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Asymmetrically Difunctionalized 1,1'-Ferrocenyl
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Dedicated to Prof. Dieter Fenske on the occasion of his 80th birthday.

The synthesis and full characterization of novel 1,1’-difunction-
alized ferrocene metalloligands is described. While one cyclo-
pentadienyl ring has been functionalized with 2,2"-bipyridine
for secondary coordination, the second Cp ring has been
decorated with different aryl moieties containing electron
withdrawing groups such as 4-(CF;)C,H, (2A) 3,5-(CF,),C¢H; (2B)
or 4-(NO,)C¢H, (2C). The newly developed metalloligands were
reacted with [Pd(cod)Cl,] (3A-C), CuCl, (4A-C) and trans-
[(PPh;);Ni(Mes)Br] (5A,B) to obtain the corresponding square-

Introduction

In recent years, the development of stimuli-responsive ligands,
and investigations of their transition metal complexes, has been
of major interest for a number of research groups.™ Ideally
reversible changes of the ligating properties of the ligand can
be induced by external stimuli such as irradiation with visible
light, protonation or redox-switching.” Inspired by the pioneer-
ing work of Wrighton and co-workers on cobaltocene-based
redox-switchable catalysts,” many other redox-active ligands
and (catalytically active) multimetallic complexes have been
developed, the majority of which are based on ferrocenyl (Fc)-
containing mono- or multidentate ligands.” In this context, Fc-
decorated phosphines, N-heterocyclic carbenes (NHCs) and
mesoionic carbenes (MICs) have been investigated. Selected
examples are summarised in Scheme 1.

One common feature of ferrocene-based ligands is that in
most cases the cyclopentadienyl (Cp) rings of the ferrocenyl
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planar and dimeric square-pyramidal complexes. The electro-
chemical behaviour of the ligands and complexes was inves-
tigated with the aid of cyclic voltammetry and compared with
the corresponding monofunctionalized derivatives. The influ-
ence of the implemented functional groups on the nickel
complexes was then confirmed for the reductive elimination
reaction of an aryl ether induced by oxidation of the
corresponding methoxides (6A,B,D). The experimental findings
are supported by quantum chemical calculations.
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Scheme 1. Selected redox-switchable catalysts from the literature.

entities are either monofunctionalized on one ring or symmetri-
cally difunctionalized at both Cp rings.” Even though deriva-
tives possessing a donor group on only one of the Cp rings are
predestinated for further functionalization on the other Cp ring
(1,7-difunctionalization), almost no examples are known in the
literature where such systems have been targeted for inves-
tigation in the area of redox-switchable catalysis. In the case of
the presence of additional functional groups on the Cp entities,

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH


http://orcid.org/0000-0002-8512-6598
http://orcid.org/0000-0002-9667-9198
http://orcid.org/0000-0001-7992-7797
http://orcid.org/0000-0003-3944-7427
http://orcid.org/0000-0001-6204-4832
http://orcid.org/0000-0002-6615-1712
https://www.aoc.kit.edu/breher/index.php
https://doi.org/10.1002/ejic.202100898
https://chemistry-europe.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1099-0682c.Ferrocene-Chemistry
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202100898&domain=pdf&date_stamp=2022-01-13

Eur]JIC

European Journal of Inorganic Chemistry

Research Article
doi.org/10.1002/ejic.202100898

Chemistry
Europe

European Chemical
Societies Publishing

further tuning of the catalytic system might be possible. The
reason why only few examples of asymmetrically 1,1-difunc-
tionalized ferrocene derivatives are described in literature®
might result from the lack of suitable synthetic approaches in
addition to side reactions, sensitivity of functional groups and
low yields."”

Herein we report a simple synthetic approach to obtain
asymmetrically 1,1-difunctionalized ferrocene derivatives by
implementing additional functional groups. The effect of the
additional groups is studied on a set of transition metal
complexes using cyclic voltammetry. The experimental findings
are supported by density functional theory (DFT) calculations.

Results and Discussion
Synthesis and Characterization

The key to the described synthetic approach to obtaining
asymmetric derivatives is the stepwise functionalization of a
symmetrically difunctionalized ferrocene. A conceivable syn-
thetic route for a suitable starting material involves a symmetric
difunctionalization of ferrocene via lithiation and subsequent
conversion in order to obtain functional groups such as e.g.
stannanes or boronic acid entities, which are suitable for cross-
coupling reactions at both Cp-rings. Due to their lower toxicity
and simplified purification methods, boronic acid derivatives
were selected. The straightforward synthesis is outlined in
Scheme 2.7°#

The thus obtained 1,1-ferrocene diboronic acid has pre-
viously been applied for asymmetric functionalization via cross-
coupling reactions, but until now few examples have been
described.”’ A significant disadvantage of the diboronic acid is
its tendency to form aggregates due to intermolecular hydro-
gen bonds.® In the scope of this work, these aggregates led to
an impairment of the subsequent postfunctionalization. We
found that this problem can be circumvented by using the
corresponding pinacol ester. This pinacol ester is well-estab-
lished in the synthesis of symmetric 1,1'-ferrocenyl derivatives,"
but despite the obvious advantages it has never been used for
the synthesis of asymmetrically functionalized compounds.

@Bpin 1

Scheme 2. Synthesis of 1,1"-Fc(bipy)(Bpin) (1). Reaction conditions: a) 1. n-
BulLi, TMEDA, 2. (n-BuO);B, 3. KOH, H,SO,; b) pinacole; c) [Pd(dppf)Cl,], NaOH,
Na,COs;, DME, 1,4-dioxane.
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The synthesis of the pinacol ester starting from ferrocene
was carried out according to literature procedures
(Scheme 2)." For the first functionalization at the 1-position,
Fc(Bpin), was reacted in a Suzuki-Miyaura coupling reaction
with 5-bromo-2,2"-bipyridine."” The reaction conditions for the
coupling reaction are based on similar reactions described in
the literature (Scheme 2).*' Compound 1 crystallizes in the
monoclinic space group P2,/n and the molecular structure is
shown in Figure 1. The spatial demands of the pinacol ester
unit leads to a torsion of both functional groups of with an
angle of about 113° and a staggered arrangement of both Cp
rings. A clear advantage of 1 with regard to a second
functionalization is its stability towards air and moisture and
thus large quantities can easily be stored.

The second functionalization can be performed in an
analogous manner to the first (Scheme 3). In the present work,
we focused on electron-withdrawing groups in order to
investigate their electronic effects on both the ferrocenyl entity
itself and the subsequently N,N'-coordinated metal atom. The
advantage of this two-step functionalization is that the second
reagent, especially when liquid, can be used in excess and is
easy to remove. For ligands 2A and 2B, the procedure results in
(very) high yields of 75-92%. Ligand 2C was obtained in 56 %
isolated yield.

All three ligands are obtained as red (2A, 2B) to dark red
(2C) powders that are not sensitive to air and moisture. The

C2

Figure 1. Molecular structure of 1. Hydrogen atoms have been omitted for
clarity. Selected bond lengths [pm] and angles [°]: C10—-C31 146.5(2), C20—B1
154.1(3), t=97.17°, torsion angle Cp-bipy 2.02° (t =angle between the
substituents along the ferrocene axis, i.e. Bpin and bipy).
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Scheme 3. Synthesis of the ligands 2A, 2B and 2C via Suzuki-Miyaura cross-
coupling. Reaction conditions: [Pd(dppf)Cl,], NaOH, Na,CO;, DME, 1,4-
dioxane.
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NMR spectroscopic investigations in CD,Cl, already reveal very
similar spectra and thus very similar structures. The chemical
shifts of the protons of the ferrocene backbone (6™=4.3-
4.8 ppm) and the bipyridyl entity ("=7.1-8.7 ppm) are in the
same region as the ones of the monofuntionalized 5-ferrocenyl-
2,2"-bipyridine, which were first described by Crowley."?

Figure 2 shows the molecular structures of the ligands 2A
and 2C. In case of compound 2B, only small crystals could be

nectivity, but the data set was of poor quality. The bond lengths
and angles prove similarities to the monofuntionalized 5-
ferrocenyl-2,2"-bipyridine ligands of Crowley."? The molecular
structures of the ligands are essentially unaffected by the
additional organic substituent on the second Cp ring.

For these two compounds, the ferrocene backbones show
an ecliptic arrangement. The two aryl substituents adopt a
stacked (syn) conformation and are parallel to each other, which

is likely the result of by mt-stacking."® Similar effects have been
observed by Crowley and co-workers.”*" We note in passing
that in solution the proton signals associated with the bipyridyl
rings of 2A-2C are slightly shifted upfield relative to those of
the singly functionalized compound 2D,"? indicating that the
di-functionalized ferrocene derivatives might also adopt a
stacked (syn) conformation in solution (Figure $26, Supporting
Information).®*? However, 'H,’H NOESY and 'H,'°F HOESY
measurements on 2A as representative of the newly synthe-
sized ligands gave no indications for m interactions in solution.
The comparison with other compounds known from the
literature shows that the bond lengths and angles are similar."!
The bipyridine unit resembles other 2,2"-bipyridine derivatives,
which was already shown for the analogous monofunctional-
ized 5-ferrocenyl-2,2"-bipyridine ligands"? and it thus seems
reasonable to assume that the coordination behavior is similar.
To verify this, the ligands were reacted with different transition
metal precursors of group 8 and 10. For reference to the
electrochemical investigations planned on the free pro-ligands
and all their complexes, the complexes of the monofunctional-
ized 5-ferrocenyl-2,2'-bipyridine of the Crowley group were also
synthesized."? In the current paper we denote this literature-
known ligand as 2D in the following discussion.

We thus first reacted the pro-ligands 2A-2D with [Pd-
(cod)Cl,] in order to obtain the square-planar Pd(ll) complexes
(Scheme 4). For the sake of completeness and subsequent
electrochemical comparison, the literature-known complex
3D with ligand 2D was also synthesized. As copper(ll)

obtained where crystal structure analysis confirmed the con-

Figure 2. Molecular structures of 2A (a) and 2C (b). Hydrogen atoms have
been omitted for clarity. Selected bond lengths [pm] and angles [°]: a)
C10-C31 145.1(8), C20—C1 146.2(9), T=0.51°, torsion angle Cp-bipy 4.34°,
torsion angle Cp-phenyl 7.21°. b) C10—C31 147.4(3), C20—C1 147.1(3),
T=2.68°, torsion angle Cp-bipy 17.07°, torsion angle Cp-phenyl 19.11°
(t=angle between the substituents along the ferrocene axis, i.e. R and
bipy).
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Scheme 4. Synthesis of the Pd, Cu and Ni complexes of the metalloligands 2A-D.
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a)

Figure 3. Molecular structures of 3A (a), 4A (b) and 5A (c). Hydrogen atoms, any lattice solvent molecules and minor disorder components have been omitted
for clarity, for 3A only the first of the two molecules in the asymmetric unit is shown. Selected bond lengths [pm] and angles [°],[values of the second
molecule in the asymmetric unit]: a) C10—C31 145.8(7) [146.2(8)], C20—C1 146.8(8) [147.1(9)], Pd1-N1 204.0(4) [202.1(4)], Pd1-N2 201.7(4) [202.3(4)], Pd1—CI1
227.84(16) [228.56(15)], Pd1—CI2 227.93(16) [228.29(16)], N1-Pd1-N2 80.94(17) [80.68(18)], CI1—Pd1—Cl2 89.75(6) [89.34(6)], N1—Pd1—Cl1 95.04(12) [94.54(13)],
N2—Pd1—ClI2 94.36(2) [95.40(13)], N1-Pd1—CI2 174.25(13) [175.86(13)], N2—Pd1—CI1 175.65(12) [174.93(13)], t=2.97° [9.21°]; b) C10—C31 145.9(3), C20—C1
147.0(3), Cu1—N1 203.42(19), Cu1-N2 203.17(18), Cu1—ClI1 230.44(9), Cu1—Cl2 226.00(10), Cu1—CI1" 267.31(9), N1—Cu1-N2 79.59(7), CI1—Cu1—CI2 92.00(4),
N1—Cu1—Cl1 94.05(6), N2—Cu1—CI2 91.43(6), N1—Cu1—CI2 160.86(5), N2—Cu1—Cl1 169.21(5), CI1—Cu1-Cl1’ 87.13 (2), CI2—Cu1-CI1" 101.41(3), N1-Cu1-CI1’
97.02(5), N2—Cu1-Cl1" 102.20(6), T=0°; ¢) C10—C31 147.1(3), Ni1-N1 190.83(19), Ni1—N2 198.0(2), Ni1—Br1 227.59(7), Ni1—C40 190.1(2), N1-Ni1-N2 82.56(8),
Br1—Ni1—C40 89.37(7), N1-Ni1—-C40 92.63(9), N2—Ni1—Br1 96.13(6), N1-Ni1—Br1 173.94(6), N2—Ni1—C40 171.40(9), T=1.92° (1=angle between the substituents

along the ferrocene axis, i.e. R and bipy).

complexes of bipyridine ligands are well-known for their
interesting coordination behaviour,™ the ligands in this work
were also reacted with CuCl,. The resulting dimeric complexes
4A-D consist of two metalloligand entities coordinating two
copper atoms in square-pyramidal coordination environments
and a chlorine atom serving as a bridging atom. Lastly, the
synthesized ligands were reacted with a nickel precursor
[(PPh;),Ni(Mes)Br/Cl] containing a mesityl group. This was
motivated by the idea that similar square-planar compounds
containing aryl and alkoxide groups show reductive elimination
reactions when the nickel is oxidized. Therefore, the nickel
compounds 5A, 5B and 5D were synthesized according to the
method of Klein."® All performed complexation reactions are
summarized in Scheme 4.

Only small crystals could be obtained for almost all
synthesized complexes. Here the chemical connectivity could
be proved with the help of the SCXRD measurements. For the
reaction of 5-ferrocenyl-2,2"-bipyridine with CuCl,, a sparingly
soluble orange solid was obtained. All efforts to obtain larger
crystals failed. Nevertheless, the chemical composition is
analogous to the other copper complexes, which was sup-
ported using elemental analysis. As not all crystal data sets
comply with the requirements for publication, Figure 3 exem-
plifies the molecular structures of all complexes obtained with
ligand 2A.

The molecular structures of the complexes show the
expected coordination pattern of all three transition metal
precursors. All bond lengths and angles such as d(Pd—N)
~ 204 pm, d(Cu—N)~203 pm, d(Ni—N)~190-198 pm are in very
good agreement with similar bipyridine complexes containing
the metals used in this study. No structural influence of the
different functional groups could be observed. This fact
confirms our approach of adding auxiliary functional groups to

Eur. J. Inorg. Chem. 2022, 202100898 (4 of 13)

serve as fine tuning tools for optimization of redox-switchable
metalloligands within the context of the fundamental idea. The
staggered arrangement of the aryl substituents caused by -
stacking for compounds 3A and 4A still remains. The steric bulk
of the mesityl entity of complex 5A hinders this arrangement
leading to a small distortion of the aryl rings. The structural
motif of the copper complex 4A is typical for CuCl,-containing
bipyridine complexes with numerous examples of similar
compounds described in the literature.™

In the case of the nickel complexes, '"H NMR spectroscopic
data show an equilibrium between the SP-4-3 and SP-4-2
isomers (Scheme 5), whereas the molecular structure in Figure 3
only shows the SP-4-2 isomer.

As a result of the synthetic protocol used and the associated
purification method to synthesize the nickel precursor
[(PPh;),Ni(Mes)Br/Cl], the latter contains small amounts of a
chloride instead of bromide ligand leading to additional signals
in the corresponding NMR spectra (Figure 4). Since this kind of
impurity, as well as the SP-4-3=5P-4-2 equilibrium, have no
effects in terms of this part of the work no further attention has
been paid to the study of their disaggregation. In the crystal
used for the structure determination, apparently only bromide
was present.

SP-4-3 SP-4-2
] —N, N= ] —N, N=
Fe Ni Fe Ni’
~
&>, & ves < Ngr

Scheme 5. Configuration indexes for both isomers in 5A, 5B, 5D.

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 4. 'H NMR spectrum of compound 5D in CD,Cl,. Signals are denoted
as follows: + = SP-4-3 isomers, # =SP-4-2 isomers (* =CDHCL,).

Cyclic Voltammetry Studies

All compounds under study were investigated with the aid of
cyclic voltammetry.®'” Firstly, the pro-ligands were investi-
gated. The newly synthesized 1,1’-difunctionalized ligands 2A-
2C of this work were compared with Crowley’s monofunctional-
ized 5-ferrocenyl-2,2"-bipyridine 2D. Nitrosyl functional groups
as present in ligand 2C usually exhibit a more complex
electrochemical behavior compared with CF;-groups making a
direct comparison difficult."® Additionally, during our measure-
ments, electrochemical interactions of nitrosyl-containing com-
pounds with the employed internal reference were observed.

1 WA

T T
1.0 0.8 0.6 04 0.2 0.0 -0.2 -0.4
Potential [V]

Figure 5. Cyclic voltammograms of 2D (red) 2A (green) and 2B (blue) in
CH,Cl,. All measurements at room temperature vs. the Fc/Fc* couple; scan
rate v=250 mVs~', Pt/["Bu,NI[PF.]/Ag.

Table 1. Half-wave potentials of the compounds in CH,Cl, at room
temperature (vs. Fc/Fc )@

E% ImV] E%p [mV] E% [mV] E% [mV]
2D 77 3D 175 4D 168 5D 53
2A 154 3A 260 4A 255 5A 159
2B 211 3B 314 4B 319 5B 257

[a] scan rate v=100 mVs ', Pt/["Bu,N][PF.]/Ag.

Eur. J. Inorg. Chem. 2022, 202100898 (5 of 13)

Thus, the discussion of the electrochemical data is limited to
ligands 2A, 2B and 2D (Figure 5). As expected, the half-wave
potential of the Fc-based redox-couple is anodically shifted
with an increasing number of CF,-groups. E°,, for ligand 2A
was found to be 154 mV (vs. Fc/Fc*) and therefore ca. 80 mV
more positive than the potential of the monofunctionalized
derivative (E°,(2D)=77 mV). The potential of ligand 2B (E°,, =
211 mV) is further shifted by +60 mV as compared to ligand 2A
(Table 1).

The observed substituent-dependent trends were also
observed for the corresponding complexes. Table 1 summarizes
the half-wave potentials for the Fc-based redox couple of all
investigated compounds. The shift of the redox potentials
depends on both the coordinated metal fragments and the
attached functional groups. For example, the palladium and
copper complexes show ca. +100 mV more positive redox
potentials than those for the pro-ligands. By contrast, the £,
values of the nickel complexes 5A, 5B, and 5D are almost
unaffected with regard to the corresponding free ligands. It
appears that both influences, i.e. the one exerted by the
coordination of the metal fragment and the one of the
electron-withdrawing groups, are in balance. Further cyclic
voltammograms for all compounds are given in the Supporting
Information.

In order to gain insights into the influence of the attached
functional groups on the N,N'-coordinated metal fragments, the
nickel complexes were subjected to further investigations. As
nickel complexes containing aryl and alkoxide groups are well-
known for undergoing reductive elimination reactions after
oxidation of the nickel atom from Ni(ll) to Ni(lll), the analogue
methoxides 6A, 6B, and 6D were synthesized by salt metathesis
from 5A, 5B, and 5D using NaOMe (Scheme 6)."" MacMillan
and co-workers used similar compounds in their work on nickel-
catalyzed cross-coupling reactions to investigate the reductive
elimination step with the help of cyclic voltammetry.'™"
Inspired by this work, we aimed to influence and optimize
catalytic activities, such as reductive eliminations, by fine-tuning
the ligands using various additional functional groups.

The formation of the corresponding and highly sensitive
methoxides was confirmed by NMR spectroscopy. The cyclic
voltammograms of the resulting products are shown in Fig-
ure 6. In this case, the redox potentials depend strongly on the
attached functional groups. Beside the quasi-reversible redox
wave belonging to the Fc-based Fe(ll)/Fe(lll) redox couple,
further irreversible oxidation is observed at ca. E(6D)=
—100 mV, E,,(6A)=—50 mV and E,,(6B) = + 100 mV, which can
be related to the oxidation of the nickel atom, and subsequent
reductive elimination of Mes—OMe.

7N N NaOMe 7N 7N
u =N, N= MeOH l =N, N=
e Pl NaBr/Cl i K
Mes” “gror T eon Mes” “OMe
EDsy r &,
5A, 5B, 5D 6A, 6B, 6D

Scheme 6. Synthesis of the methoxides 6A, 6B and 6D.

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 6. Cyclic voltammograms of 6D (red), 6 A (green) and 6B (blue) in
CH,Cl,. All measurements at room temperature vs. the Fc/Fc™ couple; scan
rate v=100 mVs~', Pt/["Bu,N][PF.]/Ag.

The anodic shift of the irreversible oxidation caused by the
electron withdrawing groups can also be observed, implying a
significant contribution from the attached functional groups on
both to the ferrocene and bipyridine entities. From this a
potentially catalytically active metal fragment is implied. In
other words, the difunctionalization of the ferrocene backbone
with additional groups results in it exerting an electronic
influence on the secondary coordinated metal center.

Inspired by MacMillan’s nickel-catalyzed cross-coupling
reactions,"® the complexes 6A, 6B, and 6D were used to study
a potential bimetallic cooperative catalysis.? Firstly, the
reductive elimination was confirmed by chemical oxidation of
the compounds on a preparative scale, monitored using GC-MS
measurements where the formation of the generated aryl ether
2,4,6-trimethylanisole was verified. However, under the con-
ditions used for a catalytic system (12 h, rt), no turnover could
be observed.

Quantum Chemical Calculations

To further support the electrochemical findings and to find an
explanation of the inactivity of the bimetallic complexes in
catalytic cross-coupling, quantum chemical calculations were
performed on 5A, 5D, and 6D. Initially, we aimed to obtain
information about the differences in the ionization potential of
Ni(ll) and Fe(ll). To this end, the gas phase ionization potentials
(IP) of 5D and 6D were calculated and the site of ionization
within the molecule was located. The results were compared to
calculations on model systems 5D* and 6D*. In these model
systems, Fe was substituted by an all electron pseudopotential
(see Experimental Section) so that ionization could only take
place at Ni. For further comparison, a Ni fragment of 5D where
ferrocenyl was substituted by hydrogen was used and all
ionization potentials were compared to ferrocene. The results
are summarized in Figure 7.

The calculated ionization potentials of 5D and 5A were very
similar and close to the value of ferrocene. Only slightly more

Eur. J. Inorg. Chem. 2022, 202100898 (6 of 13)
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Figure 7. lonization potential (B3LYP) with respect to the calculated values
for ferrocene (6.363 eV vertical and 6.228 eV adiabatic, respectively, see
Table S3 of the Supporting Information).

negative values were found for 5A (—0.069 eV vertical;
—0.049 eV adiabatic) as compared to 5D (—0.005 eV vertical;
—0.024 eV adiabatic), which show the same tendency although
much less pronounced as expected from the electrochemical
findings in solution (AE%,(5A/5D)=106 mV). The same holds
for a Ni(ll) fragment of the complex. Interestingly, according to
the spin density (see Figure S4), ionization takes mainly place at
Ni(ll). Similar trends have already been observed by us for
related complexes of ferrocenyl-functionalized N-donor
ligands.®¥ For hybrid functionals, the spin density is completely
localized on Ni. In the case of GGA (general gradient
approximation) functionals, there is a significant contribution
on Fe. In 6D, the ionization is favored by about 0.5 eV compared
to ferrocene and the spin density shows contributions on the
oxygen of OMe. These results are supported by quasi particle
energies obtained by GW calculations (see Experimental
Section), which allow to differentiate between the lowest
ionization from a Ni and a Fe orbital (See Table2 and
Tables S3-S6). Although they were treated by a slightly different
basis set (for details, see the Supporting Information), the IPs of
the model complexes 5D* and 6D* were similar to the results
for 5D and 6D indicating that they are appropriate for the
investigation of the transition states and barriers for the
reductive elimination and the oxidative addition. A second
limitation of the model is that solvent effects are neglected,
which can stabilize various species to different extents. The
following combinations of oxidation states were probed: Ni(ll)/
Fe(ll) and Ni(ll)/Fe(lll) (cf. Figure 8) as well as Ni(lll)/Fe(ll) and
Ni(lll)/Fe(ll) with additional Br~ coordinating the Ni site (cf.
Figure 9). Several conclusions can be drawn from the reaction
profiles depicted in Figure 8 and Figure 9:

The reductive elimination seems only feasible on a Ni(lll)
center, as already shown in the literature."® Nevertheless, the
envisioned bimetallic cooperative catalysis through the electro-
statically modelled ferrocenyl-unit does not significantly lower

© 2021 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Table 2. Comparison of the vertical ionization potential and quasi particle
energies of the highest Ni and Fe dominated orbital, respectively, for 5D
(5A for comparison) and 6D (def2-TZVP basis set). The Mulliken populations
refer to the Ni and Fe contributions in the respective orbitals. More details
are given in the Supporting Information, Tables S3-S6 and Figure S4.
Model  Functional Vertical Ni/Fe Ni/Fe Ni/Fe
system ionization  (Mulliken (orbital  (quasiparticle
potential  population) energy  energy [eV])
[eV] [eV])
5D B3LYP 6.358 0.8/0.8 5.530/ 6.420/6.234
5.714
PBEO 6.269 0.7/0.8 5.956/ 6.498/6.341
6.256
TPSS 6.208 0.9/0.6 4.315/ 6.541/6.412
4.675
TPSSH 6.358 0.9/0.7 4.935/ 6.401/6.364
5.245
5A B3LYP 6.294 0.8/0.8 5.589/ 6.477/6.367
5917
PBEO 6.310 0.7/0.8 5.998/ 6.560/6.502
6.415
6D B3LYP 5.852 0.4/0.8 4.802/ 5.997/6.140
5.616
PBEO 5.951 0.4/0.6 5.162/ 6.084/6.596
6.153
TPSS 5.744 0.5/0.4 3.907/ 5.982/6.376
4.525
TPSSH 5.845 0.5/0.7 4.373/ 5.928/6.258
5.118

the activation barrier (Figure 8), at least for this catalytic model

system.F?

In contrast to what is the existing literature,®

]

our

investigations show that an oxidative addition on a Ni(l) center
is kinetically as well as thermodynamically achievable. This
finding could motivate the development of cross-coupling
cycles relying solely on the Ni(lll)/Ni(l) redox couple.
Furthermore, the additional coordination of a solution state
Br~ anion to the nickel unit raises the activation energies of the
reductive elimination and oxidative addition dramatically (Fig-
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ure 9). This self-poisoning of the active catalytic site gives a
possible explanation as to why only stoichiometric and no
catalytic turnover was observed experimentally. This result
could stimulate the use of moderately coordinating pseudo-
halides, like aryl triflates, as coupling partners.””

Additionally, highly exergonic binding of the substrate
Mes—Br and product Mes—OMe to a low-coordinate Ni atom
could be interpreted as thermodynamic resting states limiting
the turnover frequency.

Conclusion

In summary, we have introduced a simplified synthetic
procedure to obtain 1,1'-difunctionalized ferrocene derivatives
with very high yields and the prospect of a wide variety of
different substituents. This procedure opens new directions
concerning individual fine-tuning of redox-active ligand sys-
tems. Furthermore, the investigations of this new synthetic
strategy are complemented by several coordination compounds
resulting from the new pro-ligands and different palladium,
copper and nickel precursors. Finally, the electrochemical
properties of the compounds under study were investigated
and thoroughly compared with each other in order to scrutinize
the slight but remarkable differences caused by the implemen-
tation of different electron withdrawing groups. The influence
of the latter on the nickel complexes was subsequently
confirmed for the reductive elimination reaction of an aryl ether
induced by oxidation of the corresponding methoxides.
Quantum-chemical calculations unravel details about the reduc-
tive elimination and oxidative addition taking place at the Ni
site and show the strong dependence on both the oxidation
state and the coordination sphere of the metal. Several possible
reasons were identified to help understand why the experimen-
tally observed reductive elimination could not be translated
into a bimetallic catalytic system.
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Figure 8. Gibbs free energy profile for a catalyst in oxidation states Ni(ll)/Fe(ll) and Ni(ll)/Fe(lll). All potentials include the energy of Mes—OMe and Mes—Br (one
interacting with the catalyst, the other one infinitely separated) in order to limit changes in the interaction energy between substrate and catalyst (See
Table S2 of the Supporting Information). Separate species means that Mes—OMe and Mes—Br are both at infinite distance.
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Figure 9. Gibbs free energy profile for a catalyst in oxidation states Ni(lll)/Fe(ll) with and without an additional Br~ anion coordinating at the Ni site. All
potentials include the energy of Mes—OMe and Mes—Br (one interacting with the catalyst, the other one infinitely separated) in order to limit changes in the
interaction energy between substrate and catalyst (See Table S2 of the Supporting Information). Separate species means that Mes—OMe and Mes—Br are both

at infinite distance.

Experimental Section

General methods and materials

All manipulations, except of aqueous work-ups, were carried out
with standard Schlenk line techniques. 1,1-Fc(Bpin), has been
synthesized according to literature methods"®" and the obtained
analytical data were compared with literature values."® Methylene
chloride and acetonitrile were freshly distilled in an argon
atmosphere from calcium hydride. Toluene, diethyl ether, 1,4-
dioxane, DME and tetrahydrofuran were dried using sodium/
benzophenone ketyl. CD,Cl, was vacuum transferred from calcium
hydride while C;Dy was vacuum transferred from sodium/benzo-
phenone ketyl into thoroughly dried glassware equipped with
Young Teflon valves.

H, "B, PC and "®F NMR spectra were recorded with Bruker AV 300
and 400 spectrometers in dry deuterated solvents. The chemical
shifts are expressed in parts per millions and 'H and "*C signals are
given relative to TMS. ''B and '°F are given relative to BF;-OFt, and
CFCl;. Coupling constants J are given in Hertz as positive values
regardless of their real individual signs. The multiplicity of the
signals is indicated as s, d, g, sept or m for singlets, doublets,
quartets, septets or multiplets, respectively. The assignments were
confirmed as necessary with the use of 2D NMR correlation
experiments. Mass spectrometry measurements were performed on
an Advion expression® CMS mass spectrometer under atomic
pressure chemical ionization (APCI) IR spectra were measured with
a Bruker Alpha spectrometer using the attenuated total reflection
(ATR) technique on powdered samples, and the data are quoted in
wavenumbers (cm™'). The intensity of the absorption band is
indicated as vw (very weak), w (weak), m (medium), s (strong), vs.
(very strong) and br (broad). Melting points were measured with a
Thermo Fischer melting point apparatus and are not corrected.

Elemental analyses were carried out in the institutional technical
laboratories of the Karlsruhe Institute of Technology (KIT).

Cyclic voltammetry measurements were performed with a Metrohm
potentiostat (PGSTAT101) and an electrochemical cell within a
glovebox. We used a freshly polished Pt disk working electrode, a
Pt wire as counter electrode, and a Ag wire as (pseudo) reference

Eur. J. Inorg. Chem. 2022, 202100898 (8 of 13)

electrode ([nBu,N][PF¢] (0.1 M) as electrolyte). Potentials were
calibrated against the Fc/Fc* couple (internal standard).

Synthesis of 1: 5-Bromo-2,2-bipyridine (1.50 g, 6.39 mmol), 1,1'-
Fc(Bpin), (2809, 6.39mmol) and [Pd(dppf)Cl,] (0.468 g,
0.639 mmol) in a Schlenk flask were dissolved in 45 mL DME and
45 mL 1,4-dioxane. Then, 15 mL of a degassed aqueous solution of
Na,CO; (1 M) and 5 mL of a degassed aqueous solution of NaOH
(3 M) were added and the reaction mixture was heated to 85°C f
40 h. After cooling to room temperature, the reaction mixture was
added on ice and extracted with EtOAc. The organic layer was
washed with a saturated aqueous solution of NH,Cl, water and
brine and dried over MgSO,. After removing all volatile components
the crude product was purified by column chromatography (silica
gel cyclohexane: EtOAc (4:1)). The product was isolated as an
orange solid. Yield: 2.50 g (84%). Mp. (sealed tube): 169°C; 'H NMR
(CDg, 300.13 MHz): 6=1.15 (s, CH,;, 12H), 4.02 (dd, *J;y=1.6 Hz,
*Juw=1.6 Hz, Hep, 2H), 4.25 (dd, *Jyy=1.9 Hz, *Jy=1.9 Hz, H,, 2H),
444 (dd, *Jyy=1.6 Hz, *Jy=1.6 Hz, Hc,, 2H), 4.50 (dd, *Jy=1.7 Hz,
*Juw=1.7 Hz, He, 2H), 6.72 (ddd, *)yy=7.5 Hz, *Jy,=4.8 Hz, *Jyy=
1.2 Hz, Hypy, 1H), 7.26 (ddd, *Jyy=8.0 Hz, *Jyy=7.5 Hz, *Jyy=1.8 Hz,
Huipyr 1H), 7.67 (dd, *Juy=8.3 Hz, *Jyy=2.3 Hz, Hyy,,, TH), 8.59 (ddd,
*Juw=4.8 Hz, *Jyy=1.8 Hz, *J;y=0.9 Hz, H,,,, 1H), 8.80 (dd, *Jyy=
6.5 Hz, *Jyu=1.0 Hz, Hyy, TH), 8.83 (dt, *Jyu=7.1 Hz, *Jyy=1.1Hz,
Hyipy: TH) and 8.99 (dd, Yy =2.3 Hz, *Jy=0.8 Hz, Hyp,, TH) ppm. °C
{'H} NMR (C,Dg, 75.47 MHz): 0=25.12 (s, CHs, 4 C), 67.39 (s, CHc,,
2Q), 70.23 (s, CHc,, 2Q), 74.26 (s, CHe, 2Q), 76.29 (s, CHc,, 20),
8262 (s, Ccp, 1 C), 83.29 (s, CCH;, 2 C), 120.96 (s, CHypy, 1 C), 120.99
(s, CHyipyr 1 Q), 123.38 (s, CHypys 1 C), 134.36 (s, CHy,ipy, 1 C), 13563 (s,
Coipyr 1Q), 13663 (s, CHyy, 1C), 147.30 (s, CHyyyy 1C), 149.42 (s,
CHyipys 1Q), 15438 (5, Cppys 1 Q) and 156.95 (s, Cpypye 1C) ppm. ''B
NMR (C¢Dy, 96.29 MHz): 0 =33.11 ppm. IR-ATR (cm™'): 7=23088 (vw),
3049 (vw), 2975 (vw), 2927 (vw), 1651 (vw), 1586 (vw), 1572 (vw),
1551 (w), 1502 (m), 1484 (s), 1468 (m), 1444 (w), 1432 (w), 1381 (m),
1368 (m), 1323 (s), 1296 (m), 1276 (w), 1246 (vw), 1216 (vw), 1194
(vw), 1166 (vw), 1147 (m), 1127 (vs), 1093 (w), 1053 (vw), 1027 (w),
1000 (vw), 990 (vw), 965 (w), 904 (w), 889 (w), 853 (s), 823 (m), 797
(m), 773 (vw), 748 (s), 710 (vw), 693 (m), 669 (vw), 653 (vw), 639 (w),
616 (vw), 600 (vw), 580 (vw), 558 (vw), 520 (m), 494 (m), 483 (w),
464 (w), 441 (vw), 400 (m). EA [%] CyH,,BFeN,0, calc. (found): C
66.99 (67.08), H 5.84 (5.863), N 6.01 (5.78). APCI-MS (m/z): calc.
466.15, found. 467.7 [M +H]*.
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Synthesis of the metalloligands 2A-C: 2A: 1,1-Fc(bipy)(Bpin)
(300 mg, 0.644 mmol) and [Pd(dppf)Cl,] (70 mg, 0.096 mmol) in a
Schlenk flask are dissolved in 15 mL DME and 15 mL 1,4-dioxane
and 4-trifluoromethylbromobenzene (0.3 mL, 480 mg, 2.133 mmol)
was added. Then, 3 mL of a degassed aqueous solution of Na,CO;
(1 M) and 1 mL of a degassed aqueous solution of NaOH (3 M) were
added and the reaction mixture was heated to 85°C for 5 days.
After cooling to room temperature, the reaction mixture was added
on ice and extracted with EtOAc. The organic layer was washed
with a saturated aqueous solution of NH,Cl, water and brine and
dried over MgSO,. After removing all volatile components the crude
product was purified by column chromatography (silica gel,
CH,Cl,:EtOAc, first 1:0 then 0:1). The product was obtained as a
dark orange solid. Yield: 234 mg (75%). Mp. (sealed tube): 201°C
(decomposition). '"H NMR (CD,Cl,, 300.13 MHz): 6 =4.36 (dt, *Jyu=
22 Hz, *Jyy=1.7 Hz, Hc,, 4H), 464 (ddd, *J;,=3.8 Hz, *}y=1.7 Hz,
Hepr 4H), 7.31 (ddd, *yy=7.5Hz, Uyy=48Hz, *Jyy=1.2Hz, Hppy,
TH), 7.33 (s, Hpp, 4H), 7.56 (dd, =83 Hz, *Jyy=2.3 Hz, Hyppy 1H),
7.82 (ddd, *Jy=8.0Hz, *Jyy=7.5Hz, *Jyu=1.8 Hz, Hyy,, 1H), 8.17
(dd, *Jy=83Hz, *Jyy=08Hz, Hyp, 1H), 838 (dt, Jyy=8.0Hz,
*Jun=1.1Hz, Hyipy, TH), 8.54 (dd, Y4y =2.4 Hz, °Jyy;=0.8 Hz, Hy,y, TH)
and 864 (ddd, “Jyy=4.8 Hz, *Jyy=18Hz, Jyy=1.0Hz, Hyp, TH)
ppm. "*C{'H} NMR (CD,Cl,, 75.47 MHz): 6 =68.20 (s, CHc,, 2 C), 68.59
(s, CHep 2Q), 71.71 (s, CHep,, 2Q), 71.76 (s, CHcp,, 2 Q), 83.10 (s, Cepr
1C), 84.78 (s, Ccp 1 C), 120.87 (5, CHyipy, 1 C), 120.99 (s, CHyy 1 0),
123.89 (s, CHypys 1 C), 125.72 (d, "Jep =345.30 Hz, CF;, 1 C), 125.72 (q,
3Js=3.8Hz, CHpp 10), 12632 (s, CHp, 10), 12748 (d, Ug=
105.3 Hz, CCF;, 1C) 133.83 (s, CHyp,, 10), 134.08 (s, Gy 10),
137.23 (5, CHypy 1 C), 14227 (5, Gopy 1C), 146.88 (5, CHypys 10),
149.62 (5, CHyipys 1 C), 153.94 (s, Cypyy 1C) and 156.59 (s, Cyppy 1 C)
ppm. "F NMR (CD,Cl,, 282.40 MHz): 8 = —62.76 ppm. IR-ATR (cm™):
v=3079 (vw), 3053 (vw), 3005 (vw), 2045 (vw), 1613 (w), 1590 (w),
1574 (vw), 1555 (vw), 1532 (vw), 1508 (vw), 1469 (w), 1444 (w), 1435
(w), 1422 (w), 1402 (vw), 1388 (vw), 1321 (vs), 1284 (w), 1247 (vw),
1220 (vw), 1192 (vw), 1162 (s), 1144 (w), 1108 (vs), 1060 (s), 1036
(m), 1015 (w), 993 (vw), 957 (vw), 923 (vw), 890 (w), 842 (vs), 811
(m), 795 (m), 773 (vw), 745 (vs), 714 (vw), 697 (w), 686 (w), 642 (w),
619 (vw), 595 (vw), 570 (vw), 544 (vw), 520 (m), 508 (s), 493 (w), 476
(w), 460 (vw), 431 (w), 403 (w), 387 (vw). EA [%] C,,H,sF;FeN, calc.
(found): 66.96 (67.14), 3.95 (3.738), 5.78 (5.92). APCI-MS (m/z): calc.
484,08, found. 485.5 [M +H]*.

2B: 1,1-Fc(bipy)(Bpin) (300 mg, 0.644 mmol) and [Pd(dppf)Cl,]
(70 mg, 0.096 mmol) in a Schlenk flask are solved in 15 mL DME
and 15 mL 1,4-dioxane. Then, 3,5-bis(trifluorometh-
yl)bromobenzene (0.3 mL, 510 mg, 1.764 mmol) was added. After-
wards, 3 mL of a degassed aqueous solution of Na,CO; (1 M) and
1 mL of a degassed aqueous solution of NaOH (3 M) were added
and the reaction mixture was heated to 85°C for 5 days. After
cooling to room temperature, the reaction mixture was added on
ice and extracted with EtOAc. The organic layer was washed with a
saturated aqueous solution of NH,Cl, water and brine and dried
over MgSO,. After removing all volatile components the crude
product was purified by column chromatography (silica gel,
CH,Cl,:EtOAc, first 1:0 then 0:1). The product was obtained as a
dark orange solid. Yield: 328 mg (92 %). Mp. (sealed tube): 130°C; H
NMR (CD,Cl,, 300.13 MHz): 6 =4.37-4.41 (m, Hc,, 2H), 4.42-4.46 (m,
Hep 2H), 4.67-4.72 (M, Hey, 4H), 7.31 (ddd, *Jyy=7.5 Hz, “Jyy = 4.8 Hz,
*Juu=1.2 Hz, Hyp, TH), 7.45 (s, Hpp, TH), 7.51 (dd, *Jyy=8.3 Hz, *Jyy=
23 Hz, Hypy, TH), 7.59 (s, Hppy, 2H), 7.82 (ddd, *Jy,=8.0 Hz, *Jy=
7.5 Hz, *Juy=1.8 Hz, Hyyy, TH), 8.14 (dd, *Jy=8.3 Hz, °J,=0.8 Hz,
Hyipy: TH), 8.37 (dt, *Juy=8.0 Hz, *Jyy=1.1 Hz, Hyy,, 1H), 8.46 (dd,
“Jun=24Hz, *Jyy=08Hz, Hyp, 1H) and 864 (ddd, *Jy=4.8 Hz,
Jw=18Hz, *Jyy=09Hz, Hyp,, TH) ppm. “C{'H} NMR (CD,Cl,
75.47 MHz): 6=68.11 (s, CHc,, 2 C), 68.32 (s, CHe,, 2Q), 71.70 (s,
CHep 2 Q), 72.09 (s, CHep, 2 C), 83.34 (s, Cp, 1C), 8347 (s, Cpy 1 0),
119.74 (s, CHpy,, 2 C), 120.83 (5, CHypys 1 C), 120.96 (5, CHypy 1O,
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123.11 (d, "Je=273.6 Hz, CF;, 1 C), 123.91 (s, CHyipy, 1C), 125.84 (s,
CHpp,, 1Q), 131.93 (q, =329 Hz, CCF;, 2C), 133.11 (s, Gy 1Q),
133.62 (s, CHyjpys 1CQ), 137.18 (s, CHyypys 1 C), 140.98 (s, Cyipys 1Q),
146.82 (s, CHyyy, 1C), 149.60 (s, CHyy, 1 C), 154.00 (s, Cyipys 1 0),
156.50 (s, Cppy 1C) ppm. "F NMR (CD,Cl, 282.40 MHz): 6=
—63.41 ppm. IR-ATR (cm™"): 7=3098 (vw), 3055 (vw), 1615 (vw),
1587 (vw), 1571 (vw), 1551 (vw), 1503 (vw), 1466 (vw), 1444 (vw),
1434 (w), 1389 (w), 1374 (vw), 1358 (m), 1271 (vs), 1167 (s), 1126
(vs), 1105 (m), 1091 (m), 1060 (vw), 1040 (w), 1027 (w), 999 (vw),
980 (vw), 967 (vw), 934 (vw), 915 (vw), 903 (vw), 883 (m), 857 (w),
844 (w), 836 (w), 822 (m), 797 (m), 773 (vw), 749 (s), 697 (s), 680 (s),
639 (w), 617 (vw), 560 (vw), 529 (w), 513 (m), 496 (m), 477 (w), 459
(vw), 448 (vw), 428 (vw), 416 (m), 404 (m). EA [%] C,gH,FsFeN, calc.
(found): C 60.59 (60.43), H 3.29 (3.02), N 5.07 (4.60). APCI-MS (m/z):
calc. 552.07, found. 553.8 [M+H] .

2 C: 1,1-Fc(bipy)(Bpin) (300 mg, 0.644 mmol), [Pd(dppf)Cl,] (70 mg,
0.096 mmol) and 4-nitrobromobenzene (130 mg, 0.644 mmol) in a
Schlenk flask were dissolved in 15 mL DME and 15 mL 1,4-dioxane.
Then, 3 mL of a degassed aqueous solution of Na,CO; (1 M) and
1 mL of a degassed aqueous solution of NaOH (3 M) were added
and the reaction mixture was heated to 85°C for 5 days. After
cooling to room temperature, the reaction mixture was added on
ice and extracted with EtOAc. The organic layer was washed with a
saturated aqueous solution of NH,Cl, water and brine and dried
over MgSO,. After removing all volatile components, the crude
product was resolved in CH,Cl, and filtered over silica gel and the
solvent was removed. Traces of 1,1"-Fc(bipy)(Bpin) were removed
with hexane. The product was obtained as dark orange solid. Yield:
168 g (56%). Mp. (sealed tube): 240°C (decomposition). "H NMR
(CD,Cl,, 300.13 MHz): 0=4.39 (dd, *Jyy=2.1 Hz, *Jyy=1.7 Hz, He,
2H), 4.47 (dd, *y=2.1 Hz, *Jy,=1.7 Hz, Hc,, 2H), 4.67-4.75 (m, Hc,,
4H), 7.19-7.24 (m, Hp, 2H), 7.31 (ddd, 3J4,=7.5 Hz, *Jyy=4.8 Hz,
*Juw=1.2 Hz, Hyp, TH), 7.48 (dd, *Jy=8.3 Hz, *Jy=2.3 Hz, Hy,, TH),
7.75-7.87 (M, Hpp 2H, Hppy, TH)), 8.09 (dd, *Jyy=83 Hz, *Jyy=
0.8 Hz, Hyypy, 1H), 830 (dt, Sy =8.0 Hz, *Jyy=1.1 Hz, Hyypy, 1H), 842
(dd, “Jy=2.3 Hz, *Jyyy=0.8 Hz, Hyp,, 1H) und 8.63 (ddd, “Jyyy = 4.8 Hz,
Jw=18Hz, *Jyy=0.9Hz, Hyp, 1H) ppm. “C{'H} NMR (CD,Cl,
75.47 MHz): 6 =68.03 (s, CHc,, 2Q), 68.73 (s, CHe,, 2C), 71.65 (s,
CHep 2 C), 72.30 (5, CHep, 2 C), 83.48 (s, Cep 1 C), 8365 (5, Cpy 1 0),
120.79 (s, CHyipy 1 C), 120.86 (5, CHyipy, 1 C), 123.96 (5, CHyipys 1 0),
124.22 (s, CHpy, 2 ), 126.26 (5, CHpp,, 2 ©), 133.00 (s, Gy, 1 C), 133.66
(s, CHpipys 1 Q), 137.32 (s, CHyipys 1C), 145.62 (s, Cpys 1 C), 146.82 (s,
CHuyipyr 1 C), 153.89 (5, Cyipys 1 C), 156.33 (5, Cyipye 1C) ppm. IR-ATR
(em™"): ¥=3082 (vw), 3056 (vw), 3003 (vw), 2916 (vw), 2820 (vw),
2430 (vw), 1997 (vw), 1919 (vw), 1815 (vw), 1635 (vw), 1591 (s),
1555 (w), 1504 (vs), 1467 (w), 1445 (w), 1435 (w), 1402 (vw), 1389
(w), 1325 (vs), 1286 (s), 1248 (w), 1184 (vw), 1148 (vw), 1129 (vw),
1107 (m), 1083 (w), 1058 (vw), 1034 (m), 1009 (w), 992 (w), 926 (vw),
908 (vw), 891 (w), 844 (vs), 819 (m), 794 (s), 774 (vw), 744 (vs), 708
(w), 691 (m), 679 (w), 651 (vw), 639 (w), 618 (vw), 593 (vw), 557 (vw),
535 (w), 521 (s), 501 (s), 481 (m), 461 (w), 433 (w), 400 (w), 385 (w).
EA [%] CyH;oFeN;0, calc. (found): C 67.70 (67.50), H 4.15 (4.05), N
9.11 (9.05). APCI-MS (m/z): calc. 461.05, found 462.7 [M+H]".

General synthesis of the Pd complexes 3A-C: The respective ligand
(0.093 mmol) and [Pd(cod)Cl,] (0.093 mmol) were dissolved in
CH,Cl, (10 mL) and stirred overnight. The solution turned dark red.
After removing all volatiles, the residue was dissolved in CH,Cl, and
after adding hexane as antisolvent crystals could be obtained. 3A:
Yield: 91%. Mp (sealed tube under argon): decomposition, due to
the dark colour of the compound no exact temperature can be
specified. '"H NMR (CD,Cl,, 300.13 MHz): §=4.45 (dd, *},=2.2,
=17 Hz, Hep 2H), 4.55 (dd, *hyy=2.2, *hyy=1.7 Hz, He, 2H),
4.76-4.79 (m, He, 2H), 4.82-4.85 (M, He,, 2H), 7.24-7.25 (M, Hyp,,
1H), 7.27-7.28 (M, Hupy, 1H), 7.37-7.43 (M, Hpp,, 4H), 7.55 (ddd, *Jyyy =
7.6, Uy =58, *Juy="1.4 Hz, Hyp,, 1H), 7.82 (d, *Jyy=8.0 Hz, Hypy, 1H),
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8.07 (ddd, *Jyuy=8.1, *Jy=7.6, *Jyy=1.6 Hz, Hyp, TH), 9.12 (dd,
*Jiu=17, *Juu=09 Hz, Hyyy,, TH), 934 (ddd, “Jy,=5.9, *Jyu=156,
*Juu=0.6 Hz, Hyyp,, 1H) ppm. “F NMR (CD,Cl, 282.40 MHz): 6=
—62.69 ppm. IR-ATR (cm™): »=3071 (vw), 2188 (vw), 2160 (vw),
2032 (vw), 1983 (vw), 1611 (w), 1594 (w), 1577 (vw), 1563 (w), 1515
(vw), 1473 (m), 1439 (w), 1421 (w), 1389 (vw), 1321 (vs), 1284 (m),
1244 (w), 1214 (vw), 1192 (vw), 1164 (s), 1122 (s), 1106 (vs), 1089
(m), 1057 (s), 1038 (w), 1012 (w), 954 (vw), 934 (vw), 895 (w), 845
(vs), 833 (m), 816 (m), 785 (m), 745 (w), 721 (m), 695 (w), 686 (w),
672 (vw), 646 (w), 634 (vw), 594 (w), 558 (vw), 533 (w), 520 (m), 510
(s), 483 (w), 441 (s), 414 (m), 399 (vw), 379 (w). EA [%]
C,;H;,Cl,F;FeN,Pd calc. (found): 49.02 (49.13), 2.89 (3.14), 4.23 (4.59).
3B: Yield: 92.5%. Mp (sealed tube under argon): 300°C (decom-
position). '"H NMR (CD,Cl,, 300.13 MHz): 6 =4.48-4.50 (m, Hc,, 2H)),
4.53 (dd, *Jy=2.2, *Jyy=1.7 Hz, Hg, 2H), 4.76-4.80 (m, H, 4H),
7.54 (M, Hen, TH), 7.55 (5, Hyipy TH), 7.56 (5, Huppys TH), 7.57-7.60 (m,
Huipyr TH), 7.65 (M, Hpy, TH), 7.88 (ddd, *Jyy=8.0, *hy=13, *Jyu=
0.6 Hz, Hyipy, TH), 8.11 (ddd, >y =8.1, *Jyy=7.6, *Juy=1.6 Hz, Hy,,,
TH), 9.33 (t, *Jyy=1.4 Hz, Hyp,, TH), 9.36 (ddd, Jy,=5.8, *yy=1.6,
*Juu=0.7 Hz, Hyypy, 1H) ppm. F NMR (CD,Cl, 282.40 MHz): 0=
—63.02 ppm. IR-ATR (cm™"): #=23076 (vw), 3035 (vw), 1603 (w), 1578
(vw), 1566 (vw), 1518 (vw), 1498 (vw), 1475 (vw), 1440 (vw), 1389
(w), 1359 (m), 1282 (vs), 1248 (w), 1209 (vw), 1166 (s), 1117 (vs),
1090 (m), 1069 (vw), 1053 (vw), 1042 (vw), 1027 (w), 998 (vw), 921
(vw), 900 (vw), 882 (w), 854 (w), 844 (vw), 825 (m), 776 (w), 743 (w),
718 (w), 698 (m), 683 (s), 650 (vw), 616 (vw), 593 (vw), 561 (vw), 528
(vw), 509 (m), 498 (w), 480 (w), 457 (w), 425 (w), 414 (w), 407 (m).
EA [%] C,gH,5Cl,FsFeN,Pd calc. (found): C 46.09 (46.12), H 2.49 (2.64),
N 3.84 (3.65). 3C: Yield: (92%). Mp. (sealed tube under argon):
decomposition, due to the dark color of the compound no exact
temperature can be specified. '"H NMR (CD,Cl,, 300.13 MHz): 6 =
4.54 (dd, *Jyy=2.2 Hz, *Jyy=1.7 Hz, Hc,, 2H), 4.58 (dd, *J,y;=2.2 Hz,
*Juu=1.7 Hz, He,, 2H), 4.81 (dd, *Jyy=1.7 Hz, Hc, 2H), 4.85-4.87 (m,
Hepr 2H), 7.17-7.23 (M, Hpy,, 2H), 7.41-7.49 (M, Hy,,, 2H) 7.58 (ddd,
*Juw=76 Hz, Yyy=5.7 Hz, *Jyy=14Hz, Hyy, 1H), 7.78 (ddd, *Jy=
83 Hz, *Jyy=1.3 Hz, *Jy;=0.6 Hz Hy,,, TH), 7.94-8.01 (M, Hpy, 2 H,
Huipy TH)), 8.11 (ddd, *Jyy=8.1 Hz, *J,;y=87.6 Hz, *Jyy;=1.6 Hz, Hyypy,
TH), 9.00 (dd, “Jyy=2.1Hz, *J;y=0.6 Hz, Hyp,, TH) und 9.34 (ddd,
Yuw=5.7Hz, *hyy=16Hz, *Jyu=0.7 Hz, Hpp, 1H) ppm. IR-ATR
(em™"): »=3081 (vw), 1663 (vw), 1593 (s), 1564 (w), 1502 (vs), 1472
(s), 1438 (w), 1384 (vw), 1325 (vs), 1285 (m), 1264 (w), 1246 (w),
1209 (vw), 1187 (vw), 1170 (vw), 1149 (vw), 1110 (m), 1083 (w),
1067 (vw), 1054 (vw), 1040 (w), 1028 (w), 1012 (vw), 930 (vw), 893
(m), 848 (s), 834 (m), 823 (s), 781 (s), 755 (m), 739 (s), 719 (m), 709
(w), 693 (s), 672 (vw), 652 (vw), 639 (vw), 556 (vw), 538 (m), 526 (m),
506 (s), 490 (m), 472 (w), 446 (s), 421 (w), 408 (w), 395 (w). EA [%]
Cy6H15Cl,FeN;0,Pd-"/; CH,C, calc. (found): C 47.40 (47.55), H 2.97
(2.88), N 6.30 (6.22).

General synthesis of the Cu complexes 4A-D: The respective ligand
(0.083 mmol) and CuCl, (0.083 mmol) were dissolved in CH,Cl,
(10 mL) and stirred overnight. The solution turned dark red. After
removing all volatiles, the residue was washed with hexane in dried
under vacuum. Data for compound 4A: Yield: 78.3%. Mp. (sealed
tube under argon): 162 °C (decomposition). IR-ATR (cm™): #=23083
(vw), 2193 (vw), 2175 (vw), 2153 (vw), 2053 (vw), 1993 (vw), 1942
(vw), 1608 (w), 1598 (w), 1567 (vw), 1514 (vw), 1476 (w), 1458 (vw),
1438 (w), 1421 (vw), 1391 (vw), 1321 (vs), 1285 (w), 1249 (w), 1214
(vw), 1169 (m), 1110 (vs), 1091 (m), 1062 (m), 1038 (w), 1013 (w),
930 (vw), 897 (vw), 850 (m), 841 (m), 821 (w), 789 (m), 748 (w), 727
(m), 687 (w), 667 (vw), 643 (w), 596 (w), 555 (vw), 520 (w), 511 (w),
495 (w), 482 (vw), 468 (vw), 440 (w), 421 (w), 414 (w), 386 (w). EA
[%] Cs4H35CliFsCuUsFe;N,- "/, CHy, cale. (found): C 51.14 (51.06), H
3.07 (3.06), N 4.38 (3.67). Data for compound 4B: Yield: 86.5%. Mp
(sealed tube under argon): 190°C (decomposition). IR-ATR (cm™):
»=3085 (vw), 3038 (vw), 2223 (vw), 2192 (vw), 2028 (vw), 1601
(vw), 1582 (vw), 1570 (vw), 1500 (vw), 1479 (vw), 1439 (vw), 1387
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(w), 1360 (m), 1334 (vw), 1314 (vw), 1279 (vs), 1253 (vw), 1179 (m),
1120 (vs), 1105 (w), 1091 (w), 1071 (vw), 1060 (vw), 1049 (vw), 1025
(w), 1000 (vw), 898 (vw), 882 (w), 845 (vw), 829 (w), 805 (vw), 789
(w), 774 (vw), 750 (w), 728 (w), 698 (m), 683 (m), 642 (vw), 618 (vw),
593 (vw), 569 (vw), 524 (vw), 511 (m), 495 (w), 477 (w), 457 (vw),
421 (w), 415 (w), 403 (w), 382 (vw). EA [%] CseH36Cl4F,,Cu,Fe,N, calc.
(found): C 48.97 (48.68), H 2.64 (2.73), N 4.08 (4.10). 4C: Yield: 74 %.
Mp (sealed tube under argon): 180°C (decomposition). IR-ATR
(cm™): »=3081 (vw), 2226 (vw), 2206 (vw), 2190 (vw), 2164 (vw),
2153 (vw), 2141 (vw), 2058 (vw), 2039 (vw), 2027 (vw), 2019 (vw),
2008 (vw), 1992 (vw), 1972 (vw), 1860 (vw), 1595 (s), 1567 (vw),
1510 (vs), 1477 (m), 1440 (w), 1409 (vw), 1385 (vw), 1332 (vs), 1287
(w), 1248 (vw), 1211 (vw), 1170 (w), 1148 (vw), 1111 (w), 1084 (vw),
1064 (vw), 1049 (w), 1037 (w), 1022 (vw), 961 (vw), 929 (vw), 894
(w), 869 (vw), 849 (m), 821 (w), 791 (m), 749 (m), 727 (m), 693 (w),
668 (w), 642 (vw), 617 (vw), 586 (vw), 556 (vw), 526 (m), 508 (m),
488 (m), 468 (w), 451 (m), 438 (w), 419 (m), 407 (m), 396 (w). EA [%]
Cs,H34ClL,CuFe,NO, calc. (found): C 52.42 (52.24), H 3.21 (3.44), N
6.52 (7.05). 4D: Yield: 76.5%. Mp (sealed tube under argon): 180°C
(decomposition). IR-ATR (cm™"): ¥=3103 (vw), 3084 (vw), 3053 (vw),
3037 (vw), 2219 (vw), 2196 (vw), 2060 (vw), 1602 (m), 1582 (vw),
1570 (w), 1507 (vw), 1479 (m), 1438 (m), 1409 (vw), 1401 (vw), 1376
(vw), 1334 (vw), 1312 (w), 1285 (w), 1252 (w), 1203 (vw), 1168 (m),
1137 (w), 1105 (w), 1093 (w), 1062 (w), 1047 (m), 1036 (w), 1021 (w),
1002 (w), 953 (vw), 895 (w), 873 (m), 847 (m), 825 (m), 801 (m), 788
(s), 749 (vs), 729 (vs), 694 (vw), 669 (vw), 653 (vw), 641 (vw), 592
(vw), 571 (vw), 523 (w), 512 (vs), 489 (vs), 473 (s), 451 (m), 430 (s),
420 (s), 401 (m). EA [%] CyH3,Cl,Cu,Fe,N,-'/5 CHy, cale. (found): C
51.58 (51.90), H 3.78 (3.51), N 5.73 (6.10).

General synthesis of the Ni complexes 5A, 5B and 5D: The
respective  ligand  (0.165 mmol) and [(PPh;),NiMesBr,¢/Cl,,]
(0.165 mmol) were dissolved in CH,Cl, (10 mL) and stirred over-
night. The solution turned red. After removing all volatiles, the
residue was washed with hexane to remove PPh,. Afterwards the
compound was dried under vacuum. 5A: Yield: 85.6%. Mp. (sealed
tube under argon): 185°C (decomposition).'H NMR (CD,Cl,,
300.13 MHz): 6 =SP-4-3: 2.27 (s, Mes-p-CHs, 3H), 3.15 (s, Mes-0-CH,,
6H), 444 (t, *Juyy=19Hz, He, 2H), 449 (t, *Juy=1.9 Hz, H, 2H),
4.74-4.80 (M, Hep 2H), 4.84 (t, *Jyy=1.9 Hz, Hep, 2H), 6.57 (5, Hyes
2H), 7.0-8.0 (several overlaying multiplets, Hy,, +Hpp,, 10H), 9.34 (s,
Hpiys 1H) ppm; SP-4-2: 2.39 (s, Mes-p-CH,, 3H), 3.21 (s, Mes-o-CH,,
6H), 4.19 (t, *Jyy=1.9 Hz, Hepr 2H), 4.20-4.28 (m, Hc,, 2H), 4.26-4.34
(M, Hep 2H), 455 (t, *Jyy=2.0 Hz, He, 2H), 6.73 (5, Hyeq 2H), 7.0-8.0
(several overlaying multiplets, Hy,, + Hpr, 10H), 9.39 (d, “Jy,=5.4 Hz,
Hpipys TH) ppm. The evaluation of the chloride species is not
included. Due to the overlay of several species, the *C NMR spectra
were not evaluated.
282.40 MHz):

F-NMR  (CD,Cl,, d=SP-4-3: —62.66; SP-4-2:
—62.61 ppm. IR-ATR (cm™): 7=3082 (vw), 2913 (vw), 2198 (vw),
2147 (vw), 2044 (vw), 2004 (vw), 1979 (vw), 1614 (w), 1600 (w), 1565
(vw), 1508 (vw), 1476 (w), 1436 (w), 1422 (w), 1407 (w), 1382 (vw),
1325 (vs), 1285 (w), 1247 (vw), 1214 (vw), 1194 (vw), 1155 (m), 1110
(vs), 1090 (m), 1063 (m), 1035 (vw), 1017 (w), 938 (vw), 895 (w), 844
(s), 815 (m), 788 (m), 746 (s), 725 (w), 692 (m), 645 (vw), 633 (vw),
595 (vw), 560 (vw), 533 (vw), 511 (s), 499 (m), 484 (w), 456 (vw), 440
(w), 393 (vw). EA [%] C36H30FeN,NiF;BryCly, calc. (found): C 58.97
(59.83), H 4.12 (3.86), N 3.82 (3.54). 5B: Yield: 94.6%. Mp (sealed
tube under argon): 200°C (decomposition). 'H NMR (CD,Cl,,
300.13 MHz): 6 =SP-4-3: 2.25 (s, Mes-p-CHs, 3H), 3.09 (s, Mes-0-CH,,
6H), 4.45-4.47 (m, Hc,, 2H), 4.48-4.50 (m, Hc, 2H), 4.74-4.77 (m, He,,
2H), 4.78-4.80 (M, Hep, 2H), 6.53-6.55 (M, Hye,, 2H), 7.0-8.1 (several
overlaying multiplets, Hyp, +Hpr, 9H), 948 (dd, *yy=2.1Hz, *Jy =
0.8 Hz, Hy,,, TH) ppm; SP-4-2: 2.37 (s, Mes-p-CH;, 3H), 3.18 (s,Mes-o-
CH;, 6H), 4.16 (dd, *Jyy=2.2, 1.7 Hz, Hepr 2H), 4.23-4.25 (m, Hc,, 2H),
4.28-4.30 (M, Hcp, 2H), 451 (dd, *Jyy=1.8 Hz, He,, 2H), 6.70-6.72 (m,
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Hyess 2H), 7.0-8.1 (several overlaying multiplets, Hy,, + Hpp,, 9H), 9.41
(ddd, Yy =5.5Hz, *Jyy=1.7 Hz, *Jyy=0.8 Hz, Hyyp, 1H) ppm. The
evaluation of the chloride species is not included. Due to the
overlay of several species, the *C NMR spectra were not evaluated.
YF' NMR (CD)Cl, 28240 MHz): O=5SP-4-3: —63.16; SP-4-2:
—63.23 ppm. IR-ATR (cm™): ¥=3054 (vw), 2925 (vw), 2223 (vw),
2065 (vw), 2035 (vw), 2004 (vw), 1947 (vw), 1597 (vw), 1577 (vw),
1563 (vw), 1498 (vw), 1474 (vw), 1435 (w), 1407 (vw), 1384 (w), 1358
(m), 1311 (vw), 1269 (vs), 1196 (m), 1167 (m), 1125 (vs), 1106 (w),
1092 (w), 1050 (vw), 1024 (w), 999 (vw), 887 (w), 848 (w), 826 (w),
790 (vw), 775 (vw), 750 (w), 726 (vw), 696 (s), 682 (m), 652 (vw), 616
(vw), 563 (vw), 520 (s), 512 (s), 498 (m), 459 (vw), 417 (w), 396 (w).
EA [%] CyHyoFeN,NiFBrogClos-'s CeHye calc. (found): C 56.90
(57.06), H 4.30 (4.18), N 3.32 (3.36). 5D: Yield: 85.6%. Mp. (sealed
tube under argon): 185°C (decomposition). 'H NMR (CD,Cl,,
300.13 MHz): d =SP-4-3: 2.27 (s, Mes-p-CHs, 3H), 3.15 (s, Mes-0-CH,,
6H), 444 (t, *hu=1.9Hz, He, 2H), 449 (t, *Juy=1.9 Hz, Hc, 2H),
4.74-4.80 (M, Hey 2H), 4.84 (t, *Jyy=1.9 Hz, Hep, 2H), 6.57 (5, Hyes
2H), 7.0-8.0 (several overlaying multiplets, Hy,, + Hpp,, 10H), 9.34 (s,
Hyipy TH) ppm; SP-4-2: 239 (s, Mes-p-CH;, 3H), 3.21 (s, Mes-0-CH;,
6H), 4.19 (t, *Jyy="1.9 Hz, Hc,, 2H), 4.20-4.28 (M, Hc,, 2H), 4.26-4.34
(M, Hep 2H), 4.55 (t, *Jyy=2.0 Hz, Hep, 2H), 6.73 (5, Hyes 2H), 7.0-8.0
(several overlaying multiplets, Hy, -+ Hpr, 10H), 9.39 (d, *4y=5.4 Hz,
Hpigye TH) ppm. The evaluation of the chloride species is not
included. Due to the overlay of several species, the *C NMR spectra
were not evaluated. "F NMR (CD,Cl, 282.40 MHz): 6 =5P-4-3:
—62.66; SP-4-2: —62.61 ppm. IR-ATR (cm™'): ?=3082 (vw), 2913
(vw), 2198 (vw), 2147 (vw), 2044 (vw), 2004 (vw), 1979 (vw), 1614
(w), 1600 (w), 1565 (vw), 1508 (vw), 1476 (w), 1436 (w), 1422 (w),
1407 (w), 1382 (vw), 1325 (vs), 1285 (w), 1247 (vw), 1214 (vw), 1194
(vw), 1155 (m), 1110 (vs), 1090 (m), 1063 (m), 1035 (vw), 1017 (w),
938 (vw), 895 (w), 844 (s), 815 (m), 788 (m), 746 (s), 725 (w), 692 (m),
645 (vw), 633 (vw), 595 (vw), 560 (vw), 533 (vw), 511 (s), 499 (m),
484 (w), 456 (vw), 440 (w), 393 (vw). EA [%] CsH;oFeN,NiF;Br,¢Cly -
calc. (found): C 58.97 (59.83), H 4.12 (3.86), N 3.82 (3.54).

General synthesis of the methoxides 6A, 6B and 6D: The Ni
compound (5A, 5B, 5C) (83.6 mmol) and sodium methoxides
(278 mmol) were dissolved in methanol and stirred overnight. After
2h the solution turns dark red. Afterwards the volatiles are
removed under reduced pressure. The residue is dissolved in
dichloromethane filtrated with the help of a syringe filter. After
removing all volatiles, the products are obtained as dark red
powders. 6A: Yield: 61%. '"H NMR (CD,Cl,, 300.13 MHz):  =SP-4-3:
2.28 (s, Mes-p-CH,, 3H), 2.60 (s, OCH,, 3H), 3.17 (s, Mes-0-CH;, 6H),
4.17-4.18 (m, Hc,, 4H), 4.42-4.43 (m, Hc,, 2H), 4.44-4.46 (m, Hc,, 2H),
6.64 (s, Hyes 2H), 6.9-8.1 (several overlaying multiplets, Hy,, 4 Hpp
10H), 8.93 (dd, “uy=2.0, 1.0 Hz, Hyy,y, TH) ppm; SP-4-2: 2.39 (s, Mes-
p-CHs, 3H), 2.68 (s, OCHs, 3H), 3.27 (s, Mes-0-CH,, 6H), 4.22 (dd,
*Juu=1.7 Hz, He,, 2H), 426 (dd, *Jyy=2.1 Hz, 1.7 Hz, Hc,, 2H), 4.52-
4.55 (M, Hep 2H), 479 (q, Jyu=2.0 Hz, He, 2H), 6.80 (s, Hyey 2H),
6.9-8.1 (several overlaying multiplets, Hy,, +Hp,, 10H), 8.98 (dd,
“Jun=54 Hz, *Jyy=1.7 Hz, 0.8 Hz, Hyy,, TH) ppm. 6B: Yield: 53.6%.'H
NMR (C,D,, 300.13 MHz): & = SP-4-3: 2.46 (s, Mes-p-CH,, 3H), 3.40 (s,
OCHs, 3H), 3.60 (s,Mes-0-CH,, 6H), 3.93-4.02 (m, H,, 4H), 4.15-4.18
(m, He, 2H), 4.33-437 (m, Hg, 2H), 6.5-8.1 (several overlaying
multiplets, Hyo, +Hen + Hyesr 11H), 9.49-9.60 (m, Hy,,,, 1H) ppm; SP-
4-2: 2.50 (s, Mes-p-CH,, 3H), 3.54 (s, OCH,, 3H), 3.60 (s, Mes-0-CH,,
6H), 3.75-3.77 (m, Hc,, 2H), 3.90-3.91 (m, Hc,,, 2H), 3.92-3.94 (m, Hc,,
2H), 4.01-4.09 (m, Hc, 2H), 5.92 (ddd, *Juy=6.9 Hz, “};y=5.8 Hz,
*Juu=2.0 Hz, Hyp,, 2H), 7.0-8.1 (several overlaying multiplets, Hy,, +
Hpn -+ Hyess 10H), 9.49-9.60 (M, Hypy, TH) ppm. 6D: Yield: 59%. 'H
NMR (CD,Cl,, 300.13 MHz): 6 =SP-4-3: 2.26 (s, Mes-p-CH,, 3H), 2.54
(s, OCH;, 3H), 3.13 (s,Mes-0-CH;, 6H), 4.14 (s, Hc,, 5H), 4.48 - 451 (m,
Hep 2H), 4.84-4.87 (M, Hey, 2H), 6.63 (5, Hyew 2H), 7.3-8.1 (several
overlaying multiplets, Hyy, 6H), 9.02 (dd, Yy =2.3 Hz, *Jyy=2.3 Hz,
Hyipy TH) ppm; SP-4-2: 2.37 (s, Mes-p-CH;, 3H), 2.62 (s, OCH,, 3H),
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3.20 (s,Mes-0-CH;, 6H), 3.92 (s, Hc, 5H), 4.26 (dd, *Juu=2.1Hz,
1.7 Hz, He,, 2H), 4.33 (44, *Jyy=2.1 Hz, 1.7 Hz, Hep 2H), 6.76 (S, Hypes
2H), 7.3-8.1 (several overlaying multiplets, Hy,, 6H), 8.98 (ddd,
*Juw=5.4 Hz, *Juy=1.7 Hz, 0.8 Hz, Hy,,, TH) ppm

Crystal structure determinations

Crystal data collection and processing parameters are given below.
In order to avoid degradation, single crystals were mounted in
perfluoropolyalkyl ether oil on top of the edge of an open Mark
tube and then brought into the cold nitrogen stream of a low-
temperature device (Oxford Cryosystems Cryostream unit) so that
the oil solidified. Diffraction data were measured on a Stoe IPDS I
diffractometer using graphite-monochromated Mo-Ka (0.71073 A)
radiation, and corrected for absorption. The structures were solved
by dual-space direct methods with SHELXT,”” followed by full-
matrix least-squares refinement using SHELXL-2018.%2 All non-
hydrogen atoms were refined anisotropically, with hydrogen atoms
placed in calculated positions using a riding model. In 1, the
expected disorder of the non-planar Bpin moiety was modelled
with pairs of partial occupancy (54% and 46 %) anisotropic oxygen
and methyl carbon atoms, with similarity restraints applied to bond
lengths as appropriate. In 2C, two para-substituted aromatic rings
showed correlated disorder involving rotation about their 1-4 axes,
and were refined with pairs of partial occupancy (51.6% and
48.4%) anisotropic atoms without restraints, and common temper-
ature factors assigned to the almost overlapping pairs of pivot
atoms. The —CF; groups in 3A, 4A and 5A are disordered, and were
refined with pairs of partial occupancy anisotropic C and F atoms,
with similarity restraints applied to bond lengths and rigid-bond
restraints applied to the thermal parameters of these C and F
atoms.

Although the bulk product of 5A was shown by NMR to be a
mixture of the bromide and chlorido complexes, corresponding to
the Br/Cl mixture in the starting material, there was no evidence for
any minor chlorido species in the crystal structure. The thermal
parameters and form of the thermal ellipsoid for Br(1) are
consistent with “pure” Br at this site.

Crystallographic data, data collection, and refinement details are
summarized below.

1: Cy¢H,,BFeN,0,, 466.15 gmol™', monoclinic, P2,/n, a=1405.06(4),
b=1066.77(3), c=1637.85(5) pm, p=112.277(2)°, V=2271.70(12)
10°pm?,  T=200K, Z=4, wMo-Ka)=0690mm~', D=
1.363 gcm3; crystal dimensions 0.25x0.20x0.15 mm?, 30167 re-
flections, 5865 unique data, R;,,=0.0350; 352 parameters, 40 re-
straints, wR, (all data)=0.0926, S=1.036 (all data), R, =0.0328 (4669
data with />20(l)), max/min residual electron density: +0.32/
—0.37e 10 pm™2.

2A: C,;H,sF;FeN,, 484.29 gmol™', monoclinic, P2,/n, a=1581.9(2),
b=771.23(7), c=1656.5(2) pm, p=96.949(10)°, V=2006.2(4)
10°pm®, T=100K, Z=4, u(Mo-Ka)=0.799 mm',
1.603 gcm3; crystal dimensions 0.15x0.15x0.01 mm? 10126 re-
flections, 3646 unique data, R;,,=0.0570; 298 parameters, O re-
straints, wR, (all data)=0.2102, S=1.080 (all data), R,=0.0729 (2520
data with />20(l)), max/min residual electron density: +0.75/
—0.55e 10 pm~2.

Deyiea. =

2C: CyeHigFeN;0,-CH,Cl,, 546.22 gmol ™, triclinic, P1, a=757.36(4),
b=1041.83(5), c=1614.63(7) pm, a.=102.801(3), =102.818(3), y=
102.810(3), V=1161.19(10) 10°pm?, T=200K, Z=2, wMo-Ka)=
0.912mm™", D =1.562gcm™3 crystal dimensions 0.3x0.2x
0.05 mm?, 15536 reflections, 6243 unique data, R,,,=0.0338; 354 pa-
rameters, O restraints, wR,=0.1334 (all data), S=1.037 (all data),
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R;=0.0466 (5336 data with />20(l)), max/min residual electron
density: +0.70/—0.59 e 10°° pm .

3A: C,,H,4Cl,FsFeN,Pd-CH,Cl,, 746.52 gmol~', monoclinic, C2/c, a=
2840.91(18), b=2007.51(12), c=2319.20(13) pm, 3 =123.943(4), V=
10972.8(12) 10°pm?, T=200K, Z=16, u(Mo-Ka)=1.617 mm',
D.q=1.808gcm™3;,  crystal dimensions  0.3x0.1x0.1 mm?
24586 reflections, 10015 unique data, R,,,=0.0444; 759 parameters,
108 restraints, wR,=0.0972, $=0.985 (all data), R,=0.0383 (6553
data with />20(l)), max/min residual electron density: +0.37/
—0.50e 107 pm™.

4A: CyyH;5ClLCu F¢Fe,N,-3(C,H,), 1513.86 gmol ™, triclinic, P1, a=
888.52(6), b=1284.61(9), c=1513.09(10) pm, a=74.907(5), =
75.032(5), y=78.908(5), V=1596.3(2) 10°pm’, T=200K, Z=1,
WMo-Ka) =1.337 mm™", Dueq=1.575gcm ™ crystal dimensions
0.5%x0.1x0.05 mm?®, 17431 reflections, 8565 unique data, R,,=
0.0393; 460 parameters, 133 restraints, wR,=0.1024, $=0.996 (all
data), R,;=0.0364 (6327 data with />20(l)), max/min residual
electron density: +0.47/—0.64 e 107 pm~3,

5A: Cy4H;0BrFsFeN,Ni, 742.09 gmol ', triclinic, P1, a=769.93(4), b=
1027.90(6), ¢=2025.45(11) pm, a.=100.140(4), $=95.279(4), Y=
107.753(4), V=1484.53(15) 10°pm’, T=200K, Z=2, u(Mo-Ka)=
2517 mm™", D_.q=1660gcm™3 crystal dimensions 0.3x0.2x
0.02 mm?, 12842 reflections, 6246 unique data, R,,,=0.0570; 431 pa-
rameters, 85 restraints, wR,=0.2239, S=1.064 (all data), R, =0.0705
(4909 data with /> 20(1)), max/min residual electron density: + 1.06/
—1.38e 10 pm™.

Quantum chemical calculations

All density functional theory (DFT) calculations were performed
with the program package TURBOMOLE applying different types of
density functionals.”® The vertical IPs were approximated on three
different levels: (a) by Kohn-Sham orbital energies, (b) by ADFT, i.e.
the difference of the DFT energies of the neutral ground state and
ground state of the cation (structure of the neutral molecule), and
(c) quasi-particle energies from eigenvalue only quasi-particle self-
consistent GW (evGW) calculations.”” The adiabatic ionization
potential was obtained as in (b) but taking the energy of the
optimized structure for the cation. With (b) only the first IP can be
obtained while (a) and (c) allow to distinguish between ionization
at Ni and Fe by a Mulliken population analysis of the ionized orbital.
Reaction paths were obtained from calculations on model com-
plexes where the Fe in the ferrocenyl unit was inactivated in a fixed
oxidation state Fe(ll) and Fe(lll), respectively, by substituting it with
a large core pseudopotential with the correct charge state (Fig-
ure 10). Transition states were preoptimized by a reaction path
search from Plessow® and then determined by trust region image
optimizations.?? Within the here used model, the Fe(ll) centre
inside the ferrocenyl unit was replaced with the effective core

Modelied Ferroceny! unit
(def2-SV(P) basis used)

all ather atoms: def2 SVP

def-TZVP

Fe-position modelied
Fell: Zn ecp-28-mwh
Foll): Ga ecp-28-sdf

Figure 10. Overview about the employed catalyst model for 5D. For further
details, see the Supporting Information.
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potential ecp-28-mwb for Zn”?” and for modelling a Fe(lll) centre
with the effective core potential ecp-28-sdf for Ga®® - both without
basis sets and auxiliary basis sets to mimic the ionic character. A
def2-TZVP basis set was used for the Ni atom, a def2-SV(P) basis
was used for the rest of the ferrocenyl unit. A def2-SVP basis set
was employed for all other atoms.*>* Dispersion corrections to
DFT energies were taken into account using Grimme’s D3 empirical
method with Becke-Johnson damping (D3BJ).2" The structures for
the calculation of the IPs were searched and calculated with the
B3LYP functional.?? The energetic reaction pathways were explored
with the BP86 functional.®® All calculations were carried out in the
gas phase.

Deposition Numbers 2114838 (1), 2114839 (2A), 2114840 (2C),
2114841 (3A), 2114842 (4A), 2114843 (5A) contain the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data Centre
and Fachinformationszentrum Karlsruhe Access Structures service
www.ccdc.cam.ac.uk/structures.
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FcBipy: Novel redox-active bipyridine
ligands based on 1,1" difunctional-
ized ferrocenyl backbone, in conjunc-
tion with their metal complexes, are
reported. The influence of the imple-
mented functional groups on both
the iron-centred redox potential and
the N,N'-coordinated nickel
complexes were confirmed for the
reductive elimination reaction of an
aryl ether induced by oxidation of
the corresponding methoxides.
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