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1 Introduction

Interest in complexes of “non-innocent” ligands (NILs) has tremendously increased during
the last decades due to their appearance in biological systems® and their possible applica-
tion in molecular electronics,? molecular magnetism,? light harvesting devices,* homogeneous

catalysis ,° and group transfer reactions.®

Originally, the concept of ligand “non-innocence” was developed by Jgrgensen in 1966 when
he pointed out that “ligands are innocent when they allow oxidation states of the central
atoms to be defined”” and therefore denoted all other ligands as “suspect” or “non-innocent”.
By means of this definition Jgrgenson intended to highlight the oxidation-state ambiguity of
complexes containing redox-active transition metals as well as redox-active ligands, which can
give rise to “wrong” oxidation-state assignments.® The assignhment of “correct” oxidation
states does not only serve the simple role of electron bookkeeping, it also provides information
about the physical properties and chemical reactivity related therewith.® For some ligands the
electronic structure of their transition metal complexes in their isolated form (“native state”)
is unambiguous, whereas ambiguity arises for other oxidation states.® Such types of ligands
can be labeled as “redox non-innocent”. For a more precise description of redox processes and
for highlighting their ambiguity, the expressions ligand /metal centered oxidation /reduction are
frequently used. The valence situation in different oxidation states of a complex containing

an exemplary enediolate/catecholate non-innocent ligand is illustrated in Figure 1.1.

—_—

= = ligand centered process

== = metal centered process

R. X X,Y =S,S;N,N; 0,0
- N n+2
ji\ /M M = transition metal with the accesible
R™ Y oxidation states M(n,n+1,n+2)

Figure 1.1: lllustration of non-innocent ligand behavior in various oxidation states.
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Although the expression “non-innocent ligand” is widespread, it is important to mention
that non-innocence emerges from particular combinations of metal and ligand rather than
being an intrinsic property of a ligand. Therefore Ward and McCleverty declared the more
appropriate term “non-innocent behavior” for particular coordination situations in preference

to “non-innocent ligand”.!

There are many different manifestations? of non-innocent ligand behavior after electron
transfer to or from the NIL, such as structural variations,!3 alternations in the acid/base
properties, occasionally accompanied by changes of the coordination mode,'* and changes in
the reactivity of the complex.!® Such indications can serve either as probe for NIL behavior of

already established ligands'® or as basis for the design and development of new NILs.

For electronic structure determination of transition-metal coordination compounds an ex-
tensive toolbox of physical methods is available.? As part of this thesis, X-ray crystallography,
EPR, NMR, UV-vis-NIR spectroscopy, and SQUID susceptometry are utilized in this regard.
To obtain more detailed electrochemical information on the electronic structure of different
oxidation states of the compounds, varied experimental setups, combining the spectroscopic
methods (EPR/ UV-vis-NIR) with electrochemical methods (=spectroelectrochemistry!”) are

implemented.

Since electron transfer to or from redox-active ligands proceeds through single-electron steps,
applying a potential to diamagnetic complexes containing this type of ligands necessarily leads
to the formation of paramagnetic species. For reasons of predicting physical and chemical
properties, e.g. magnetism or reactivity, it is generally of fundamental importance to obtain a
deeper insight into the spin density distribution of paramagnetic coordination compounds. In
contrast to the mixed situations,'® two borderline classes can be defined: a) the ligand cen-
tered radical with mainly ligand contribution to the singly occupied molecular orbital (SOMO)
and b) the metal centered paramagnetic complexes with mostly metal contribution to the
SOMO. Besides various theoretical methods,'® EPR spectroscopy/spectroelectrochemistry is
the most powerful experimental tool for scrutinizing paramagnetic complexes for their spin
density distribution.2°

EPR spectroscopy provides three sources of information:

(1) The isotropic g value: The electron g value has its origin in quantum electrodynamics and
is roughly equivalent in utility as the chemical shift is in NMR. Basically the g value is consis-
tent of a second order tensor (matrix), describing a surface in three spatial dimensions. The
value of g is therefore anisotropic, i. e. it depends on the relative orientation of the molecule
as compared to the magnetic field direction. In solution at room temperature, however, the
rotation of small and medium sized molecules is too fast to resolve the different spatial di-

rection on the conventional EPR time scale. Therefore, only the average isotropic g value is



observed in solution. The experimental g value is given through the resonance condition in

Equation 1.1.

hv
g =
usH
h = Planck constant, v = frequency, g = Bohr magneton, H = magnetic field

(1.1)

The deviation of the isotropic g value from the free electron value g, = 2.0023 is attributed
to the admixture of higher excited states to the radical ground state, resulting from spin-orbit
coupling. The spin-orbit coupling constant increases with the atomic number Z and is hence
much larger for heavy transition metal atoms than for the lighter second and third row main
group atoms, of which most ligands consist. This behavior results from the relativistic origin

of spin-orbit interactions.?!

Thus the deviation of the isotropic g value from g, indicates
the participation of the transition metal atom/ion at the SOMO. For heavy transition metal
centered spins the isotropic g value is frequently unobservable at room temperature due to

line broadening based on fast spin relaxation.

2 < Wol&kLixdp| W, >< W, |L;;0;|Wo >
E=8.—32.0.), ol kk|E “E LioltVo > _ o+ g, (1.2)
ion Kk n

g. = 2.0023

Wy : MO of the unpaired electron in the ground state

Y, : all other MOs

&k : spin orbit coupling constant

Lix/jj - angular momentum operator for AO at nucleuskj

L0, = Oexcept at atomk

Ey : energy of a singly occupied molecular orbital (SOMO)

E, : energies of empty or doubly occupied molecular orbitals (LUMO or HOMO)

Equation 1.2 illustrates Stone’s approximation?? for the deviation of the g value as function
of the spin orbit coupling constant and the energy difference between the SOMO and all
other orbitals. Because the energy differences are in the denominator of Equation 1.2, only
the neighbouring energy levels (HOMO and LUMO) need to be considered for significant
contributions to Ag. With respect to the relative energetic position of the three orbitals,
however, two different cases, depicted in Figure 1.2, are possible. If the SOMO is closer in
energy to the HOMO than to the LUMO (Ey > E,), the g value is greater than g, and vice
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versa. Consequently, the relative energy difference of the three frontier orbitals of radical

species can be concluded from the deviation from g, of the isotropic g value.

— LUMO —

4
. SOMO
+  Homo

g>de g<0e
Figure 1.2: Correlation between the relative energy of the frontier orbitals and the deviation of the
g value from g,

(2) The g anisotropy: In samples consisting of powders or glassy frozen solutions, the
rotation of the molecules is hindered and thus the resonance lines of all three independent
spatial directions of the g value appear in the EPR spectrum, conventionally labeled as g,, g,
and g, or g1, g» and g3 respectively. Out of the three principal g values the g anisotropy Ag
= g1-g3 and the average g value <g> (Equation 1.3) can be defined. Since the g anisotropy
is related to the spin-orbit coupling constant in similar fashion as in (1), it can also be utilized

as a probe for the heavy transition metal participation at the SOMO.

2 + 2 + 2

(3) The hyperfine coupling: The coupling of the unpaired electrons in the complex to nuclei
with a non-zero spin | # 0 results in a hyperfine structure of the EPR spectrum. The strength of
the coupling is reflected by the hyperfine coupling constant, which is related to the spin density
at the coupling nucleus. Hence, the hyperfine coupling constant provides information about
the spin density distribution and the coordination environment of a paramagnetic transition
metal complex. Unfortunately, the hyperfine structure of transition metal complexes is often
insufficiently resolved due to a large number of overlapping lines. A substantial amount of spin

density on the metal induces line broadening and may therefore quench the hyperfine structure.

To analyze the electronic structure of diamagnetic coordination compounds with NILs, X-ray
crystallography is one of the most compelling methods. This approach utilizes the fact that
redox-active ligands undergo structural changes by adopting different oxidation states. These

variations can be changes of bond length, bond angles, or torsional angles of the NILs. In
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Figure 1.3: Correlation between the redox state and the structure of some prominent NILs.

this way the structural manifestations of a ligand can be attributed to a specific oxidation
state. In Figure 1.3 the structural variations of some prominent NILs are depicted. Besides
diamagnetic systems radical ligands can also be identified by their structural properties. This
method of identification especially succeeds, when the unpaired electron at the NIL couples
antiferromagnetically to a paramagnetic transition metal center or to another radical ligand,
and can therefore not be detected by EPR.

Since Jgrgenson introduced the terms “suspect” or “non-innocent” ligand in 1966, a grow-
ing number of well established ligand systems has been attributed this character.?> Moreover,
new types of ligands have been designed for the purpose of harnessing their NIL behavior for

various applications.?*

In this doctoral work, the idea of designing new types of NlLs as well as revealing the NIL
character of well established ligand systems is pursued. For complexation of NILs, ruthe-
nium(ll) precursors including a diverse platform of ancillary ligands have been used. Ruthe-
nium(I1) with its d® electron configuration comprises the advantage of adopting a stable low
spin S = 0 ground state in octahedral ligand field. Therefore, ligand centered redox pro-
cesses will result in an organic radical with S = 1/2 ground state, which can be investigated
by EPR without difficulties. Due to the high spin-orbit coupling constant of ruthenium and
the corresponding large g anisotropy, metal centered oxidations resulting in ruthenium(l11) are
easy to distinguish from ligand centered oxidations by EPR.?®> A reduction of ruthenium(ll) to

ruthenium(1) is highly improbable, regarding the used set of ancillary ligands.

Chapter 2 describes the synthesis and characterization of the mononuclear ruthenium a-
azocarbonyl and a-azothiocarbonyl complexes Ru(acac),(Lo), Ru(acac),(Ls), [Ru(bpy)2(Lo)]-
PFs, and [Ru(bpy)2(Ls)]PFe The complexes were experimentally characterized in various oxida-
tion states by X-ray crystallography, NMR, CV, and EPR/UV-vis-NIR spectroelectrochemistry.
Additionally DFT and TD-DFT methods were applied for obtaining an insight into the elec-
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tronic structure of the compounds.

In Chapter 3 the synthesis and characterization of the dinuclear ruthenium a-azothiocarbonyl
complexes ((acac),Ru),(p-hte-NNCS-NO,) and ((acac),Ru),(p-hte-NNCS-CO,Et) is described.
In addition to the experimental methods utilized in Chapter 2, SQUID suszeptometry will be

applied for investigation of the complex spin system of the two coordination compounds.

The research goal of Chapter 4 is to reveal the non-innocent character of the class of
heteroallylic ligands. Therefore the synthesis and mainly EPR spectroelectrochemical investi-
gation of a variety of different substituted triazenido ruthenium complexes is reported. The
substitution pattern leading to the desired triazenyl radical complex is then adopted for the
preparation of similar amidinato and guanidinato ruthenium complexes, which will then also
reveal their non-innocent character. To investigate the strong NIR absorption of the radical

complexes UV-vis-NIR spectroelectrochemistry will be applied.

In Chapter 5 the idea of utilizing amidinyl radical complexes as chromophores for the near
infrared is pursued. For this purpose the synthesis of dimethylaminophenyl substituted amid-
inato complexes containing different metals as well as coordination modes is described. The
influence of the metal and coordination mode on the absorption behavior of the radical ligand

will be investigated by using UV—vis—NIR spectroelectrochemistry.



2 Mononuclear complexes with hetero-1,3-diene chelate

ligands

2.1 Introduction

The 4-center hetero-1,3-diene chelate systems belong to the most widely used redox-active
ligands in coordination chemistry.!'12:23 For the chelation of metal ions the s-cis conformation
of the 1,3-diene structure is required. Represented by the general formulation A=B-C=D, the
system can undergo reduction in two single-electron steps to yield “A-B=C-D~, involving a

radical anion intermediate (Scheme 2.1).

B-C +e B=C, +e B=C,
A D e A'Q'D e oA Do

A,D=0,S,NR;B,C=N,CR

Figure 2.1: Redox behavior of the hetero-1,3-diene ligand system.

Due to the changes in the bond order, and thus in bond lengths, after electron transfer, the
non-innocent behavior of such ligands in complexes with redox-active transition metals can be
analyzed via structure analysis. Especially the easily reducible azo bond can serve as precise
probe for the oxidation state of the ligand (Figure 2.2). Remarkably, even cases of weak and
strong 7 back-donation can be discriminated in diverse azo ligand containing complexes.!3

In addition to the prototypical symmetrical examples, the a-diimines®® (including 2,2" -
bipyridine?” and related polypyridyls:?® A, D = NR; B, C = CR’), the a-dicarbonyls? (including
the o-quinone/o-semiquinone/catecholate series:*®* A, D = O; B, C = CR’), the a-dithiolenes
(A, D =S; B, C = CR'),% and the tetraazadienes (A, D = NR; B, C = N)32 there are also
mixed examples such as the a-iminocarbonyl®® and a-azoimine systems.3* Of the remaining
members of the general series (Figures 2.1, 2.3), the reduced a-oxothione function,® and
one a-azocarbonyl example3® have been reported earlier, the latter during attempts to prepare

dinuclear compounds of azodicarbonyl ligands. The a-azothiocarbonyl function, however, has

e o— e _
RN=NR B RN=NR £ RN-NR >
-e -e
azo (azo) ™~ dihydrazido
~125A ~135A ~1.45A

Figure 2.2: Correlation between the bond length and the redox state of the azo bond.
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C=NR c=0 c=$8 N=NR

/ 7N\ VR VR 7N
RN=C RN R v o AN s NR NR
o-diimine o-iminocarbonyl o-iminothiocarbonyl o-azoimine

SN S 7N,

O:C/ & o 7 s & “wR
a-dicarbonyl o-oxothione o-azocarbonyl

s VRS 2N
s=c s s s’ “nR
a-dithiolene a-azothiocarbonyl

/N_N\

RN=N RN °NR
tetrazene

Figure 2.3: Possible combination of structure elements for a hetero-1,3-diene ligand.

not been established as bidentate chelate ligand in coordination chemistry to date. This single
gap in the series of non-innocent hetero-1,3-diene chelate ligands originates from the difficult
accessibility of complexes containing the a-azothiocarbonyl ligand function. While all other
ligands in the series can be isolated in free form and can thus react with the appropriate
transition metal precursor under straightforward conditions, the a-azothiocarbonyl function is
not stable in free form3” and can therefore not be isolated as pure ligand.

Electron affinity studies have shown the following energy order of the 7* MOs of the car-
bonyl, the thiocarbonyl and the azo group: 7*(C=S) < 7*(N=N) < 7*(C=0) (Figure 2.4).%®
The lowest energy of the 7%(C=S) MO can be explained by a stabilization of the orbital result-
ing from the admixture of a higher lying sulfur 3d orbital. This ranking also indicates the best
m-acceptor ability of thiocarbonyl containing hetero-1,3-diene chelate ligands. The ionization
energy of the non-bonding orbitals on the heteroatoms follows the same trend as the electron
affinity, and therefore reflects the order in electronegativity.

With regard to the unique electron acceptor and donor ability of the thiocarbonyl function,
it was highly desirable to establish the a-azothiocarbonyl function as ligand in coordination
chemistry, despite the challenges in synthesis. To obtain more detailed information about the
different nature of the thiocarbonyl versus the carbonyl group, the synthesis and characterisa-
tion of the corresponding complexes containing the a-azocarbonyl function were also required

for comparison.

This chapter describes a synthetic approach for the combination of a-azocarbonyl and a-
azothiocarbonyl ligands with the electron-rich [Ru(acac),] and the more electron-deficient

[Ru(bpy)2]*" fragments. In the case of the a-azothiocarbonyl complexes, the ligand was
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'‘Bu Bu N N/tBu
0 S =
tBU\/: tBu>: tBU/
EA/eV A
0.99
— 0.63 T
O ___________________________________________________
<0
8.10
- 8.20 n
IE/eV 8.92

Figure 2.4: Electron affinity and ionization energy for the azo, carbonyl and thiocarbonyl group in
eV.

generated in situ from Bis[a-(phenylhydrazono)phenyl]disulfide. This precursor has now been
crystallized and its structure determined. The identities of the isolated ruthenium complexes
as well as the non-innocent behavior of the corresponding ligands were revealed by X-ray
crystallography. The nature of the other accessible oxidation states was investigated by cyclic
voltammetry and spectroelectrochemistry (EPR, UV-vis-NIR). The experimental results were
confirmed by DFT calculations.



10 2 Mononuclear complexes with hetero-1,3-diene chelate ligands

2.2 Results and Discussion

2.2.1 Synthesis of the a-azocarbonyl complexes

The compounds 2, 3, 4PF¢ have allready been synthesized during the diploma thesis. During
the course of this doctoral work, the synthesis for 3, 4(PFg) were optimized as discussed in
the following sections and a single crystal of 4PFg, suitable for X-ray crystallography, was

obtained.

2.2.1.1 Synthesis of the a-azocarbonyl ligand

The «a-azocarbonyl ligand N-benzoyl-N'-phenyldiazene (2/Lo) was synthesized according to
a straightforward two step literature procedure.3 After an additional purification step using
column chromatography (silica, CH,Cl,/n-hexan), the ligand was isolated in pure form as a

deep red oily compound.

OO g OV T
+ v
% Et,0,0 °C, 1 h
1
e o)
N\N Br, / pyridine . N:N
H DCM, rt, 2 h

2/Lg

Figure 2.5: Synthesis of the a-azocarbonyl ligand N-benzoyl-N'-phenyldiazene (2/Lo)

2.2.1.2 Synthesis of the donor substituted a-azocarbonyl complex

For the synthesis of the donor substituted ruthenium a-azocarbonyl complex Ru(acac)z(Lo)
(3), the general procedure, where a mixture of the complex fragment Ru(acac),(MeCN),*°
and a m-acceptor ligand (here 2) are refluxed in ethanol under inert atmosphere, did not lead
to the formation of the desired product. The failure of this method may be explained by the
activation of the already strongly electrophilic a-azocarbonyl function towards the reaction of
nucleophiles (e.g. ethanol), due to the coordination to a Lewis acidic metal ion. By changing
the reaction conditions to non nucleophilic solvents such as dichloromethane and toluene and
to a decreased temperature, the product was isolated in good yield (63 %). After purification
with column chromatography (silica, CH,Cl,/acetonitrile) a pure red solid was obtained. The

diamagnetic compound was characterized by NMR and X-ray crystallography.
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‘{C{‘) Pl O>\_© DCM / toluene ‘(ﬁé \/@

. N=N 45°C,12h .

‘QK_/S N @2&0 Q@ 3

Figure 2.6: Synthesis of Ru(acac)s(Lo)

2.2.1.3 Synthesis of the acceptor substituted a-azocarbonyl complex

For the synthesis of the acceptor substituted c-azocarbonyl complex [Ru(bpy)2(Lo)]PFe**
(4PFg) the reaction conditions also had to be varied, in comparison to the standard condi-
tions. Therefore, the nucleophilic and weakly coordinating ethanol was substituted by the less
nucleophilic and also weakly coordinating acetone. After abstraction of the chloride ions in
acetone, the activated ruthenium bis(bipyridine) precursor [Ru(bpy)2(acetone),]?* was reacted
with 2 under inert atmosphere in acetone. After purification using column chromatography
(silica, CH,Cl,/acetonitrile), a pure green solid was obtained. Surprisingly, elemental anal-
ysis revealed a molecular formula of C33H,NgORuPFg in stead of the expected formula of
C33H26NgORuP,F15, indicating that the doubly positively charged complex, obtained through
the reaction of the metal precursor [Ru(bpy,)(acetone),]** and the neutral ligand 2, had to
be reduced by one electron during the course of the reaction. The reducing agent could not
be identified. Due to the in situ reduction, a paramagnetic complex was obtained, which
could not be analyzed by NMR. Therefore, EPR and X-ray crystallography were used for the

identification of the complex.

72
XY \
Q N 1. AgPFg acetone, 2 h, 60 °C
/Nﬁu/m 2.2, acetone, 12 h, 60 °C _

\

~Cl

Figure 2.7: Synthesis of [Ru(bpy)z(Lo)]PFe

2.2.2 Synthesis of the a-azothiocarbonyl complexes

2.2.2.1 Synthetic view on the elusive a-azothiocarbonyl ligand
In contrast to the a-azocarbonyl ligand the corresponding a-azothiocarbonyl ligand is not sta-

ble in free from and can therefore not be isolated as a pure ligand. While the the a-azocarbonyl
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ligand can be obtained through a two electron oxidation of the 1-acetyl-2-phenylhydrazine with
bromine, the treatment of 1-thioacetyl-2-phenylhydrazine*? with bromine or hydrogen peroxide
respectively, results in the formation of the stable bis[a-(phenylhydrazono)phenyl]disulfide*?
(6) via one electron oxidation. This behavior can be explained by a thionamide-thiolimide
tautomerism. Even though the thionamide 5a is the thermodynamically favoured tautomeric
form, the equilibrium constant in the direction of the thiolimide bb seems to be sufficiently
high to allow its oxidation with a fast reaction rate. The preferred oxidation of the thiolimine
compared to the thionamide results from the low redox potential of thioles.** An additional
one electron oxidation of 6 with 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) leads to the
formation of the actually desired a-azothiocarbonyl 7 which, however, undergoes fast inter-

molecular cycloaddition to yield 8 (Scheme 2.8).3"

d hi
N N
. ©/ N)J\© - | X N 7/Ls
2 e oxidation 7
WL reactive intermediate
H SH
~
°N

cycloaddition

1e” oxidation
DDQ

1e” oxidation \
Br2/ H202 '
Ph_ S-S
X )>—Ph
N=N_N-N

: Ph Ph
/Np 8
N
H

Figure 2.8: Scheme illustrating the synthetic difficulties regarding the a-azothiocarbonyl ligand.

2.2.2.2 Synthesis of the donor and acceptor substituted a-azothiocarbonyl com-
plexes

Since the a-azothiocarbonyl ligand can not be isolated in free from, a novel approach for
the synthesis of a-azothiocarbonyl containing complexes had to be developed. The fact that

compound 6 is, except for an additional hydrogen atom, the dimer of the desired ligand 7, and
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that the disulfide bond is prone to be cleaved under reductive conditions, made compound 6
attractive to be used as precursor for 7.

For the synthesis of the complex Ru(acac),(Ls) (9) the metal precursor Ru(acac),(MeCN),
was reacted with the disulfide 6 under the same conditions as for the synthesis of 3. During the
reaction the disulfide bond of 6 was cleaved, most likely by reduction with the electron donating
Ru(acac), fragment, and a formal hydrogen atom was abstracted, resulting in the formation
of 9 in a similarly good yield (61 %) than 3. After purification with column chromatography
(silica, CH,Cl,/acetonitrile), a pure red-violet solid was obtained. The diamagnetic compound
was characterized by NMR and X-ray crystallography.

The synthesis of [Ru(bpy)2(Ls)]BFs 10BF, was conducted under the same conditions as for
the synthesis of 4PFg, except that disulfide 5 and AgBF, was used instead of 2 and AgPF.
Again, a cleavage of the disulfide bond and a formal hydrogen abstraction occurred, leading

to the monoanionic and paramagnetic complex 10PF4, which was characterized by EPR and

Ve

H = DCM / toluene ‘((—\é \/@
! | s
S

X-ray crystallography.
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H o”| N
: N\N/ bo© 9
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1. AgPFg acetone, 2 h, 60 °C
2. 6, acetone, 12 h, 60 °C

Y
/
z

10(PFg)
Figure 2.9: Synthesis of Ru(acac):(Ls) and [Ru(bpy)(Ls)]PFs

2.2.3 Molecular structures

Complexes 3, 4PFg, 9 and 10PFg, as well as the precursor of the a-azothiocarbonyl ligand 6
could be crystallized for X-ray structure analysis (Figure 2.10-2.14). Crystallization procedures
were as follows. Complex 3: slow evaporation of a solution of 3 in methanol/toluene at 4 °C;
4PFg: slow diffusion of Et,O into a solution of 4PFg in MeCN at 4 °C; 9: slow evaporation
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of a solution of 9 in n-pentane at —20 °C; 10PFg¢: slow diffusion of Et,O into a solution of
10PFg in MeCN at 4 °C; 6: slow evaporation of a solution of 6 in n-pentane at —20 °C.

The data reveal rather invariant N-N and N-C distances of between 1.333(1) A - 1.367(2)
A and 1.322(2) A — 1.344(1) A, respectively, indicating bond orders of about 1.5, which can
be attributed to a monoanion radical formulation [RNNC(R')E]*~ in each case. The C-E (E
= 0, S) bond lengths also give rise to the fractional bond order between 1 and 2.4 DFT
calculated bond length support the monoanion radical ligand situation for all four complexes.
The differences in the N-N bond length also provide information on the spin density of the
N-N bond itself, as well as on the spin density on the C-O and C-S bonds, respectively.
The longer the N-N distance, the more spin density is localized on the azo bond and the
less remains on the C-E bond and vice versa. Hence, a comparison of the N-N and C-E
distances in all four complexes indicates a higher spin density on the C-S bond than on the
C-0 bond, as expected and confirmed by DFT. This observation is also in accordance with the
aforementioned (Chapter 2.1) higher electron acceptor ability of the C=S bond as compared
to the C=0 bond. The slightly longer N-N and shorter N-C distances of 4" and 10" in
comparison to the corresponding neutral acac™ complexes can be interpreted in terms of more
pronounced reduction to the monoanion radical ligands than in the neutral compounds. The
Ru-N bond values illustrate the stronger bonds in the antiferromagnetically coupled cases (cf.
section 2.5) 3 and 9 (Ru’’ and L*~) with about 0.1 A shorter Ru-N distances relative to 4*
and 10%.

In summary, the structural data of 3 and 9 give rise to the oxidation state formulation
Ru(acac),(Ly ) and Ru’(acac),(Ly™), respectively. Complexes 47 and 10* can be formu-
lated in means of oxidation states as [Ru’(bpy)2(L% )]* and [Ru’(bpy)2(L%7)]*, respectively.

The structural characterization of the «a-azothiocarbonyl ligand precursor 6 with the S-S
bond at 2.068(1) A and the N-N bonds at 1.329(2) A and 1.331(3) A support the formulation
depicted in Figure 2.22.
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Table 2.1: Representative experimental and DFT calculated bond lengths (A) the Ru-N-N-C-E
chelate rings of 3, 4PFs, 9, and 10PFg

bond

4PF,

10PF4

exp. calc.

exp.

calc.

exp.

calc.

exp. calc.

Ru-N2
Ru-O1
Ru-S

N1-N2
N1-C1
C1-01
C1-S1

1.902(5) 1.882
2.029(4) 2.020

1.355(7) 1.325
1.338(8) 1.344
1.287(7) 1.268

2.018(1)
2.051(2)

1.367(2)
1.322(2)
1.297(2)

2.055
2.030

1.336
1.325
1.286

1.931(1)
2.255(1)
1.333(1)
1.344(1)

1.696(1)

1.906
2.274
1.318
1.331

1.699

2.010(6) 2.044
2.318(2) 2.328
1.355(7) 1.321
1.318(9) 1.320

1.727(8) 1.726

C10

Figure 2.10: Molecular structure of 3 in the crystal of 3 MeOH.
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Figure 2.12: Molecular structure of the cation in the crystal of 4PFg.
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Figure 2.13: Molecular structure of the cation in the crystal of 10PFsg.

Figure 2.14: Molecular structure of 6 in the crystal. Large size of thermal ellipsoids due to mea-
surement at 298 K.
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2.3 'H-NMR and EPR spectroscopy of the isolated products

The formulation of Ru//(acac),(Ly ) and Ru(acac),(Le) still raise the question of the
relative spin orientation of the ruthenium centered spin at the one electron oxidized metal,
Ru and the ligand centered spin at the one electron reduced ligand, L*~. The two spins
could either be oriented parallel (ferromagnetic coupling) involving a paramagnetic S = 1 spin
system or antiparallel (antiferromagnetic coupling) involving a diamagnetic S = 0 spin system.
Due to drastic effects of line broadening and chemical shifts of paramagnetic compounds in

NMR, the two cases can be discriminated by applying this method.

The complexes 3 and 9 exhibit sharp and unshifted NMR signals within the range of 1-
9 ppm, indicating the presence of a strong antiferromagnetic coupling of ligand and metal
centered spins in both complexes. An additional evidence for the antiferromagnetic coupling
situation is that both complexes are EPR silent. The four singuletts in the aliphatic region are
assigned to the CH3 protons and the two singuletts in the olefinic region to the CH protons of
the acac™ ligand. The ten protons in the aromatic region are associated to the phenyl protons
of the Lo or Ls ligand, respectively. An exemplary 'H-NMR spectrum of 3 is illustrated in
Figure 2.15.

The EPR analysis of 4% and 10% in CH,Cl, solution at room temperature gives well resolved
spectra with g values of g = 2.007 and g = 2.011, respectively and hyperfine couplings of 1*N
(=1, 99.6 % nat. abundance) and %>*°*Ru isotopes (**Ru, | = 5/2, 12.7 % nat. abundance;
1Ry, | = 5/, 17.0 % nat. abundance) (Figure 2.16a, and Table 2.3). The calculated values
are listed in Table 2.4. The g values are close to the value of the free electron g, = 2.0023
and support the radical ligand formulation with the spin centered predominantly on the ligand.
The magnitude of the 1*N and 9>1*Ru coupling constants (Table 2.3) suggest a ruthenium(Il)
complex of a semiquinone type radical ligand,*” whereas the the higher g value for 10" vs 4*
reflects the spin-orbit coupling contributions from the sulfur atom. A higher metal vs ligand
contribution to the SOMO in 10" results in smaller **N but higher >1°'Ru coupling constant
of 10" compared to 4*. Calculated spin densities on ruthenium of 0.088 and 0.141 for 4+
and 107, respectively confirm the ligand radical situation for both complexes as well as the
slight differences in the metal vs ligand character of the SOMOQOs. An exemplary plot of the
spin density of 4" is depicted in Figure 2.16b.
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Figure 2.15: 1H-NMR spectrum of 3 in CD5Cl,.
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Figure 2.16: a) EPR spectrum of 4% in CH,Cl, at 298 K; b) DFT calculated (G09/PBE0/6-31G*)
spin density of 4% (calculated by Dr. Stanislav Z3lis).

2.3.1 Cyclic Voltammetrie

All four isolated complexes undergo one reversible oxidation and one reversible reduction (Fig-
ure 2.17 and Table 2.2). The difference in redox potential between the oxidation and re-
duction processes comprises the stability of the isolated complex towards disproportionation,
mathematically described by the comproportionation constant K., as function of the potential
difference AE(Equation 3.2b). Information about the K. value can be of crucial value for
further spectroscopic analysis of complexes, due to the possible contribution of various redox
forms to the spectra of an isolated complex. The separation between the reduction and oxi-
dation potentials is much larger for the neutral species 3 and 9 at AE ~ 1.6 V vs only AE
~ 1.0 V for 4PFg and 10BF,. The resulting higher stability of 3 and 9 may result from the
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1 uA 0.5 pA
0:5 O,IO -OI,5 -1l,0 -1I,5 -2I,O 0:0 -Ol,3 —OI,S —OI,8 —1l,0 —1l,3 —1l,5
E/VvsFeCp,” E/Vvs. Fc™
(a) 3 (b) 10BF,

Figure 2.17: Cyclic voltammetry in CHyCh /0.1 M BusNPFg (scan rate 100 mV s).

Table 2.2: Redox potentialsa'b and comproportionation constants (K. )€ for 3, 4PFs, 9, and 10BF,.

compound ESos/V(AE/V) K.

3 0.12 -1.48 (1.60) 1.3 x 1077
4PF, -0.21 -1.23 (1.02) 3.0 x 10Y7
9 0.48 -1.07 (1.55) 1.55 x 1026
10PF; -0.14 -0.87 (0.73) 0.73 x 10*2

2 Potentials ESyg/V vs FE/*. In CHyCh /0.1 M BugNPFg/scan rate 100 mV s~ 1. °RTInK. = nF(AE).

antiferromagnetic interaction between the ruthenium(lIl) center and the radical anion ligand.
Between corresponding complexes containing Lo and Ls ligands there is a distinct shift of
about 0.3-0.4 V to more positive potentials for the sulfur system, reflecting the more facile
reduction of the thiocarbonyl vs carbonyl function.*®

This correlation also suggests a mostly ligand centered electron transfer behavior in the

redox series of both, the acceptor and the donor substituted systems (Figure 2.22).

2.3.2 EPR spectroelectrochemistry

The EPR silent compounds 3 and 9 can be converted into EPR active species, through
electrochemical oxidation and reduction, with exception of the oxidation of 9, which is irre-
versible under the experimental conditions. In EPR spectroelectrochemistry, the procedure of
electrolysis is on the time scale of minutes and takes much longer than in UV-vis-NIR spec-
troelectrochemistry for instance. This can lead to different behavior of a single compound
regarding reversibility. The irreversibility of the oxidation of 9 is manifested in the obtained
spectrum, which showes a mixture of species and can therefore not be interpreted. In addition,

this observation reflects the nature of the thiocarbonyl group, being more difficult to oxidize as
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Figure 2.18: EPR spectrum of the EPR active species of 3 electrochemically generated in
CH,Ch /0.1 M BusNPFsg.

the carbonyl group. The observed spectra of 3* and 3~ in solution of CH,Cl,/0.1 M Bus,NPFg
at 110 K and at room temperature (only 37) are illustrated in Figure 2.18 exemplary for both
compounds 3 and 9. The experimental and DFT calculated data are listed in Table 2.3 and
2.4,

The anions exhibit just one unresolved line with g values in the range of approximately
2.030. This behavior is typical for reduced complexes containing the Ru(acac), fragment.?®
The strong m-donating acac™ ligands increase the energy of the metal 4d orbitals, which
therefore contribute to the, per se, ligand based SOMO. Thus, the contribution of the heavy
transition metal leads to line broadening, quenching the hyperfine structure, and to a rather
large deviation of the g value vs g.. In the low temperature spectra of the anions the three
principal g values are well resolved and show g anisotropies of Ag = 0.119 (37) and A =
0.162 (97). After comparing the values to a list of paramagnetic ruthenium complexes which

range from almost pure Ru'’

species (with large g anisotropy, Ag > 0.5) to radical complexes
of diamagnetic Ru’ (with very small g anisotropy), the radical anions can be described as a
mixed radical situation [Ru’’(acac),(L27)]~ < [Ru”/(acac),(L*~)]~ with a considerable metal
contribution to the SOMO, confirming the interpretation of the room temperature spectra.
The weak resonance line around g = 2.0 in the spectra are assigned to an organic radical

impurity, formed during the reduction process.

The g anisotropy of Ag = 0.286 for the cation 3" and of Ag = 0.169 (calc.) for the
cation 9% suggests a predominantly ruthenium(lll) situation, according to the formulation
Ru'(acac),(LO).

Calculated spin densities on ruthenium of 0.476, 0.742 and 0.49 for 37, 3% and 9~ confirm
the mixed situation for the anions and the more ruthenium(lll) based formulations for the

cations. Exemplary plots of the spin density of 3" and 3~ are depicted in Figure 2.19.
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Table 2.3: EPR data for 3, 4, 9, and 10 in various oxidation states from electrochemical generation
in CHyCh /0.1 M BusNPFg.

3~ 3 4+ 9~ 10+
g? 2.035 n.o. 2.007 2.025 2.011
gf 2.085 2.220 C 2.092 C
gt 2.045 2.097 c 2.034 c
gt 1.966 1.934 ¢ 1.930 c
o125 0.119 0.286 <0.05 0.162 <0.05
<g>49 2.032 2.087 2.020
A(*N)e n.o. n.o. 1.00 n.o. 0.85
A(%101Ry)e n.o. n.o. 1.00 n.o. 1.38

2298 K. 110 K. “Unresolved g anisotropy. ?Calculated from <g> = ((g2 + g5 + g2)/3)"* . ¢Coupling
constants A in mT from 298 K spectra. The spectrum of 9% could not be analyzed.

Table 2.4: DFT calculated EPR data for 3, 4, 9, and 10 in various oxidation states.

3- 3+ 4+ 9- 9+ 10+
g’ 2073 2164 2028 2050 2138  2.038
g 1.993 2,065 2006 1996 2077  2.002
gt 1.952  1.938 1996 1952 1969 10985
g1 0121 0226 0032 0098 0169  0.053
<g>* 2007 2056  2.010  1.999 2061  2.009
A(¥N)? 0.94 0.85
A(%101Ry)b 0.09 1.38
Ru spin density ~ 0.476  0.742  0.088  0.498 0.141

3Calculated from <g> = ((g2 + &% + &%)/3)". ®Coupling constants A in mT.
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(a) 3° (b) 37

Figure 2.19: DFT calculated spin density of the EPR active species of 3 (calculated by Dr.
Stanislav Zalis).

2.3.3 UV-vis-NIR spectroelectrochemistry

UV-vis—NIR spectroelectrochemical measurements using an OTTLE cell*® are illustrated in the
Figures 2.20-2.21 and the data are summarized in Table 2.5. The data are being discussed in

the following, based on structural and EPR results and on TD-DFT calculations.

The lowest energy intense band for the neutral complexes 3 and 9 appears in the visible
region (502 and 545 nm, respectively) and can be attributed to allowed HOMO-2—LUMO
MLCT/IL transitions. The oxidation of both complexes results in a bathochromic shift leading
to absorption bands, assigned to MLCT transitions, with maxima at 625 nm each. The weak
transition for 3* at 1100 nm (1008 nm calc.) is attributed to a SHOMO — SLUMO d-d exci-
tation. On reduction to a mixed [Ru’(acac),(L?7)]~ <> [Ru’(acac),(L*~)]~, an even stronger
bathochromic shift, assigned to a MLCT transition, is observed. The radical anion complexes
4" and 10" show long-wavelength absorption maxima around 650 and 450 nm, respectively.
TD-DFT analysis assigns those bands to MLCT transitions involving the Lo or Ls ligand,
respectively (MLCT(L*7)), and to MLCT transitions involving the bpy ligand (MLCT (bpy)).
The transitions result from excitations from metal based FHOMO-1 and SHOMO-2 into lig-
and based SLUMO and SLUMO+1. On reduction to the neutral Ru”(L?~) configuration a
broad band in the NIR region around 1000 nm appears, which can be assigned to a ligand-
to-ligand charge transfer (LLCT) with L2~ as donor and bpy as acceptor. Such LLCT bands
are characteristic for complexes of the Ru(bpy), fragment in their reduced form.5° Additional
MLCT bands can be observed at about 470 nm and below. The oxidation is accompanied
by bands around 530 nm (489 nm calc.), which are attributed to HOMO-2-LUMO MLCT/IL
transitions. Remarkably, these values coincide with those of 3 and 9 which were structurally

established as Ru'”/(L*~) species. Due to the high ligand participation in the SOMO, however,
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it seems to be more adequate to describe the system as a mixed situation [Ru/(bpy),(L*~)]**
< [Ru”(bpy)2(L%)]**.
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Figure 2.20: UV-vis—NIR spectroelectrochemical response of 3, 4% and 9 in CH,Ch/0.1 M
BusNPFg (3 and 47 were measured by Ralph Hiibner).
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Figure 2.21: UV-vis—NIR spectroelectrochemical response of 10" in CH,Ch /0.1 M BuyNPFg.

Table 2.5: UV-vis—NIR data for 3, 4, 9, and 10 in various oxidation states from OTTLE spectro-

electrochemistry in CHyCh /0.1 M Bug NPFe.

complex Amax [nm] (e[M~tcm™1])

3 349(16 000), 502(11 700)

3+ 436(19 900), 625(14 100), 1100sh

3 353(20 800), 733(6 500)

4 295(54 900), 378(29 500), 478(31 400), 577(15 500), 1039(4 800)

4+ 295(53 500), 334(28 400), 369(23 800), 429(20 800), 461(18 500), 630(11 500)
42+ 295(50 100), 381(21 000), 517(21 300)

9 335(13 100), 358(12 800), 545(8 300)

o+ 285(14 400), 464(12 800), 625(10 400), 760sh

0 276(18 400), 350(15 200), 400(9 700), 624(3 200), 735(3 800)

10 291(48 100), 366(15 900), 420(13 800), 472(18 200), 560(6 600), 977(2 200)
10+ 291(48 100), 339(14 200), 413(10 600), 438(10 500), 660(5 700)

102+ 262(427 500), 291(27 000), 316(23 300), 350(12 700), 539(12 500)
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2.4 Conclusion

This chapter presents the synthesis of ruthenium complexes with two novel redox-active
hetero-1,3-diene ligands, including a new strategy for in situ generation of the elusive a-
azothiocarbonyl ligand.! The two ligands Lo and Ls can behave as non-innocent towards the
donor and acceptor substituted ruthenium fragments. Crystal structure analysis reveals that
all four isolated forms contain the anion radical ligands, Ly, and Ly . The acac™ containing
complexes can be described as antiferromagnetically coupled biradicals Ru/L*~ (S = 0),
whereas the bpy substituted complexes are characterized as radical species Ru/L*~ (S = V)
with only little metal contribution to the SOMO. EPR spectroscopic interpretation of the
electrochemically generated radical forms of the acac™ substituted complexes results in the
formulation of Ru’(Lg) for the cation and Ru’(L2~) < Ru’/(L*~) for the anion. Changes in
the redox behavior of the four complexes are determined rather by the variation the ancillary
ligands acac™ vs bpy than by the exchange of the hetero-1,3-diene ligand Lo vs Ls. Whereas
the ancillary ligands define the nature of the electronic structure of the complexes, Lo and
Ls reflect the better m-acceptor behavior of C=S vs C=0 by the means of slight shifts in the

electrochemical potentials. The resulting related redox series are illustrated Figure in 2.22.

{Ru'(acac)a(LO)}* {Ru"(bpy)a(L")}?*
-e ||+e -e ||+e
Ru'(acac)o(L”) 3,9 {Ru'(bpy)o(L7)}* 4%, 10*
-e [+ e -e ||+ e
{Ru(acac)o(L*)Y Ru'(bpy)a(L>)

¢

{Ru"(acac),(L")}

Figure 2.22: Redox series of donor and acceptor substituted ruthenium «-azocarbonyl and -
azothiocarbonyl complexes.
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3 Dinuclear bis(a-azothiocarbonyl) complexes

3.1 Introduction

After the new a-azothiocarbonyl chelate ligand function was introduced to coordination chem-
istry (Chapter 1) in the form of mononuclear ruthenium complexes, an expansion of the
amount of examples of coordination compounds containing this elusive ligand system was
highly desired. This chapter describes an alternative route for the in situ generation of the
a-azothiocarbonyl ligand function to yield dinuclear 1,3,5-trienediyl-bridged ruthenium com-
plexes. The synthesis includes a new type of ring opening of thiophenes®? and a C-C coupling
reaction.

As the key step in the heterogeneous hydrodesulfurization (HDS)>? process, transition metal
mediated ring opening reactions of thiophenes are of great industrial importance and a variety
of homogeneous model systems®* have been developed under this aspect. In all of those
examples an oxidative insertion into the C-S bond of the thiophene is involved, whereas in the
reaction described in this chapter, a five membered Ru-N-N-C-S chelate ring is formed after
the cleavage of the C-S bond.

A further remarkable feature of the system described here is the coupling of the non-innocent
a-azothiocarbonyl ligand configuration to a 1,3,5-hexatrienediyl (hte) unit. As a small pro-
totypical oligoolefin, the 1,3,5-hexatrienediyl entity has been investigated theoretically and
experimentally,® regarding its function as intermediate in the cyclotrimerization of acetylene>®
to produce benzene according to W. Reppe®’ and its bridging function in electron transfer situ-
ations.>® These resulting complexes can be described as conventional organometallic species in

which the metals are directly connected to the 1,3,5-hexatrienediyl-bridge via a C-M bond. In
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Figure 3.1: The new 1,3,5-hexatriene bridged bis(c-azothiocarbonyl) ligand in its oxidized (left)
and its doubly reduced diradical form (right).
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the p-hte(NNCS) ligand configuration (Figure 3.1), however, the a-azothiocarbonyl function
serves as redox-active linker connecting the two metal centers via the 1,3,5-hexatrienediyl-
bridge. The ability of the u-hte(NNCS), non-innocent bridging ligand to form diradicals® in
its doubly reduced form p-hte(NNCS)3~** makes it attractive for possible applications in mag-
netic materials and opens alternative pathways for intervalence charge transfer mechanisms in

mixed-valence situations (hole versus electron exchange®®).

The concept of “mixed-valence” is a ubiquitous phenomenon, appearing in biological, or-

ganic, organometallic, and inorganic systems.%!

In coordination chemistry, mixed valence is
defined through the occurrence of different metal oxidation states in dinuclear or polynuclear
metal complexes of homo- or hetero-metallic nature. Such frameworks have received a lot
of attention due to their role as model compounds for biological systems and their applica-
tion potential in molecular electronics. Especially mixed-valence complexes of ruthenium,®
originating from the archetypal Creutz-Taube ion® (Figure 3.2), are under permanent investi-
gation, in order to modify and study the thermodynamic and kinetic stability of the neighboring
oxidation states Ru/’ and Ru'’.3

The main feature of mixed-valence transition metal complexes is their capacity for exchang-
ing their valence electrons. The rate constant of this exchange, indicating the degree of
electron delocalization between the metal centers, can be of very different magnitude, de-
pending on the thermal activation barrier between the localized valence tautomers.
Based on the extent of electronic delocalization, Robin and Day®* divided mixed valent com-
plexes into three different classes (I-l1l), also known as the Robin-Day classification. Class
| type complexes (Equation 3.1 A) do not exhibit any electronic coupling and thus separate
oxidation states can be assigned to the different metal centers. In contrast, the metal cen-
ters in Class Il type complexes (Equation 3.1 B) are electronically equal and adopt the the
same, uneven, oxidation state in a fully valence delocalized arrangement. In Class Il type
complexes the electronic coupling between the metal centers is apparent but weak, because
the different states are separated by a thermal activation barrier.®> In the case of redox-active
bridging ligands an additional class of di- or polynuclear complexes, labeled as radical com-
plexes (Equation 3.1 C), emerges. This type of complex exhibits a radical bridging ligand
rather than metal-centered mixed valence.

The strength of electronic coupling can be influenced by several factors such as symmetry of

the complex, electronic properties of the ancillary ligands, distance between the metal centers,

— 15
HsN)RU'N. N—Ru'(NH '
5 (HN)RUTN - N=RU%(NH3),

Figure 3.2: Molecular structure of the Creutz-Taube ion.
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[L.M"(u-BL)M™ 1L, ]
A, localized mixed valence

[LXMn+O.5<M_BL)Mn+O.5LX] (31)

B, delocalized mixed valence

[LXM,H_]'([I,-BL._)M'H_ILX]

C, radical complex

electronic nature of the bridging ligand, nature of the metal, and orbital overlap between the
metal 7d orbitals and the 7 type MOs of the bridging ligand.®®-%°

In complexes of high symmetry all coordination sites accomodate different redox-states of
the metals in the same way, and thus foster a electron delocalized situation. Also the choice
of the ancillary ligands can have a strong impact on the extent of coupling, since electron rich
metals are prone to exhibit a stronger coupling than electron poor metals.*® 70 With respect
to the bridging ligand different factors play an important role. As the metal-metal interaction
in mixed-valent systems depends on the metal-metal distance, it can be tuned by varying the
length of the bridge.®® Also, the relative energy of the frontier orbitals of the bridge and the
d7 orbitals of the metal can lead to different types of electron transfer mechanisms. Whereas
for acceptor bridges with low lying LUMOs an electron exchange mechanism is favored, donor
bridges with high lying HOMOs promote an electronic coupling via a hole exchange mecha-

nism.”1

Among various methods for the characterization of mixed-valence coordination compounds
cyclic voltammetry and UV-vis-NIR spectroscopy provide the most valuable information. Since
a strong electronic coupling stabilizes the mixed-valence species towards disproportionation,
the comproportionation constant K., obtained from electrochemical potential differences, is
one of the most essential parameters. Equation 3.2a represents the equilibria, which are the

basis for the calculation of K. according to Equation 3.2b. The higher the potential difference

(LM (-BL)M™ 2L, ] == [L,M"(u-BL)M™ 1L, ] == [L,M"(u-BL)M"L,]  (3.2a)

—e —e

Red (E,) Int (E,) Red
P L ST\ - Y (3.2b)
“ " [Red][Ox] '

AE = E, — E;; RTInK. = nFAE
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[LM"(-BL)M 1L, ] /vh_c% [L,M"(u-BL)M 1L, ]* (3.3a)
[LXMn+0.5(M_BL) Mn+0.5 LX] ”:7_(1:’7)— [LXMn+0.5<M_BL) Mn+0.5 Lx]* (33b)

between the two reversible redox processes, the higher the value of K¢ and the stronger the
electronic coupling.

A second evidence for a mixed-valence situation of Class I|I-Ill is the appearance of an
intervalence charge-transfer (IVCT) absorption band in the NIR region. This type of absorption
originates from an intermolecular electronic transition from the lower-valent to the higher-
valent metal center,’? as illustrated in Equation 3.3a—b. For a discrimination between Class Il
and Class Il systems, different parameters of the IVCT band, such as energy of the transition,
intensities, band shapes, and line width, must be considered.”® The connection between these
parameters and the electronic interaction were described by Hush.”* The interpretation of
such correlation data, however, is not always straightforward. Especially in cases where the
bridging ligand can behave non-innocently, features of ligand centered radical intermediates
can be mistaken for mixed-valence situations.

An additional feature of dinuclear coordination compounds containing two equivalent biden-
tate ancillary ligands at approximately octahedrally configured metal centers, is their appear-
ance in different isomeric forms. Such complexes can thus exist as meso (AA) and rac
(AA / AA) stereoisomers (Figure 3.3).77%77 The nature of the corresponding mixed-valence
situations, such as electrochemical and spectroscopic behavior is not much affected by the
symmetry of the complex.” Consequently, this type of isomerism has only little influence on
the valence-exchange mechanism. Nevertheless, the two stereoisomers can be discriminated

by NMR spectroscopy of their diamagnetic non-mixed-valent forms.”®

meso

rac

Figure 3.3: Diastereomers of symetrically substituted dinuclear complexes.
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3.2 Results and Discussion

3.2.1 Synthesis

Since the results from Chapter 2 have illustrated the possibility for the in situ generation
of the elusive a-azothiocarbonyl ligand from precursor 6, there was demand for alternative
precursor compounds, leading to different a-azothiocarbonyl containing complexes. For this
purpose another organic compound including the N-N-C-S fragment and undergoes organic
transformation reaction was required. From literature it is known that thiophene substituted
tetrazines undergo such transformations in the reaction with Ru(acac),(MeCN),.”® To ensure
the presence of the N-N-C-S fragment, the focus was directed on azo containing thiophenes.
For improved crystallization behavior of the resulting complex and simple synthetic accessibility,
the acceptor substituted 2-azothiophenes® 11 and 12 were tested towards the reaction with
Ru(acac),(MeCN),. Additionally, the presence of the strong acceptor groups NO, and CO,Et,

was expected to facilitate the reaction with the strongly electron donating Ru(acac),(MeCN)s.

The reactions of Ru(acac),(MeCN), with 11 and 12 were performed under the same re-
action conditions as for the synthesis of complexes 3 and 9 (CH,Cl,/toluene, 50 °C, 12 h,
equimolar reagents). After purification with column chromatography (silica, CH,Cl,/MeCN)
and recrystallization from n-hexane, a pure green solid was obtained in both cases. After
obtaining a single crystal suitable for X-ray crystallography, the structure of 13 could be de-
termined. Surprisingly, the reaction yielded a dimer of the used educts. The molecular structure
of the complex can be described as a dinuclear ruthenium bis(acac) complex bridged by a two
a-azothiocarbonyl chelate containing functions coupled by a 1,3,5-hexatrienediyl unit. Obvi-
ously, the unexpected reaction had to involve a ring opening of the thiophene and subsequent
C-C coupling. Unfortunately, the reaction mechanism could not be determined. Attempts
to trap possible radical intermediates with the spin trap 2,2,6,6-Tetramethylpiperidine 1-oxyl

R__
4—( Moo T J\k
;7T O
y N
("o ~ %~ ome OMe NAN )
o_| N7 : (o oo HoH RO
- —_— NP VA VA SR AN
2 O/RI N 2N -4 MeCN O:Flu/ ¢ CH; ﬁ "¢ (\)j
Lo > 07 NN OMe )J‘
N N
I \<\<o
™ 7 |
\.—R
11ZR=3-N02 13ZR=3-N02
12: R = 4-CO,Et 14: R = 4-CO4Et

Figure 3.4: Synthesis of dinuclear bis(a-azothiocarbonyl) ruthenium complexes.
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(TEMPO) or possible carbene intermediates with alkenes (cyclohexene) or organic sulfides
(dibutylsulfide or tetrahydrothiophene) were not successful. Due to the strong donor ability of
Ru(acac),(MeCN), and the strong acceptor ability of the azothiophenes 11 and 12 an electron
transfer from the Ru'/(acac), fragment to the azothiophene, inducing the ring opening and
C-C coupling, is proposed.

Reactions of 11 and 12 with the [Ru(bpy).(acetone),]?* fragment under the same reaction
conditions as for 10(PF)g (acetone, 60 °C, 12h) did not give any product.

3.2.2 Molecular Structure

Complex 13 and its ligand precursor 11 could be crystallized for X-ray structure analysis
(Figure 3.5 and 3.6).Crystallization procedures were as follows. 13: slow diffusion of n-hexane
into a solution of 13 in 1,2-dichlorobenzene/CH,Cl,. 9: slow evaporation of a solution of 11
in ethyl acetate.

The comparison of the bond lengths in the Ru-N-N-C-S chelate ring of 13 and 9 (Table
3.7) shows only a marginal variation. According to literature,*® the bond lengths of 9 were

" center.

attributed to the presence of a singly reduced a-azothiocarbonyl ligand and a Ru
Thus, the p-hte-(NNCS-NO,), ligand can be considered as doubly reduced, involving two
singly reduced terminal a-azothiocarbonyl functions coupled by a 1,3,5-hexatrienediyl bridge.
Consequently, the electrons for the reduction come from the Ru'/(acac), fragment, which
attributes a non-innocent behavior to the system and which is in accordance with the postulated

reaction mechanism where the ring opening of the thiophene occurs after a one electron

0302

Figure 3.5: Molecular structure of 13 in the crystal. Solvent molecules are omitted for clarity.
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Figure 3.6: Molecular structure of 11 in the crystal.

Table 3.6: Torsional angle (°) of the 1,3,5-hexatriene bridge in 13.

bond torsional angle (°)
N1-C1-C2-C3 0.9(9)
C1-C2-C3-C4 178.4(6)
C2-C3-C4-C4’ 180.0(8)
C3-C4-C4'-C3’ 180.0(6)

reduction of the ligand precursor. The structural evidence for the bridging 1,3,5-hexatrienediyl
entity lies in the variation of the C-C bond lengths of the bridge, alternating between ~ 1.35
A, indicating a C=C double bond and ~ 1.44 A, indicating a C-C single bond, respectively.
The angle of torsion of the bridge (Table 3.6) of around 180° or 0°, respectively, illustrates the
planarity of the bridging element in the hte-NO; ligand, resulting in a strong conjugation of
the 7 electrons. A metal-metal distance of 14.5 A might decrease the strength of electronic
coupling in a possible singly reduced Ru' /Ru’’ mixed-valent species. The presence of an
inversion center between the C4 and the C4' atoms in the 1,3,5-hexatriene bridge provides
evidence that complex 13 exists as meso stereoisomer. The resemblance of the spectra of 13
and 14, discussed in the following section, give rise to the assumption of a similar structure for
14, excluding the isomerism. The N1-N2 bond length of 1.274(2) A of the ligand precursor
11, clearly indicates a N=N double bond which is polarized due to the different electron
donating 3-methoxythiophene and electron accepting 3-nitrophenylsubstituents. The effect of
polarization is reflected in the different C-N,,, bond lengths of d(C11-N2) = 1.424(2) and
d(C11-N2) = 1.359(2).
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Table 3.7: Bond lengths (A) in the Ru-N-N-C-S chelate ring (9 and 13) and the 1,3,5-hexatriene

bridge (13).
bond lenth (A)
bond 13 9 11
S1-C1 1.699(7) 1.696(1) 1.743(2)
C1-N1 1.352(8) 1.344(1) 1.359(2)
C11-N22 1.426(8) 1.430(2) 1.424(2)
N1-N2 1.331(7) 1.333(1) 1.274(2)
Rul-S1 2.263(2) 2.558(4)
Rul-N2 1.947(5) 1.931(1)
C1-C2 1.440(9) 1.397(2)
C2-C3 1.35(1) 1.397(2)
C3-C4 1.421(9) 1.363(2)
C4-C4 1.36(1)

2Nomenclature: C2-N2 for 9

3.2.3 'H-NMR and EPR spectroscopy of the isolated products

As in Chapter 2, the formulation {(Ru’(acac)),(u-hte(NNCS)3*?7), resulting from crystal
structure analysis, raises questions about the relative orientation of the spins of the unpaired
electrons at the metal and the ligand. In this case, however, the spin system is much more
complicated due to the presence of four unpaired electrons which can undergo mutual coupling.
The possible spin orientation in a four-spin system can lead to a singlet (S =0, 1]1]), triplet
(S =1, 1[11) or quintet (S = 2, 1111) state, which differ in their energies. The energetic
order of the three states depends on several factors, such as the coordination environment,
temperature, and applied magnetic field. The complexes 13 and 14 exhibit sharp and unshifted
NMR (400 MHz) signals within the range of 1-9 ppm, indicating a diamagnetic singlet ground
state for both compounds at high magnetic fields (~ 9.4 T) as applied in a 400 MHz NMR

spectrometer at room temperature.

The four singlet signals in the aliphatic region between 1 and 3 ppm are assigned to the CH3
protons of the acac™ ligand. The six protons at around 4 ppm are attributed to the methoxy
group located at the C-2 carbons of the 1,3,5-hetatiene entity. In the olefinic region between
5 and 6 ppm two singlets, assigned to the CH protons of the acac™ ligand, appear. The four
doublets in the aromatic region between 7 and 9 ppm are attributed to the four protons of the
1,3,5-hextatriene bridge and the four protons at the two phenyl rings. Additionally, complex
14 exhibits a quartet at 4.37 ppm and a triplet at 0.92 ppm which can be assigned to the ten

protons of the ethyl ester groups.
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Figure 3.7: 'H NMR spectrum of 13 in CD>Cl, at 298 K.

T
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The number of lines appearing in the 'H-NMR spectra also provides information about
the symmetry of the complexes. As already mentioned in the introduction, the complexes
can appear in two different types of stereoisomers, either as meso (AA) or as rac (AA /
AN) forms, which can be discriminated by NMR spectroscopy. For complexes 13 and 14 the
protons of the acac™ ligand serve as precise probe for the “isomeric purity” of the compounds.
The presence of four singlets attributed to the CH3 protons of the acac™ ligand and two
singlets attributed to the CH protons of the acac™ ligand, confirms the appearance of only
one isomer in the sample. A mixture of two isomers would result in twice the number of
lines for the acac™ ligand. Complex 13 has already been characterized by crystallography
as the meso isomer. The stereoisomeric form of complex 14 is still unclear. Nevertheless,
the electrochemical and spectroscopic features of the complex are only little affected by the
isomerism. A representative 'H-NMR spectrum of 13 is illustrated in Figure 3.7.

To check for different spin states, solid state and frozen solution EPR spectra of 13 and 14
at various temperatures have been recorded. Both compounds are EPR silent at 298 K and 110
K, whereas at 10 K an intensive resonance line was observed in both solid state and in frozen
solution. The EPR spectra of 13 are exemplarily illustrated in Figure 3.8. A g anisotropy
g1-g3 of around 0.23 (Table 3.11) indicates a high spin density at the ruthenium centers. In
the case of a triplet state the latter observation would suggest an antiferromagnetic coupling
between the ligand centered spin and a ferromagnetic coupling between the ruthenium centered
spins. A half field signal,® indicating a triplet state, is not observed in the spectra which,
however, does not exclude the presence of a triplet state. The appearance of an EPR signal in
frozen solution gives rise to the assumption that the paramagnetism does not originate from

intermolecular interactions in the solid state.
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Figure 3.8: EPR spectrum of 13 in a) frozen solution and b) solid state at 10 K. g values are listed
in Table 3.11

In summary, *H-NMR and EPR measurements provide first indications about the field and
temperature dependency of the spin system. To obtain a deeper insight into the nature of
the spin system at various temperatures and magnetic field strength, SQUID suszeptometry
measurements were applied to the complexes 13 and 14. The results are discussed in the

following section.

3.2.4 SQUID suszeptometry

To explore the magnetic behavior of 13 and 14, magnetization measurements were conducted
at fields between -5 Tesla and 5 Tesla and temperatures of 2 K and 300 K. Additionally, the
susceptibilities were measured over a temperature range of 2 to 300 K at the constant field
of 0.05 Tesla, 0.1 Tesla, 1 Tesla and 5 Tesla. The plots of the measurements for 13 and 14
are illustrated in the Figures 3.9-3.12. The measurements as well as the description of the
experiments were done by Dr. José Luis Priego and Prof. Jiménez-Aparicio.

The magnetization measurements at 300 K show an essentially diamagnetic response of
both compounds before subtracting the diamagnetic background. Thus, the complex 13
displays a decreasing almost linear dependence typical of a diamagnetic substance (Figure
3.9a). Until about 0.02 Tesla the magnetization increases, whereas from 0.02 to 5 Tesla a
strong decrease is displayed. When the diamagnetic contribution is subtracted, the shape of
the curve remains substantially the same. In the case of compound 14 a similar behavior is
observed although the magnetization strongly increases until 0.6 Tesla and from this magnetic
field quickly decreases to 5 Tesla (Figure 3.9b). Thus, at 300 K the behavior of both complexes
is typical of diamagnetic substances except in a very weak magnetic field. It is noteworthy,
however, that complex 14 shows paramagnetism up to 0.6 Tesla whereas complex 13 shows
paramagnetic behavior only to 0.02 Tesla. In any case, the rapid increase of the magnetization,
especially in complex 14, suggests the existence of ferromagnetic interactions. In contrast,

the magnetization measurements at 2 K for both compounds display a typical S-shaped curve
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Table 3.8: Filed and temperature dependency of the magnetic behavior of 13 and 14.
‘ high fields (> 200 mT) low fields (< 200 mT)

high temp. (300 K) diamagnetic paramagnetic
low temp. (2 K) paramagnetic paramagnetic
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Figure 3.9: Representation of the magnetization versus magnetic field for 13 and 14 at 300 K
(measured by L. S. Priego).

which suggests the existence of paramagnetism /ferromagnetism (Figure 3.10). As a result of
the magnetization measurements, for both complexes a paramagnetic character can be found
at low temperatures and low or high magnetic fields and at high temperatures in combination
with low magnetic fields. A diamagnetic character is only attributed at high temperatures and
high magnetic fields. These observations are confirmed by the previously described EPR and
NMR data. The field and temperature dependence of the magnetic behavior of 13 and 14
are summarized in Table 3.8.

In order to understand the magnetic behavior of these complexes the variation of the mag-
netization versus temperature at the constant field of 0.05 Tesla, 0.1 Tesla, 1 Tesla and 5
Tesla was carried out. In both compounds a dependence of the magnetic susceptibility on the
strength of the magnetic field has been found (Figure 3.11). For both complexes the mag-
netic susceptibility at 0.05 Tesla and 0.1 Tesla shows the continuous increase with decreasing
temperature typical of paramagnetic samples. At higher magnetic fields, however, the mag-
netic susceptibility values increase at low temperatures but show zero or negatives values at
higher temperatures (>50 K for 13 and >150 K for 14). This behavior is well reflected in the
representation of the magnetic moment with the temperature (Figure 3.12). Thus, at 0.05
and 0.1 Tesla the variation of the magnetic moment with the temperature basically shows a
continuous decrease to reach a pg value of 0.5 ug for 13 and 0.6 g for 14 which are lower

than the expected for one unpaired electron. The magnetic moments at room temperature are
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Figure 3.10: Representation of the magnetization versus magnetic field for 13 and 14 at 2 K
(measured by L. S. Priego).

3.2 ug (at 0.05 T) and 2.8 up (at 0.1 T) for 13 and 3.4 up (at 0.05 T) and 3.0 ug (at 0.1 T)
for 14 which are close to the expected values for two unpaired electrons per molecule. In these
curves, however, maxima at about 80 K and 70 K for 13 and 14, respectively, are observed,
suggesting the existence of both ferro- and antiferromagnetic interactions. In contrast, at 1
and 5 Tesla a sudden transition from a paramagnetic state to a diamagnetic one occurs at
57 K and 48 K, respectively for 13. Similar transitions at 144 K and 122 K for 14 are also
observed. Thus, at high magnetic field both complexes are diamagnetic at room temperature
which is in accordance with the magnetization measurements at 300 K. Moreover, in complex
14 at both magnetic fields the magnetic moment increase from 144 and 122 K to reach a
maximum at about 66 K (the exact value of the maximum cannot be established due to the
presence of traces of oxygen which are difficult to eliminate due to the weak signal of the

compound) and then decreases again until 2 K.

At low magnetic fields the continuous increase of the effective magnetic moment p, from
0.5 up at 2 K to around 3.0 p, at 300 K suggests the presence of a singlet ground state
as well as thermally accessible spin states of higher multiplicity which become populated by
an increase of the temperature. The drop of the effective magnetic moment to p, = 0 at
high magnetic fields and temperatures, however, is still an open question which can not be
explained satisfactorily. The idea that the energy gap between the ground and the excited state
increases with an increase of the magnetic field does still not explain the inverse temperature
dependence of the population of the excited states of higher multiplicity. A further problem
is that the experimental magnetic data of 13 and 14 could not be fitted to obtain a value
for the exchange coupling constant J, since the the magnetization versus the magnetic field
as well as the magnetic susceptibility towards temperature change with the magnetic field is

not linear. This results in a different coupling constant at each magnetic field. Magnetic
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Figure 3.11: Temperature dependence of the magnetic susceptibility of 13 and 14 measured under
magnetic fields of 0.05 T (green), 0.1 T (black), 1 T (red) and 5 T (blue) (measured
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Figure 3.13: lllustration of the possible spin orientation in the ground and the excited states.

transitions induced by a change in magnetic field strength are well known in chemistry,®? but

the complicated magnetic behavior of the complexes 13 and 14 is quite unique.

3.2.5 DFT Calculations

Geometry optimizations of the neutral complex 13 were performed for 1A, 3A and 5A electronic
states using UKS and RKS approaches. The lowest energy state was obtained for unrestricted

" centers. The calculated singlet — triplet

singlet state with antiparallel spins on the Ru
energy difference is 0.17 eV. Geometrical parameters calculated for UKS A state reasonably
well describe the experimental structure as indicated in Table 3.9. The DFT calculated spin
density in the unrestricted singlet state of 13 is mainly localized on the metal centers and the
p-hte(NNCS), bridging ligand (Figure 3.14). The calculations yield absolute values of spin
densities of 0.57 and 0.37 for each ruthenium and the u-hte(NNCS), ligand, respectively. All

calculations were performed by Dr. Stanislav Zalis.

Figure 3.14: DFT calculated spin densities in the unrestricted singlet state of 13. Blue areas
indicate positive and gray areas negative spin densities.
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Table 3.9: Comparison of experimental and DFT calculated bond lenths (A) and angles (°) in the
Ru-N-N-C-S chelate ring for 13

calc.

bond exp. 1A (SB-UKS) A (RKS) 3A
S1-C1 1.699(7) 1.713 1.689 1.748
C1-N1 1.352(8) 1.348 1.341 1.360
N1-N2 1.331(7) 1.295 1.308 1.286
Ru-S1 2.263(2) 2.242 2.243 2.257
Ru-N1 1.947(5) 1.969 1.920 2.001
angle

N2-Rul-S1  82.0(2) 82.6 82.3 83.2
C1-S1-Rul  97.8(2) 97.3 96.9 96.7
N1-N2-Rul 124.3(4) 123.5 123.8 123.3
N2-N1-C1  114.0(5) 115.3 1145 116.0
N1-C1-S1 120.9(5) 120.5 120.3 120.6

3.2.6 Cyclic Voltammetry

The complexes 13 and 14 were investigated by cyclic voltammetry in CH,Cl,/0.1 M NBu4PFg
at 298 K and 220 K. The experimental data are summarized in Table 3.10 and exemplary
plots of the cyclic voltammogram of 13 at 298 K and at 220 K are illustrated in Figure 3.15,
respectively. Since the difference of the data for 13 and 14 is negligible, an interpretation
based on the influence of nitro versus ethyl ester substitution is not warranted.

At room temperature both complexes undergo two reversible reductions at half-wave poten-
tials of around -0.85 V and -1.02 V, respectively, and one irreversible oxidation at an anodic
potential of 0.39 V. The irreversibility of the oxidation process of 13 and 14 in comparison with
the reversible process of 9 can be explained by the substitution with the strong m-accepting
nitro (13) and ethyl ester group (14), respectively. At lower temperature (220 K) the irre-
versible oxidations split up into two reversible oxidations at half-wave potentials at around 0.36
V and 0.50 V, respectively. The shift of the oxidation of 13 and 14 to lower potentials as
compared to 9 is not in accordance with the acceptor substitution of the p-hte(NNCS), ligand
function. Facilitated oxidation may result from the delocalization of the unpaired electrons
at two a-azothiocarbonyl fragments over an expanded 1,3,5-hexatriene m-system, increasing
the energy of the HOMO. Additionally, the m-donating methoxy group in 1-position of the
1,3,5-hexatriene bridge may as well contribute to the negative potential shift of the oxidation
for 13 and 14 versus 9. Regarding the positive shift of the reduction potential concerning

the dinuclear complexes 13 and 14 versus the mononuclear complex 9, the data are in ac-
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Table 3.10: Redox potentials®® and comproportionation constants (K.)¢ for 13 and 14.

compound Edsor/V Edoer/V(AE/V) KK
13 0.48 0.34 -0.85 -1.02 (0.17) 760
14 0.51 0.37 -0.84 -1.02 (0.18) 1120

3 Potentials E°/V vs Fct/®. PIn CHyCl /0.1 M BusNPFs /scan rate 100 mV s~. RTInK. = nF(AE).

0.5 pA
0,5 A
1:0 0,'5 0:0 -0I,5 —1l,0 —1l,5 0:8 0:6 0:4 0:2 0:0 —Ol,2 —0I,4 -0I,6
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(a) 13 at 298 K (b) 13 at 220 K

Figure 3.15: Cyclic voltammogram of 13 in CH,Ch /0.1 M BusNPFs at a) 298 K and b) 220 K
(scan rate 100 mV s71).

cordance with the substitution pattern of the a-azothiocarbonyl ligand function. The low
comproportionation constants of K. = 760 (13) and K. = 1120 (14), respectively, suggest
a localized (Class Il) mixed-valent situation. The low comproportionation constants, caused
by weak electronic coupling can be explained through the large metal-metal distance of about
145 A,

3.2.7 EPR spectroelectrochemistry

The complexes 13 and 14, EPR silent at 110 K, can be converted into EPR active species
through electrochemical oxidation and reduction. Since the oxidation processes of both com-
pounds are only reversible at low temperatures, the electrolysis for obtaining the oxidized
species was done at 220 K. The experimental data are summarized in Table 3.11 and exem-
plary plots of the EPR spectra of 13" and 13~ at 110 K are illustrated in Figure 3.16 and 13
at 10 K in Figure 3.8.

The oxidation of 13 and 14 resulted in rhombic EPR signals with large g anisotropies of
A g = 0.413 and A g = 0.464, respectively, indicating a predominantly metal localized spin
distribution and thus a ligand centered oxidation. After reduction two alternative electronic
situations are possible. Either the reduction occurs at the metal and thus results in a Ru’/ /Ru’!

002 —

mixed-valence situation or the reduction occurs at the u-hte(NNCS)3*“~ bridging ligand and
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Figure 3.16: EPR spectra of 13~ and 13" (electrolysis at 220 K) in CH,Cl /0.1 M BusNPFs at
110 K.

Table 3.11: EPR data for 13, and 14 in various oxidation states from electrochemical generation
in CH2CI2/0.1 M BU4NPF6.

g values 132 13° 13*+¢ 142 14° 14+2
gb 2.134 2.146 2.332 2.132 2.151 2.334
g5 2.029 2.118 2.117 2.026 2.118 2.123
gb 1.932 1.918 1.919 1.930 1.914 1.870
g1-€3 0.202 0.228 0.413 0.202 0.237 0.464
<g>9 2.033 2.063 2.129 2.031 2.064 2.118

2110 K. 10 K. 110K (electrolysis at 220 K). 9 Calculated from <g> = ((g? + g3 + g3)/3)">.

results in a radical ligand complex. A rather unlikely situation due to the electronic coupling of
the unpaired electrons of the bridging ligand. The reduced species of both complexes are EPR
silent at room temperature and show a rhombic signal with a g anisotropy of A g = 0.202
at 110 K, which clearly reveals the expected predominantly but not exclusively metal centered
spin distribution. Hence, the conjunction of the EPR data with the low comproportionation
constants (K. = 760 (13), K. = 1124 (14)) suggest a localized (Class IlI) mixed-valent

situtation.

3.2.8 UV-vis-NIR spectroelectrochemistry

UV —vis—NIR spectroelectrochemical measurements on complexes 13 and 14 using an OTTLE
cell*® are illustrated in Figure 3.17 and the data are summarized in Table 3.12. Since the
spectra of 13 and 14 could not yet be satisfactorily reproduced by TD-DFT calulations due to

the complicated spin system and the complexity of the variety of electronic transitions related
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Table 3.12: UV-vis—-NIR data for 13 and 14 in various oxidation states from OTTLE spectroelec-
trochemistry in CH» C/2/01 M BusNPFg.

complex Amax [nm] (e[M~tem™!])

13 218(45 200), 270(43 000), 457(22 000), 598(25 900), 712(21 700)

13- 218(45200), 270(44 900), 437(17 900), 588(19 000), 729(19 500), 1090(12 300),

13> 218(18 700), 274(49 100), 370(30 400), 432(28 300), 553(18 700), 786(10
600)sh, 938(5 900)sh

14 218(45 900), 273(35 600), 458(24 700), 597(27 200), 688(22 400)

14~ 218(45 900), 273(37 400), 337(27 900), 450(22 200), 593(19 900), 732(19 200),
1090(12 700)

14> 218(42 600), 276(41 000), 420(34 700), 584(21 400), 774(12 500)sh, 938(6
600)sh

therewith, the interpretation of the spectra is based on the calculations of the structurally
related complex 9.

Since the high energy band of complex 9 at 545 nm is attributed to an MLCT/IL transition,
so are the most intensive long wavelength absorptions of 13 and 14 at 712 nm and 688 nm,
respectively, attributed to this character. The shift to higher wavelengths may result from
a lowering of the ligand LUMOs due to the expanded 7 system and the strong 7 acceptor
substituents of the bridging ligands containing the a-azothiocarbonyl fragment. After reduc-
tion of 13 and 14, in contrast to 9, a band in the near infrared region around 1700 nm (e =
4700 M~ cm™!) appears. This band is assigned to an inter valence charge transfer (IVCT)
transition of a Ru’’Ru’! mixed-valent species. The IVCT band intensity and shape of €., <
5000 M~* cm™* and Avy;, > 2000 cm™! suggests a weak electronic interaction (Class I1)
between the two ruthenium centers.”® After the second reduction a Ru’ /Ru’’ is formed and

as a consequence the IVCT band disappears.
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Figure 3.17: UV-vis—NIR spectroelectrochemical response on stepwise reduction of 13 and 14 in
CH»Ch /0.1 M BusNPFg.

3.3 Conclusion

This chapter describes the first synthetic pathway to dinuclear ruthenium complexes with
non-innocent a-azothiocarbonyl ligands. The in situ synthesis of the elusive a-azothiocarbonyl
ligand system was achieved through a ring opening reaction of acceptor substituted 2-azothio-
phenes and subsequent C-C coupling. Remarkably, the new type of reaction cascade lead to the
formation of a 1,3,5-hexatrienediyl bridged a-azothiocarbonyl ligand chelate function connect-
ing two Ru(acac), metal fragments. In contrast to Chapter 2 where donor Ru(acac),Ls and
acceptor substituted [Ru(bpy)aLs]™ complexes were obtained, with this approach only donor
substituted (acac),Rup-hte(NNCS),Ru(acac), complexes were accessible. Crystal structure
analysis revealed the existence of the bridging ligand in its doubly reduced diradical form
p-hte(NNCS)3*2~, supporting the proposed reaction mechanism which includes an electron
transfer from the reducing Ru(acac), fragment to the 2-azothiophene, inducing the ring open-

ing of the latter. The obtained system M-NIL-pu — m-NIL-M represents a unique coordina-
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tion arrangement which results in a hitherto unknown type of four-spin system of the type
Me*—*-BL*—*M, which displays a complicated magnetic behavior. Based on SQUID suszep-
tometry measurements a singlet ground state with thermal accessible excited states of higher
multiplicity is suggested. DFT calculations based on geometry optimizations including an
unrestricted broken symmetry approach confirm the existence of a singlet ground state and
assign a singlet — triplet energy difference of 0.17 €V which is, however, much higher than
the thermal energy barrier of 0.025 €V at room temperature, and thus doubts the origin of
the paramagnetic magnetic behavior. To resolve this dispute a more detailed analysis of the
system will be required.

Both complexes can be reduced in two reversible one-electron steps, forming a mixed-valent
intermediate which is identified by IVCT absorption in the near infrared (e.g. Apmax = 1700 nm;
¢ = 4700 M~ cm™1)). The low comproportionation constants of K. = 760 and K. = 1124 of
these intermediates along with the rhombic EPR signal suggest a localized (Class I1) mixed-
valent situation, favored by the large metal-metal distance of about 14.5 A. The oxidized forms
of the complexes are only accessible at low temperature and exhibit a g anisotropy of more
than double the value of the singly reduced species, indicating an even more Ru’ localized
spin situation.

The electronic structure of the experimentally accessible oxidation states is illustrated in a

simplified scheme in Figure 3.18.

T H

Ru(lll) — NIL —%—NIL— Ru(lll)  Ru(lll) localized spin

[ T

Ru(lll) — NIL—%—NIL— Ru(lll) isolated form

1 A

Ru(lll) — NIL—%—NIL— Ru(lll)  mixed-valent (Class Il)

Figure 3.18: Electronic structure and proposed spin situation of 13 and 14 in various oxidation
states.
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4 Triazenide, amidinate and guanidinate as new

non-innocent ligands

4.1 Introduction

In the previous chapters the a-azothiocarbonyl ligand, forming five-membered chelate rings
upon coordination was established as a new member in the series of the redox-active hetero-
1,3-diene ligands. An expansion of the ring size to a six-membered chelate coordination type
leads to the prominent (3-ketaminate and (3-diketonate ligands. Their non-innocent character
was lately revealed in a more indirect fashion (“hidden non-innocence” or “fractional non-
innocence”) .8 A decrease in ring size to a four-membered chelate coordination type results
with the well known class of the heteroallylic ligands, which were thought to behave innocently
up do date. The bidentate coordination mode and the variation in the chelate ring size by
examples of the N-donor ligand types of 3-ketaminate, 1,4-diazabutadienes and the amidinates
is illustrated in Figure 4.1. Whereas the neutral 1,4-diazabutadienes can undergo two one-
electron reductions the anionic 3-ketaminate and amidinate ligands can be expected to under
go a one electron oxidation to yield neutral radicals. However, none of the heteroallylic
ligands could be detected in its neutral radical coordination mode. Free triazenyl radicals
have been reported only as transient species derived from organic azides, showing spin density

concentrated on the peripheral nitrogen centers.84

M
/N /M\ /M

R-N N-R R-N_ N-R R-NCE/N-R
\&/ 4 T
R R g % R
A B c

Figure 4.1: The chelating coordination modes of the (-diketonate (A), 1,4-diazabutadiene (B)
and amidinate (C) ligands.

The goal of this chapter is to reveal the potential for non-innocent character of different
kinds of heteroallylic ligands in complexes with ruthenium. It will be shown that oxidation
of Ru’ complexes with heteroallylic ligands can result either in a Ru//(L~) or in a Ru’(L°)
situation (Figure 4.2). The ambivalent behavior was achieved by the tuning the electronic
structure of the complexes, and by variation of the substituents at the heteroallylic as well
as ancillary ligands. Therefore, the triazenido, amidinato and guanidinato forms were used,

since their substitution pattern can be easily varied. Other potentially non-innocently behaving
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Figure 4.2: The different pathways for the oxidation of a Ru'' complex with triazenido, amidinato
or guanidinato ligands.

ligands containing heteroatoms of the second row are the nitro/nitrito (N or O binding) and

the carboxylato ligands.

Besides their potentially redox-active character discussed in this capter, heteroallylic ligands
have been investigated intensely regarding various properties. As promising alternatives for
cyclopentadienyl-based ligands the N-centered donor ligands have made a comeback in vari-
ous fields of coordination and organometallic chemistry.8> Compared to the cyclopentadienyl-
based ligands their electronic and steric properties can more easily be tuned by varying the
substituents at the N and C atoms, since synthetic routes are much more convenient. In
addition to the chelating coordination mode, this type of ligand can also function as bridging
ligand for di- or polynuclear metal complexes. The short distance between the coordinat-
ing heteroatoms provides an ideal environment for the implementation of short metal-metal
distances and thus for the stabilization of metal-metal multiple bonds.®® The preference for
chelating versus bridging coordination mode mainly depends on the size of the substituents on
the central carbon atom (for amidinato, guanidinato and carboxylato ligands). Another im-
portant feature of the triazenido, amidinato and guanidinato ligands is their high basicity, with
pK, values of the corresponding protonated forms of between pK, = 5-13,%” which furnishes
a strong donor character to these ligands. Due to the better mesomeric stabilization of the
corresponding cationic form, the guanidines are the strongest bases in this series. Compared
to the amidinato and the guanidinato ligand the triazenido ligand is less electron donating

8

due to a lower charge density on the coordinating N-atoms,® resulting in a more electrophilic

character of the coordinated metal.
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4.2 Results and discussion

At the beginning of this project the conditions under which a triazenyl, amidinyl or guani-
diny radical complex could be stabilized were not known. Therefore, ruthenium complexes
containing different ancillary ligands as well as different substituted heteroallylic ligands had
to be scrutinized in this regard. Since the synthesis of various substituted triazenes is more
convenient than that of the corresponding amidines and guanidines, the initial project focused
on the synthesis of different substituted ruthenium triazenido complexes. The aim was to
create an adequate substitution pattern for the stabilization of triazenyl radical ligands, which
could then be transferred to the synthesis of ruthenium containing amidinato and guanidinato

complexes to obtain the corresponding radical complexes after one electron oxidation.

4.2.1 Synthesis of triazenido ruthenium complexes

4.2.1.1 Synthesis of triazene precursors
The triazenes H15, H16 and H17 were synthesized according to a one step literature proce-
dure®® starting from the corresponding aniline. The triazene H18 was synthesized according

to a literature procedure® starting from tert-butylazide and tert-butyllithium (Figure 4.3).

NHo 1. HCI(ag)/NaNO, H
N 2. NaOAc AN
| —R » R | —R
4 = o
H15: R = 3-CF3
H16:R = H
H17: R = 4-OMe
N3 1. Et,0 !
2. Hy,0 )
O - 2 e
H18

Figure 4.3: Synthesis of the triazene ligands.

4.2.1.2 Synthesis of triazenido Ru(bpy),, Ru(4,4’-EtCO,-bpy), and Ru(pap), com-
plexes

The metal precursors Ru(bpy),Cl, (bpy = 2,2-bipyridine), Ru(4,4'-EtCO,-bpy),Cl,** and
a-Ru(pap)>Cl,* (pap = 2-phenylazopyridine) were synthesized according to literature proce-

dures. AgBF, was used for activation of the metal precursors by chloride abstraction.
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Figure 4.4: Synthesis of the bis(bpy), bis(4,4"-EtCO,-bpy) and bis(pap) substituted triazenido
ruthenium complexes.

4.2.1.3 Synthesis of the p-cymene substituted triazenido ruthenium complexes
For reasons of favoring a ligand centered oxidation of the complex, p-cymene (p-cym) sub-
stituted ruthenium complexes containing the deprotonated 1,3-bis(4-methoxyphenyl)triazene

(177) were prepared with various ancillary ligands. The ruthenium precursor [Ru(p-cym)Cly]»

is comercially available.

Ru(p-cym)CI(17) (25) was synthesized by reacting the comercially available precursor [Ru(p-
cym)Cl,], under deprotonation with H17. AgBF, was used for activation of the metal precur-
sors by chloride abstraction.

C
X

1. AgBF, —o—

|
Cl \
l/ N AN 2. H17/Et3N Ru—Cl
e

Ru > /A
N-—/N

MeO OMe
25

=
\CI
Figure 4.5: Synthesis of the p-cymene substituted triazenido complexes.

|
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Ru(p-cym)CN(17) (26) was synthesized by reacting 25 with an excess of KCN in acetonitrile
under reflux. The m-accepting CN™ ligand was introduced to withdraw electron density via
backbonding from the Ru’’ to favor the triazenido oxidation.

—o— —o—

\ \

Ru—Cl KCN Ru—CN
/ \ —_ / \

N>—/N -KCl N>—/N
v O DY
MeO OMe MeO OMe
25 26

Figure 4.6: Synthesis of the p-cymene substituted triazenido complexes.

[Ru(p-cym)MeCN(17)]SbFs (27SbFs) was synthesized by reacting 25 with one equivalent
of AgSbFg in acetonitrile under reflux. AgSbFg was used for chlorid abstraction to obtain
a better crystalisation behavior of the resulting complex. The neutral acetonitril ligand was

introduced to increase the positive charge at Ru’ to favor the triazenido oxidation.

) C\ ) C\ " SbFg

Ru-cl MeCN/AGSHFg JUTN=
/@/N\\N/’N | o Ao D/N%N\Q\
MeO = OMe MeO = OMe
. 27SbFy

Figure 4.7: Synthesis of the p-cymene substituted triazenido complexes.

4.2.2 Molecular structures of the ligand and the triazenido complexes

The ligand precursor H17 as well as the complexes 21CIO4 and 27SbF¢ could be crystallized
for X-ray structure analysis (Figure 4.9-4.10). Crystallization procedures were as follows. H17:
slow evaporation of a solution of H17 in CH,Cl,/n-hexane; Complex 21ClO,: slow diffusion
of Et,0 into a solution of 21PFg and NBusClO4 in MeCN; 27SbFg: slow diffusion of Et,O
into a solution of 27SbFg in MeCN. The data of the important bond lengths and angles are

summarized and compared with those of the uncoordinated triazene H17 in Table 4.13.

The N-N bond lengths of the free triazene do not represent the typical even bond order,
since the N2-N3(H) bond distance of 1.316(2) A is too short for an ordinary N-N single bond
(~ 1.35 A) and the N1-N2 bond of 1.293(2) A is too long for N=N (~ 1.25 A), indicating
N-N bond orders of around 1.5 caused by a partial charge delocalization. After deprotonation

and coordination the changes in the N-N bond lengths are only marginal. The deviation of
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Table 4.13: Selected bond lengths (A) and angles (°) in the Ru-N1-N2-N3 chelate ring.

bond (A) 21CIO, 27SbFs H17
Rul-N1 2.072(2) 2.090(3)

Rul-N3 2.078(2) 2.058(3)

N1-N2 1.312(3) 1.314(4) 1.293(2)
N2-N3 1.316(3) 1.313(4) 1.316(2)
angle (°)

N1-N2-N3 103.9(2) 102.6(3) 112.8(1)

Figure 4.8: Molecular structure of H17 in the crystal.

the N1-N2-N3 angle in the complex (103°) from the angle of the free triazene (113°) can be

explained by a distortion due to chelate coordination to the metal center.
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Figure 4.9: Molecular structure of 21" in the crystal of 21ClO,.

Figure 4.10: Molecular structure of 27 in the crystal of 27SbFg.
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4.2.3 Cyclic voltammetry of the triazenido ruthenium complexes

All ruthenium triazenido complexes (Figures 4.4—4.7) were investigated by cyclic voltammetry
in 0.1 M CH,Cl,/NBu4PF¢ at a scan rate of 100 mv/s. Exemplary plots of the cyclovoltam-

mograms are illustrated in Figure 4.11. The redox potentials are summarized in Table 4.14.

The Ru(bpy), complexes 19BF,—22BF, exhibit one irreversible reduction which is attributed
to a process at the bpy ligand, since the triazenido ligands are not reducible. On substitution of
both bpy ligands by the acceptor substituted 4,4'-EtCO,-bpy or the even stronger m-acceptor
ligand pap, the resulting complexes 23BF, and 24BF, show two reversible reductions, one at
each of the acceptor ligands.®*

Nevertheless, the aim of generating a stable triazenyl radical complex through a one electron
oxidation places a higher importance on the oxidation processes which are discussed in the
following. By varying the substituents at the triazenido ligand from electron withdrawing
(R = 3-CF3-CgHs, 19BF,) to electron donating (R = 4-OMe-CgHs, 21BF,) the oxidation
potentials shift gradually towards lower potentials from Ei, = 0.45 V to Ei, = -0.10 V. After
the replacement of the m-donating/c-accepting 4-methoxyphenyl substituent by a purely o-
donating tert-butyl substituent the oxidation potential decreases further to a value of Ei, =
-0.12 V for 22BF,. The fact that the N,N’-dialkyl complex 22BF, exhibits only one oxidation
leads to the conclusion that the triazenido ligand participates in the second oxidation of
complexes 20BF, and 21BF,. On substitution of the bpy ligands by the stronger m-accepting
4,4'-EtCO,-bpy and pap ligands the oxidation potential increases to the higher values of Ei;, =
0.12V for 23BF,4 and E., = 0.33 V for 24BF,, respectively. All p-cymene containing complexes
exhibit one reversible and one irreversible oxidation. In Figure 4.11e a cyclovoltammogram of
27SbFg is depicted in which i) only the first and ii) both oxidations are displayed, since

Table 4.14: Redox potentials® of triazenido ruthenium complexes.

complex E9s / V vs Fct/°

19BF, 0.45 -1.88¢

20BF,  1.18° 0.22 -1.90¢

21BF, 0.63 -0.10 -2.06°¢

22BF, -0.12

23BF, 0.13 -1.43 -1.80
24BF, 0.33 -0.70 -1.38
25 0.91° 0.24

26 0.95° 0.26

27SbFg 0.91° 0.39

2In CHoCh /0.1 M BuyNPFs /scan rate 100 mV s~. P Anodic peak potential. € Cathodic peak potential.
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Figure 4.11: Cyclic voltammetry of the triazenido ruthenium complexes in CHy Cl, /0.1 M Bus NPFg
(scan rate 100 mV s71).

the first oxidation is only fully reversible if the second oxidation is not monitored. For the p-
cymene containing complexes the effect on the oxidation potential by exchangeing a m-donating
chlorido (25) with a m-accepting cyano ligand (26) is marginal, with a shift of only A E = 0.02
V to higher potential. An exchange of the chlorido ligand by the neutral acetonitrile ligand,
however, shifts the oxidation potential from E., = 0.24 V (24) to Ei, = 0.39 V (27SbFg).
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This effect can be explained by an increase of the overall charge of the complex from 0 to +1,
resulting in a higher oxidation potential.

Because the influence of the substitution pattern of the complexes towards the oxidation
potential is not in correlation with the influence towards the nature of the oxidation (ruthenium
vs triazenido), EPR spectroelectrochemistry needs to be applied to all complexes. The results

are discussed in the following section.

4.2.4 EPR spectroelectrochemistry of the triazenido ruthenium complexes

Cyclic voltammetry experiments revealed at least one reversible oxidation for each of the
triazenido complexes. To get an insight into the nature of the oxidation process (ruthenium
vs triazenido) the oxidized forms of the triazenido ruthenium complexes were investigated by
EPR spectroscopy. Literature data suggest that the reductions of complexes 23BF, and 24BF,
occur at the strongly m-accepting ancillary ligands 4,4'-EtCO,-bpy or pap, respectively.®* Their
reduction processes shall therefore not be discussed in this section. Exemplary plots of the
EPR spectra of 19%*, 212+, 242+ 25% and 262" are depicted in Figures 4.12 and 4.13. The
EPR data as well as the potentials of the first oxidation of all complexes are summarized in
Table 4.15, indicating that the oxidation potentials and the g values are not in correlation.
The rhombic EPR signal of complex 192* with a g anisotropy of Ag = 0.451 at 110K
indicates a predominantly ruthenium centered spin situation Ru”/(L™). By exchanging the
electron withdrawing 3-CF3 with an electron donating 4-OMe (21°") group, the g anisotropy

decreases to a value of Ag = 0.100 at 110 K, suggesting a mixed situation with approximately

Table 4.15: EPR and electrochemical data of the mono-oxidized triazenido ruthenium complexes.?

complex Eip 8o (298 K) g1, g2, 83 (110 K)  g1—g3

192+ 0.45 2.194 2.350, 2.273, 1.899  0.451
20%+ 0.22 2.104 2.185, 2.142,1.954 0.231
21°F -0.10 2.048 2.087, 2.064, 1.987 0.100
222+ -0.12 2.154 2.273, 2.243, 1.938  0.047
232+ 0.13 2.032 2.056, 2.039, 1.995 0.061

242+ 0.33 2.011 e < 0.02
25+ 0.24 2.011° e < 0.02
26+ 0.26 2.011°¢ e < 0.02
27%F 0.39 2.007¢ e < 0.02

? Potentials E.;, versus Fc*/° from cyclic voltammetry in CHyCl, /0.1 M BusNPFs; EPR data from electrolysis
in CHyCl /0.1 M BuyNPFs; X band results. ® Hyperfine splitting: 0.66 mT (2 x*N), 0.55 mT (1 x %>10'Ruy).
© Hyperfine splitting: 0.66 mT (2 x 1*N), 0.37 mT (1 x °*1°YRu). ¢ Hyperfine splitting: 0.199 mT (1 x 1*N),
0.629 mT (2 x¥N), 0.127 mT (6 x*H), 0.109 mT (2 x*H), 0.080 mT (2 x1H), 0.094 mT (4 x 1H), 0.272
mT (1 x %1 Ru). Linewidth: AB:, = 0.07 mT. ¢ g anisotropy not resolved.
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Figure 4.12: EPR spectra of the oxidized triazenido complexes in CHyCh /0.1 M Bus NPFg.
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Figure 4.13: EPR spectrum of 27°% in CH- Ch/0.1 M BuyNPFg at 298 K.
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Figure 4.14: |llustration of the correlation between the substitution pattern of the triazenido com-
plexes and the isotropic g value. Red: Ru''(L=) complex; : mixed radical
situation Ru'''(L=) < Ru''(L*); blue: triazenyl radical complex Ru'' (L*).

equal spin density on ruthenium and the triazenido ligand Ru’/(L~)<>Ru’(L*). To hamper Ru”
oxidation and favor the oxidation of the triazenido ligand, the weakly m-accepting bpy ligands
were substituted with the strongly m-accepting 4,4'-EtCO,-bpy or pap ligands, respectively.
The influence of replacement is nicely shown in the EPR spectra of complexes 232t and 24"
which exhibit a g anisotropy of Ag < 0.02 at 110K and isotropic g values of around 2.011
at 298 K. The isotropic g values suggest predominant ligand contributions to the SOMO
Ru’/(L*). The metal contribution, however, is still high enough to cause a line broadening
which quenches the hyperfine structure in the spectra. Since a hyperfine structure resulting
from the coupling to N and H atoms of the triazenyl radical ligand would be a clear evidence for
the desired ligand centered oxidation, a different set of ancillary ligands had to be introduced.
The new strategy included the replacement of the m-accepting/o-donating 4,4'-EtCO,-bpy or
pap ligand through the m-accepting but not o-donating p-cymene ligand. This approach was
thought to decrease the electron density at Ru’ center and thus inhibit its oxidation. For
reasons of synthetic accessibility the first p-cymene substituted complex investigated (25")
included a m-donating chlorido ligand. This substitution had no effect on the isotropic g value
of g = 2.011 at 298 K, however, a poorly resolved quintet with coupling constants of A; =
0.66 mT (2 x *N) and A, = 0.55 mT (1 x %!%Ru) emerged in the spectrum. The quintet
structure of triazenyl radicals can be explained by the symmetry of the SOMO which has a node

located at the central N atom, diminishing spin density and therefore its coupling constant. An
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exchange of the m-donating chlorido ligand with a m-accepting cyano ligand had no influence
on neither the g value nor on the hyperfine structure. The replacement of the chlorido ligand
with a neutral m-accepting acetonitril ligand (27%"), however, resulted in a decrease of the g
value to g = 2.007 and the appearance of a well resolved hyperfine structure. The spectrum
could be simulated (Figure 4.13) using the coupling constants displayed in the footnote in
Table 4.15. An increase of the overall charge around the ruthenium center facilitates a ligand
centered oxidation and explains the ligand substitution effect of cyano versus acetonitrile. The
observation of a low g value close to that of the free electron with g, = 2.0023 along with the
hyperfine splitting is a clear evidence for an almost purely ligand centered oxidation resulting in
a triazenyl radical complex. Complex 27°* is the first example of a metal stabilized triazenyl
radical. The remarkable correlation between the structures of the complexes and the isotropic

g value is visualized in the diagram of Figure 4.14.

4.2.5 DFT calculations of the triazenido ruthenium complexes

To add theoretical insight into the electronic structures of the triazenido complexes in their
singly oxidized forms the spin densities of complexes 192*, 212 and 27%" were calculated
using DFT methods. All calculation were performed by Dr. Stanislav Z&li§ on a G09/PBEO/6-
311G(d)/PCM-CH,Cl; level of theory. Plots of the spin densities are depicted in Figure 4.15
and the data are summarized in Table 4.16

The calculations confirm the experimental results of the EPR spectroelectrochemistry.
Whereas a spin density at ruthenium of 72.6 % for 19%" indicates a predominantly ruthenium-
centered radical Ru”/(L™), the spin density at ruthenium of only 0.4 % for 272" clearly confirms
the existence of a triazenyl radical complex Ru/(L*). The ruthenium spin density of 18.5 %
for 212% is interpreted as a mixed orbital situation in which the radical exhibits metal as well
as ligand character Ru’/(L™) < Ru’(L*).

a) 192+ b) 212* c) 272+

Figure 4.15: Plots of the DFT calculated (G09/PBE0/6-311G(d)/PCM-CH,Cl,) spin densities of
representative triazenido ruthenium complexes.



60 4 Triazenide, amidinate and guanidinate as new non-innocent ligands

Table 4.16: DFT calculated (G09/PBE0/6-311G(d)/PCM-CH»Cl,) spin densities of representative
triazenido ruthenium complexes.

192+ 212+ 272+
p Ru 0.726 0.185 0.004
p N1 0.136 0.251 0.243
p N2 -0.078 -0.149 -0.157
p N3 0.136 0.251 0.243
p R1 0.056 0.240 0.336
p R2 0.056 0.240 0.336

4.2.6 UV-vis-NIR spectroelectrochemistry of the triazenido ruthenium complexes

UV —vis—NIR spectroelectrochemical measurements of all triazenido ruthenium complexes us-
ing an OTTLE cell* are illustrated in Figures 4.21-4.17 and summarized in Table 4.21. The
spectra are discussed briefly based on EPR results and literature reports, since no TD-DFT
calculations for an exact band assignment are available. For the characterization of Ru'’
or triazenyl radical complexes only the oxidation processes are of interest and are therefore
discussed exclusively.

The Ru(bpy), complexes 197-21" exhibit a low energy transition around 465 nm, which
are at a similar energy level as the ruthenium-based MLCT transitions in [Ru(bpy)s]*>" (455
nm).?® Through an exchange of the phenyl groups at the triazene with the stronger electron
donating tert-butyl group (22) the MLCT band shifts to lower energy of 537 nm. Upon
ruthenium centered oxidation of 19" and for 21* a hypsochromic shift of the MLCT band is
expected, however, a band in the near infrared region at 960 nm for 192* and 740 nm 212*
emerges. This low energy band may be explained by the allowance of an LMCT transition from
the triazenido ligand to the ty, orbitals of ruthenium after oxidation. Complexes 20?* and
212* with their more ligand-centered spin density exhibit a low energy band at even higher
wavelengths of around 1030 nm, which might indicate a predominantly intra ligand charge
transfer (ILCT) transition.

In agreement with MLCT transitions around 550 nm for related amidinato complexes con-
taining the Ru(pap), fragment,?® complexes 23* and 24" exhibit a low energy transition at
560 nm and 530 nm, respectively. The predominantly ligand centered oxidation results in a
bathochromic shift of these MLCT transitions to 750 nm (23*) and 895 nm (24"), which
may also be attributed to a mixed LMCT /ILCT transition.

The MLCT transitions of the Ru(p-cym) triazenido complexes occur around 415 nm and are
therefore higher in energy than the MLCT transitions of the complexes containing the stronger
m-accepting nitrogen-based heterocyclic ligands. Oxidation of the p-cymene complexes results

in the appearance of a near infrared absorption band. Due to the triazenyl radical character
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of the singly oxidized complexes, as evidenced by EPR spectroscopy, these low energy bands
are attributed mainly to an ILCT. The near infrared ILCT transitions are of remarkably high
intensities and narrow line widths: 872 nm (e = 26 700 M~* cm™!; Ay, = 1100 cm*) for
25", 880 nm (e = 29 800 M~ cm™%; Ay, = 845 cm'!) for 26" and 900 nm (e = 34 000 M~
cm™t; Ay, = 715 cm 1) for 272" pointing to small geometry differences between ground and
excited state.

Table 4.17: UV-vis—-NIR data for 19-27 in various oxidation states from OTTLE spectroelectro-
chemistry in CH,Cl /0.1 M BuyNPFg.

comp|eX )\max [nm] ('€ (M_l Cm_l))

19+ 240(29 700), 290(46 200), 330(21 300), 460(14 600), 480(4 700)

192+ 245(36 300), 315(33 000), 340(18 700), 965(3 600)

20" 243(35 700), 287(46 000), 343(23 600), 475(21 800), 630(1 100)

202+ 243(35 700), 271(39 000), 365(24 600), 510(14 100), 626(600), 1055(7 600)
21F  247(34 500), 290(56 900), 336(23 300), 470(21 000), 576(3 900), 660(2 000)
212+ 247(29 200), 285(42 300), 406(21 800), 536(16 900), 573(44 100), 681(5 600),

(

(

(

(

(
748(9 000), 1020(5 800)

213+ 247(29 200), 285(42 300), 390(18 900), 504(21 000), 573(20 600), 687(11 100),
751(24 200), 990(4 700), 1370(500)

22+ 243(21 900), 294(27 100), 350(11 100), 405(6 300), 473(6 400), 535(7 500),
680(600)

222+ 263(23 800), 303(20 200), 314(19 600), 350(5 500), 384(3 100), 740(2 900)

23+ 230(44 700), 310(66 100), 465(30 400), 565(9 300), 756(2 000)

232+ 230(44 700), 305(53 700), 410(26 000), 534(22 900), 573(50 500), 681(4 600),
756(15 500), 970(7 100), 1250(1 900)

24+ 243(29 900), 306(28 900), 437(19 700), 533(10 800), 625(2 500)

242+ 229(24 200), 275(21 200), 350(27 800), 379(27 800), 538(28 000), 569(51 000),
730(7 000), 817(8 600), 897(21 300)

25 217(18 500), 252(20 600), 314(14 400), 410(23 300)

25+ 217(18 500), 250(13 000), 340(12 200), 560(32 300), 542(55 100), 775(13 200),
872(26 800)

26 248(14 200), 320(9 600), 422(18 400)

26"  245(8 300), 334(10 700), 511(26 700), 541(48 800), 710(5 400), 790(9 600),
880(29 800)

27+ 247(21 450), 306(11 300), 410(20 600)

272¢  247(12 400), 324(12 00), 524(27 300), 560(37 600), 718(3 000), 821(6 600),
003(33 900)
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Figure 4.16: UV-vis—NIR spectroelectrochemical response on oxidation of triazenido ruthenium
complexes in CH,Clh /0.1 M Bus NPFs.
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Figure 4.17: UV-vis—NIR spectroelectrochemical response of triazenido ruthenium complexes on
oxidation in CHyCl /0.1 M Buy NPFg.

4.2.7 Synthesis of the amidinato and guanidinato ruthenium complexes

Since the synthetic approach utilized for the triazenido complexes resulted in the observation
of Ru" as well as triazenyl radical complexes, this strategy was adopted for the synthesis of
amidinato and guanidinato complexes which can exhibit a Ru’’, a mixed and a ligand centered
radical (amidinyl, guanidinyl) complex after oxidation. HL stands for the neutral amidine or
guanidine, respectively, as precursor for the deprotonated amidinato or guadinato ligand L™

and not for the corresponding amidinium or guanidinium cations.

4.2.7.1 Synthesis of the amidine ligand precursor
The aminidine ligand precursor H28 was synthesized according to a literature procedure®” by
reacting p-anisidine with ethyl ortho-acetate at 140 °C for 3 h.
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Figure 4.18: Synthesis of the 4-methoxy substituted amidine ligand 28.

4.2.7.2 Synthesis of the guanidine ligand

Due to the methoxy substituents the guanidine ligand precursor H29 can not be directly
obtained from corresponding thiourea in a one step reaction with permanganate. Therefore,
a published three step procedure®® starting from the corresponding thiourea was used for the
synthesis of the protonated guanidine ligand.

MeO MeO MeO

E 1. MeoNH

NH N - HI 2 N

Mel
S:< —e> /S_/< 2. Na,CO3 \N4/<

NH NH / NH

MeO MeO MeO
H29

Figure 4.19: Synthesis of the 4-methoxy substituted guanidine ligand H29 precursor.

4.2.7.3 Synthesis of the amidinato and guanidinato complexes with Ru(bpy),

A strong base for the deprotonation of the aminidine and guanidine ligands had to be used
to obtain good yields for the Ru(bpy), amidinato and guanidinato complexes. Potassium
hydroxide instead of triethylamine was used and the solvent was changed from acetone to
ethanol. Otherwise, the reaction procedure was the same as for the Ru(bpy), triazenido
complexes. After purification using column chromatography the complexes [Ru(bpy)2(28)]PFs
((30)PFg) and [Ru(bpy)2(29)]PFs ((31)PFs) were obtained as pure reddish brown solids.
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1. AgPFe
2. HL, KOH

\

30PFg: E = C-CHs
31PFg: E = C-N(CHa),

Figure 4.20: Synthesis of the complexes (30)PFe and (31)PF.

4.2.7.4 Synthesis of the amidinato and guanidinato complexes with Ru(p-cym)

During the first attempts of synthesis it was observed that the p-cymene containing ruthenium
amidinato and guanidinato complexes are not as stable as their triazenido analogs, meaning
that the complexes could not be purified with column chromatography. Therefore, different
reaction conditions, leading to less side products and to a better purification of the product had
to be worked out. For that purpose a mixture of [Ru(p-cym)Cl,], and the aminidine/guanidine
was stirred with an excess of potassium carbonate in acetone at ambient temperature for 3
h. After the precipitate was filtered through celite the solvent of the filtrate was removed

and the remaining solid was recrystallized from CH,Cl,/n-hexane to obtain the complexes
Ru(p-cym)Cl(28) 32 and Ru(p-cym)CI(29) 33 as pure orange solids.

Cl —o—

N | Ol N HL/K,CO ‘
|7Ru< /Ru+ = > /Ru\—CI
A
o | NN
Cl |
MeO Z>0OMe

32: E = C-CHs
33:E= C-N(CH3)2

Figure 4.21: Synthesis of the complexes 32 and 33.

As described above, in order to obtain a triazenyl radical after oxidation the chlorido ligand
of complex 27SbFg had to be substituted with an acetonitrile ligand. Unfortunately, the
corresponding complexes [Ru(p-cym)MeCN(28)]SbFs and [Ru(p-cym)MeCN(29)]SbFs could
not be isolated due to their lack of stability and poor crystallization behavior. Therefore a
different monodentate 7-acceptor ligand had to be found, to provide a higher stability and a
better crystallization behavior. For synthetic reasons the chlorido ligand was substituted with a

pyridine (py) ligand, since the chloride anion can easily be abstracted with TIPFg in a solution
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of 32 or 33 in pyridine. TIPFg was used instead of AgSbFg because AgCl is highly soluble
in pyridine. In contrast to the complexes 32 or 33 the complexes [Ru(p-cym)(py)(28)]PFs
(34PF;) and [Ru(p-cym)(py)(28)]PF¢ (35PF¢) are stable enough to be purified by column
chromatography.

—o— —o— P

}%u\—CI pyridine/TIPFs /g‘u\— N
QN%NQ TICI /©/N>-E4N©\
MeO OMe MeO OMe
32:E = G-CHj 34PF¢: E = C-CHg

33: E = C-N(CHg) 35PFg: E = C-N(CHg)

Figure 4.22: Synthesis of the complexes 34PFs and 35PFs.

4.2.8 Molecular structures of the amidinato- and guanidinato- ruthenium

complexes

Complexes 300Tf, 31PFg, 32, 33 and 34BPh, could be crystallized for X-ray structure analysis
(Figure 4.23-4.27). Crystallization procedures were as follows. Complex 300Tf: slow diffusion
of Et,0 into a solution of 30PFg and NBusOTf in MeCN; 31PFg: slow diffusion of Et,O into
a solution of 31PFs in MeCN; 32: slow evaporation of a solution of 32 in CH,Cl,/n-hexane;
33: slow evaporation of a solution of 33 in CH,Cl,/n-hexane; 34BPhy: slow diffusion of n-
hexane into a solution of 34PFg and NBusBPhy in CH,Cl,. The data of the important bond
lengths and angles are summarized and compared with those of the uncoordinated amidine
H37 and guanidine H5Cg-N1-C1(CR;)-N2(H)-C¢Hs?° (Gu-1) in Table 4.18.

In all complexes the N1-C1 and N2-C1 bond lengths of around 1.33 A for the amidinato
and 1.34 A for the guanidinato complexes lie between the N-C single and N=C double bond
lengths for the uncoordinated amidine and guanidine, respectively, indicating a delocalization
of the negative charge over the N1-C1-N2 chelate rings in the complexes. The deviation of
the N1-C1-N2 angles in the complexes of around 108° from the free amidine or guanidine
angle of around 123° can be explained by the distortion due to chelate coordination to the
metal center. A correlation between the basicity of the ligands (amidinato < guanidinato) and
the N1-Ru/N2-Ru bond lengths is not observed. In comparison with the triazenido ruthenium
complexes the angles of the N-E-N (E = N, CR, CNR;) fragments in the ligands of the
amidinate- and guanidinate-ruthenium complexes as well as of the free ligands are larger with
Ax ~ 10° for the free ligands and A ~ 5° for the complexes, respectively. This observation

is in agreement with the valence shell electron pair repulsion (VSEPR) rules,?® which attribute
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Table 4.18: Bond lengths (A) and angles (°) in the Ru-N1-C1-N2 chelate ring in comparison with
the free ligand.

bond (A)  300Tf  31PF 32 33 34PF;  H37 Gu-1
Rul-NI ~ 2.102(3) 2.122(2) 2.088(4) 2.073(2) 2.122(2)
Rul-N2  2.107(3) 2.089(2) 2.092(4) 2.131(2) 2.089(2)
N1-C1 1.323(6) 1.344(2) 1.339(6) 1.337(2) 1.324(3) 1.295(3) 1.291(9)
N2-C1 1.334(6) 1.354(1) 1.324(6) 1.342(2) 1.334(2) 1.360(3) 1.40(1)

angle (°)
N1-N2-N3 108.3(4) 109.6(2) 106.6(4) 108.2(2) 109.6(2) 122.0(2) 124.1(6)

Figure 4.23: Molecular structure of 30" in the crystal of 300Tf.

a higher steric demand to the lone pair at the N2 atom of the triazenido ligand than to the
C1-C2 bond in the amidinato or the C1-N3 bond in the guanidinato ligand.
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Figure 4.24: Molecular structure of 31" in the crystal of 31PFg.

01

Cc9

Figure 4.25: Molecular structure of 32 in the crystal.
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Figure 4.26: Molecular structure of 33 in the crystal.

Figure 4.27:

Molecular structure of 34" in the crystal of 34PFs.
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4.2.9 Cyclic voltammetry of the amidinato and guanidinato ruthenium complexes

All ruthenium amidinato and guanidinato complexes were investigated by cyclic voltammetry
in 0.1 M CH,Cl,/NBu4PF¢ at a scan rate of 100 mv/s. Exemplary plots of the cyclovoltam-
mograms are illustrated in Figure 4.28. The redox potentials are summarized in Table 4.19.

The Ru(bpy), amidinato and guanidinato complexes 30PF¢ and 31PFg exhibit two reversible
oxidations each. It is striking that the oxidation potential for the amidinato complex is higher
than the potential of the guanidinato complex (A E = 0.12 V), whereas for the Ru(p-cym)(py)
complexes 34PFg and 35PF4 an inverse behavior is observed (A E = 0.15 V). Since the first
oxidation of 30PFg and 31PF¢ is expected to occur at the ruthenium, the potential shift
indicates a better stabilization of Ru’! for the guanidinato complex. This observation is in
agreement with the higher basicity of the guanidinato (29) versus the aminidinato (28) ligand.
As the oxidation of 34PF¢ and 35PF¢ is expected to occur at the ligand, the inverse potential
shift indicates that the guanidinato ligand is more difficult to oxidize than the corresponding
amidinato ligand. The lower oxidation potential of Ei, = 0.13 V for 32 as compared to E,, =
0.20 V for 33 also suggests a predominantly ligand centered oxidation for both compounds. As
result of a substitution experiment a ligand participation was attributed to the second oxidation
process of the triazenido complex 21PFg. Consequently, this character is also assigned to the
second oxidation of the complexes 30PFg and 31PF;.

A comparison with the oxidation potentials of the corresponding triazenido ruthenium com-

" oxidation state

plexes leads to the conclusion that the triazenido ligand stabilizes the Ru
as well as the amidinato ligand, since both Ru(bpy), complexes 21PFg and 30PFs exhibit
the same potential of E;, = -0.10 V. Regarding the ligand-centered oxidation, the potential
of the ruthenium triazenido complex 27SbFg lies between the potentials of the amidinato
(34PF¢) and the guanidinato ruthenium complex (35PF;), suggesting a trend of the oxi-
dation potentials of the ligands according to: amidinato < triazenido < guanidinato. The
different ancillary ligands pyridine and acetonitrile, however, may bias this conclusion, be-
cause the stronger m-accepting acetonitrile ligand might lead to an increase of the oxidation
potential of the triazenido complex 27SbFg. Therefore, the position of the triazenido and
the amidinato ligand might rather be reversed in this series. To resolve this dispute, EPR

spectroelectrochemistry was applied to the amidinato and guanidinato ruthenium complexes.
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Table 4.19: Redox otentials®? of triazenido, amidinato and guanidinato ruthenium complexes in

comparison.

complex Edys / V complex Edys / V
30PF¢ 0.72 -0.10 21PF¢ -0.10
31PF¢ 0.64 -0.22

32 0.82¢ 0.13 25 0.24
33 0.87¢ 0.20

34PF¢ 1.00¢ 0.35 25S5bFg 0.39
35PF, 1.19¢ 0.50

bpotentials vs FE/*. PIn CH, Ch/0.1 M BuyNPFg/scan rate 100 mV s~ 1. €Anodic peak potential of irre-
versible process.

- /
1 uA 11 A
1:2 1:0 0:8 0:6 0,I4 0:2 0:0 —0I,2 -0I,4 -OI,B 1:2 1:0 0:8 0:6 0:4 0:2 O,IO —0I,2 —0I,4 —OI,G
E/VvsFc” E/VvsFc™
(a) 30PFg (b) 31PF¢
2 A
11MA 3 "
T T T T T T T T T T T T T T T T T T T
14 12 10 08 06 04 02 00 -02 -04 14 12 10 08 06 04 02 0,0 -02
E/VvsFc™ E/VvsFc”
(c) 34PFs (d) 35PF¢

Figure 4.28: Cyclic voltammetry of amidinato and guanidinato complexes in CH,Ch/0.1 M
Bus NPFg (scan rate 100 mV s).
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4.2.10 EPR spectroelectrochemistry of the amidinato and guanidinato ruthenium

complexes

Cyclic voltammetry experiments resulted in a reversible oxidation for each of the amidinato and
guanidinato complexes. To get an insight in the nature of the oxidation process (ruthenium vs
amidinato/guanidinato), the oxidized forms of complexes 30PFs—35PF4 were investigated by
EPR spectroscopy. Exemplary plots of the EPR spectra of 302*-35%" are depicted in Figure
4.29-4.30. The EPR data as well as the potentials of the first oxidation of all complexes are
summarized in Table 4.20, indicating that the oxidation potentials and the g values are not in
direct correlation.

The EPR spectra at 110 K of the Ru(bpy), complexes show rhombic signals with a g
anisotropy of Ag = 0.312 for 302+ and Ag = 0.580 for 312, respectively, indicating a pre-
dominantly ruthenium centered spin situation Ru”/(L~). For the p-cymene/chloride containing
singly oxidized complexes with isotropic g values of g = 2.028 at 298 K and a g anisotropy of
around Ag = 0.04 a mixed orbital radical situation Ru’/(L~)«<>Ru’/(L*) is observed. Whereas
the isotropic spectra at 298 K do not exhibit a hyperfine structure, the low temperature spec-
tra of 327 shows a coupling to the coordinating N atoms (quintet, 2 x A(**N) = 0.88 mT)
in the direction of g, indicating a considerable spin density at the amidinato ligand. Through
the substitution of the chlorido with the neutral m-accepting pyridine ligand a poorly resolved
but evident hyperfine structure emerges in the room temperature spectrum of 342 (quintet,
2 x A(**N) = 0.53 mT, 1 x A(***'Ru) = 0.69 mT, AB., = 0.80 mT) and 35" (quintet,
2 x A(*N) = 0.59 mT, 1 x A(**!Ru) = 0.61 mT, AB., = 0.75 mT). The occurrence of a
hyperfine structure in conjunction with the relative low isotropic g values of g = 2.015 con-
firms the expected ligand centered radical situation Ru’/(L*). Additionally, the presence of a
ligand centered radical is confirmed by the DFT calculated (ADF/PBEQ) spin density (Figure
4.30c) for 34" of 1.3 % at ruthenium and 16.4 % at each of the coordinating N atoms.The
complexes 34°" and 34%" are the first examples of metal stabilized amidinyl and guanidinyl
radicals, respectively.

In comparison to the triazenyl radical complex 27?", the EPR spectra of the amidinyl
and guanidinyl radical complexes 342" and 352" exhibit a less resolved hyperfine splitting
due to a larger linewidth and higher ruthenium coupling constant, indicating a somewhat
higher spin density at the ruthenium center. Additionally, the g anisotropy of Ag = 0.100
for the Ru(bpy), triazenido complex 212" indicates a mixed-orbital situation, whereas the
corresponding amidinato and guanidinato complexes 302" and 312* clearly exhibit ruthenium-
centered spin. The EPR results thus attribute a lower oxidation potential to the triazenido
ligand than to the corresponding amidinato and guanidinato ligands when coordinated to
ruthenium and therefore alter the series for the oxidation potential, based on cyclic voltammetry

results, to: triazenido < amidinato ~ guanidinato.
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Figure 4.29: EPR spectra of the amidinato ruthenium and guanidinato ruthenium complexes in

CHyCh /0.1 M Bus NPFg.
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Table 4.20: EPR data for 30°T-35°" from electrochemical generation in CHyCl, /0.1 M BuyNPF.

complex Eip g (298 K) g1, 82, 83 (110 K)  g1—g3

30%* -0.10 2.136 2.250, 2.180, 1.938  0.312
312+ -0.22 2.136 2.424,2.250, 1.844  0.580
32+ 0.13 2.028 2.032, 2.007, 2.000¢ 0.032
33* 0.20 2.028 2.051, 2.012, 2.004 0.047
342* 0.35 2.015¢ 2.033, 2.010, 2.007  0.026
35°%F 0.50 2.015¢ 2.026, 2.009, 2.008 0.018
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(a) EPR of 342+ at 208 K (b) EPR of 352* at 298 K

(c) Spin density of 342F

Figure 4.30: a) and b): EPR spectra of 34>" and 35** in CH,Ch /0.1 M BusNPFg at 298 K. c)
DFT (ADF/PBEO) calculated spin density of 34°.

4.2.11 UV-vis-NIR spectroelectrochemistry of amidinato and guanidinato
ruthenium complexes

UV—vis—NIR spectroelectrochemical measurements of complex 30PFs—35PF¢ using an
OTTLE cell are illustrated in Figures 4.31-4.33 and summarized in Table 4.21. The spec-
tra of complex 30""-33"* and 35" are only briefly discussed based on EPR results and

literature, since no TD-DFT calculations for an exact band assignment are available. The
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transitions of complex 34"*, however, were calculated by TD-DFT (CAM-B3LYP/PCM/6-
311G(d)) methods. All calculations were performed by Dr. Stanislav Z&lis. The TD-DFT
assignment for the transitions of 34" (n = 0, +1) listed in Table A.2 in the appendix.

Although amidinato and guanidinato complexes containing the Ru(bpy), are not represented
in the literature, the absorption band of the bpy substituted complexes in the visible region at
550 nm are assigned to MLCT transitions. The bathochromic shift of A\ = 83 nm compared to
the corresponding triazenido complex (217) can be explained through an increase in energy of
the Ru(d) orbitals due to the stronger electron donating amidinato and guanidinato ligands. A
similar effect is observed for complex 227 containing a tert-butyl substituted triazenido ligand
(see Section 4.2.6). After the Ru'' /Ru’"’ oxidation both complexes exhibit an absorption band
in the near infrared at 1060 nm for 30%" and at 950 nm for 312F, which are attributed to an
LMCT (L~ — Ru) character. Oxidation to the dication, associated with a Ru//(L*) rather
than a Ru’V(L™) configuration results in an additional near infrared band of higher intensity
at 890 nm (e = 12800 M~! cm™!) for 30°*. The most intense band in the visible and near
infrared region of complex 313" appears at 645 nm (e = 12800 M~cm™!). Due to the
absence of TD-DFT calculations and the complex electronic structure of 303 and 313* no

reasonable band assignment can be made, explaining the disparity in the spectra.

All four p-cymene containing complexes display intense absorption bands around 300 nm
accompanied by a shoulder at around 420 nm. Because the band at 300 nm is also present
in the spectra of the bpy containing complexes, an ILCT character (7 — 7*) is assigned to
this band. The shoulder at 420 nm probably represents a MLCT transition (Ru’ — 7*-p-
cymene/m*-L). Upon oxidation of the chlorido containing amidinato complex 32 two bands
in the near infrared region at 776 nm and 1010 nm emerge. The corresponding guanidinato
complex displays a similar absorption pattern, however, the low energy band at 1500 nm (e =
12 800 M~*cm™!) is less intense and extends across the accessible near infrared region. As
EPR spectroscopy reveals a relatively high ligand contribution to the SOMO of 32" and 337,

the long-wavelength bands are attributed a predominantly ILCT character.

A chlorido/pyridine ligand exchange results in the occurrence of a remarkably intense and
narrow near infrared absorption band at 1010 nm (e = 25500 M~! cm™!; Ay, = 1170 cm'1)
for complex 342+, TD-DFT calculations attribute this transition to a SHOMO-3LUMO ILCT
excitation with slight LMCT admixture. The theoretical result also confirms the interpretation
of the corresponding triazenido complex 272*. The frontier orbitals, mainly contributing to the
low energy transition are depicted in Figure 4.32, and the data for all calculated transitions of
complex 34" (n =1, 2) are summarized in Table A.1. Compared to the triazenyl and amidiyl
radical complexes 272" and 34%" the guanidinyl radical complex 35 displays a significantly
different spectrum in which the long-wavelength absorption is shifted to lower energy of 1570
nm. Additionally, a strong decrease in intensity (¢ = 1 300 M~! cm™1) along with a significant

line broadening is observed. The bathochromic shift may be explained by an extended spin
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Table 4.21: UV-vis—-NIR data for amidinato ruthenium and guanidinato ruthenium complexes in var-
ious oxidation states from OTTLE spectroelectrochemistry in CHyCl /0.1 M Buy NPFg.

complex Amax [nm] (¢ (M~1 cm™1))

30" 247(34 500), 295(57 200), 364(22 800), 490(6 500), 550(8 400), 710(5 000)sh

30%F 247(34 500), 295(57 200), 400(11 900), 710(6 800), 1060(4 200)

303+ 247(34 500), 282(42 700), 360(11 000), 430(7 400), 720(10 200), 890(12 800)

31° 247(40 9000), 293(54 700), 351(18 000), 404(11 000), 505(7 600), 550(10 900),
700(1 600)sh, 950(4 500)

312+ 247(44 300), 289(50 200), 390(10 600), 720(4 000), 950(4 400)

303+ 247(44 300), 289(45 800), 377(8 100), 645(15 200), 950(5 000), 1170(2 100)

32 243(7 000), 318(7 400), 420(500)

32+ 285(12 200), 388 (23 400), 776(16 600), 1010(9 600)

33 238(33 200), 298(41 000), 427(3 300)

33+ 226(32 800), 289(29 300), 530(3 700), 835(4 700), 1400(1 500)sh

34+ 238(18 400), 297(21 800), 424(1 800)

342+ 260(14 900), 400(21 300), 422(21 300), 730 (7 500), 1010(25 500)

35+ 235(15 900), 290(21 400), 404(1 900)

35%* 235(14 900), 265(14 700), 350(850), 472(2 500), 800(3 600), 1570(1 300)

delocalization of the guanidinyl radical ligand radical over the CN3 fragment, resulting in a
decrease of the HOMO-LUMO gap. A low energy barrier of the rotation around the C1-N3
axis could cause the extreme line-broadening effect.
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Figure 4.31: UV-vis—NIR spectroelectrochemical response on oxidation of the amidinato ruthe-

nium and guanidinato ruthenium complexes in CH,Ch /0.1 M BuyNPFg.



78 4 Triazenide, amidinate and guanidinate as new non-innocent ligands

4 3
L 4 BLUMO

A=1010 nm

)(

e/10°M" ecm™

2%0 SCIJO 7t|'>0 10I00 12I50 15I00 17l50 e BHOMO

Alnm

Figure 4.32: UV-vis—-NIR spectroelectrochemical response on oxidation of 34" in CHyCh /0.1 M
BusNPFg, and frontier orbitals involved in the near infrared transition at 1010 nm.
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4.3 Conclusion

The research goal of this Chapter was to reveal the potential non-innocent character of the
class of heteroallylic ligands, hitherto thought to behave innocently. For reasons of simple
synthetic modification and variation of the electronic structure, the triazenido ligand system
was utilized as a model to work out the conditions under which this type of ligand system is
prone to behave non-innocently. Accordingly, by systematic variation of the electronic struc-
ture of the ligand system itself as well as of the ancillary ligands a continuum was established
for the oxidation of the triazenido ruthenium complexes, ranging from a) a ruthenium-centered
spin situation L,Ru’/(RNNNR™) species via b) orbital-mixed systems L,Ru’/(RNNNR™) «
L,Ru”/(RNNNR®) to c) triazenyl radical complexes L,Ru’(RNNNR®).1%1 The desired prefer-
ence for the ligand-centered as opposed to the ruthenium-centered oxidation was eventually
achieved by substitution of the triazenido ligand (RNNNR™) with electron donating methoxy
groups and using the m-accepting and non o-donating p-cymene as ancillary ligand (L,). This
successful approach was then extended to amidinato and guanidinato ruthenium complexes,
which could also be detected in the different valence isomeric forms a)—c) after oxidation by
EPR spectroelectrochemical and DFT methods. Remarkably, no electronic tuning of the het-
eroallylic ligand was needed in case of the amidinato and guanidinato complexes. To analyse
the tendency of the different ligand systems in their chelating coordination modes to be oxi-
dized, EPR spectroelectrochemistry was found to provide the most precise information, since
cyclic voltammetry experiments cannot discriminate between ligand- and metal-centered pro-
cesses. Based on EPR data, which revealed a slightly more ligand-centered spin density in the
triazenyl radical complex than in the amidinyl and guanidinyl radical complexes, a series for the
magnitude of the oxidation potentials of the ruthenium coordinating ligands was established:
triazenido < amidinato ~ guanidinato.

In addition to their novelty, the triazenyl and amidinyl radical complexes were found to
exhibit a strong absorption in the near infrared region of the electromagnetic spectrum, which
is attributed to a predominantly ILCT transition of the radical ligand. This remarkable feature
makes such types of complexes attractive for applications in various NIR absorbing devices.

For that purpose, these promising systems are further investigated in the following Chapter.
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5 Amidinyl radical complexes: A new class of near

infrared chromophores

5.1 Introduction

Among different other results was shown in Chapter 4 that triazenyl- and amidinyl ruthenium
radical complexes exhibit electronic absorptions in the near infrared (NIR, 800 — 2500 nm,
12500 — 4000 cm™1) region. These bands lie between 800 — 1000 nm and are of high intensitiy
and narrow linewidth. Based on this striking observation it was thus planned to extend this
promising approach to the development of new NIR chromophores of lower oxidation potentials,
simplifying the isolation of the oxidized NIR active form and therefore allow a more detailed
characterization as well as a possible application in NIR absorbing devices. Additionally, a shift
to lower oxidation potentials of the NIR absorbing radical ligand precursor is expected to be
accompanied by a low-energy shift of the electronic transition possibly extending as far as the
telecommunication window (1310 nm or 1550 nm).1%2

NIR dyes have been intensively investigated due to their wide range of applications, for exam-

104 105

ple in optoelectronic devices,'% solar cells,1% optical communication,'% as well as chemosen-

sors and probes.!%® Among these NIR absorbers there are purely organic molecules, the most
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Figure 5.1: Concepts for transition metal complexes absorbing in the NIR.
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representative being cyanines!®” and boron-dipyrromethene,%® polymers,'%® and coordination
compounds of different nuclearity.!'® For transition metal complexes absorbing in the NIR
several concepts exist:!1! a) extended ligand 7-systems which exhibit a low HOM-LUMO gap
and therefore allow low-energetic LMCT or ILCT transitions, respectively; b) the presence of
radical ion ligands with a low energy gap between SOMO and LUMO or SOMO and the high-
est doubly occupied orbital, respectively; c) mixed valency accompanied by IVCT transitions
(Figure 5.6).

Chromophores containing 7 conjugated 4-dimethylaminophenyl (DMAP) groups of different
charge (neutral donor, cationic acceptor) have been well employed in conventional dyestuff
technology. The most prominent of the triphenylmethyl class of compounds are malachite
green [CPh(DMAP),]* = 36a and crystal violet [C(DMAP)3]* = 36b (Figure 5.2) with their
large absorptivity in the visible region of the electromagnetic spectrum (\,.x = 621 nm (36a)
and 590 nm (36b), ¢ = 105 00 M~! cm™! (36a) and 112 00 M~ cm™! (36b)).!!?

R

O \
N\
>N N

~
| |®

36a:R=H
36b: R = DMAP

Figure 5.2: Molecular structure of malachite green 36a and crystal violet 36b.

Inspired by this ubiquitous pigment class, it was intended to incorporate the DMAP group
into the amidinyl radical system described previously to facilitate the oxidation of the amidinato
ligand precursor and to decrease the energy gap between the frontier orbitals through extension
of spin distribution. The effect of the ligands coordination mode as well as the influence of
the coordinating metal on the NIR absorption behavior was to be investigated by synthesizing
DMAP- amidinyl complexes with various metals, known to exhibit coordination environments
different from from the piano stool structure of the Ru(p-cym)XL, system described in Chapter
4.
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5.2 Results and discussion
5.2.1 Synthesis

The dimethylaminophenyl (DMAP) substituted amidine ligand H37 was synthesized accord-
ing to the previously described procedure for the methoxy substituted amidine ligand H28
through the reaction of N,N-dimethyl-p-phenylenediamine with ethyl orthoacetate. To sim-
plify the purification process of the desired product H37, the starting material N,N-dimethyl-
p-phenylenediamine was sublimed under inert atmosphere before use. The raw product was
purified using column chromatography and recrystallized from CH,Cl,/n-hexane to obtain

white crystals.

NH,
H
OFEt N. N
| cat. TsOH T
+ EtO OEt >
| Me,N NMe,

Figure 5.3: Synthesis of the DMAP substituted amidinate H37.

NMe,

The complex Ru(p-cym)CI(37) (38) was synthesized according to the procedure for the
synthesis of 32 through the reaction of the precursor [Ru(p-cym)Cly]> with H37 under de-
protonation. After the reaction was completed, the mixture was filtered through celite and
the solvent was removed. To obtain a pure product the complex was recrystallized from
CH,Cl,/n-hexane to afford red crystals.

Cl —Co—

N O N H37/K,CO \
| —Ru/ Ru—— et B R“ Cl

= \/l'/

Cl N\/N
: O Q
MegN NM92

Figure 5.4: Synthesis of the Ru(p-cym)Cl aminidinato complex (38).

The oxidized form of 38 was obtained as 38PFg through the reaction of 38 with ferrocenium
hexafluorophosphate (FcPFg) as oxidation agent for 1 h at room temperature in CH,Cl,. To
obtain a pure product the complex was recrystallized from CH,Cl,/n-hexane to afford black

crystals.
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Figure 5.5: Synthesis of the oxidized form 38PFg.

For the synthesis of the palladium and the platinum complexes 39 and 40 the metal pre-
cursors PdCly(MeCN), and PtCly(dmso), were reacted under the same conditions (Cs,COs,

acetone, 60 °C, 15 h). Both complexes were purified using column chromatography. Despite

equal reaction conditions, two different products were obtained. Whereas the palatinum com-

plex exhibits a square planar coordination mode,

the palladium complex shows a paddle wheel

structure, where two palladium centers are bridged by four amidinato ligands.
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Figure 5.6: Synthesis of the square planar platinum amidinato complex 39 and the paddle wheel

structured palladium complex 40.
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5.2.2 Molecular structure

The amidine ligand H37 as well as the complexes 38, 38PF¢, 39 and 40 could be crystallized
for X-ray structure analysis (Figures 5.8-5.12). The experimental as well as the DFT calculated
(G09/PBE0/6-311G(d)) data of the important bond lengths and angles of 38 and 38PFg are
summarized in Table 5.22. Crystallization procedures were as follows. H37, 38, 39 and 40:
slow evaporation of a solution of H37, 38, 39 or 40, respectively in CH,Cl,/n-hexane; 38PFg:
slow diffusion of n-hexane into a solution of 38PFg in CH,Cl,.

While the differences in bond lengths and angles between the uncoordinated amidine H37
and the amidinato ligand were already discussed in Chapter 4, the focus of attention in this
chapter lies in the structural differences of 38 and its oxidized form 38PFs. Whereas the
N1-Rul-N2 bite angle of 61.5° and the N1-C1-N2 chelate angle of 107.4° remain basically
unchanged, significant variations are observed in the C-NMe, and C-NC(CH3)N bond lengths
of 1.41 A in 38 vs 1.37 A in 38*. These differences were confirmed by DFT calculations,
illustrating a tendency towards formation of a p-quinonoid structure!'? in the oxidized form.
With disregard of the octet rule!'* the spin distribution of the DMAP substituted amidinyl
radical complex 38* is thus represented by two major resonance structures (Figure 5.7),
illustrating the expected high spin densities at the DMPA (A) as well as at the ruthenium

coordinated nitrogen atoms (B).

Rul, RuL,
N._N N
-~ AN AN
IIorTo, —— T
N7 N N N
| | | |
(A) (B)

Figure 5.7: Major resonance structures of the amidinyl radical ligand in 38" .

In the cases of the palladium and platinum complexes, crystal structure analysis reveals
a square planar coordination mode with small bite angles of (N1-Pt-N2) = 62.8(2)° and
chelate angles of s<(N1-C1-N2) = 108.2(6)° in 39 in contrast to the paddle wheel structure
of 40 with much wider chelate angles of %(N1-C1-N2) = 120.7(3)°. Whereas the structural
data of 39 with Pt-N bond lengths of 2.05 A are in accordance with literature data,''® the
Pd(I1)-Pd(ll) bond length of 2.543 A in 40 is significantly shorter than a proposed Pd(Il)-
Pd(l11) bond (2.597 A) with bond order of 1.5 but also longer than a Pd(I11)-Pd(l1l) bond
of 2.391 A 117 The structural difference between the palladium and platinum complexes nicely

reflects the typical behavior of large metals binding to ligands with small bite angles.
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Table 5.22: Experimental and DFT calculated (G09/PBE0/6-311G(d)) bond lengths (A) and
angle (°) in 38 and 38PFs.

38 38PF
bond exp. calc. exp. calc.
Rul-N1 2.071(2) 2.092 2.084(2) 2.092
Rul-N2 2.114(2) 2.094 2.093(2) 2.097
N1-C1 1.323(4) 1.326 1.345(3) 1.335
N1-C3 1.402(4) 1.394 1.383(3) 1.369
N2-C1 1.333(4) 1.327 1.339(3) 1.334
N2-C11 1.408(4) 1.386 1.382(3) 1.370
N3-C6 1.409(4) 1.387 1.370(4) 1.370
N4-C14 1.407(4) 1.387 1.364(3) 1.357
angle exp. calc. exp. calc.
N1-C1-N2 107.4(2) 107.8 105.8(2) 106.2
N1-Rul-N2 61.50(9) 61.6 61.65(8) 61.2

C26

N4

c27

Figure 5.8: Molecular structure of H37 in the crystal.
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Figure 5.9: Molecular structure of 38 in the crystal.

Figure 5.10: Molecular structure of 38PFg in the crystal.
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Figure 5.11: Molecular structure of 39 in the crystal.
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Figure 5.12: Molecular structure of 40 in the crystal.



88 5 Amidinyl radical complexes: A new class of near infrared chromophores

5.2.3 Cyclic voltammetry

The complexes 38, 39 and 40 were monitored with cyclic voltammetry in 0.1 M CH,Cl,/-
NBusPFg at a scan rate of 100 mv/s. Plots of the cyclic voltammograms are illustrated in

Figure 5.14, the oxidation potentials are summarized in Table 5.23.

Complex 38 undergoes two reversible oxidations at half-wave potentials of Ell/2 = -0.32
V and E12/2 = 0.11 V, respectively, while the third oxidation is irreversible and exhibits the
shape of an electrode adsorption process.!’® The cationic amidinyl radical complex 38% is
attributed a comproportionation constant of K. = 1.94x10”. Whereas complex 39 also shows
two reversible oxidations at half-wave potentials of E}/z =-0.24 V and Elz/2 = 0.14 V, complex
40 exhibits only one reversible oxidation at Ell/2 = -0.42 V. The second process indicates two
single electron oxidations which are very close in potential and shows a single two electron
reduction after reversal of the potential. Further investigations which might have lead to a
more precise description of this mechanism were not conducted. The low oxidation potentials

of 40 might be caused by the high extent of delocalization of the formed radical intermediates.

Table 5.23: Redox potentials*? of the complexes 38, 39 and 40.

complex E3 E? E!

38 0.87¢ 0.11 -0.32
39 0.14 -0.24
40 0.02¢ -0.42

bPotentials vs Fct/°. ®In CH,Ch /0.1 M BusNPFs/scan rate 100 mV s—. €Anodic peak potential of irre-
versible process.

/ il
¢1 A t 1 1A
1:2 1:0 0:8 0:6 034 0:2 0:0 -o',2 -0',4 -o',5 0:4 0:2 0:0 -o',2 -o',4 -0',6
E/VFc™ E/VvsFc™
(a) 38 (b) 39

Figure 5.13: Cyclic voltammetry of the complexes 38 and 39 in CH,Clh /0.1 M BusNPFs (scan
rate 100 mV's).
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Figure 5.14: Cyclic voltammetry of the complex 40 in CH,Ch /0.1 M BusNPFg (scan rate 100
mV's; measured by Vasileios Filippou).

5.2.4 EPR spectroelectrochemistry

The complexes 38, 39 and 40 were investigated by EPR spectroelectrochemistry in their oxi-
dized forms. The EPR spectra are illustrated in Figures 5.19-5.16 and the data are summarized
in Table 5.24.

Complex 38* exhibits an unresolved isotropic EPR spectrum at room temperature and small
g anisotropy of Ag < 0.005 at 110 K, indicating an amidinyl ligand-based spin. Additional
evidence for a ligand-based spin is provided by the DFT calculated small metal spin density of
4.3 % (Figure 5.17). In contrast, the palladium and platinum complexes with considerable g
anisotropies of Ag = 0.106 (39) and Ag = 0.190 (40) show a considerable amount of metal-
based spin density. The hyperfine coupling constant A(**°Pt) = 4.96 mT in the isotropic
room temperature spectrum of 39, however, is in agreement with corresponding values of
radical square planar platinum complex with 70 % ligand-based spin density.!*® A partially
metal centered oxidation might be caused by the coordination of two strongly electron donat-
ing amidinato ligands per metal ion, which are well known to stabilize high metal oxidation
states. The high spin orbit coupling constant of platinum is also expected to cause a larger g
anisotropy than that observed in related ruthenium complexes. However, the g anisotropy of
an almost identical methoxy substituted palladium paddle wheel structured complex (Ag =

0.030) discussed in the literature!® is remarkably smaller than that observed for complex 40.
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Table 5.24: EPR data for 38" —40" from electrochemical generation in CHyCh /0.1 M BusNPFg.

complex  gis, (298 K) g1, 82, g3 (110 K) g1—83
38+ 2.009 a < 0.005
38+ 2.054b 2.083, 2.096, 2.189 0.106
38" 2.058 1.984, 2.096, 2.174 0.190

2g anisotropy not resolved. ®Hyperfine splitting: 4.96 mT (1 x 1% Pt, | = Y5, 33.8 % nat. abundance).
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Figure 5.15: EPR spectra of the complexes 38" and 39" in CH>Ch /0.1 M BuyNPFg (39" mea-

sured by Vasileios Filippou).
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Figure 5.16: EPR spectra of the complex 40" in CH,Ch /0.1 M Bus NPFg. *Organic impurity due
to electrolysis (measured by Vasileios Filippou).

Figure 5.17: DFT (G09/PBE0/PCM) calculated spin density of 38*.
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5.2.5 UV-vis—NIR spectroelectrochemistry and DFT analysis

UV—vis—NIR spectroelectrochemical measurements of complex 38PF¢—40PF¢ using an
OTTLE cell are illustrated in Figures 4.31-4.33 and summarized in Table 5.25. The TD-DFT
assignment for the transitions of 38” (n = 0, +1, +2) listed in Table A.2 in the appendix.

While complex 38 exhibits absorptions in the ultraviolet at 324 nm (¢ = 18 900 M~! cm™1)
and the visible at 440 nm (sh), oxidation to 38% results in the occurrence of an intense (¢ =
30 000 M~! ecm™!) and narrow (Ari, = 1180 cm™!) absorption band at Ama = 1230 nm in
the near infrared. Additionally, several less intense (¢ ~ 4 000 M~ cm™!) absorption bands
in the visible appear, causing the dark color of 38PFs. In comparison to the corresponding
methoxy substituted complex 32%, the expected bathochromic shift of the NIR band (A«
= 220 nm, 32" vs 38") as well as a strong increase in intensity (Ae = 26 000 M~ cm™,
32" vs 387") is observed. The spectrum of 38 could be reproduced by TD-DFT calculations
which attribute the intense NIR band to a SHOMO — SLUMO ILCT transition with slight
LMCT admixture (Figure 5.18). Calculation on the free radical ligand leads to an intense
BHOMO— BLUMO excitation at 943 nm. The shift to longer wavelengths in the complex is
due to the metal contribution to the SLUMO.

Further oxidation to 382* results in a high-energy shift of the NIR transition to a partially
structured absorption band at A, = 963 nm and 994 nm with an even higher intensity of
e = 40 000 M~* cm™!. The spectrum of 382% could as well be reproduced by TD-DFT
calculation, assigning the transition in the near infrared to a HOMO — LUMO transition of
predominantly ILCT character. Several higher energy MLCT /LLCT excitations contribute to
the broad feature observed around 800 nm of 382". The orbitals involved in the transitions
of 38" (n = 0, +1, +2)are depicted in Figure A.1 in the appendix.

Since no TD-DFT calculation were performed for 39 and 40, the spectra can only be
discussed in comparison to complex 38 and to literature data. Although the second oxidation
of 39 seemed to be fully reversible in cyclic voltammetry, UV—-vis-NIR spectroelectrochemistry
revealed the irreversibility of this process, which is therefore not discussed. The square planar
bis(amidinato) platinum complex 39 of light yellow color exhibits two absorption bands in
the UV region at 296 nm and 391 nm. In the course of oxidation to 39", a spectrum with
an almost identical absorption pattern in the visible and NIR as for 38" emerges, in which
the NIR absorption band displays only a slight shift to higher energy of only to \,.x = 1225
nm accompanied by a slight increase in intensity to ¢ = 33 000 M~* cm™!. Due to the
strong resemblance of the two spectra, mostly ligand orbitals of similar symmetry and energy
to those of 38" are expected to be involved in the electronic transitions of 39", indicating
the presence of a mainly ligand-centered radical complex. This observation clearly contradicts

the EPR result which attributes a significant amount of spin density to the platinum center.
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Table 5.25: UV-vis—NIR data for 38—-40 in various oxidation states from OTTLE spectroelectro-
chemistry in CH,Ch /0.1 M BuyNPFg.

comp|ex )\max [nm] (6 (M_l Cm_l))

38 260(12 600), 324(18 900), 442(2 000)

38+ 270(10 500), 372(6 800), 450(18 500), 550(2 600), 743(3 100), 860(3 500),
1010(5 200), 1233(30 000)

382+ 291(12 00), 352(5 200), 490(4 100),760(18 000)sh, 880(33 600)sh, 963(39 100),
994(40 200)

39 206(59 800), 391(17 800)

30+ 308(40 600), 454(17 100), 485(19 500), 665(3 400), 870(3 400), 1000(6 600),
1225(33 000), 1700(1 600)

40 245(23 500), 270(24 400), 306(27 100), 497(2 600)

40" 245(26 200), 270(27 600), 306(29 400), 408(20 400), 708(4 000), 1120(7 100)

To resolve this conflict TD-DFT as well as spin density calculation for 39% are of crucial
importance and will therefore be performed in the future.

In contrast to the mononuclear platinum complex the dinuclear palladium complex showes
a more intense red color due to an absorption band in the visible at 497 nm (e = 2 600 M~*
cm™1). The appearance of this band at lower energy might be due to the lower lying palladium
d-orbitals and could therefore be a sign for an MLCT character of this transition. Oxidation
to 407 also results in the appearance of a qualitatively similar spectrum than for 38% and
39" . The bridging function of the amidinato ligands, however, results in strongly decreased
intensities of the absorptions. The most intense NIR transition at A,,.. = 1220 nm therefore
only exhibits a molar extinction of ¢ = 6 900 M~! cm~!. An analog mono cationic palladium

116

paddle wheel complex in the literature*® shows a similar absorption pattern, although its g

anisotropy is much smaller than in 40%, indicating a variation of the electronic structure.
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Figure 5.18: a) and B) UV-vis—NIR spectroelectrochemical response on stepwise oxidation of the
complexe 38 in CHyCh /0.1 M BusNPFs. TD-DFT simulations of the UV-vis—=NIR
spectra of 38 in various oxidation states (calculated by Dr. Stanislav Zalis).
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Figure 5.19: UV-vis—NIR spectroelectrochemical response on oxidation of the complexes 39 and
40 in CH,Ch /0.1 M BusNPFg (measured by Vasileios Filippou).
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5.3 Conclusion

The aim of this Chapter was development of novel amidinyl radical-based NIR chromophores
structurally related to the conventional dyes malachite green and crystal violet. For this purpose
a new bis(4-dimethylaminophenyl) substituted amidine ligand (Lpnmap) was synthesized and
structurally characterized. The corresponding Ru(p-cym)CI(Lpnmap) complex exhibits intense
absorptions in the near infrared in its singly oxidized radical form Ru(p-cym)Cl(Lppap)™ as well
as in its doubly oxidized form Ru(p-cym)Cl(Lpmap)?*. DFT calculations assign the long wave-
lengths excitations to ILCT transition. The NIR absorption band of Ru(p-cym)Cl(Lppmap)™
exhibits the desired shift to lower energy (Amax = 1230 nm), whereas Ru(p-cym)Cl(Lpnap )+
absorbs at approximately similar wavelength than the corresponding methoxy substituted amid-
inato ruthenium complex 32*.

To investigate the effect of the metal as well as of different coordination geometries on
the NIR absorption behavior, a square planar amidinato platinum complex Pt(Lpmap)2 and a
palladium complex of paddle wheel structure Pdy(Lppap)s were employed. Surprisingly, both
complexes show an almost identical absorption pattern after oxidation to the mono cation,
although EPR spectroscopy locates a significant amount of spin density at the metal. The
spectrum of complex Pda(Lpmap)s, however, exhibits much lower intensities than complex
Pt(Lpmap)s , which shows similar absorption intensities than Ru(p-cym)CI(Lppap)™. In con-
clusion, the coordination mode (chelate vs bridging) seems to have a greater influence on the

absorption behavior of DMAP-amidinyl radical complexes than the nature of the metal.
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6 Summary

During the last decades the redox-active (“non-innocent”) character of evermore ligand
systems has been established. Among the class of redox-active ligands the hetero-1,3-diene
chelate system involving for instance the a-diimines and the a-dicarbonyls (including the o-
quinone/o-semiquinone/catecholate series) belongs to the most widely used in coordination
chemistry. Despite the ubiquity of such particular ligands inside the class of hetero-1,3-diene
ligands, not all of the actually possible combinations of heteroatoms have yet been described in
the literature. Whereas for the a-azocarbonyl ligand function only one coordination compound
containing the Cu(dppf) fragment is known to date, the a-azothiocarbonyl ligand function is

presently not established in coordination chemistry.

To fill this gap in the series of non-innocent hetero-1,3-diene ligands, the electron rich
a-azocarbonyl complexes Ru(acac),Lo (3) and a-azothiocarbonyl Ru(acac),Ls (9) as well
as the more electron deficient a-azocarbonyl complexes [Ru(bpy).Lo]PFs (9PFs) and a-
azothiocarbonyl [Ru(bpy).Ls]PFs (10PFg) were synthesized and structurally characterized
(Chapter 2). Whereas both «-azocarbonyl complexes could be synthesized according to
straightforward methods starting from the a-azocarbonyl ligand and the corresponding metal
precursor, the a-azothiocarbonyl ligand had to be generated in situ, since it is not stable in free
form.3" As organic precursor bis[a-(phenylhydrazono)phenyl]disulfide was found to react with
Ru(acac)2(MeCN), as well as Ru(bpy),Cl, under cleavage of the disulfide bond and formal

hydrogen abstraction to the desired a-azocarbonyl ruthenium complexes (Figure 6.1).
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, N\ O/| N
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~ | p 7 \ —|PF5
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N 2h,60 °C LN
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H S = 4 ,U\N:N
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D YN«
- \\
V4
6 10(PFg)

Figure 6.1: In situ synthesis of a-azothiocarbonyl containing complexes
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Structure analysis regarding the N-N bond lengths in the coordinated ligands revealed their
existence in a singly reduced form L, and Lg and therefore attributes non-innocent character
to the ligands. Investigation of the complexes in different oxidation states by using cyclic
voltammetry as well as EPR, and UV-vis-NIR spectroelectrochemistry resulted in two related
redox-series (Figure 6.2). The differences are caused by the different ancillary ligands, electron
donating acac™ and m-accepting bpy. In contrast, variation of the Lo and Ls ligands does not

lead to qualitatively different redox-behavior of the complexes.

{Ru"(acac)a(LO)}* {Ru"(bpy)a(L)}?*
e |[+e -e ||+ e
Ru'(acac)p(L") 3,9 {Ru'(bpy)o(L)}+* 4%, 10*
e[+ e -e |[+e
{Ru"(acac)o(L¥)y Ru'l(bpy)a(L?)

!

{Ru"(acac),(L)}

Figure 6.2: Redox series of donor and acceptor substituted ruthenium a-azocarbonyl and «-
azothiocarbonyl complexes.

After demonstrating the accessibility of the elusive a-azothiocarbonyl ligand system by in
situ formation, a demand for different organic molecules which yield an N-N-C-S coordination
arrangement after reaction with a metal precursor emerged. Under this aspect, the neglected
2-azothiophenes where identified to undergo such type of reaction with Ru(acac),(MeCN),
(Chapter 3). In this instance, however, the reaction resulted in the formation of dinuclear 1,3,5-
hexatrienediyl bridged bis(a-azothiocarbonyl) ruthenium complexes (acac),Ru(p-hte-NNCS-
NO,)Ru(acac), (13) and (acac),Ru(pu-hte-NNCS-CO,Et)Ru(acac), (14)(Figure 6.3). This
reaction involves a new type of ring opening of thiophenes with subsequent C-C coupling and
formation of two five-membered Ru-N-N-C-S chelate rings. Additionally, the novel conjunction
of a hexatiene m-conjugated bridge with two non-innocent chelate arrangements may be of
future interest, since the hexatriene entity serves as model system for larger m-systems e.g.

carotene and the pigments of vision.
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Figure 6.3: Synthesis of dinuclear 1,3,5-hexatrienediyl bridged bis(«-azothiocarbonyl) complexes.

Structure analysis supports the formulation of a difunctional bridging ligand and two Ru'”

centers and therefore the existence of a unique and hitherto unknown four-spin system Ru®-
*NIL-7-NIL*-*Ru. This type of spin system results in a strongly field and temperature depen-
dent magnetic behavior which was investigated by SQUID suszeptometry and DFT methods.
The complexity of the spin system is also demonstrated by the appearance of a well resolved
and unshifted NMR spectrum at room temperature, whereas at low temperature (10 K) a
paramagnetic ruthenium-based EPR signal is observed. The singly reduced forms of the din-
uclear complexes 13 and 14 are weakly coupled mixed-valent species of Class Il, evidenced
by the low comproportionation constants of around K. = 1000 (see cyclovoltammogram in
Figure 6.4a) and broad absorption bands ranging across the accessible near infrared region
of the electromagnetic spectra, assigned to intervalence charge transfer (IVCT) transitions
(Figure 6.4b).
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(a) Cyclic voltammogram of 13 at 298 K (b) UV—vis—NIR spectra of 13 — 13~

Figure 6.4: a) Cyclic voltammetry of 13 at 298 K in CH>Ch/0.1 M BusNPFs. b) UV-vis-NIR
spectroelectrochemistry of 13 in CHyCl /0.1 M Buy NPFg
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Figure 6.5: The chelating coordination modes of the (-diketonate (A), 1,4-diazabutadiene (B)
and amidinate (C) ligands.

Besides the redox-active hetero-1,3-diene ligands, which form five-membered chelate rings
when coordinated to a metal, the -diiminates and [-diketonates, forming a six membered
chelate rings as well as the heteroallylic ligands featuring four membered chelate rings are
widely used ligand systems in coordination chemistry (Figure 6.5). Whereas the non-innocent
character of the S-diiminates and [-diketonates has lately been revealed, the heteroallylic lig-
and systems are not known to exhibit non-innocent behavior in coordination compounds. The
research described in Chapter 4 was thus aimed at demonstrating that the class of heteroallylic

ligands is also prone to show non-innocent behavior under specific conditions.

For reasons of simple synthetic modification of the electronic structure, triazenido, amidinato
and guanidinato ligands were utilized as model systems for heteroallylic ligands. Ruthenium
was chosen as metal for complexation of these ligands, since the two extreme situations of
ruthenium-centered spin L',Ru’/(L~) and ligand-centered spin L',Ru’/(L*) (Figure 6.6) are
easily distinguished via EPR spectroscopy.

RU”ILn

(o)
R-- | —R
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Triazenido: E=N
Ru''L, Amidinato : E = CR»

/@) . Guanidinato: E = CNR,
N NENC
Ry | <R
= Z Ru'L,
A
Ry | R
Z =

Triazenyl radical: E=N
Amidinyl radical : E = CR»
Guanidinyl radical: E = CNR»

Figure 6.6: The different pathways for the oxidation of a Ru' complex with triazenido, amidinato
or guanidinato ligands.
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To work out the conditions under which heteroallylic ligands behave non-innocently, dif-
ferently substituted ruthenium(ll) triazenido complexes of various electronic structure were
synthesized. Remarkably, a continuum was established for the oxidation of the precursors
[L,Ru (RNNNR)], ranging from a) ruthenium-centered spin situation Ru’/(RNNNR™) species
via b) orbital-mixed systems L,Ru’/(RNNNR~) < L,Ru’(RNNNR®) to c) triazenyl radical
complexes L,Ru’(RNNNR®). The appearance of the different electronic situations was ev-
idenced by EPR spectroscopy and confirmed by DFT calculated spin densities. Figure 6.7
illustrates the experimental and theoretical evidences for the first triazenyl radical complex

ever observed.
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Figure 6.7: a) Structure of 27°*; b) EPR spectrum of 27°* in CH,Cl /0.1 M BusNPFs; c) DFT
calculated (G09/PBE0/6-311G(d)/PCM-CH,Cl) spin density.

The key step towards formation of the desired triazenyl radical complex was the utilization of
the m-accepting and non o-donating p-cymene ancillary ligand instead of m-accepting but also
o-donating N-heterocyclic ligands such as substituted 4,4'-bipyridines or 2-phenylazopyridine.
This successful approach was then extended to amidinato and guanidinato ruthenium com-
plexes, which could also be detected in the different electronic situations (a)—(c) after oxidation
of the corresponding precursors. The complexes 27%, 34" and 352* are the first triazenyl,

amidinyl and guanidinyl radical complexes observed.

Additionally, EPR spectroelectrochemistry was found to be a helpful tool in establishing a
series for the magnitude of the redox-potentials of the different ligand systems when coordi-
nated to ruthenium: triazenido < amidinato < guanidinato, using the g anisotropy of the EPR
active species. An additional feature of the novel triazenyl and aminidyl radical complexes is

their intense and narrow absorption band in the near infrared.

Using this information and knowledge about the intense absorption of prominent dyes like
malachite green and crystal violet, dimethylaminophenyl (DMAP) groups were incorporated
into the amidinato ligand (Chapter 5). The aim was to achieve a more convenient isolation
of the oxidized amidinyl radical form as well as a low-energy shift of the NIR absorption band

towards the telecommunication window. It was possible to isolate and structurally charac-
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terize both the complexes [RuCl(p-cym)(Lpmar)] (38) as well as its oxidized form [RuCl(p-
cym)(Lpmar)]PFs (38PFs) (Figure 6.8). The main structural differences concern the C-NMe,
and N-C(CH3)N bond lengths of 1.41 A in 38 and 1.37 A in 38* illustrating a tendency
towards formation of a p-quinonoid structure in the oxidized form. UV-vis—NIR spectroelec-
trochemistry reveals an intense (¢ = 30000 M~' cm™!) and narrow (Ari, = 1180 cm™1)
absorption band at A, = 1230 nm in the near infrared for the singly oxidized form 38*.
Further oxidation to 382" results in a high-energy shift towards an even more intense (¢ =
40000 M~ cm™!) absorption band at A,.x = 994 nm (Figure 6.9). The electronic spectra of
38" in various oxidation states (n = 0, +1, 4+2) could be reproduced by TD-DFT calculations,
assigning the NIR absorptions of 38* and 382" to ILCT transitions with slight metal to ligand
LMCT admixture (Figure 6.10).
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Figure 6.9: UV-vis—NIR spectroelectrochemical response on stepwise oxidation of 38.
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Figure 6.10: TD-DFT calculated spectra of 38 in various oxidation states.

To investigate how the metal and the coordination mode of the ligand effects the absorption
behavior, a square planar platinum complex Pt(Lpyap)2 (39) and a palladium complex of

paddle wheel structure Pdy(Lpmap)s (40) were synthesized (Figure 6.11) and investigated by
UV-vis-NIR spectroelectrochemistry.

Surprisingly, the singly oxidized forms of both complexes exhibit an absorption pattern,
qualitatively similar to that of the spectrum of 38" (Figure 6.12), although EPR spectroscopy
revealed a higher metal contribution to the SOMO. The main differences in the spectra are

the much lower intensities of the absorptions of 40% in comparison to those of 38* and 39%.
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Figure 6.11: Synthesis of the square planar platinum amidinato complex 39 and the paddle wheel
structured palladium complex 40.
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Figure 6.12: UV-vis—NIR spectroelectrochemistry in CH2Cl /0.1 M BusNPFg.

This observation leads to the conclusion that the coordination mode (chelate vs bridging) has
a greater influence of the absorption pattern than the metal.

In summary, this thesis presents the discovery of various new kinds of non-innocent ligands.
The synthesis and full characterization of these ligand systems and their complexes not only
resulted in new types of chemical reactions but also revealed the outstanding properties of
the resulting coordination arrangements. In this respect it could be demonstrated that the
terminal coupling of 1,3,5-hexatrienes with non-innocent chelate functions leads to materials
with novel but also very complicated magnetic behavior, imposing a demand for more detailed
experimental and theoretical investigations in the future. The importance for the develop-
ment of small m-conjugated prototypical systems became obvious ever since the Nobel Prize in
Chemistry 2013 was awarded to Karplus, Levitt and Warshel for employing the 1,6-diphenyl-
1,3,5-hexatriene system as basis for the development of computational methods addressing
more extended structures. The newly discovered feature of metal stabilized heteroallyl rad-
ical species exhibiting intense absorptions in the near infrared may also give rise to further
development in this research area, since NIR dyes are utilized in a wide range of applications.
Thus it might be possible that replacement of the methyl group at the amidinyl-carbon with
a donor substituted phenyl group for example, possibly will shift the NIR absorption towards
the interesting telecommunication window around 1300 nm.

The introduced strategy for creating coordination environments which facilitate non-innocent
behavior of various ligand systems may also be adopted in the search for new redox-active
molecules. Given its structural relationship to heteroallyl ligands, the nitrite anion could be a
possible candidate for showing non-innocent behavior under specific conditions. Demonstrat-
ing its redox-activity would in fact help in understanding biological processes involving nitrite,

e.g. in the reactions of nitrite reductase.'?
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Wahrend der letzten Jahrzehnte konnte der redox-aktive (,,nicht-unschuldige") Charakter
vieler Ligandensysteme aufgedeckt werden. Die Klasse der non-innocent Hetero-1,3-dien-
Chelatliganden mit ihren bekannten Vertretern wie zum Beispiel die a-Diimine oder a-Di-
carbonyle, mit ihrer Unterklasse der Chinone, o-Semichinone und Catecholate, gehodrt zu den
am weitesten verbreiteten redox-aktiven Ligandensystemen in der Komplexchemie. Trotz des
groBen Bekanntheitsgrads dieser Verbindungsklassen im System der Hetero-1,3-dien-Liganden
sind noch nicht alle méglichen Kombinationen in der Literatur beschrieben. Fir Komplexe mit
der a-Azocarbonyl-Ligandenfunktion gibt es bisher nur ein Beispiel, welches das Cu(dppf)-
Fragment enthalt, wahrend die a-Azothiocarbonyl-Ligandenfunktion noch nicht literaturbekan-

nt ist.

Um die Licke in der Serie der non-innocent Hetero-1,3-dien-Liganden zu fiillen, wurden
die elektronenreichen a-Azocarbony- und a-Azothiocarbonyl-Komplexe Ru(acac),Lq (3) und
Ru(acac),Ls (9) sowie die elektronenarmeren a-Azocarbonyl- und a-Azothiocarbonyl-Komplexe
[Ru(bpy)2Lo]PFs (4PFs) und [Ru(acac),Ls]PFs (10PFs) synthetisiert und strukturell charak-
terisiert (Kapitel 2). Wahrend die beiden a-Azocarbonylkomplexe nach gewéhnlichem Vorge-
hen aus dem freien Liganden und der entsprechenden Metallvorstufe dargestellt werden kon-
nten, musste der a-Azothiocarbonylligand in situ erzeugt werden, da er in freier Form nicht

stabil ist.*2

Die organische Verbindung Bis[a-(phenylhydrazono)phenyl]disulfide erwies sich hi-
erfur als geeignete. Es wurde gezeigt, dass dieses Molekiil unter Spaltung der Disulfidbindung
sowie unter formaler Wasserstoffabspaltung mit den Metallvorstufen Ru(acac),(MeCN), und

Ru(bpy)2Cly zu den gewiinschten a-Azothiocarbonylkomplexen reagiert (Abbildung 7.1).
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Abbildung 7.1: In situ Synthese von a-Azothiocarbonylkomplexen.
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Mittels Rontgenstrukturanalyse konnte anhand der N-N-Bindungslangen der koordinierten
Liganden gezeigt werden, dass sowohl der a-Azocarbonyl- als auch der a-Azothiocarbonylligand
in ihrer reduzierten Form L, bzw. Lg vorliegen und somit ein nicht-unschuldiges Verhalten
aufweisen. Die Untersuchung der Komplexe in ihren verschiedenen Oxidationsstufen wurde
mittels Cyclovoltammetrie sowie ESR- und UV-vis-NIR-spektoelektrochemischer Methoden
durchgefiihrt und resultierte in zwei vergleichbaren Redoxserien (Abbildung 7.2). Die Un-
terschiede in den beiden Redoxserien werden durch die unterschiedlichen Coliganden acac™
(m-Donor) und bpy (m-Akzeptor) hervorgerufen; der Austausch von Lo gegen Ls fiihrt hinge-

gen nicht zu einem deutlichen unterschiedlichen Redoxverhalten der Komplexe.

{Ru"(bpy)2(LO)*

¢

{Ru"(acac)a(LO)}* {Ru"(bpy)a(L)}2*
e |[+e -e |[+e
Ru'facac)z(L7) 3,9 {Ru'(bpy)a(L)}* 4%, 10*
-e||+e -e ||+
{Ru"(acac)(L*)y Ru'(bpy)a(L?)

¢

{Ru"(acac),(L")}

Abbildung 7.2: Redoxserie von Donor- und Akzeptorsubstituierten «-Azocarbonyl- and «-
Azothiocarbonylrutheniumkomplexen.

Nachdem gezeigt wurde, dass die schwer zugangliche a-Azothiocarbonylfunktion in situ
aus einer geeigneten Vorstufe erzeugt werden kann, erschien es interessant weitere organische
Molekiile zu entdecken, welche nach Reaktion mit einer geeigneten Metallvorstufe einen N-N-
C-S-Chelatkomplex ausbilden. In dieser Arbeit ist es gelungen, den bisher wenig beachteten
2-Azothiophenen diesen Charakter zuzuweisen, indem gezeigt wurde, dass diese Molekiile nach
der Reaktion mit Ru(acac),(MeCN), tatsachlich eine N-N-C-S-Chelatbildung aufweisen. Im
Falle der 2-Azothiophene fiihrte die Reaktion jedoch zu den 1,3,5-Hexatriendiyl-verbriickten
Bis(«vazothiocarbonyl)rutheniumkomplexen (acac)>Ru(-hte-NNCS-NO;)Ru(acac), (13) und
(acac),Ru(-hte-NNCS-CO,Et)Ru(acac), (14) (Abbildung 7.3). Die Reaktion selbst beinhal-
tet eine neue Art von Ringoffnungsreaktion der Thiophene mit anschlieBender C-C Bindungsknii-
pfung und Ausbildung eines fiinfgliedrigen N-N-C-S-Chelatrings. Die neuartige Fusion zweier



106 7 Zusammenfassung

R
[( H\C—C’H ~
I (0]
. -N
(o Y~ oMe OMe N~/ )
ol N | (o . o NCg,—o0
2 O/RU\N + 2 N”N TCN> O\R\ Ve \C/C\\ /C\\C/C\\C/C\ )\ ~0
-4 Me u
L(ID AN NN Ho OMe o0
@ Co ]
—R
\/ = |
\. R
11: R = 3-NO, 13: R=3-NO;
12: R = 4-CO.Et 14: R = 4-CO.Et

Abbildung 7.3: Synthese von zweikernigen 1,3,5-Hexatrienediyl-verbriickten Bis(a-
azothiocarbonyl)komplexen.

non-innocent Chelatsysteme mit einer m-konjugierten Hexatrienbriicke konnte auch zukinftig
von Interesse sein, da die Hexatrieneinheit oft als Modellsystem fiir groBere 7w-Systeme wie

zum Beispiel das $-Karotin Verwendung findet.

Die Rontgenstrukturanalyse von 13 zeigt das Vorhandensein eines difunktionellen Briicken-
liganden mit zwei Ru’ Zentren, was auf das Vorliegen eines bisher unbeobachteten Vierspin-
systems der Art Ru®-*NIL-7-NIL*-*Ru hindeutet. Dieses neuartige Spinsystem wurde mittels
SQUID-Suszeptometrie als extrem feld- und temperaturabhangig beschrieben. Die Komplex-
itat des Spinsystems ist auch durch das bei Raumtemperatur beobachtete NMR-Spektrum von
hoher Auflésung sowie durch das rutheniumzentrierten ESR-Signal bei 10 K wiedergegeben.
Die einfach reduzierten Formn der Komplexe 13 und 14 sind schwach gekoppelte gemischt-
valente Verbindungen der Klasse Il. Dies geht aus den niedrigen Komproportionierungskon-
stanten von ca. K. = 1000 (siehe Cyclovoltammogramm in Abbildung 7.4a) und den breiten
Absorptionsbanden im nahen Infrarotbereich des elektromagnetischen Spektrums, welche als

Intervalence-Charge-Transfer-(IVCT) Banden identifiziert wurden, hervor.

504

lo.s,\A

¢/10°M" cm”

T T T T T )
1,0 0,5 0,0 05 -1,0 15

E/VvsFc™ A7 nm

(a) Cyclic voltammogram of 13 at 298 K (b) UV-vis—-NIR spectra of 13 — 13~

Abbildung 7.4: a) Cyclovoltammetrie von 13 bei 298 K in CH,Cl /0.1 M BusNPFs. b) UV-vis-
NIR-Spektroelektrochemie von 13 in CH2Cl /0.1 M Bus NPFg
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Neben den redox-aktiven Hetero-1,3-dien-Liganden, welche durch Koordination an ein Metall-
zentrum einen flinfgliedrigen Chelatring ausbilden, sind auch die 8-Diiminate und -Diketonate,
welche sechsgliedrige Chelatringe ausbilden, und die heteroallylischen Liganden, welche einen
viergliedrigen Chelatring ausbilden, weitverbreitete Ligandensysteme in der Koordinationschemie
(Abbildung 7.5). Wahrend der non-innocent Charakter der $-Diiminate und /-Diketonate
unlangst aufgezeigt wurde, konnte der Klasse der Heteroallylliganden bisher noch kein non-
innocent Verhalten nachgewiesen werden. Die in Kapitel 4 beschriebene Arbeit zielte deshalb
darauf hin zu zeigen, dass auch heteroallylische Liganden unter bestimmten Bedingungen ein
non-innocent Verhalten aufweisen konnen.

M M M
VRN /N 7 ~\
R-N N-R R-N, N-R R-NS&N-R
\&/ a4 T
R R F R R

R
A B c

Abbildung 7.5: Der chelatisierende Koordinationsmodus des 3-Diketonat- (A), 1,4-Diazabutadien-
(B) und Amidinatliganden (C).

Aufgrund der einfachen synthetischen Modifizierbarkeit ihrer elektronischen Struktur wurden
die Triazenido-, Amidinato- und Guanidinatoliganden als Modelle fiir die gesamte Klasse der
heteroallylischen Liganden eingesetzt. Als Metall fiir die Komplexierung der Liganden wurde
Ruthenium gewahlt, da sich die beiden Extremfille von rutheniumzentriertem L‘,Ru/(L™)
und ligandenzentriertem Spin L‘,Ru’/(L*) (Abbildung 7.6) einfach mittels ESR Spektroskopie
voneinander unterscheiden lassen.

Triazenido: E=N

RU”Ln Amldlﬂato E = CR;,
/@\ . Guanidinato: E = CNR;
XN N3EZN | .
= Zh Ru'L,
/.\

AN A
RT | R

Triazenyl radical: E =N
Amidinyl radical : E = CRy
Guanidinyl radical: E = CNR»

Abbildung 7.6: Verschiedene Reaktionspfade fiir die Oxidation von Triazenido-, Amdinato- und
Guanidinatokomplexen mit Ru'.
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Um die Bedingungen, welche zu einem nicht-unschuldiges Verhalten der aufgefiihrten Ligan-
den fiihren, ausfindig zu machen, wurde eine Reihe verschieden substituierter Ruthenium(11)tri-
azenidokomplexe synthetisiert. Somit konnte ein beachtliches Kontinuum an Komplexen gener-
iert werden, welches sich von a) einer rutheniumzentrierten Spinsituation [L,Ru’/(RNNNR™)]
via b) eines gemischten Orbitalsystems [L,Ru’/(RNNNR™)] <> [L,Ru’ (RNNNR*)] zu c) einem
Triazenylradikalkomplex L,Ru’(RNNNR®)] erstreckt. Das Auftreten der einzelnen Spezies
konnte mittels ESR-Spektroskopie nachgewiesen und mittels DFT berechneter Spindichten
bestatigt werden. Abbildung 7.7 zeigt den experimentellen und theoretischen Nachweis fiir

den ersten jemals beobachteten Triazenylradikalkomplex.

2+
>—®—
il
RU N=— WJHV"
N\/ N — ™
il
HoaaoW e
72+ 33‘20 33‘40 33‘60 33‘80 34b0 34‘20
B/G
(a) (b)

Abbildung 7.7: a) Struktur von 27°*; b) ESR Spektrum von 27°* in CH,Ch /0.1 M BusNPFg;
c) DFT berechnete (G09/PBE0/6-311G(d)/PCM-CH,Ch) Spindichte.

Der entscheidende Schritt zur Ausbildung des gewiinschten Triazenylradikalkomplexes lag
in der Verwendung von p-Cymol als Coligand, welches nebst seiner m-Akzeptorfahigkeit keine o-
Donorfahigkeit besitzt. Hingegen fiihrte die Verwendung von m-Akzeptor-/a-Donor-Coliganden
wie z.B. akzeptorsubstituiertes 4,4'-Bipyridin oder 2-Phenylazopyridin nicht zur Ausbildung
eines eindeutig nachweisbaren Radikalkomplexes. Die erfolgreiche substitutionsstrategie kon-
nte nun auf Amidinato- und Guanidinatokomplexe libertragen werden, welche dadurch ebenfalls
nach Oxidation in den verschiedenen elektronischen Strukturen a)-c) nachgewiesen werden
konnten. Die Komplexe 27", 34" und 352" sind die ersten bekannten Triazenyl-, Amidinyl-

und Guanidinylradikalkomplexe.

Desweiteren konnte mittels ESR-Spektroelektrochemie eine Reihe aufgestell werden, welche
die relative GroBe des Redoxpotentials der koordinierten Liganden wiederspiegelt: Triazenido
< Amidinato < Guanidinato. Als entscheidender Parameter diente hierfiir die bei 110 K
gemessene g-Anisotropie. Eine weitere bemerkenswerte Eigenschaft der neuartigen Triazenyl-
und Amidinylradikalkomplexe ist ihre intensive und schmale Absorptionsbande im nahen In-

frarotbereich.
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Abbildung 7.8: Molekiilstruktur von a) 38 und b) 38PF¢ im Kristall.

Diese neue Erkenntnis sowie das Wissen (iber die intensiven Absorptionsbanden der bekan-
nten Farbstoffe Malachitgriin und Kristallviolett, fiihrte zu einer Versuchsreihe in der die Amid-
inatoliganden mit der Dimethylaminophenylgruppe (DMAP) substituiert wurden. Es sollte
dadurch eine einfachere Isolierung der Amidinylradikalform sowie eine Verschiebung der NIR-
Bande zu noch niedrigeren Energien in Richtung des Telekommunikationsfensters erreicht wer-
den. Auf diesem Wege war es nun mdglich, den Komplex [RuCl(p-cym)(Lpmap] (38) sowie
dessen oxidierte Form [RuCl(p-cym)(Lpmar]PFs (38PFs) in kristalliner Form zu erhalten und
mittels Rontgenstrukturanalyse zu charakterisieren (Abbildung 7.8). Der wesentliche Unter-
schied der beiden Strukturen betrifft die C-NME, und die N-C(CH3)N Bindungsléangen von
1.41 Ain 38 und 1.37 A in 38, welche eine Tendenz zur Ausbildung einer p-chinoiden Struktur
in der oxidierten Form aufzeigen. UV-vis—NIR-spektroelektrochemische Untersuchungen von
38" zeigen eine intensive (¢ = 30000 M~ cm~!) und schmale (A1, = 1180 cm™!) Absorp-
tionsbande im nahen Infrarotbereich bei \p.x = 1230 nm. Weitere Oxidation zu 382* fiihrt zu
einer hypsochrom verschobenen NIR-Bande bei . = 994 nm mit noch héherer Intensitat (e
= 40000 M~* cm™!). Die Absorptionsspektren von 38" in verschiedenen Oxidationsstufen (n
= 0, +1, +2) konnten mit Hilfe von DFT-Rechnungen, welche der NIR-Absorptionsbande in
38" und 382" einen iiberwiegenden Intraligand-Charge-Transfer-(ILCT)-Charakter zuordnen,
reproduziert werden (Abbildung 7.9).

Um zu priifen in wieweit sich die Art des Metalls und der Koordinationsmodus des Lig-
anden auf das Absorptionsverhalten auswirken, wurden ein Platinkomplex von quadratisch-
planarer Geometrie Pt(Lpmap)2 39 sowie ein Palladiumkomplex mit ,,paddle wheel“-Struktur
Pd,(Lpmap)s 40 synthetisiert (Abbildung 7.10) und mittels UV—vis—NIR-spektroelektrochemi-

scher Methoden untersucht.
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Abbildung 7.9: a) und b) UV-vis—NIR-Spektroelektrochemie des Komplexes 38; c) und d) TD-
DFT-berechnete Spektren.
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Abbildung 7.10: Synthese des quadratisch-planaren Platinamidinatokomp/exes 39 und des Palla-
diumamidinatokomplexes mit paddle wheel Struktur 40.
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Uberraschenderweise zeigt die jeweils einfach oxidierte Form der beiden Komplexe ein nahezu
identisches Absorptionsmuster wie es im Spektrum von 38% zu beobachten ist (Abbildung
7.11), obwohl ESR-spektroskopische Untersuchungen auf einen groBeren Metallbeitrag zum
SOMO hindeuten. Der auffallendste Unterschied in den Spektren ist die wesentlich geringere
Intensitat der Absorptionsbanden von 40" im Vergleich zu denen von 38% und 39". Diese
Beobachtung fithrt zu der Annahme, dass der Koordinationsmodus (Chelat vs verbriickend)

einen groBeren Einfluss auf das Absorptionsverhalten ausiibt als das Metall.

£/10°M" cm”

04 ——— ==
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A/ nm

e/ 10° M cm
s 8 B
T 5S>

] ——
T T T T T T r r . 1T
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(a) 39 — 39+ (b) 40 — 40+

Abbildung 7.11: UV-vis—NIR-Spektroelektrochemie der Komplexe 39 und 40 in CHyCh/0.1 M
BusNPFg.

Zusammenfassend wird in dieser Dissertation die Entdeckung von verschiedenartigen neuen
nicht-unschuldigen Liganden beschrieben. Die Synthese sowie die vollstandige Charakter-
isierung dieser neuartigen Ligandensysteme und deren Komplexe fiihrten nicht nur zur En-
twicklung neuer chemischer Reaktionen sondern auch zur Enthiillung der besonderen Eigen-
schaften dieser Verbindungen. So konnte gezeigt werden, dass die terminale Kopplung von
1,3,5-Hexatrienen mit nicht-unschuldigen Chelatfunktionen zu Materialien mit besonderem
aber auch sehr kompliziertem magnetischen Verhalten fiihrt, welches zum besseren Verstand-
nis noch intensiverer zukiinftiger Untersuchungen bedarf. Insbesondere die Verleihung des
Nobelpreises fiir Chemie 2013 an Karplus, Levitt und Warshel, fiir die Entwicklung theoretis-
cher Methoden zur Berechnung groBerer Struktureinheiten auf Basis des 1,6-Diphenyl-1,3,5-
hexatrien-Molekiils, verdeutlicht die Relevanz von w-konjugierterten Modellsystemen. Die
neugewonnene Erkenntnis, dass metallstabilisierte Heteroallylradikale intensive Absorptionen
im nahen Infrarotbereich aufweisen, sollte ebenfalls einen Anreiz fir die Weiterentwicklung
solcher Systeme schaffen, da NIR-Farbstoffe im allgemeinen einen weiten Anwendungsbere-
ich besitzen. Eine Substitution der Methylgruppe am Amidinylkohlenstoffatom durch eine
donorsubstituierte Phenylgruppe konnte gegebenenfalls mit einer weiteren Verschiebung der

NIR-Absorptionsbande in Richtung des Telekommunikationsfensters bei 1300 nm einhergehen.
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Auch die entwickelte Strategie zur Schaffung von Koordinationsumgebungen, welche das
nicht-unschuldige Verhalten verschiedenster Ligandensysteme ermoglichen, wird vermutlich in
der Suche neuer redoxaktiver Molekiile einen Beitrag leisten. In Anbetracht seiner strukturellen
Ahnlichkeit mit den heteroallylischen Liganden ist zum Beispiel das Nitrit-Anion ein méglicher
nachster Kandidat fiir das Aufzeigen von nicht-unschuldigem Verhalten unter bestimmten
Bedingungen. Ein Nachweis (ber sein redoxaktives Verhalten wiirde mit Sicherheit fiir ein
besseres Verstandnis biologischer Prozesse, in welchen das Nitrit-Anion involviert ist, z.B.

Reaktionen der Nitritreduktase,'?® sorgen.
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8 Experimental section

8.1 Instrumentation

8.1.1 EPR spectroscopy

X-band EPR spectra at 9.5 GHz were obtained from Bruker system ESP 300 equipped with
a Hewlett-Packard Frequency counter 5350B, a Bruker ER035M gaussmeter for g values
determination as a Bruker system EMX and a continuous flow cryostat ESR 900 of Oxford
instruments for measurements at liquid helium temperature (4 K). For measurements between
110-300K, same instrumental configuration was used with liquid nitrogen cryostat. A two-
electrode capillary®! served to electrogenerate intermediates for X-band EPR. Simulations of

the spectra were done by using the easyspin software package.!??

8.1.2 NMR spectroscopy

'H-NMR spectroscopy at a frequency of 250 MHz was carried out by Mrs. Térok and Mrs.
Benzinger on a Bruker AC 250 spectrometer. Tetramethylsilane (TMS) was used as the

external standard.

8.1.3 UV-vis-NIR spectroscopy

Absorption spectra were recorded on Shimadzu UV-160 spectrometer (200-3200 nm). For

measurements Quartz cuvettes of 1 cm path length were used.

8.1.4 UV-vis-NIR spectroelectrochemistry

UV-vis-NIR and IR spectroelectrochemistry measurements were done by Mr. Jan Fiedler. The
measurements were performed under argon atmosphere using an Optically Transparent Thin
Layer Electrochemical (OTTLE) cell developed by Mr. Krejcik.*® The windows of the cell
consists of CaF, plates. Between the cell working (platinum mesh), auxiliary (platinum mesh)

and reference electrodes (silver wire as pseudo reference) are melt-sealed.

8.1.5 Cyclic voltammetry

Cyclic and Differential Pulse voltammetry measurements were performed on an EG&G PAR
273 potentiostat. The measurements were carried out under argon atmosphere in 0.1 M tetra-
butylammonium hexafluorophosphate solutions using a three electrode configuration (platinum
as working electrode, platinum as counter electrode and silver as pseudoreference electrode).

The ferrocene/ferrocenium couple served as the internal reference.
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8.1.6 X-ray diffraction

X-ray diffraction experiments were performed by Dr. Wolfgang Frey [Bruker Apex Il Duo| with
monochromatic Mo-K,, radiation (A = 0.71073 A: Monochromator: Graphite) or Cu-K,, radi-
ation (A = 1.5406 A) at 110(2) K. Structure refinment was performed by Dipl. Chem. Martina
Bubrin with the SHELX-97123 software package. The vibrational ellipsoides are depicted in
ORTEP format with 50 % probability. Hydrogen atoms, solvent molecules and counter ions

are omitted due to clarity.

8.1.7 DFT calculations

DFT calculations were performed by Dr. Stanislav Zali$ (J. Heyrovsky Institute of Physical
Chemistry, Academy of Sciences of the Czech Republic, Department of Electrochemistry,

1124

Prag). The software package Gaussian 09.CO with the included package Amsterdam

Density Functional (ADF2012.01).1%

8.1.8 Elemental analysis

Elemental analysis was performed on Perkin Elmer Analyzer 240 by Mrs. B. Fortsch.

8.2 Working conditions

8.2.1 Solvents

All metal complexes were synthesized under argon atmosphere using conventional Schlenk
techniques. The ligands were synthesized in air. Solvents were dried by refluxing under argon
over calcium hydride (dichloromethane and acetonitrile), magnesium oxide (ethanol), sodium

(toluene, diethyl ether and n-hexane). They were degassed by freeze-pump-thaw method.

8.2.2 Chemicals

Following compounds were commercially available:

Aldrich: S-(thiobenzoyl)thioglycolic acid, 3-methoxythiophene

ABCR: ruthenium(lIl) chloride dihydrate, silver(l) tetrafluoroborate, silver(l) hexafluoroan-
timonate, silver(l) hexafluorophosphate, thalium(l) hexafluorophosphate, p-anisidine, N,N-
dimethyl-p-phenylenediamine, 3-(trifluoromethyl)aniline, 3-nitroaniline, di-p-chlorobis[(p-cy-

mene)chlororuthenium(ll)], triethyl orthoacetate, tert-butyl chloride
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8.3 Synthesis

The complexes with hexafluorophosphate anions used for crystallization were synthesized
according to the procedure for the tetrafluoroborate containing complexes, only that AgPFg

was used instead of AgBF,.

Ru(acac)z(Lo) (3):

250 mg (0.66 mmol) of Ru(acac),(MeCN),* and 139 mg (0.66 mmol) of N-benzoyl-N'-
phenyldiazene were dissolved in a mixture of CH,Cl,/toluene (5 : 1) and stirred at 45 °C
for 12 h under argon. The solvent was removed and the red material purified by column
chromatography (aluminium oxide, CH,Cl,/MeCN 200 : 1).

Yield: 213 mg (63 %). Anal. Calcd. for Cy3Hp4N2OsRu: C 54.22, H 4.75, N 5.50. Found:
C 54.15, H 4.65, N 5.14. *H-NMR (250 MHz, CD,Cl,): d(ppm) = 1.98 (s, 3H), 2.10 (s, 3H),
2.18 (s, 3H), 2.43 (s, 3H), 5.21 (s, 1H), 5.66 (s, 1H), 7.30-7.38 (m, 2H), 7.47-7.60 (m, 3H),
7.75-7.83 (m, 1H), 8.30-8.38 (m, 2H), 8.43-8.64 (m, 2H). ESI-MS m/z calcd. (found) for 3:
510.07 (510.08).

[Ru(bpy)2(Lo)]PFes (4PFs):
200 mg (0.38 mmol) of Ru(bpy),Cly*2H,0% and 214 mg (0.85 mmol) of AgPFs were dissolved
in acetone and refluxed for 2 h. The precipitate of AgCl was filtered of through Celite. To the
red solution were added 81 mg (0.38 mmol) of N-benzoyl-N'-phenyldiazene and the mixture
was stirred at 60 °C for 12 h under argon. After evaporation of the solvent the crude product
was purified by column chromatography (aluminium oxide, CH,Cl,/MeCN 8 : 2) to give a
green material.

Yield 239 mg (81 %). Anal. calcd. for C33Ha6FsNgOPRu: 0.1 CH,Cl,: C 51.57, H 3.41,
N 10.93. Found: C 51.16, H 3.40, N 10.81. ESI-MS m/z calcd. (found) for 4*: 624.12
(624.12).

Ru(acac)y(Ls) (9):
250 mg (0.66 mmol) of Ru(acac),(MeCN), and 300 mg (0.66 mmol) bis[a-(phenylhydraz-
ono)phenyl]disulfide were dissolved in a mixture of CH,Cly/toluene (5 : 1) and stirred at 45
°C for 12 h under argon. The solvent was removed and the red-violet material purified by
column chromatography (silica, CH,Cl,/MeCN 10 : 1).

Yield 212 mg (61 %). Anal. calcd. for C;3H24N,O4RuS: C 52.56, H 4.60, N 5.33. Found: C
52.48, H 4.59, N 5.32. 'H-NMR (250 MHz, acetone-dg): d(ppm) = 1.79 (s, 3H), 1.84 (s, 3H),
1.97 (s, 3H), 2.33 (s, 3H), 5.19 (s, 1H), 5.70 (s, 1H), 7.36-7.43 (m, 2H), 7.56-7.67 (m, 4H),
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7.95-7.99 (m, 2H), 8.48-8.49 (m, 2H). ESI-MS m/z calcd. (found) for 9: 526.05(526.06).

[Ru(bpy)2(Ls)|BF4 (10BF,):
200 mg (0.38 mmol) of Ru(bpy),Cl,#2H,0 and 165 mg (0.85 mmol) of AgBF, were dissolved
in acetone and refluxed for 2 h. The precipitate of AgCl was filtered of through Celite. To the
red solution were added 173 mg (0.38 mmol) of bis[a-(phenylhydrazono)phenyl]disulfide and
the mixture was stirred at 60 °C for 12 h under argon. After evaporation of the solvent the
crude product was purified by column chromatography (aluminium oxide, CH,Cl,/MeCN 8 :
2) to give a green material.

Yield 226 mg (78 %). Anal. calcd. for C33H26BF;NgSRu: C 54.55, H 3.61, N 11.57. Found:
C 54.11, H 3.26, N 11.38. ESI-MS m/z calcd. (found) for 10": 640.10 (640.10).

(acac),Rup-hte(NNCS-NO;),Ru(acac), (13) and (acac);Rup-hte(NNCS-CO,Et);Ru(acac);
(14):
250 g (0.66 mmol) of Ru(acac)2(MeCN), and 1 eq. of the corresponding 2-azothiophene were
dissolved in CH,Cl,/toluene (3:1) and stirred at 55 °C for 12 h under argon. The solvent was
removed, and the green material purified by column chromatography (silica, CH,Cl,/MeCN
8:2).

13: Yield 236 mg (64 %). Anal. Calcd. for C4oHssNgO14Ru2S,: C 44.84, H 4.12, N 7.47.
Found: C 44.95, H 4.16, N 7.33. ESI-MS m/z calcd. (found) for 13+Na: 1149.05 (1149.05).
'H-NMR (400 MHz, CD,Cl,) §(ppm): 1.86(s, 2H), 2.00(s, 6H), 2.39(s, 6H), 4.06(s, 6H),
5.20(s, 2H), 5.65(s, 2H), 7.23(s, 2H), 7.55-7.61 (m, 4H), 8.18-8.20(d, 2H), 8.37-8.39(d, 2H),
8.66(s, 2H).

14: Yield 193 mg (50 %). Anal. calcd. for C4gHs6N4O14RU,S,: C 48.89, H 4.79, N 4.75.
Found: C 48.43, H 4.79, N 4.60. ESI-MS m/z calcd (found) for 144Na: 1203.12 (1203.12).
'H-NMR (400 MHz, CD,Cly) 6(ppm): 8.00(d, 4H), 7.83(d, 4H), 7.60(d, 2H), 7.20(d, 2H),
5.63(s, 2H), 5.16(s, 2H), 4.37(q, 4H), 4.04(s, 6H), 2.38(s, 6H), 1.98(s, 6H), 1.87(s, 6H),
1.83(s, 6H), 0.92(t, 6H).

[Ru(bpy)2(15)]BF4 (19BF,), [Ru(bpy)2(16)]BF, (20BF,), [Ru(bpy).(17)]BF, (21BF,) and

[Ru(bpy)2(18)]BF, (22BF,):

Ru(bpy)2Cl2%2H,0 (200 mg, 0.38 mmol) and (165 mg, 0.85 mmol) of AgBF, (165 mg, 0.85
mmol ) were dissolved in acetone and refluxed for 2 h. The precipitate of AgCl was filtered
through Celite. To the red solution were added 2 equivalents (0.76 mmol) of the corresponding
triazene and Et3N (3 eq, 1.14 mmol), and the mixture was stirred at 60 °C for 12 h under argon.
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After evaporation of the solvent, the crude products were purified by column chromatography
(aluminum oxide, CH,Cl,/MeCN 8:2) to give reddish brown solids.

19BF,: Yield 272 mg (86 %). Anal. caled. for C34H4BF1oN;Ru=0.2CH,Cl,: C 48.36,
H 2.90, N 11.54. found: C 47.85, H 3.27, N, 11.27. ESI-MS m/z calcd. (found) for 19%:
746.10 (746.10). *H-NMR (250 MHz, acetone-dg) d(ppm): 7.02-7.05 (d, 2H), 7.15-7.21 (t,
2H), 7.30-7.37 (m, 4H), 7.50-7.54 (dd, 2H), 8.57-8.60 (d, 2H), 8.72-8.75 (d, 2H), 9.22-9.24
(d, 2H).

20BF,: Yield 225 mg (85 %). Anal. calcd. for C3;Hp6BF4N;Ru: C 55.18, H 3.76, 14.08.
Found: 55.03, 4.01, 14.00. ESI-MS m/z calcd. (found) for 20™: 609.68 (609.68). 'H-NMR
(250 MHz, acetone-dg) d(ppm): 8.91 (d, 2H), 8.77 (d, 2H), 8.70 (d, 2H), 8.21 (td, 2H), 8.04
(td, 2H), 7.97 (d, 2H), 7.80 (td, 2H), 7.42 (td, 2H), 7.02 (t, 4H), 6.88 (t, 2H), 6.70 (d, 4H).

21BF,: Yield 239 mg (83 %). Anal. calcd. C34H30BF4N;ORu: C 53.98, H 4.00, N 12.96.
Found: C 54.02; H 4.20; N, 12.74. ESI-MS m/z calcd. 21%: 670.15 (670.15). *H-NMR (250
MHz, acetone-dg) 6(ppm): 3.66 (s, 6H), 6.57-6.66 (m, 8H), 7.40-7.45 (m, 2H), 7.78-7.84 (m,
2H), 7.93-7.96 (m, 2H), 8.01-8.08 (m, 2H), 8.18-8.25 (m, 2H), 8.70-8.73 (d, 2H), 8.77-8.80
(d, 2H), 8.92-8.95 (m, 2H).

22BF,: Yield 239 mg (88 %). Anal. calcd. C34H30BF4N;ORu: C 51.23, H 5.22, N 14.93.
Found: C 51.24, H 5.63, N 14.38. ESI-MS m/z calcd. 22*: 570.19 (570.19). 'H-NMR (250
MHz, acetone-dg) d(ppm): 0.75 (s, 9H), 7.25 (t, 2H), 7.73 (d, 2H), 7.90 (m, 4H), 8.22 (t,
2H), 8.60 (d, 2 H), 8.76 (d, 2H), 9.23 (d, 2H).

[Ru(4,4'-EtCO,-bpy).(17)]BF4 (23BF,):
Ru(4,4'-EtCO,-bpy)»Cl,%% (150 mg, 0.19 mmol) and of AgBF,; (83 mg, 0.42 mmol) were
dissolved in acetone and refluxed for 2 h. The precipitate of AgCl was filtered through Celite.
To the red solution were added 2 equivalents (0.38 mmol) of H17 and Et3N (3 eq, 0.57 mmol),
and the mixture was stirred at 60 °C for 12 h under argon. After evaporation of the solvent,
the crude products were purified by column chromatography (aluminum oxide, CH,Cl,/MeCN
8:2) to give a reddish brown material.

Yield 155 mg (78 %). ESI-MS m/z calcd. (found) for 23*: 957.98 (957.98). 'H-NMR
(250 MHz, CD,Cl,) §(ppm): 1.44 (m, 12H), 3.66 (s, 6H), 4.48 (m, 8H), 6.53 (m, 8H), 7.81
(m, 4H), 8.14 (m, 2H), 8.91 (m, 2H), 9.01 (m, 4H)

[Ru(pap).(17)]BF,4 (24BF,):

a-Ru(pap),Cl,* (150 mg, 0.28 mmol) and of AgBF, (119 mg, 0.85 mmol ) were dissolved
in acetone and refluxed for 2 h. The precipitate of AgCl was filtered through Celite. To the
red solution were added 2 equivalents (0.56 mmol) of H17 and Et3N (3 eq, 0.84 mmol), and
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the mixture was stirred at 60 °C for 12 h under argon. After evaporation of the solvent, the
crude product was purified by column chromatography (aluminum oxide, CH,Cl,/MeCN 8:2)

to give a reddish brown material.

Yield 117 mg (63 %). ESI-MS m/z calcd. (found) for 24*: 724.17 (724.17). *H-NMR
(250 MHz, acetone-dg) d(ppm): 3.71 (s, 6H), 6.78 (m, 8H), 7.14 (m, 4H), 7.35 (m, 4H),
7.52 (t, 2H), 8.03 (t, 2H), 8.43 (t, 2H), 8.81 (d, 2H), 8.91 (d, 2H).

Ru(p-cym)CI(17) (25):

A mixture of [(Ru(p-cym),Cly)]> (150 mg, 0.25 mmol) and AgBF, (95 mg, 0.5 mmol) was
dissolved in 20 ml acetonitrile and stirred for 15 minutes. The precipitate of AgCl was filtered
through Celite. To the yellow solution were added 1,3-bis(4-methoxyphenyl)triazene (128 mg,
0.5 mmol) and EtsN (0.16 ml, 1.14 mmol), and the mixture was stirred at 60 °C for 2 h
under argon. After evaporation of the solvent, the crude product was purified by column
chromatography (silica, CH,Cl,/MeCN 9:1) to give a red solid.

Yield 221 mg (84 %). Anal. calcd. for Co4H3CIN3O,Ru: C 54.70, H 5.36, N 7.97. Found:
C 54.25, H 5.58, N 7.88. ESI-MS m/z calcd. (found) for 25+Na 550.08 (550.08). *H-NMR
(250 MHz, acetone-dg) o(ppm): 1.23 (d, 6H), 2.27 (s, 3H), 2.80 (sept., 1H), 3.78 (s, 6H),
5.56 (d, 2H), 6.03 (d, 2H), 6.85 (d, 4H), 7.27 (d, 4H).

Ru(p-cym)CN(17) (26):

A mixture of 25 (150 mg, 0.28 mmol) and KCN (0.56 mmol) were dissolved in acetonitrile
and stirred for 15 h under reflux. The mixture was filtered through Celite. After evaporation of
the solvent, the crude product was purified by column chromatography (silica, CH,Cl,/MeCN

9:1) to give a yellow material.

Yield 183 mg (64 %). Anal. calcd. for CosHgN4OoRu: C 57.90, H 5.64, N 10.80. Found:
C 55.80, H 5.52, N 10.64. ESI-MS m/z calcd. (found) for 26+Na: 541.12 (541.12). *H-NMR
(250 MHz, acetone-dg) o(ppm): 1.23 (d, 6H), 3.34 (s, 3H), 2.84 (sept., 1H), 3.77 (s, 6H),
5.71 (d, 2H), 6.07 (d, 2H), 6.85 (d, 4H), 7.18 (d, 4H).

[Ru(p-cym)MeCN(17)]SbFs (27SbFg):

A mixture of 25 (150 mg, 0.28 mmol) and AgSbFg (128 mg, 2.80 mmol) were dissolved in ace-
tonitrile and stirred for 15 h under reflux. The precipitate of AgCl was filtered through Celite.
After evaporation of the solvent, the crude product was purified by column chromatography
(aluminium oxide, CH,Cly/MeCN 8:2) to give a red material.
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Yield 183 mg (85 %). Anal. caled. for CygH3 FgN4O;RuSb: C 40.64, H 4.07, N 7.29.
Found: C 40.48, H 4.23, N 7.47. ESI-MS m/z calcd (found) for 27*: 533.15 (533.15).
'H-NMR (250 MHz, acetone-dg) d(ppm): 1.28 (d, 6H), 2.41 (s, 3H), 2.59 (s, 3H), 2.80-93
(sept., 1H), 3.83 (s, 6H), 6.14-6.16 (d, 2H), 6.52-6.55 (d, 2H), 6.95 (d, 4H), 7.35 (d, 4H).

[Ru(bpy)2(28)]PFs (30PFs) and [Ru(bpy).(29)]PFs (31PFs):
Ru(bpy)2Cl,%2H,0 (200 mg, 0.38 mmol) and of AgPFs (165 mg, 0.85 mmol) were dissolved
in acetone and refluxed for 2 h. The precipitate of AgCl was filtered through Celite. To the red
solution were added HL (2 eq, 0.76 mmol) and Et3N (3 eq, 1.14 mmol), and the mixture was
stirred at 60 °C for 12 h under argon. After evaporation of the solvent, the crude product was
purified by column chromatography (aluminum oxide, CH,Cl,/MeCN 8: 2) to give a reddish
brown material.

30PFs: Yield 270 mg (86 %). Anal. Caled. for C36H33PFgNgO2Ru: C 52.24, H 4.02,
N 10.15. Found: C 53.64; H 4.60; N, 9.25. ESI-MS m/z calcd (found) for 30*: 683.17
(683.17). 'H-NMR(250 MHz, acetone-dg) d(ppm): 3.61 (s, 3H), 6.32 (s, 4H), 6.50 (d, 4H),
7.23 (t, 2H), 7.81-7.90 (m, 6H), 8.17 (t, 2H), 8.53 (d, 2H), 8.67 (d, 2H), 9.30 (d, 2H).

31PFg: Yield 273 mg (84 %). Anal. Calcd. for C37H36PFgN;O,Ru: C 51.87, H 4.24,
N 11.44. Found: C 51.84; H 4.26; N, 11.33. ESI-MS m/z calcd (found) for 31*: 712.20
(712.20). *H-NMR(250 MHz, CDCl3) §(ppm): 2.54 (s, 6H), 3.74 (s, 6H), 5.26 (d, 4H), 7.08
(d, 2H), 7.43 (t, 4H), 7.70 (d, 2H), 7.81-7.94 (m, 4H), 8.02 (d, 2H), 9.25 (s, 2H).

Ru(p-cym)Cl(28) (32) and Ru(p-cym)CI(29) (33):

A mixture of [(Ru(p-cym),Cly)], (100 mg, 0.16 mmol), HL (2 eq, 0.33 mmol) and potassium
carbonate (225 mg, 1.63 mmol) was stirred in acetone for 3 h at room temperature under
argon. After the solution was filtered through Celite and the solvent was removed the remaining
material was recrystallized from CH,Cl,/n-hexane to afford red needles.

32: Yield 155 mg (87 %). Anal. Calcd. for Cy6H31 CIN;OoRu (540.07 g/mol): C 57.82, H
5.79, N 5.19. Found: C 57.58; H 5.97; N, 5.23; ESI-MS m/z calcd (found) for 32-Cl: 505.14
(505.14). *H-NMR(250 MHz, CDCl3) §(ppm): 1.19 (d, 6H), 1.70 (s, 3H), 2.16 (s, 3H), 2.60
(sep, 1H), 3.76 (s, 6H), 5.18 (d, 2H), 5.39 (d, 2H), 6.85-6.78 (m, 4H), 7.12-7.18 (m, 4H).

33: Yield 160 mg (85 %). Anal. Calcd. for CygH31CIN,OoRu: C 56.98, H 6.02, N 7.38.
Found: C 56.28; H 5.94; N, 7.08. ESI-MS m/z calcd. (found) for 33-Cl: 534.17 (534.17).
'H-NMR(250 MHz, CDCl3) §(ppm): 1.25 (d, 6H), 1.70 (s, 3H), 2.33 (s, 6H), 2.74 (sep, 1H),
3.82 (s, 6H), 4.91 (d, 2H), 5.12 (d, 2H), 6.80-6.86 (m, 4H), 7.00-7.06 (m, 4H).



120 8 Experimental section

[Ru(p-cym)(py)(28)]PFs (34PFs) and [Ru(p-cym)CI(29)]PFs (35PFs):
A mixture of 32 or 33 (1 eq., 0.28 mmol) and AgPFs (70 mg, 0.28 mmol) was dissolved in 5
ml of pyridine and stirred for 2 h at room temperature. The precipitate of AgCl was filtered
through Celite. After evaporation of the solvent, the crude product was purified by column
chromatography (silica, CH,Cl,/MeCN 6: 4) to give a yellow material.

34PFs: Yield 169 mg (83 %). Anal. Calcd. for C3;H3sFsN3O,PRu: C 51.10, H 4.98, N
5.77. Found: C 51.02; H 5.13; N, 5.27; ESI-MS m/z calcd (found) for 34" -pyridine: 505.14
(505.14). *H-NMR(250 MHz, benzene-dg4) 6(ppm): 1.25 (d, 6H), 1.97 (s, 3H), 2.39 (s, 6H),
2.63 (sep, 1H), 3.80 (s, 6H), 5.37 (d, 2H), 5.54 (d, 2H), 6.82-6.93 (m, 8H), 7.47 (t, 2H),
8.05 (t, 1H), 8.60 (d, 2H).

35PF;: Yield 161 mg (76 %). Anal. Calcd. for C3H3gFgN4O,PRu: C 50.72, H 5.19, N
7.39. Found: C 50.14; H 5.19; N, 7.38. ESI-MS m/z calcd (found) for 35" -pyridine: 634.17
(634.17). *H-NMR(250 MHz, CD,Cl,) &(ppm): 1.12 (d, 6H), 1.82 (s, 3H), 2.24 (s, 6H), 2.43
(sep, 1H), 3.73 (s, 6), 4.93 (d, 2H), 5.11 (d, 2H), 6.61 (d, 4H), 6.73 (d, 4H), 7.23 (t, 2H),
7.79 (t, 1H), 8.25 (d, 2H).

N,N’-Bis(4-dimethylaminophenyl)-ethanimidamide (H37/Lpmap):
A mixture of triethyl orthoacetate (1.08 g, 6.67 mmol), freshly sublimed N,N-dimethyl-p-
phenylendiamin (2.00 g, 14.68 mmol) and p-toluenesulfonic monohydrate (127 mg, 0.67 mmol)
acid monohydrate was stirred at 140 °C for 5 h. After the ethanol was removed under reduced
pressure, the reaction mixture was taken up in a small volume of ethyl acetate and put on a
silica column. The column was flushed with 100 % ethyl acetate to remove the impurities.
Afterwards the product was eluated with a mixture of 95 % ethyl acetate and 5 % triethylamine.
The solvent was removed and the product was recrystallized from CH,Cl,/n-hexane to give
white crystals.

Yield: 1.34 g (68 %). Anal. calcd. for CigHp4Ny: C 72.94, H 8.16, N 18.90. Found: C
72.55, H 8.06, 18.73. 'H-NMR (250 MHz, DMSO-ds) 6(ppm): 1.84 (s, 3H), 2.81 (s, 12H),
6.60 (m, 6H), 7.56 (s, 2H), 8.42 (s, 1H).

Ru(p-cym)ClI(37) (38):
28: A mixture of [(Ru(p-cym),Cl,)]» (100 mg , 0.16 mmol), H37 (97 mg, 0.33 mmol) and
potassium carbonate (225 mg, 1.63 mmol) was stirred in acetone for 3 h at room temperature
under argon. After the solution was filtered through Celite and the solvent was removed the
remaining material was recrystallized from CH,Cl,/n-hexane to afford red needles.

Yield: 159 mg (86 %). Anal. calcd. for Ca4H23CINsORu: C 59.40, H 6.59, N 9.90. Found:
C 59.08, H 6.48, N 9.68. ESI-MS m/z calcd. (found) for 28: 566.17 (566.17).'H-NMR (250
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MHz, DMSO-dg) §(ppm): 1.05 (d,3H), 1.67 (s, 3H), 2.04 (s,3H), 2.6 (s,13H), 4.70 (d,2H),
4.93 (d,2H), 6.72 (d,4H), 7.43 (d,4H).

[Ru(p-cym)CI(37)]PFs (38PFs):

28PFs: A mixture of 28 (50 mg, 0.09 mmol), and ferrocenium hexafluorophosphate (29 mg
,0.09 mmol) was stirred for 1 h at room temperature. The resulting mixture was layered with
n-hexane and the resulting black material recrystallized from CH,Cl,/n-hexane. Yield: 49 mg
(78 %). Anal. calcd. CpsHpsCIFgNsO,PRu: C 47.29, H 5.24, N 7.88. Found: C 47.12, H
5.30, N 7.75.

Pt(Lpmar)2 (39) and Pdy(Lppar)s (40):

39 and 40: A mixture of Pt(dmso),Cl, or Pd(MeCN),Cl, (1 eq., 0.24 mmol), H27 (140 mg,
2 eq., 0.48 mmol) and Cs,CO3 (782 mg, 10 eq., 2.40 mmol) was stirred in acetone at 60
°C for 15 h. After the solution was filtered through Celite and the solvent was removed the
remaining material was purified by column chromatography (CH,Cl,/MeOH 9:1) to afford a
material product.

39: Yield 150 mg (80 %). Anal. calcd. for C36HsgNgPt: C 54.88, H 6.14, N 14.22. Found:
C 54.47, H5.83, N 13.92. ESI-MS m/z calcd. (found) for 39: 786.36 (786.36). *H-NMR(250
MHz, CD,Cly) §(ppm): 1.79 (s, 6H), 2.82 (s, 24H), 6.42 (m, 8H), 6.62 (m, 8H).

40: Yield 140 mg (84 %). Anal. calcd. for CyaqH192N16Pdo: C 61.84, H 6.92, N 15.44.
Found: C 62.07, H 6.77, N 15.44. ESI-MS m/z calcd. (found) for 39: 1394.58 (1394.58).
LH-NMR(250 MHz, CD,Cl,) §(ppm): 1.57 (s, 12H), 2.91 (s, 48H), 6.19 (m, 16H), 6.52 (m,
16H).
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9 Appendix

9.1 DFT calculated UV—vis—NIR data

s
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)‘%:;j " BHOMO-1
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38 2+ w )F
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Figure A.1: Frontier orbitals of 38 in various oxidation states.
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Table A.1: TD-DFT (CAM-B3LYP/PCM-CH,Ch ) calculated lowest singlet excitation energies (eV)
for 34" with oscillator strengths larger than 0.005. MQOs involved in excitations are
depicted in Figure 77.

n State Main contributing excitations (%) Transition energy eV (nm) Osc. str.

1A mixed 3.35 (369) 0.010
A mixed 3.43 (361) 0.007
1 1A mixed 3.92 (316) 0.023
1A 63 (HOMO — LUMO+3) 4.15 (298) 0.009
1A mixed 4.38 (283) 0.387
A mixed 4.42 (280) 0.240
2A 93 (BHOMO — BLUMO) 1.19 (1039) 0.380
2A 91 (BHOMO-1 — BLUMO) 2.00 (619) 0.035
24 87 (JHOMO-2 — SLUMO) 2.16 (575) 0.085
2 24 64 (BHOMO-3 — BLUMO) 2.51 (495) 0.016
2A mixed 4.84 (437) 0.013
24 mixed 3.45 (359) 0.036
24 mixed 3.49 (355) 0.100
24 mixed 3.55 (349) 0.097
24 mixed 3.63 (342) 0.114
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Table A.2: TD-DFT (CAM-B3LYP/PCM-CH,Ch ) calculated lowest singlet excitation energies (eV)
for 38" with oscillator strengths larger than 0.005. MQOs involved in excitations are
depicted in Figure 77.

n State Main contributing excitations (%) Transition energy eV (nm) Osc. str.
1A 53 (HOMO — LUMO) 3.02 (410 nm) 0.022
47 (HOMO-2 — LUMO)
0 A mixed 3.21 (386 nm) 0.007
mixed 3.96 (331 nm) 0.136
1A 63 (HOMO — LUMO+3) 3.98 (311 nm) 0.955
14 (HOMO — LUMO+2)
2A 96 (BHOMO — SLUMO) 1.06 (1166) 0.688
2A 93 (BHOMO-1 — SLUMO) 1.99 (623) 0.047
2A 93 (BHOMO-2 — BLUMO) 2.31 (536) 0.038
1 2A 86 (BHOMO-3 — SLUMO) 2.53 (491) 0.015
A 34 (aHOMO — aLUMO) 4.68 (369) 0.559
23 (aHOMO — aLUMO+1)
2A° mixed 4.72 (262) 0.013
1A 88 (HOMO — LUMO) 1.51 (883 nm) 1.202
1A 96 (HOMO-1 — LUMO) 1.77 (702 nm) 0.069
2 1A 84 (HOMO-2 — LUMO) 1.98 (625 nm) 0.447
1A 90 (HOMO-3 — LUMO) 2.49 (498 nm) 0.012
1A 37 (HOMO-2 — LUMO+1) 3.17 (391 nm) 0.011
1A 55 (HOMO-4 — LUMO) 3.20 (387 nm) 0.049
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9.2 Selected crystallographic data

Table A.3: Selected crystallographic data for 3, 4PFe and 6.

3 4PF¢ 6
mol formula Co3HosNsRu, Ci3HosNgORu, PFg  CogH2oN4S»
CH5;OH

Fw 541.55 768.64 454.60
temp (K) 100(2) 100(2) 208(2)
cryst sym triclinic monoclinic -
space group p-1 P2/c -
a (A) 8.7692(4) 12.9570(6) 17.5049(7)

c (A) 12.2019(8) 16.4648(7) 7.9089(3)

c (A) 12.5343(9) 16.8146(7) 17.6023(7)
a (°) 70.921(3) 90.00 90.00
B (°) 70.309(3) 101.689(2) 106.705(2)
v (°) 74.557(3) 90.00 90.00
V (A3) 1174.87(13) 3512.7(3) 2334.10(16)
Z 2 4 4
Deare. (g cm™3) 1.531 1.453 1294
p (mm1) 0.709 0.559 0.249
F(000) 556 1548 952
2 © range (°) 2.84 to 27.12 1.60 to 30.57 2.37 to 25.15
data / restraints / pa- 5140/0/303 10714/0/478 4128/0/290
rameters
GOF 1.096 1.056 1.041
R1 / wR2 [I > 20(1)] 0.0710/0.1165 0.0301/0.0760 0.0510/0.1416
R1 / wR2 (all data) 0.1247/0.1356 0.0400/0.0797 0.069/0.1488

largest diff.
(e A

peak/hole 0.070 and -0.788

0.602 and -0.560

0.198 and -0.237
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Table A.4: Selected crystallographic data for 9, 10PFg and 11.

9 10PFg 11

mol formula Ca3H24N,O4RUS CssHasNgRuS, PFg  Cy13HgN303S
Fw 525.57 784.70 263.27
temp (K) 100(2) 100(2) 110(2)
cryst sym monoclinic monoclinic monoclinic
space group P2;/c P2/c P 2,
a (A) 16.4704(5) 10.5702(19) 10.5350(7)

c (A) 14.3426(5) 8.8205(15) 4.7067(3)

c (A) 9.4783(3) 33.470(6) 10.5350(7)
a (°) 90.00 90.00 90.00
B (°) 97.3060(10) 98.853(4) 109.115(4)
v (%) 90.00 90.00 90.0
Vv (A%) 2220.86(12) 3083.4(9) 573.58(6)
VA 4 4 2
Deare. (g cm™3) 1.572 1.690 1.524
p (mm1) 0.832 0.701 0.286
F(000) 1072 1580 272
2 © range (°) 1.89 to 30.56 1.95 to 25.22 1.76 to 28.33
data / restraints / pa- 6771/0/285 4455/0/460 2838/1/164
rameters
GOF 1.045 1.134 1.010

Ri/wR2 [l > 20(1)]  0.0230/0.0586
R:/wR?2 (all data) 0.0262/0.0586
peak/hole 0,625 and -0.625

0.0626,/0.1106
0.1160/0.1378
0.865 and -1.303

0.0297/0.0678
0.0362/0.0710
largest diff. 0.247 and -0.166

(e A9)
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Table A.5: Selected crystallographic data for 13, H17 and 21CIO;.
13 H17 21CIO,
mol formula Cs5H56ClgNgO14RU2S,C14H15N3 O, C34H30N;O%Ru,
ClO,4
Fw 1504.02 257.29 769.17
temp (K) 100(2) 100(2) 100(2)
cryst sym triclinic triclinic monoclinic
space group P-1 P-1 P2 /c
a (A) 8.0073(16) 8.0372(8) 13.6529(10)
c (A) 10.204(2) 13.2094(8) 24.171(2)
c (A) 21.155(4) 13.3212(10) 21.9477(16)
a (°) 92.71(3) 74.058(3) 90.00
B (°) 99.11(3) 76.296(3) 114.993(5)
v (°) 101.16(3) 86.325(2) 90.00
V (A3) 1.496 1321.16(18) 6564.6(9)
VA 1 4 8
Deare. (g cm™3) 1.496 1.204 1.557
p (mm™1) 0.818 0.089 0.617
F(000) 762 544 3136
2 © range (°) 1.96 to 24.99 1.60 to 26.61 1.33 to 30.57
data / restraints / pa- 5607/0/397 5361/2/355 20079/1/913
rameters
GOF 1.059 1.020 1.054

Ri/wWR2 [I > 20(1)]
R1/wR2 (all data)

largest diff. peak/hole

(e A9)

0.0658/0.1766
0.0777/0.1864
3.502 and -0.914

0.0493/0.1178
0.0763/0.1339
0.582 to -0.315

0.0485/0.1241
0.0664/0.1412
2.714 to -1.526
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Table A.6: Selected crystallographic data for 275bFg, 300Tf and 31PF.

27SbFg 300Tf 31PF¢
mol formula Co6H31N4O5Ru, C36H33NgO5Ru, Cs37H36N7O5Ru,
SbFe CF303S PFs
Fw 768.37 831.82 856.77
temp (K) 100(2) 100(2) 100(2)
cryst sym triclinic triclinic monoclinic
space group P-1 P-1 P2 /c
a (A) 11.8226(7) 11.8341(11) 10.4457(9)
c (A) 15.5126(9) 12.6582(12) 25.550(2)
c (A) 16.8764(10) 13.7257(12) 14.3640(12)
a (°) 101.939(3) 108.658(5) 90.00
B (°) 106.896(3) 90.236(5) 105.719(4)
v (°) 90.795(3) 112.067(5) 90.00
Vv (A%) 2888.4(3) 1787.1(3) 3690.2(5)
VA 4 2 4
Deare. (g cm™3) 1.767 1.546 1.542
p (mm™1) 1.528 0.565 0.543
F(000) 1520 848 1744
2 © range (°) 1.35 to 27.50 1.58 to 27.50 1.76 to 30.55
data / restraints / pa- 13272/1/733 8205/0/481 11285/0/491
rameters
GOF 1.038 1.063 1.189
Ri/wR2 [I > 20(1)] 0.0362/0.0825 0.0759/0.2005 0.0286,/0.0772
R1/wR2 (all data) 0.0404/0.0863 0.0759/0.2282 0.0286,/0.0760

argest diff.
(e A7)

peak/hole

3.318 and - 3.887

3.659 and -3.485

0.527 and -0.888




130 9 Appendix
Table A.7: Selected crystallographic data for 32, 33 and 34BPh,.
32 33 34BPh,
mol formula Co6H31CIN,OzRu Co7H34CIN3OzRu C31H36N30%Ru,
Ca4H20B
Fw 540.05 569.09 902.91
temp (K) 100(2) 100(2) 100(2)
cryst sym monoclinic monoclinic orthorhombic
space group P2/c P2;/n P2
a (A) 18.0517(9) 10.1139(7) 10.8622(6)
c (A) 8.4356(5) 21.8548(16) 14.2128(8)
c (A) 32.3705(18) 12.5129(9) 29.6107(17)
a (°) 90.00 90.00 90.00
B (°) 94.858(2) 111.302(3) 90.00
v (°) 90.00 90.00 90.00
Vv (A3) 4911.6(5) 2576.9(3) 4571.4(4)
YA 8 4 4
Deare. (g cm™3) 1.461 1.467 1.312
p (mm™1) 0.772 0.741 3.119
F(000) 2224 1176 1888
2 © range (°) 1.62 to 25.08 1.86 to 30.75 2.98 to 66.43
data / restraints / pa- 8668/6/585 7919/0/314 7780/0/565
rameters
GOF 1.030 1.084 1.026
Ri/wR2 [I > 20(1)] 0.0490/0.0965 0.0207/0.0518 0.0198/0.0482
R1/wR2 (all data) 0.0934/0.1070 0.0241/0.0551 0.0210/0.0479
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Table A.8: Selected crystallographic data for H37, 38PFs and 39.

H37 38PFs 39
mol formula CigH2aNy CogH37CINgRu, PFs  C3¢ Hse Ng P,
2(CH,Cly)

Fw 296.41 711.11 884.85
temp (K) 100(2) 100(2) 100(2)
cryst sym orthorhombic monoclinic monoclinic
space group Pca2, P 2;/n C2/m
a (A) 8.7719(6) 15.0164(9) 24.345(5)

c (A) 12.0135(7) 9.1681(6) 7.5156(17)

c (A) 31.1285(19) 22.7126(14) 11.526(2)
a (%) 90.00 90.00 90.00
B (°) 90.00 107.685(3) 113.104(9)
v (%) 90.00 90.00 90.00
V (A3) 3280.4(4) 2979.1(3) 1939.7(7)
VA 8 4 2
Deare. (g cm™3) 1.200 1.585 1.515
p (mm™1) 0.073 0.733 3.792
F(000) 1280 1452 892
2 © range (°) 0.073 1.88 to 30.55 1.82 to 28.43
data / restraints / pa- 6660/1/416 9037/0/378 2580/6/191
rameters
GOF 1.083 1.066 1.099
Ri/wR2 [I > 20(1)] 0.0569/0.01389 0.0385,/0.0837 0.0435/0.1084
R1/wR2 (all data) 0.0618/0.1389 0.0589/0.0938 0.0456/0.1101

largest diff.
(e A7)

peak/hole

0.321 and -0.265

1.260 and -1.112

3.213 and -1.674
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Table A.9: Selected crystallographic data 38 and 40.

38 40
mol formula CogH37CIN4Ru C7oHggN16Pd>
Fw 566.14 1391.39
temp (K) 100(2) 100(2)
cryst sym monoclinic monoclinic
space group P2 /c P2/n
a (A) 13.6648(9) 17.6921(15)
c (A) 8.0090(5) 19.5211(17)
c (A) 24.0310(15) 20.7805(17)
a (°) 90.00 90.00
B (°) 97.112(3) 91.570(5)
7 (°) 90.00 90.00
V (A3) 2609.8(3) 7174.3(11)
VA 4 4
Deare. (g cm™3) 1.441 1.288
p (mm™1) 0.727 4.444
F(000) 1176 2900
2 O range (°) 1.63 to 29.00 2.26 to 66.37
data / restraints / pa- 6759/0/315 12261/0/833
rameters
GOF 1.188 1.057

Ri, wR2 [I > 20(1)]

Ri, wR2 (all data)

largest diff. peak/hole

(e A9)

0.0402/0.1002
0.0468/0.1036
1.501 and -2.900

0.0357/0.0886
0.0472/0.0937
0.662 and - 0.668
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9.3 Abbreviations

IVCT
MLCT
LMCT
ILCT
LLCT
HOMO
LUMO
SOMO
exp.
calc.
nat.
dppf
eq.

L

M

€q
dmso
pap
bpy
acac
p-cym
DMAP
py
EPR
NMR
SQUID
DDQ

Vs
eV

uv
vis
NIR
ppm

mT
mV

°C

Inter Valence Charge Transfer
Metal to Ligand Charge Transfer
Ligand to Metal Charge Transfer
Intra Ligand Charge Transfer
Ligand to Ligand Charge Transfer
highest occupied molecular orbital
lowest unoccupied molecular orbital
singly occupied molecular orbital
experimenta

calculated

natural
1,1'-bis(diphenylphosphino)ferrocene
equivalent

ligand

metal

equivalent

dimethylsulfoxide
2-phenylazopyridine

2,2'-bipyridine

acetylacetonato

p-cymene

dimethylaminopheny

pyridine

electron paramagnetic resonance
nuclear magnetic resonance
superconducting quantum interference device
2,3-dichloro-5,6-dicyano-p-benzoquinone
Versus

volt

electron volt

hour

ultra violet

visible

near infrared

part per milion

atomic number

militesla

milivolt

degree

degree centigrade
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