 °C. The solvent is removed i. wac. and the crude product is purified by column
chromatography (silanized silica gel; pentanes). The solvent is removed i. vac. and the
residue is lyophilized in benzene (2 mL). 18 is obtained as bright yellow powder (yield:
11.4 mg; 23.7 pmol; 32%).

Elemental Analysis

020H40N3P2Rh (48741) calcd.: C, 4928, H, 827, N, 862,
found.: C, 49.30; H, 8.20; N, 8.05;

Spectroscopic Characterization

'H-NMR: (300 MHz, C¢Dg, RT): 6 = 6.90 (ABMXM'B’A’, N
= PJup + *Jup| = 20.9 Hz, 3Juyx = 5.5 Hz, 3Jurn
— 2.9 Hz, 2H, NCHCHP), 4.05 (ABMXM'B’A’, N —
2Jup + *Jup| = 2.4 Hz, 3Jyn = 5.5 Hz, *Jury = 1.0 Hz,
2H, NCHCHP), 1.37 (AjgXX'A’;5, N = PJup + °Jup|
— 6.5 Hz, 36H, P(C(CH3)3)s).

BC{'H}-NMR: (75.5 MHz, C¢Dg, RT): § = 162.8 (AMXM'A’, N =
2Jcp + 3Jcp| = 11.2 Hz, 2Jcrn = 3.6 Hz, NCHCHP),
85.8 (AMXM'A’, N = [YJep + 3Jep| = 17.6 Hz,
2Jorn = 1.4 Hz, NCHCHP), 35.8 (A,MXM'A’y, N =
YJcp + 3Jcp| = 9.4 Hz, 2Jcrn = 1.4 Hz, P(C(CHz)3)s),
29.9 (AXX'A’s, N = [*Jep + *Jep| = 3.7 Hz,
P(C(CHs)s)2).
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6. Rhodium nitrido complexes

51 p{1H)-NMR: (202.5 MHz, CgDg, RT): 6 = 78.2 (d, *Jpg, = 136.6 Hz).

IR: (Nujol-mull/KBr) v = 2120 vs (v(**N=!"N)), 2083
(v(BN=MN)).

A degassed solution of 16 (20.0 mg; 39.85 pmol) in dg-toluene (0.5 mL) under vacuum is
irradiated with a Xenon Short-arc lamp (150 W) for 30 minutes at -60 °C. The solution
is degassed again and irradiated for 15 minutes in three alternating cycles and finally
degassed. A mixture of 19 and 18 is obtained as an orange solution in 66% (19) and

34% (18) yield (*'P and 'H NMR), respectively, which could not be separated.

Spectroscopic Characterization

"H-NMR: (300 MHz, dg-toluene, RT): 6 = 6.81 (ABMXM'B’A’,
N = |3<]HP + 4<]Hp| = 20.2 HZ, 3<]HH =54 HZ, 3<]HRh
— 2.9 Hz, 4H, NCHCHP), 4.03 (ABMXM'B’A’, N =
’2JHP + 4JHp’ = 2.7 HZ, 3JHH =54 HZ, 4H, NCHCHP),
1.43 (A18XX7A718, N = ’3JHP + 5JHp’ = 6.5 HZ, 72H,
P(C(CHj)s3)2).

BC{'H}-NMR: (75.5 MHz, ds-toluene, RT): 6 = 162.5 (AMXM'A’,
N = PJep + 3Jep| = 10.7 Hz, *Jcrn = 3.8 Hz,
NCHCHP), 82.9 (AMXM'A’, N = |YJep + 3Jcp| =
17.7 Hz, ?Jcry = 1.4 Hz, NCHCHP), 35.5 (A;MXM’A’,,
N = |1<]CP + 3Jcp| = 8.6 Hz, QJCRh = 1.3 Hz,
P(C(CHs)s)2), 30.9 (AsXX'A’, N = [*Jcp + *Jcp| =
3.8 Hz, P(C(CHjs)s3)2)-
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6. Rhodium nitrido complexes

15 N1 H}-NMR:

1 p{1H)-NMR:

EST* (/) [M-+H|*
CaoHgoRhoN4Py

CyHgoRhy NN, P,

(50.7 MHz, dg-toluene, RT): § = -75.8 (d, 'Jyrn =
26.1 Hz, IN).

(202.5 MHz, dgtoluene, RT): 6 = 751 (d,
1JpRh = 142.1 HZ, 2P)

calcd.: 947.352.
found.: 947.375.
calcd.: 948.349.
found.: 948.375.

Mass Spectrometric Characterization

6.7. Photolysis of 16 in the presence of

1,4-cyclohexadiene

1,4-Cyclohexadiene (0.9 pL; 99.7 pmol; 10 eq) is added to a solution of 16 (5.0 mg;
9.97 pmol; 1.0 eq) in dg-toluene (0.5 mL) and irradiated for 15 min at -60 °C. Monitoring
of the reaction by 'H and 3'P NMR spectroscopy revealed 19 and 18 as sole reaction

products and no conversion of 1,4-cyclohexadiene.
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7. Amino and amido complexes

of iridium

7.1. [I{N(CHCHP!Bu,),}(NH,)] (24)

C10H2005 (51.4 ul; 256.8 pumol; 1 eq) is added to a solution of 3 (150 mg; 256.8 pmol,
1 eq) and NaNHy (100.2 mg; 2.57 mmol; 10 eq) in THF (20 mL) and stirred for 2.5 h
at room temperature. After removal of all volatiles i. vac., the residue is extracted with
benzene (3 x 7 mL) and the solvent is removed. After extraction of the crude product
with pentanes (8 x 5 mL) and filtration over celite, the solution is evaporated to dryness
and the product is lyophilized overnight out of benzene (15 mL). 24 is obtained as green
powder (130.0 mg; 230.2 pmol; 90%) with residues of not identified crown-ether adducts.
For higher purity, a sample of 24 was sublimated for 16 h at 75 °C i. vac. 60%w could
be collected.

Elemental Analysis

CQ()H42N2PQII‘ (56473) calcd.: C, 4254, I‘I7 750, N, 496, P7 10.97.
found: C, 44.26; H, 7.30; N, 3.97; P, 11.65.
after sublimation found: C, 43.27; H, 7.56; N, 4.69.
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7. Amino and amido complexes of iridium

Spectroscopic Characterization

IH-NMR: (300 MHz, CgDg, 20 °C): & = 5.96 (br, 36H,
P(C(CH3)3)2), -33.08 (br, 2H, NH,), -53.88 (br, 2H, CH),
-73.11 (br, 2H, CH).

Magnetic Properties

Evans method fep = 1.82 up

A mixture of 24 (50.0 mg; 88.5 pmol; 1 eq) and AgPFg (22.4 mg; 88.5 pmol; 1 eq)
dissolved in THF (20 mL) is stirred for 5 min. After removal of the solvent, the residue
is washed with benzene (4 x 5 mL) and the crude product is extracted with THF
(8 x 5 mL). The solution is concentrated, layered with pentanes (40 mL) and crys-
tallized at -32 °C for 6 h. The crystals are collected by filtration, washed with pentanes
(4 x 5 mL) and dried 4. vac. 21 is obtained as deep purple crystals (50.3 mg; 63.0 umol;

1%).

Elemental Analysis

C20H42N2P3F6II' (7097) calcd: C, 3385, H, 597, N, 3.95
found: C, 33.99; H, 5.78; N, 3.48.
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7. Amino and amido complexes of iridium

Spectroscopic Characterization

! [I_NMR: (300 MHz, CD,Cly, RT): § — 11.35 (br, 2H, IrNH,),
6.35 (ABXX'B'A',N = [2Jpp + “Jup| = 4.7 Hz, 3Ty —
6.3 Hz, 2H, NCHCHP), 6.11 (ABXX'B'A’, N — [Jup
S+ 5 Jup| = 17.6 Hz, *Juy — 6.3 Hz, 2H, NCHCHP),
1.66 (AiXX'A'tg, N = [3Jup + *Jup| = 7.5 Hz, 36H,
P(C(CH3)3)2).

3C-NMR: (75.5 MHz, CDyCly, RT): 6 = 169.6 (AXX'A’, N =
?Jcp + 3Jop| = 6.0 Hz, NCHCHP), 121.2 (AXX'A’, N
= [YJcp + 3Jcp| = 18.4 Hz, NCHCHP), 36.5 (A;XX'A’y,
N = |[YJep + 3Jep| = 11.7 Hz, PC(CHs)3), 31.4
(A¢XX'A%, N = |?Jcp + *Jcp| = 2.7 Hz, PC(CH3)3).

1 p{1H)-NMR: (121.5 MHz, CD,Cly, RT): § = 48.2 (s, P(C(CHs)s)a),
-145.0 (hept, 1JPF = 710.5 :[‘IZ7 PFG)

7.3. [ll’{N(CHCHPtBUQ)Q}(NH3)][B(C6H3(CF3)2)4]
(20)

A mixture of H|B{CgH3(CF3)a}4| (47.0 mg; 65.9 pmol; 1.24 eq) and 24 (30.0 mg;
53.1 pmol; 1.0 eq) is dissolved in dg-THF (0.5 mL) and shaken for 5 minutes. The
product is precipitated with pentanes (2 mL), collected by filtration and washed with
pentanes (3 x 2 mL). 20 is isolated as blue solid (30.9 mg; 21.6 pmol; 41%).

Elemental Analysis

C52H55BF24N2P21r (142896) calcd.: C, 4371, H, 388, N, 1.96.
found: C, 43.91; H, 3.82; N, 1.61.
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7. Amino and amido complexes of iridium

Spectroscopic Characterization

LH-NMR: (400 MHz, d — 8-THF, 20 °C): § — 38.3 (br, 2H, CH),
13.5 (bl‘, 36H, P(CHg)g), 7.77 (S, 8H, O—CﬁHg(CHF;g)Q),
7.54 (S, 4H, p—CGHg(CHFg)Q).

Evans method fegr — 1.40 up

7.4. Conversion of 13 with TEMPO-H

Photolysis route

A solution of 11 (5.0 mg; 8.5 umol; 1.0 eq) in dg-toluene (0.4 mL) containing naphthalene
(3.2 mg) as internal standard is photolyzed at 213 K for 10 minutes and characterized
by 'H and 3'P NMR spectroscopy. A solution of TEMPO-H (13.3 mg; 84.6 ymol; 10 eq)
in dg-toluene (0.1 mL) is added and the reaction mixture is allowed to warm to room
temperature. Formation of 24 (63%) and 7 (7%) is revealed by 'H NMR integration. In
addition, unconverted 11 (30%) is still present.

Reduction route

A mixture of 12 (10.0 mg; 14.1 pmol; 1.0 eq) and [Co(CsMes)s| (4.7 mg; 14.1 pmol,
1.0 eq) is dissolved in dg-THF (0.3 mL) at -35 °C and shaken for 5 minutes. A solution
of TEMPO-H (4.8 mg; 30.5 pmol; 2.2 eq) in dg-THF (0.2 mL) is added at -35 °C and
the mixture is allowed to warm to room temperature. 'H NMR spectroscopy reveals a
product mixture of 24 (76%) and 14 (24%).
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7. Amino and amido complexes of iridium

Stoichiometric conversion

A solution containing 11 (5.0 mg; 8.35 pumol; 1 eq) in dg-THF (0.4 mL) is irradiated at
-60 °C for 15 minutes and characterized with 'H NMR spectroscopy, revealing a mixture
of 13 (96%) and minor amounts of 7 and 14 (4% in total). A solution of TEMPO-H
(1.3 mg; 8.5 umol; 1 eq) in dg-THF (0.2 mL) is added and shaken for 1 minute. 'H NMR
integration revealed a mixture containing 13 (8%), 24 (23%), 7 and 14 (16% in total)
and one yet unidentified set of signals at § = 4.27, 48.0 ppm (54%).

7.5. Coupling of 13 in the presence of
2,4,6-tri-tert—butylphenol

A mixture of 12 (10.0 mg; 14.1 pmol; 1.0 eq) and [Co(CsMes)s| (4.7 mg; 14.1 pmol,
1.0 eq) is dissolved in dg-THF (0.3 mL) at -35 °C and shaken for 5 minutes. A solution
of 2,4,6-tri-tert-butylphenol (7.4 mg; 28.3 pumol; 2.0 eq) in dg-THF (0.2 mL) is added
and shaken. The solution is allowed to warm to room temperature. Selective nitride
coupling is indicated by the product mixture consistent of 14 (91%) and minor amounts
of 7 (9%), as observed via 'H and 3'P NMR spectroscopy.

7.6. Conversion of 24 with TEMPO

A mixture of 24 (5.0 mg; 8.9 umol; 1.0 eq) and TEMPO (2.8 mg; 17.7 pmol; 2.0 eq)
is dissolved in CgDg (0.5 mL) and shaken for 5 minutes. No reaction is observed by 'H

NMR spectroscopy.

7.7. Reaction of 24 with tri-tert—butylphenoxyl
radical

dg-Toluene (0.5 mL) is trap-to-trap transferred to a mixture of 24 (5.0 mg; 8.8 pmol,
1.0 eq) and 2,4,6-tri-tert-butylphenoxyl radical (4.6 mg; 17.7 pmol; 2.0 eq). The reaction
mixture is shaken at -60 °C for 5 minutes and allowed to warm to room temperature.
Full conversion of the starting material was revealed by 'H NMR spectroscopy. After 1 h
at room temperature, a mixture of 14 (73%) and 7 (13%) is obtained.
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7. Amino and amido complexes of iridium

7.8. Conversion of 21 with K[N(SiMej),]

ds-THF (0.5 mL) is stirred over Na/K-alloy for 0.5 h and trap-to-trap transferred to a
mixture of 21 (10.0 mg; 14.1 pmol; 1.0 eq), K[N(SiMess| (2.8 mg; 14.1 pmol; 1.0 eq)
and naphthalene (4.3 mg) as internal standard. The reaction is monitored by 'H NMR
spectroscopy and is kept in the dark over the course of the experiment. A product
mixture consistent of 24 (66%) and 14 (33%) is obtained.
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8. Chalcogenonitrosyl complexes

of iridium

8.1. [I{N(CHCHP!Bu,),}(NO)]PFg (25)

12 (10.0 mg; 14.1 pmol; 1 eq) and trimethylamine- N-oxide (1.1 mg; 14.1 pmol; 1 eq)
are stirred in DCM (5 mL) at room temperature. After 16 h, the solution is filtered off,
layered with pentanes (10 mL) and crystallized at -18 °C. The solid is filtered off, washed
with pentanes (3 x 2 mL) and dried i. vac. 25 (5.8 mg; 8.0 umol; 58%) is obtained as

purple crystalline solid.
Elemental Analysis

CooHaoFsIrNo,OP3 (724.19) calcd: C, 33.19; H, 5.57; N, 3.87.
found: C, 33.47; H, 5.31; N, 3.73.

Spectroscopic Characterization

'H-NMR: (400 MHz, CDyCl,, RT): § = 7.04 (ABXX'B’A’, N =
3 Jup + *Jup| = 20.8 Hz, ®Jyy = 5.9 Hz, 2 H, NCHCHP),
5.18 (ABXX'B'A’, N = [*Jup + *Jup| = 11.6 Hz, 3Jun
= 5.8 Hz, 2H, NCHCHP), 1.53 (A1sXX'A’15, N = [3Jyp
+ 5 Jup| = 8.0 Hz, 36 H, P(C(CH3)3)2).
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8. Chalcogenonitrosyl complexes of iridium

BC{H}-NMR: (101.25 MHz, CDyCl,, RT): § = 166.2 (AXX'A’, N =
2Jcp + 3Jcp| = 7.0 Hz, NCHCHP), 93.1 (AXX’A’, N =
YJcp + 3Jcp| = 24.2 Hz, NCHCHP), 39.9 (A;XX'A’,,
N = |YJep + 3Jep| = 12.5 Hz, P(C(CHs)s3)2), 29.8
(AgXX'A’g, N = PJcp + 5Jcp| = 2.2 Hz, P(C(CHs)s)s).

S1p{lH}-NMR: (161.93 MHz, CD,Cly, RT): 6 = 95.9 (s, P(C(CHs)s)s),
-145 (hept, 'Jpp = 710.5 Hz, PFg).

IR: (Nujol-mull/KBr) v = 1812 vs (v(NO)).

8.2. [I{N(CHCHP!Bu,),}(NS)]PFs (26)

A mixture of 12 (60.0 mg; 84.78 pumol; 1 eq) and elemental sulfur (21.8 mg; 84.78 pmol;
8 eq) is stirred in DCM (5 mL) at room temperature for 16 h. After extraction with DCM
(3 x 5 mL), the dark-blue solution is concentrated, layered with pentanes (50 mL) and
crystallized at -20 °C for 16 h. The solid is filtered off, washed with pentane (3 x 5 mL)
and dried 7. vac. 26 (33.5 mg; 45.3 umol; 53%) is obtained as a micro-crystalline solid.
14/15N-26 enriched in 1°NS (ca. 33%) is prepared analogously starting from 15/14N.12.

Elemental Analysis

CQ()H40FGII'NQSP3 (73974) calcd: C, 3247, H, 545, I\I7 3797 S, 4.33.
found: C, 33.06; H, 5.49; N, 3.72; S, 4.59.

Spectroscopic Characterization

'H-NMR: (400 MHz, CD,Cl,, RT): § = 6.70 (ABXX'B’A’, N
= PJup + “Jup| = 20.1 Hz, 3Jgg = 6.3 Hz, 2 H,
NCHCHP), 5.16 (ABXX'B'A’, N = [*Jup + *Jup| =
5.5 Hz, ®Jyy = 6.1 Hz, 2H, NCHCHP), 1.62 (A1sXX A’y
N = PJup + °Jup| = 7.9 Hz, 36 H, P(C(CHs)s)s).
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8. Chalcogenonitrosyl complexes of iridium

BO{'H}-NMR: (101.25 MHz, CDyCly, RT): § = 165.3 (AXX'A’, N =
?Jcp + 3Jcp| = 7.1 Hz, NCHCHP), 96.8 (AXX’A’, N =
YJcp + 3Jcp| = 23.6 Hz, NCHCHP), 41.9 (A;XX'A%,,
N = |1<]CP + 3Jcp| = 12.0 I‘IZ7 P(C(CHg)g)g), 30.1
(AgXX'A’g, N = PJcp + 5Jcp| = 2.1 Hz, P(C(CHs)s),).

15 N1 H}-NMR: (50.7 MHz, CD5Cls, RT): 6 = 35.3 (s, IrN'S).

91 p{1H}-NMR: (161.93 MHz, CD,Cly, RT): = 84.3 (s, P(C(CHs)s)a),
-145 (hept, 1JPF = 710.5 :[‘IZ7 PFG)

IR: (Nujol-mull/KBr) v = 1285 vs (v(*NS)), 1249 (v(*°NS).

8.3. [I{N(CHCHP!Bu,),}(NSe)]PFs (27)

A mixture of 12 (30.0 mg; 42.39 pmol; 1 eq) and gray selenium (33.5 mg; 423.95 pmol;
10 eq) is stirred in DCM (15 mL) in a sealed tube at 40 °C for 3 days. After cooling
to room temperature, the solution is filtered of and the residue is extracted with DCM
(2 x 4 mL) and layered with pentane (20 mL). After crystallization at -32 °C for 16 h,
the solid is filtered off, washed with pentane (2 x 5 mL) and dried . vac. 27 (8.8 mg;
11.2 pmol; 26%) is obtained as dark-teal crystalline solid.

Elemental Analysis

C20H40F6II'NQS€P3 (78663) calcd.: C, 3054, H, 513, N, 3.56.
found.: C, 30.72; H, 5.05; N, 3.44.
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8. Chalcogenonitrosyl complexes of iridium

Spectroscopic Characterization

"H-NMR:

15C{1H)-NMR:

51 p{1H)-NMR:

IR:

(300 MHz, CD,Cl,, RT): § = 6.68 (ABXX'B’A’, N
— BJup + *Jup| = 20.0 Hz, 3Juyy = 6.0 Hz, 2 H,
NCHCHP), 5.10 (ABXX'B'A’, N = [2Jup + “Jup| =
7.9 Hz, 3Juy = 6.0 Hz, 2H, NCHCHP), 1.64 (A1sXX'A’45,
N = PJup + 5Jup| = 7.9 Hz, 36 H, P(C(CHj3)3)s).

(75.5 MHz, CDyCly, RT): 6 = 1645 (AXX'A’, N =
2Jcp + 3Jcp| = 7.0 Hz, NCHCHP), 97.4 (AXX'A’, N =
YJcp + 2Jcp| = 23.7 Hz, NCHCHP), 42.6 (A;XX'A%s,
N = ["Jep + 3Jcp| = 11.9 Hz, P(C(CHs)s3)s), 30.2
(AgXX'A%g, N = PJep + 5Jcp| = 2.0 Hz, P(C(CHs)s),).

(1215 1\/[I'IZ7 CDQCIQ, RT) 0 = 83.4 (S, P(C(CHg)g)Q),
-145 (hept, ' Jpp = 710.5 Hz, PF).

(Nujol-mull/KBr) v = 1134 m (v(NSe)).
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1. Index of all numerated

compounds
cl
§ H\l‘\l/— |I ;\P’BU2 N/ [ ‘é\PtB;T N/ | ’\\PIBS:T_l -
—Ir —Ir— —Ir—
Bu,P /\/ \/\ PBu, Q Pl l &_ P( Q P(
tBUg H rBu2 [BUZ
1 2 3 4
H
3 PtBl:| [K(C10H1005)2] s PBu, ~ e PBu, = | 3 PBu,
N—Ir—Cl N—Ir—CO N—Ir—N, N—Ir— Ph
! ! ! !
tBuz tBUg tBUg tBUg
5 6 7 8
Me '8
(|:\P’BUZ —F " P8 %—&P’Bm PFe
N—Ir—Cl N—=Ir | N—Ir—Nj N—Ir=N
¢ R T <« O @ ¢ 3 R
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9 10 11 12

186



1. Index of all numerated compounds
%—ngBug \/— -P'Buz Buz\ —'\> \/— -P'Buz %—\\P‘Buz
N—Ir=N N—Ir—N=N—Ir—N —Rh— N3 N-Rh—N,
(i ! L - Lt
tBUQ tBUg tBUQ tBUQ tBUQ
13 14 15 16
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tBUg tBUg tBUg IBU2
17 18 19
_— Py, | BCH(CFaad — Py, | PP _—PiBu, _ \\P,B;I +
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N— Ir— NH, N— Ir—NO N—Ir—NS N—Ir—NSe
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Bu, Bu, Bu, Buy
24 25 26 27
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2. List of Abbreviations

AH{!
KB
Heff

BDE
br
‘Bu
caled.
COE
(GAY

DCM
DFT
e.g.
ENDOR
EPR
equiv.
ESI
exp
Fc
Fe*
FT

HAT
HFI
HOMO
hs

‘Pr

chemical shift

heat of formation at 25 °C, 298 K
Bohr magneton

effective magnetization

bond dissociation energy

broad

tert—butyl

calculated

cis-cyclooctene

cyclic voltammetry

doublet

dichloromethane

density functional theory
example given

electron nuclear double resonance
electron paramagnetic resonance
equivalents

electron spray ionization
experimental

ferrocene

ferrocenium cation

fourrier transform

hour

Hydrogen atom abstraction
hyperfine interaction

highest occupied molecular orbital
high spin

isopropyl
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2. List of Abbreviations

IR infrared

is intermediate spin

1. vac. in vacuo

Is low spin

LUMO lowest unoccupied molecular orbital
m multiplet

m medium

Me methyl

Mes mesithyl, 2,4,6-trimethylphenyl

MO molecular orbital

M molar

NMR nuclear magnetic resonance

NQI nuclear quadrupole interactions

Otf trifluoromethanesulfonate

PDI pyridine-2,6-bis(N-(2,6-diisopropylphenyl)ethan-1-imine)
Ph phenyl

PNP’ bis(di-tert—butylphosphinoethylene)amide
ppm parts per million

q quartet

RT room temperature

S spin

s singlet

S strong

sept septet

SOC spin orbit coupling

SOMO singly occupied molecular orbital
SQUID superconducting quantum interference device
t triplet

TEMPO tetramethylpiperidine- N-oxid

THF tetrahydrofurane

TP hydridotris(pyrazolyl)borate

Vs very strong

Vs. Versus

VW very weak

w weak

WBI Wiberg bond index
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3. Crystallographic Details

3.1. [Ir{N(CHCHP!'Bu,),}CI|PFgs (4)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to § = 25.38
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole

(24 H48 C1 F6 Ir N O P3
801.21

123(1) K

0.71073 A

Monoclinic, P 2; /n

a = 14.5723(4) A o = 90°

b = 14.7565(5) A B = 109.7116(15)°
c = 15.6793(5) A ~ = 90°
3174.05(17) A3

4, 1.677 Mg/m?

4.496 mm !

1600

0.38 x 0.25 x 0.18 mm?

1.65 to 25.38°

-17<h<17, -17<k<17, -18<1<18
80345 / 5807 [R(int) = 0.0373]
99.8 %

Semi-empirical from equivalents
0.7452 and 0.5462

Full-matrix least-squares on F?
5807 / 0 / 346

1.047

R1 = 0.0147, wR2 — 0.0324

R1 = 0.0172, wR2 = 0.0333
0.574 and -0.449 eA—3
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3. Crystallographic Details

3.2. [K(C10H1005)2][|I’{N(CHCHPtBUQ)Q}Cl] (5)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to § = 19.665
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>20(I)]

R indices (all data)

Extinction coefficient

191

C40 H80 Cl Ir K N 010 P2
1063.74

100(2) K

0.56086 A

Orthorhombic, P b ¢ n
a=20.279(2) A o =90°

b = 18.474(2) A g = 90°

¢ = 26.693(3) A v =90°
10000.1(18) A®

8, 1.413 Mg/m?

1.586 mm ™!

4400

0.103 x 0.103 x 0.097 mm?
1.585 to 20.301°

-20<h<25, -21<k<22, -32<1<26
158816 / 9805 |R(int) = 0.0787|
99.8 %

Semi-empirical from equivalents
0.7445 and 0.6775

Full-matrix least-squares on F?
9805 / 156 / 539

1.094

R1 = 0.0303, wR2 = 0.0497

R1 = 0.0511, wR2 = 0.0533
0.492 and -0.760 eA—3



3. Crystallographic Details

3.3. [Ir{N(CHCHP!Bu,),}(CO)] (6)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to 6 = 28.70
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole

192

C21 H40 Ir N O P2

576.68

150(2) K

0.71073 A

Monoclinic, P2(1)/c

a = 7.9010(3) A o = 90°

b = 26.8610(12) A £ = 106.864(5)°
¢ = 11.8140(10) A v = 90°
2399.4(2) A 3

4, 1.596 Mg/m?

5.708 mm~?

1152

0.24 x 0.16 x 0.04 mm?3

3.03 to 28.70°

-10<h<10, -36<k<36, -15<1<15
69417 / 6192 [R(int) = 0.0524]
99.9 %

Semi-empirical from equivalents
1.0 and 0.612

Full-matrix least-squares on F?
6192 / 0 / 247

1.115

R1 = 0.0199, wR2 = 0.0400

R1 = 0.0248, wR2 = 0.0413
0.916 and -0.810 e A3



3. Crystallographic Details

3.4. [I{N(CHCHP!Bu,),}(N,)] (7)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient
F(000)

Crystal size

0 range for data collection

Limiting indices

Reflections collected / unique

Completeness to 0 = 28.70
Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [[>20(I)]
R indices (all data)
Largest diff. peak and hole

193

C20 H40 Ir N3 P2

576.69

100(2) K

0.71073 A

Monoclinic, P2; /¢

a = 7.8440(6) A o = 90°

b = 26.903(2) A B = 106.640(2)°
c = 11.8151(9) A ~ = 90°
2388.8(3) A3

4, 1.603 Mg/m3

5.732 mm ™!

1152

0.13 x 0.09 x 0.02 mm?

2.71 to 28.70°

-10<h<10, -27<k<36, -13<1<15
22146 / 6164 [R(int) — 0.0286]
99.7 %

Semi-empirical from equivalents
0.746 and 0.583

Full-matrix least-squares on F?
6164 / 0 / 247

1.110

R1 = 0.0280, wR2 = 0.0552

R1 = 0.0327, wR2 = 0.0566
1.273 and -2.467 eA—3



3. Crystallographic Details

3.5. [I{N(CHCHP*Bu,),}(H)(CsHs)] (8)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to § = 19.665°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F?

Final R indices [I>2sigma(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

194

(26 H46 Ir N P2

626.78

100(2) K

0.56086 A

Monoclinic, P2 /n

a — 8.896(2) A a= 90°

b = 29.428(7) A A= 100.058(5)°
¢ = 10.601(2) A v = 90°
2732.5(11) A3

4, 1.524 Mg/m?

2.729 mm—1

1264

0.110 x 0.070 x 0.060 mm?
1.634 to 20.554°

-11<h<11, -36<k<36, -13<1<13
24583

5543 [R(int) = 0.0561]

99.8 %

Semi-empirical from equivalents
0.5599 and 0.4793

Full-matrix least-squares on F?
5543 / 89 / 287

1.134

R1 = 0.0494, wR2 = 0.1477

R1 = 0.0615, wR2 = 0.1545
n/a

1.428 and -3.398 eA—3



3. Crystallographic Details

3.6. [I{N(CHCHP!Bu,),}(0,)] (10)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient
F(000)

Crystal size

f range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to § = 19.665°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F?
Final R indices [[>20(I)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

195

C20 H40 Ir N O2 P2

580.67

100(2) K

0.56086 A

Monoclinic, C 2/m
a=13.917(3) A a=90°

b = 7.7210(15) A B= 111.39(3)°
c = 11.629(2) A v = 90°
1163.5(5) A3

2, 1.657 Mg/m3

3.203 mm~!

580

0.090 x 0.080 x 0.060 mm?
2.381 to 23.612°

-19<h<19, -11<k<11, -16<1<16
19582

1891 [R(int) = 0.0592]

99.9 %

Semi-empirical from equivalents
0.7459 and 0.6594

Full-matrix least-squares on F?
1891 / 161 / 126

1.064

R1 = 0.0168, wR2 = 0.0370

R1 = 0.0168, wR2 = 0.0370
n/a

1.260 and -0.743 eA~3



3. Crystallographic Details

3.7. [Ir{N(CHCHP'Bu,),}N]JOTf (12)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to 6 = 26.00
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(I)]

R indices (all data)

Largest diff. peak and hole

C43 H82 CI2 F6 Ir2 N4 06 P4 S2
1508.43

100(2) K

0.71073 A

Triclinic, P1

a = 15.0826(3) A o = 62.5630(10)°
b = 15.0937(3) A B = 78.9770(10)°
c = 16.1407(4) A ~ = 62.6930(10)°
2896.79(11) A3

2, 1.729 Mg/m3

4.929 mm~!

1500

0.40 x 0.22 x 0.20 mm?3

2.05 to 28.70°

-20<h<20, -19<k<20, -21<1<21
52472 / 14124 [R(int) = 0.0465]
99.4 %

Semi-empirical from equivalents
0.746 and 0.572

Full-matrix least-squares on F?
14124 / 0 / 646

1.025

R1 = 0.0358, wR2 = 0.0828

R1 = 0.0570, wR2 = 0.0929

3.767 and -2.409 eA—3
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3. Crystallographic Details

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, Space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coeflicient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>20(I)]

R indices (all data)

Largest diff. peak and hole

197

C40 H80 Ir2 N4 P4

1125.36

100(2) K

0.71073 A

Triclinic, P1

a = 11.5257(10) A a= 79.173(2)°
b = 13.0336(11) A = 89.524(2)°

¢ = 17.1075(14) A ~ = 68.544(2)°

2344.1(3) A3

2, 1.594 Mg/m3

5.838 mm ™!

1124

0.14 x 0.10 x 0.08 mm3

2.26 to 28.70°

-15<h<15, -17<k<17, -22<1<23
41721

12123 [R(int) = 0.0373|

= 28.70° 99.9 %

Semi-empirical from equivalents
0.746 and 0.633

Full-matrix least-squares on F2
12123 / 0 / 475

1.025

R1 = 0.0249, wR2 = 0.0501

R1 = 0.0360, wR2 = 0.0539
1.160 and -0.989 eA?



3. Crystallographic Details

C38 H60 C1 N P3 Rh

Empirical formula

Formula weight 762.14
Temperature 100(2) K
Wavelength 0.56086 A

Triclinic, P1

a = 10.1464(10) A a= 77.982(10)°
b = 10.4691(10) A B 81.91(2)°

¢ = 19.064(2) A v = 75.721(10)°

Crystal system, Space group

Unit cell dimensions

Volume

Z, Calculated Density
Absorption coeflicient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 8 = 19.665°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>20(I)]

R indices (all data)
Extinction coefficient

Largest diff. peak and hole

198

1911.0(4) A3

2, 1.325 Mg/m?

0.355 mm ™

804

0.10 x 0.06 x 0.05 mm?

0.866 to 20.582°

-12<h<12, -12<k<13, 0<1<23
7656

7656 |R(int) = 0.0443|

99.5 %

Semi-empirical from equivalents
0.744711 and 0.562901
Full-matrix least-squares on F2
7656 / 0 / 414

1.051

R1 = 0.0478, wR2 = 0.0921
R1 = 0.0676, wR2 = 0.0992
n/a

0.732 and -0.466 eA—3



3. Crystallographic Details

3.10. [Rh{N(CHCHP!Bu,),}Cl] (15)

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system, Space Group

Unit cell dimensions

Volume

Z, Calculated Density
Absorption coeflicient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F? v1.085
Final R indices [[>20(I)]

R indices (all data)
Extinction coefficient

Largest diff. peak and hole

199

C20 H40 CI N P2 Rh
494.83

100(2) K

0.71073 A

Monoclinic, P 2/c

a = 11.452(2) A a= 90°
b = 8.527(2) A p= 113.31(2)°
c=13.432(3) A v =90°
1204.6(5) A3

2, 1.364 Mg/m?

0.957 mm !

518

0.09 x 0.07 x 0.02 mm?
1.936 to 30.520°

-16<h<16, -12<k<12, -19<1<19

33444

3683 |R(int) = 0.0267]

100.0 %

Semi-empirical from equivalents
0.4330 and 0.3999

Full-matrix least-squares on F2

3683 /0 / 122

R1 = 0.0183, wR2 = 0.0472
R1 = 0.0202, wR2 = 0.0481
n/a

0.685 and -0.205 eA—3



3. Crystallographic Details

3.11. [Rh{N(CHCHP!Bu,),}(N,)] (18)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to 6 = 19.665
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(I)]

R indices (all data)
Extinction coefficient

Largest diff. peak and hole

200

C20 H40 N3 P2 Rh1

487.4

100(2) K

0.56085 A

Monoclinic, P 21/c
a—T7.867(2) A a=90°

b = 27.050(6) A B = 106.53(2)°
c = 11.866(2) A v = 90°
2420.8(9) A3

4,1.337 Mg/m?

0.450 mm™!

1024

0.1 x 0.05 x 0.01 mm?

1.188 to 20.943°

-9<h<10, -34<k<34, -15<1<15
22081 / 5218 [R(int) = 0.0552]
100.0 %

Semi-empirical from equivalents
0.7445 and 0.5950

Full-matrix least-squares on F?
5218 /9 / 247

1.070

R1 = 0.0455, wR2 = 0.0920
R1 = 0.0600, wR2 = 0.0967
n/a

1.041 and -1.091 eA =3



3. Crystallographic Details

3.12. [Ir{N(CHCHP!Bu,),}(NH;)][BF4] (20)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coeflicient
F(000)

Crystal size

0 range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to 6

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>20(I)]
R indices (all data)
Largest diff. peak and hole

201

C24 H51 B F4 Ir N2 O P2
724.62

100(2) K

0.56086 A

Monoclinic, P2y /n

a = 10.9990(13) A a= 90°

b = 19.523(2) A = 105.086(4)°
¢ = 15.0830(19) A 4= 90°
3127.2(7) A®

4, 1.539 Mg/m?

2.402 mm-!

1460

? x? x 7?7 mm?

1.65 to 26.61°.

-13<h<17, -31<k<29, -24<1<16

32439
13276 [R(int) = 0.0487]
— 26.61 99.4 %

Full-matrix least-squares on F?
13276 / 95 / 330

1.029

R1 = 0.0472, wR2 = 0.1076
R1 = 0.0775, wR2 = 0.1170
3.165 and -1.394 eA—3



3. Crystallographic Details

3.13. [Ir{N(CHCHP!Bu,),}(NH,)]SbFe (21)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to © = 19.665
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(I)]

R indices (all data)
Extinction coefficient

Largest diff. peak and hole

202

C20 H42 F6 Ir N2 P2 Sb
800.44

100(2) K

0.56086 A

Monoclinic, P 21/c

a = 7.7625(19) A a = 90°

b = 28.319(7) A B = 103.127(3)°

¢ = 12.879(3) A v = 90°
2757.0(12) A3

4, 1.928 Mg/m?

3.232 mm~!

1552

0.14 x0.13 x0.09 mm?

1.135 to 20.952°

-9<h<9, -36<k<36, -16<1<16
80791 / 5961 [R(int) = 0.0408]
100.0 %

Semi-empirical from equivalents
0.7445 and 0.6256

Full-matrix least-squares on F?
5961 / 98 / 309

1.106

R1 = 0.0185, wR2 = 0.0350
R1 = 0.0205, wR2 = 0.0358
n/a

1.144 and -1.001 eA~3



3. Crystallographic Details

3.14. [Ir{N(CHCHP!Bu,),}(NH,)] (24)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coeflicient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to § = 29.62
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>20(I)]

R indices (all data)

Largest diff. peak and hole

C20 H42 Ir N2 P2

564.70

100(2) K

0.71073 A

Triclinic, P1

a = 8.4131(5) A a = 79.3270(10)°
b = 11.6567(7) A p= 89.5590(10)°
c = 13.0591(8) A~ = 69.0310(10)°
1172.79(12) A3

2, 1.599 Mg/m?

5.835 mm ™!

566

0.11 x 0.08 x 0.07 mm3

1.91 to 29.62°

-8<h<11, -15<k<16, -18<I<18
24697 / 6590 |R(int) = 0.0273]
99.6 %

Semi-empirical from equivalents
0.746 and 0.671

Full-matrix least-squares on F?2
6590 / 0 / 244

1.039

R1 = 0.0163, wR2 = 0.0361

R1 = 0.0183, wR2 = 0.0369

1.196 and -0.615 eA =3
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3. Crystallographic Details

3.15. [Ir{N(CHCHP!Bu,),}(NO)]PFs (25)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, Space group

Unit cell dimensions

Volume

7, Calculated Density
Absorption coefficient
F(000)

Crystal size

f range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to § = 19.665°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>20(1)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

204

C10 H20 F3 1r0.50 N 00.50 P1.50
361.82

100(2) K

0.56086 A

Monoclinic, P 21/m
a—=9.948(5) A a= 90°

b = 11.929(6) A = 101.00(2)°
¢ = 11.396(5) AA ~ = 90°
1327.5(11) A®

4, 1.810 Mg/m?

2.862 mm~!

716

0.15 x 0.10 x 0.05 mm?
1.436 to 21.996°

-13<h<13, -15<k<15, -15<1<15
40707

3458 [R(int) = 0.0473]

100.0 %

Full-matrix least-squares on F2
3458 / 13 / 175

1.076

R1 = 0.0162, wR2 = 0.0348

R1 = 0.0195, wR2 = 0.0356
n/a

0.611 and -0.880 eA—3



3. Crystallographic Details

3.16. [Ir{N(CHCHP!Bu,),}(NS)]PFs (26)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, Space group

Unit cell dimensions

Volume

7, Calculated Density
Absorption coefficient
F(000)

Crystal size

f range for data collection
Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.242°

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>20(1)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

205

C20 H40 F6 Ir N2 P3 S

739.71

100(2) K

0.71073 A

Monoclinic, P 21/m

a = 10.1144(5) A a= 90°

b = 12.0938(6) A A= 100.3720(10)°
c = 11.3497(5) A v = 90°
1365.63(11) A®

2, 1.799 Mg/m3

5.194 mm™*

732

0.099 x 0.079 x 0.054 mm?
1.824 to 28.300°

-13<h<13, -16<k<16, -15<1<15
19965

3551 [R(int) = 0.0250]

100.0 %

Full-matrix least-squares on F2
3551 / 13 / 176

1.048

R1 = 0.0148, wR2 = 0.0360
R1 = 0.0154, wR2 = 0.0362
n/a

1.205 and -0.628 e.A—3



3. Crystallographic Details

3.17. [Ir{N(CHCHP!Bu,),}(NSe)]PFg (27)

Empirical formula

Formula weight
Temperature

Wavelength

Crystal system, space group

Unit cell dimensions

Volume

7, Calculated density
Absorption coefficient

F(000)

Crystal size

0 range for data collection
Limiting indices

Reflections collected / unique
Completeness to © = 19.665
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>20(I)]

R indices (all data)
Extinction coefficient

Largest diff. peak and hole

206

C20 H40 F6 Ir N2 P3 Se
786.61

100(2) K

0.56086 A

Monoclinic, C 2/c

a = 21.602(2) A o = 90°

b = 13.3790(10) A B = 98.01(4)°
¢ = 19.8950(10) A ~ = 90°
5693.8(9) A3

8, 1.835 Mg/m3

3.344 mm™!

3072

0.250 x0.200 x0.090 mm3
1.417 to 23.754°

-30<h<30, -19<k<19, -28<1<27
62762 / 8770 [R(int) = 0.0744]
100.0 %

Multiscan

0.753 and 0.489

Full-matrix least-squares on F?
8770 / 2374 / 554

1.064

R1 = 0.0352, wR2 = 0.0799
R1 = 0.0498, wR2 — 0.0846
n/a

2.771 and -2.158 eA—3
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