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Our greatest glory is not in never falling, but in rising every time we fall.

Lernen und es von Zeit zu Zeit wiederholen, ist das nicht auch eine Freude?

Confucius (551479 BC)






The Rainbow-Arrayed Moz-Based Chemistry.
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Deutsche Zusammenfassung

Eine neue Familie mehrfach redoxaktiv Mo2-Verbindungen mit verschiedenen Liganden wurde
ausgehend von der reaktiven Ausgangsverbindung [Mo2(NCCHz)10][BF4]4 (1) hergestellt. Der
Schwerpunkt dieser Arbeit liegt auf den Synthesen, Strukturvariationen und elektronischen
Eigenschaften, welche Einblicke in die potentielle Verwirklichung von funktionellen
molekularen Materialien geben k&nnten.

Aus der Reaktion von 1 mit Fc-COOH (Ferrocenmonocarbonsé&ure) ging eine cis-substituierte
Verbindung cis-[M02(02C-Fc)2(NCCHs)s][BF4]2 (cis-2) hervor, welche im Weiteren zu den
trans-substituierten Komplexen trans-[Mo2(O2.C-Fc)2(DPPX):][BF4]. (6a-6¢c) umgesetzt
wurde (DPPX = N,N-Bis(diphenylphosphino)amin (DPPA; 6a), 1,1-
Bis(diphenylphosphino)methan (DPPM; 6b) und 1,2-Bis(diphenylphosphino)ethan (DPPE;
6¢)). Dieses Substitutionsmuster kann sehr wahrscheinlich durch die sterisch anspruchsvollen
Diphosphin-Liganden, welche eine dauerhafte trans-Anordnung erzwingen, erkl&t und mit
Hilfe von Ra&ntgeneinkristallstrukturanalyse und Dichtefunktionaltheorieberechnungen
bewiesen werden. Bei der Umsetzung der Liganden N, N'-Diphenylformamidinat (DPhF), N,N'"-
Di(p-anisyl)formamidinat (DTfmpF) und N,N’-Di(p-trifluoromethylphenyl)formamidinat
(DAnNiF) mit cis-2 wurden unter verschiedenen Synthesebedingungen jeweils die
Verbindungen cis-[Mo2(O2C-Fc)2(DPhF)2] (cis-7d), cis-[Mo2(02C-Fc)2(DTfmpF),] (cis-7e),
trans-[Mo2(O2C-Fc)2(DAnNIF),]  (trans-7f),  [Mo2(DTfmpF)3(0.C-Fc)]  (8e),  und
[Mo2(DANIF)(02C-Fc)z] (9f) isoliert. Neben den oben erw&nten Mo.-Verbindungen wurde
durch die Reaktion von cis-2 und HOOC-Fc-COOH (Ferrocendicarbons&ure) das
vierecksf&mige Makromolekd [(CH3CN)sMo2(0.C-Fc-CO2)]4[BF:]s (3), welches durch
axiale Verkn{pfung mit BF4-Anionen eine aromatische molekulare R&hre bildet, hergestellt.
Elektrochemische Eigenschaften der Komplexe cis-2 und 6-8 wurden bezi(glich Ligand,
Elektrolyt und Ld&ungsmittel systematisch untersucht. Bei der Betrachtung der
Oxidationspotentiale Ei([Mo2]*/[Mo]** aller gemessenen Moz-Komplexe konnte eine

Abnahme der Ligandbasizita in der Reihenfolge DAniF~ > DTfmpF~ > Fc—CO> > DPPX >
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CH3CN festgestellt werden. Bezi(glich des Oxidationspotentials von Fc—CO,~ falt auf, dass
E12(Fc/Fc*) unabhangig von anderen Liganden in den Verbindungen gr&f3enteils unveré&ndert
bleibt, was darauf hinweist, dass die verschiedenen Liganden haupts&hlich die direkt
gebundenen Mo2-Einheiten beeinflussen.

Bemerkenswerterweise wurde in allen trans-substituierten Moz-Komplexen eine elektronische
Kopplung beobachtet, wohingegen diese Kopplung nicht in allen cis-substituierten Komplexen
eindeutig beobachtbar ist. Dies kéinte zu der Annahme fthren, dass die trans-Anordnung von
Fc-Einheiten elektronische Kopplung bevorzugt. Daher kann die Herstellung von redoxaktiven
Komplexen, vor allem von diesen, die fiir ,,molecular wires* verwendet werden sollen, von

diesen trans-konfigurierten Verbindungen ausgehen.
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English Abstract

A new family of multi redox-active mixed-ligand Mo compounds has been sequentially
synthesized by reactions starting from the reactive precursor [Mo2(NCCH3)10][BF4]4 (1). The
major focus of this thesis is placed on the syntheses, structure variations, and electrochemical
properties that might give some insights into the realization of functional molecular materials.
The reaction of 1 with ferrocenemonocarboxylic acid resulted in a cis-positioned compound
cis-[Mo2(02C-Fc)2(NCCHa)s][BF4]2 (cis-2), which was further reacted and exclusively
isolated as trans-positioned series trans-[Mo2(O2C-Fc)2(DPPX)2][BF4]2 (6a-6¢) (DPPX = N,N-
bis(diphenylphosphino)amine (DPPA; 6a), 1,1-bis(diphenylphosphino)methane (DPPM; 6b),
and 1,2-bis(diphenylphosphino)ethane (DPPE; 6c¢), respectively). This exclusive trans-
rearrangement is most likely due to the bulky diphosphine ligands DPPX, as evidenced by X-
ray crystallography and density functional theory calculations. When ligands of N,N-
diphenylformamidinate (DPhF), N,N'-di(p-trifluoromethylphenyl)formamidinate (DTfmpF),
and N,N'-di(p-anisyl)formamidinate (DAniF) were reacted with cis-2, cis-[Mo02(O.C-
Fc)2(DPhF)2] (cis-6d), cis-[M02(02C-Fc)2(DTfmpF).] (cis-6¢), trans-[Mo2(02C-Fc)2(DANIF),]
(trans-6f), [Mo2(O2C-Fc)(DTfmpF)s] (7€), and [Mo2(02C-Fc)s(DAnNIF)] (8f) were respectively
isolated under different synthetic conditions. Besides the above mentioned complexes, a
square-shaped tetramer [(CH3CN)sMo2(O2C-Fc-CO2)]4[BF4]s (3) that forms an aromatic tube
when axially linked by BF4 anions was produced by reacting cis-2 and ferrocenedicarboxylic
acid.

Electrochemical properties of complexes cis-2 and 6-8 were systematically studied with respect
to ligand, electrolyte, and solvent. Given their oxidation potential E12([Mo2]**/[Mo2]**) values,
a ligand basicity decreasing in the order DAniF~ > DTfmpF > Fc-CO2 > DPPX > CH3;CN
was observed. With regard to the oxidation potential of Fc-CO-, it is apparent that E1/2(Fc/Fc*)
remains largely unchanged regardless of the other ligands in the compounds, indicating that
the mixed-ligand mainly influences the directly bonded Mo, moiety. Noteworthy, electronic

coupling was observed in all trans-directed Mo, complexes, however, it was not clearly
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observable in cis-positioned species. This leads to the assumption that the trans-arrangement
of Fc units favors electronic coupling. Therefore, further synthetic design of redox-active
complexes can be based on this trans-arranged compounds, especially for those which are

intended for molecular wires.
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List of Abbreviations

ap~ 2-anilinopyridinate

BF4~ tetrafluoroborate

CHsCN acetonitrile

Cv cyclic voltammetry

DAnNiF N,N’-di(p-anisyl)formamidinate
DArF N,N’-diarylformamidinate

DFT density functional theory

DmAmiF- N,N’-di(3-methoxyphenyl)formamidinate
DMBA- N,N’-dimethylbenzamidinate
DPhF- N,N’-diphenylformamidinate

DPPA N,N-bis(diphenylphosphino)amine
DPPM 1,1-bis(diphenylphosphino)methane
DPPE 1,2-bis(diphenylphosphino)ethane
DPPX bulky diphosphine ligands

DPV differential pulse voltammetry
DTfmpF- N,N’-di(p-trifluoromethylphenyl)formamidinate
EPR electronic paramagnetic resonance
Fc ferrocene

Fc-CO2~ ferrocenemonocarboxylate
Fc-COOH ferrocenemonocarboxylic acid
Fc-(COOH): ferrocenedicarboxylic acid

HOMO highest occupied molecular orbital
IR infrared spectroscopy

IVCT intervalence charge transfer

Kc comproportionation constant
LUMO lowest unoccupied molecular orbital
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MCM
Me
MLCT
Mo2
MOFs
NMR
OPE
PCT
PW

r.t.

Rh;
ROMP
Ruz
SAM
SBU
SQUID
ST™M
TCNE
TG-MS
TTF

UV-vis

dimetal

mobile crystalline material
methyl

metal-to-ligand charge transfer
dimolybdenum
metal-organic frameworks
nuclear magnetic resonance
oligophenylene ethynylene
photochemo therapy
paddle-wheel

room temperature

dirhodium

ring-opening metathesis polymerization

diruthenium
self-assembled monolayer

secondary building unit

superconducting quantum interference device

scanning tunneling microscopy

tetracyanoethene

thermogravimetry mass spectrometry

tetrathiofulvalene

ultraviolet-visible
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1 Introduction

1.1 From Dinuclear Molecules to Functional Molecular Materials: A Teaser

Paddle-wheel (PW) compounds containing two transition metal centers, each with an
octahedral configuration, have been largely investigated during the last half century.! These
multiply bonded dinuclear compounds adopt four equatorial bridging ligands in most cases,
forming the Chinese-lantern-like structures. These transition metals usually can be found in the
groups of 4, 5, and 6 in the periodic table (Figure 1.1), with the compound type incorporating
[M2]™ units commonly found when n equals 4, 5, and 6. This means that the oxidation state of
each metal center is between 2 and 3. Each metal adopts several d electrons so that the overall
electrons can fill in the open-shell molecular orbitals (o, =, 5, 8*, n*, and o*), resulting in

variable metal-metal bond orders and electron configurations of the [M2]"" unit.

24 25 26 27 28
Cr Mn Fe Co Ni
42 43 44 45 46
Mo Tc Ru Rh Pd
74 75 76 77 78
W Re Os Ir Pt

Figure 1.1: The most common transition metals for dinuclear compounds. The elements in bold will be
interpreted in detail over the whole thesis.

After the first quadruply bonded dimetal complex [Re2Cls]* was discovered half a century
ago,? the prosperous field of dinuclear paddle-wheel complexes possessing a quadruple bond
(electron configuration of 6?n*3%; e.g. Cr, Mo, and W) emerged.! Particularly for the [Mo2]**
system, the electron configuration of o?n*3? results in the easy oxidation of the metal centers

to [Mo2]**, whereas a reduction to [Mo2]** is difficult. The more electronic donating the ligands



are, the more easily the [Mo2]** can be oxidized. More electrochemical properties will be
further discussed in section 1.4.

With regard to diruthenium compounds ([Ruz2]™; pioneering dimetallic unit incorporated into
organometallic molecular wires®), the moiety valence is not invariable, usually with n = 4, 5,
and 6, respectively. For [Ruz]®* moieties, there are generally four possible electron
configurations: o?n*3%n*?, 6?n*6%n*16*1, 62n*5%6*2, and n*3%n**, depending on the order of the
n* and 6* molecular orbital levels and their energy separation. This usually can be analyzed
via magnetic moments and Ru—Ru bond lengths. For instances, complexes of [Ruz]®* cores are
usually diamagnetic (as it is shown by their normal *H NMR spectra)*® and have a relatively
long Ru—Ru bond length, a single bond with the electron configuration of n*8%n** can be
proposed. Compounds containing [Mo2]*" and [Ruz]™ cores will be further discussed as part
of section 1.4, since they are deemed as molecular wire candidates due to their versatile redox
properties.

As a very copious synthetic chemistry, dimetal entities can be coordinated either equatorially
or axially, resulting in thousands of novel dimetal compounds.! Although the synthetic
chemistry of dimetal compounds has developed for decades, the applied chemistry in this area
appears to be not largely advanced. Therefore, the focus is directed towards functional
molecular materials in recent years.5

To the best of my knowledge, these molecular materials in the area of dimetal compounds can
be approximately divided into several categories: 1) molecular wires;>"% 2) molecular
magnets;2’2° 3) application in biochemistry;® and 4) application in catalysis,*'33 among which
the synthesis of molecular wires is the aim of my doctoral project, which will be further
introduced in detail in section 1.4. With regard to molecular magnets, magnetism measurement
(SQUID) is largely applied, and electron paramagnetic resonance (EPR) measurement is
utilized to further explore their electronic structures.* 8 For both molecular wires and magnets,
electronic structures are largely correlated with their intermolecular electronic interactions, and
control of the intermolecular interactions permits modification of the bulk properties of these

materials. Therefore, better understanding of electron configuration, for instance, the above



mentioned discussion concerning both [Moz]** and [Ruz]™ cores, becomes necessary.
Regarding the application in both biochemistry and catalysis, only limited discoveries have

been reported in the literature.*®33 Hence, it might be a promising area to step forward.*

1.2 From Dinuclear Molecules to Supramolecular Structures

1.2.1 Metal-Organic Frameworks (MOFs)

During the last few decades, an enormous variety of macromolecular compounds containing
dimetal paddle-wheel units that possess both equatorial and axial coordination sites have been
reported.23%49 The focus of this research was laid on the controllable synthesis of 1D polymers,
which of course is the basis toward more complicated 2D polymers and 3D MOFs. MOFs are
inorganic-organic hybrid complexes, encompassing metallic centers as nodes and organic or
organometallic bridges as linkers. Among the published results, a plethora of transition metals
(shown in Figure 1.1) have been applied in MOFs for multiple applications so far,**%9-57 while
the key metal relative to the MOFs in this thesis will be focused on Mo and will only be
introduced from the synthetic and structural point of views.>%3

On the synthetic basis, it can be discriminated between two moieties: the Mo, nodes that are
named as the inorganic “secondary building unit (SBU)” and the linker. The most basic Mo>
node unit resembles the yellow air-stable compound [Mo2(02CMe)4] (shown in Figure 1.2; R
= Me) that is readily available from the synthesis of [Mo(CO)s] and acetic acid/acetic
anhydride.%® The construction of MOFs will be based on this Moz node that has four
perpendicular neighboring bridging ligands. Generally, the SBUs applied for MOFs are
obtained by reacting [Mo02(O.CMe).] with variable dicarboxylate ligands, resulting in different

building blocks. Therefore, the design of linkers is of great significance.



Figure 1.2: The basic PW-structure of Mo, node unit for MOFs.

Design of linkers in this area mainly focuses on the bridging dicarboxylate that can be
interpreted from two directions: the bridging angle determined by position of the functional
groups and the bridging size, which has been deeply discussed in Prof. Zhou’s research.®
Figure 1.3 exhibits the MOF assemblies from its basic SBU.>®* This MOF shows an
anticuboctahedral cluster with a composition of Mo24(BDC)s (BDC = 1,3-
benzenedicarboxylate). Each cluster contains 12 Mo units, forming a paddle-wheel building
block that is combined with the 120° ditopic ligand BDC. A similar MOF is as well obtained
when the ditopic linker was exchanged by 4-tert-butyl-1,3-benzenedicarboxylate (BBDC).
However, the resulting MOF cluster [Mo24(BBDC)24](py)12 is cuboctahedral. Both compounds
Mo24(BDC)24 and [Mo24(BBDC)24](py)12 Were reported to be synthesized using solvothermal
methods based on the above mentioned yellow node [Mo2(02CMe)a], since the ligand acetate

can be easily exchanged.

SBU Triangle MOFs

Figure 1.3: The formation of MOF clusters derived from a Moz-based SBU. Excerpt from reference 53.

Systematic studies of 12 dicarboxylate linkers were conducted in Prof. Zhou’s group in order



to enrich this research area besides the topic of Mo, nodes.® These 12 bridging dicarboxylate
ligands were designed to have different sizes with bridging angles of 0, 60, 90, and 120°,
respectively. Representative examples are shown in Figure 1.4. Consequently, 13 molecular
architectures of a linear-shape, triangle, octahedron, and cuboctahedron/anticuboctahedron

were displaced therein.>

< O
| g% | o
Co o 070" © o
H

o 0 0" 0

W,
O . / \
J° W
@0 5 0
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o ()
~60° | ¢
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Figure 1.4: Examples of bridging linkers with angles of 0, 60, 90, and 120°, respectively.50

1.2.2 Mo2-Based Macromolecules

Besides the above mentioned MOFs formed via Moz nodes and dicarboxylate linkers, the major
Mo.-based published results found so far are focused on the synthesis of macromolecules. Prof.
Cotton and his co-workers have devoted several decades to synthesize macromolecules
containing Moz** skeleton, which are equatorially coordinated by a couple of bidentate

bridging ligands, either charged or neutral (Figure 1.5).
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Figure 1.5: Mo-based structural entities equatorially coordinated by bidentate ligands.

Such Moz skeletons can form variable types of structural motifs via linkage of dicarboxylate
ligands with their respective starting materials, shown in Figure 1.6. Generally, strongly
coordinated bridging ligands, such as N,N’-diformamidinate (DArF"), have been largely
applied in the synthesis of structural motifs, in order to avoid unwanted side reactions. Two
frequently  applied  Mo2  compounds,  cis-[Mo2(DArF)2(NCCHzs)4][BF4]2  and
[Mo2(DArF)3(NCCHz3).][BF4], have been frequently used for synthesizing macromolecules,
illustrated in Figure 1.6. The tris-coordinated compound [Mo2(DArF)3(NCCHz3).][BF4] can be
applied to synthesize dimers of dimers,>® while the cis-coordinated compound cis-
[Mo2(DAIF)2(NCCHs)4][BF4]. can be used for the synthesis of molecular loops,®

triangles,%2%% and squares (Figure 1.6).5465
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Figure 1.6: a) Synthetic precursors cis-[Moz(DArF)2(NCCHs)4][BF4]2 and [Mo2(DArF)3s(NCCHs),][BF4]; b)
building blocks derived from reactions with respective precursors.

However, the side protectors (DArF), on the other side, appear to block the molecule extension
into a three dimensional framework, which can be easily distinguished between both triangle
structures shown in Figures 1.3 and 1.6b, respectively, where structures in the latter figure are
blocked by DArF~ protectors. Therefore, only low-dimensional structures, such as 1D linear or
tubular polymers can be obtained via axial linkage (Figures 1.7a and 1.7b),21:22:242564-68

There is one example in the literature reporting the synthesis of an equatorially connected linear
oligomer by reacting a trans-coordinated precursor trans-[Moz(DArF)2(OCMe).;] and a
dicarboxylic acid, although with limited success (Figure 1.7c).?® This synthetic strategy
provides more insights into the synthesis of linear oligomers, including not only the axially
connected polymers that are usually of weak linkage, but also the stronger bonded equatorially

bridged structures.
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Figure 1.7: Assembly of a) linear oligomer formed by axial linkage; b) 1D tubular polymer formed by axial
connection; and c) linear oligomer formed by equatorial linkage.

One designed large tetrahedral molecule containing six Moz units (Scheme 1.1) has been so far
found in the literature by reacting cis-[Mo2(DArF)2(NCCHz)4][BF4]2and a tritopic linker 1,3,5-
tricarboxylatobenzene.®® Although this structure is larger than the above mentioned structural
motifs (dimer of dimers, molecular loops, triangles, and squares), especially due to its cage-
like shape that might be able to capture small molecules, though the dimension of the molecule
is still limited because of the attendant ligands (the attendant ligands are not shown in the

tetrahedral cage in Scheme 1.1 for clarity).

Bk
N
N |
GN--/Mlo— =
—MOTN}
y N
|‘| I 2@F,)
_—
+
0. o°
©0 o)
o) 0o

Scheme 1.1: Assembly of a tetrahedral cage (excerpted from reference 69).



In order to enrich the dimension of Mo-based structures, a more reactive precursor is another
metal-metal dimer first reported by Cotton et al., namely [Mo2(NCCHs)1][BF4]4.”® This
complex has all equally substituted coordination sites free to be exchanged due to the weakly
bound acetonitrile ligands, similar to [M02(02CMe)a]. Nevertheless, it is more reactive than
the latter. Few reactions have been carried out with this compound in the years after its first
publishing, since it was considered as very sensitive and difficult to control.”*® Some
unexpected results that the [Mo2]*" moiety was coordinated by crosswise-bridging acetonitrile
molecules support this view.”*™ In recent years, it turned out that [Mo2(NCCH3)10][BF4]s can
be used both as synthetic precursor for macromolecules®™’®"7 and for less reactive building
entities.’” In contrast to the protected building blocks synthesized in Cotton’s group, however,
[Mo2(NCCHa)10][BF4]4 not only allows to reach structurally very similar (but more reactive)
products, but - in principle - should enable further modification of these motifs with the
eventual goal of novel MOFs.

The synthetic work of this thesis will be based on this reactive precursor
[Mo2(NCCHa)10][BF4]a, resulting in a series of multi-metallic redox-active molecules that

include both Fc and Mog units.

1.3 New Trend of Dinuclear Complexes: Electronic Structure and

Application Exploration

1.3.1 Electronic Structure Investigation

Around one decade ago, Prof. Chisholm and his co-workers started to study the electronic
structures of linked dimetal complexes,®%27883 which was based on the synthetic work of
supramolecular structures performed around two decades ago.2*8® Since the electronic
structures of compounds M2(O2CR)4 have been studied extensively,! Prof. Chisholm et al.
employed dicarboxylate ligands, O>C-X-CO., as a mediator for electronic structure calculation
of these obtained dimers of dimers, aiming at a fuller understanding of the synthesis and

bonding in Mo»---Mo> subunits, in addition to the synthesis, characterization, and manipulation



of extended chains or oligomers.®? A model compound (HCO2)3sMo2(1-02C-CO2)Mo02(02CH)s,
was targeted for the electronic structure calculation, in order to discover how these studies may
be relevant to the design and construction of molecular devices, such as molecular wires. When
two Moz units are linked by a bridging x~02C-CO: ligand, the filled 5 orbitals of the metals
and two of the oxalate 7 orbitals are involved concerning the primary interaction between the
Mo units and oxalate bridge. Figure 1.8 exhibits two conformational structures, where the top

and bottom ones are the 90° twisted D2q and the 0° planar D2n configurations, respectively.’82

Figure 1.8: Molecular orbitals of D2g and D2, conformations of a 1-O,C-CO; linker bridged dimer of dimers,
respectively.

The electronic coupling of the two Moz units is very sensitive to the oxalate C—C twist angle
(in the range of 0 to 90°). The orbital interaction is maximized in the 0° planar D2n structure,
while it is at a minimum in the 90° twisted Doq structure, indicating the planar structure would
be favored for electronic coupling over the twisted structure. Therefore, the oxalate bond C-C
rotation will act like a rotation “dimmer-switch” with regard to Moz---Moz2 interaction through
the oxalate © system. Such calculation results with regard to conformational structures are
largely in accord with my own research that the electronic coupling can be obviously seen in
the trans-positioned ferrocene units, while it is not clear in the cis-positioned ones, which will
be introduced in detail in chapter 3.

Besides the electronic structure calculation with respect to electronic interactions, those
calculations toward photophysical properties have been intensively studied in recent years,
aiming to uncover their fascinating optoelectronic properties.®>"8838792 This js because
conjugated organic polymers have been studied in the past two decades due to their promising
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optoelectronic properties, such as field-effect transistors, light emitting diodes, and
photovoltaic devices, which aroused the scientists large interest in incorporating metal ions into
conjugated organic systems. This procedure resembles the introduction of molecular wires in
organometallic chemistry that will be further mentioned in detail in section 1.4. Since no
photophysical studies have been carried out in my thesis, the corresponding theory will not be
discussed. This chapter is to combine both the calculation and photophysical chemistry that

might intrigue more ideas in the future research.

1.3.2 Application Exploration

In the 1990s, McCann et al.®®*% started to anchor Mo, compounds, such as
[Mo2(NCCHa)s][BFs]s, on SiO2 as a catalytic initiator for ring-opening metathesis
polymerization (ROMP) of norbornene. Later in 2000, a study of heterogenization of this
complex on the surface of purely siliceous MCM-41 was presented.*> MCM (mobile crystalline
material), a silicate material obtained by a template procedure, is ordered to a certain degree
and has variable pore sizes.® Very recently, Prof. Mashima and his co-workers consider that
the four supporting ligands tightly coordinated to the adjacent two metal centers maintain the
dinuclear paddle-wheel skeleton, resulting in the architecture that might be tunable to control
redox behavior and catalytic performance. Thus, studies on catalysis by tuning the redox
potentials were carried out, with Mo, complex catalyzed hydrodehalogenation®® and
polymerization® being considered as a new trend in Moz-based catalysis.

Some biochemistry-related dimetal complexes have been targeted as new anti-cancer drugs,
whose performance is different from that of cisplatin to circumvent resistance issues as well as
to find treatments for cancers that are unresponsive to Pt drugs.®-1% A recent study revealed
the potential of the compound cis-[Rh2(O2CCHs)2(NCCHa)e][BFs]2 as a PCT (photochemo
therapy) agent (Scheme 1.2).% It has been reported that the photolability of the equatorial
CH3CN ligands, which are stable in the dark, is crucial for the formation of the active species
upon irradiation with visible light.1%2 It appears that this type of compounds has the potential

in new drugs, thus, attracting more and more interest in this area.
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Scheme 1.2: Structural representation of photochemical process for cis-[Rh2(02CCHz)2(NCCH3)e]?" upon
visible light irradiation in H2O.

The above mentioned brief introduction of dimetal compounds in application is intended to
carry out some insights in the current cutting-edge interest in scientific research, especially for
those interdisciplinary studies of biochemistry, photochemistry, and others. To the best of our
knowledge, these interdisciplinary topics would definitely top the research hotspot in the near

future.

1.4 Dinuclear-Based Molecular Wires

Multiply bonded dimetal complexes enclosed by mixed-ligands have been investigated
extensively due to their copious synthetic strategies, which offer access to supramolecular
structures and informative electrochemical properties,t10-12:14.17.59.616264.77.103-105 Cyjrrently,
some intriguing results have been published with regard to the development of molecular wires

that can be synthesized via axial linkage on the basis of dimetal compounds.?'-28

1.4.1 What is A Molecular Wire?

Synthesis of active materials for molecular electronic devices, such as molecular wires, has
been a focal point of current material research, where much of the progress is based on
conjugated organic molecules.%-1% |n Figure 1.9, several organic conjugated molecules with

their respective molecular lengths are highlighted.10%:11
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Figure 1.9: Examples of organic molecular wires, 109110

It is noteworthy that the majority of organic molecules applied so far have HOMO-LUMO
energy gaps (Eg) ranging from 2.4 to 5.0 eV.1% It was expected that Eg might be reduced when
the metallic unit was incorporated into the backbone of the organic conjugated molecules.
Indeed, the series of trans-Pt(PR3)2(C=CCsHaS)2 (R = Cy, Ph, Bu, OEt, and OPh) was shown
to be potentially more conductive than OPE (oligophenylene ethynylene) of comparable

lengths through cross-wire junction measurements.t!

N/—N\M
| N = SiM
/R|L| /RU <: \ /ns/\/ IVle,

e _

Figure 1.10: Schematic structures of molecular wires including Ruz®* (top)® and Ru,®*(bottom)? entities.

Paul Weiss and his co-operators firstly reported the testing method of organic molecular wires,
which was to insert the aiming molecule into a dodecanethiol SAM (self-assembled monolayer)

at the grain boundaries on gold substrate.!>!3 After massive amount of Ru-related



compounds together with their intriguing electrochemical properties published by Ren et
al., 1113-17.193638.114.115 reqization of molecular wires incorporating metallic entities became the
top priority. Three precedents incorporating thiol-capped Ruz moieties have been found so
far,>82% which can be exemplarily shown in Figure 1.10. Both SAMs and aiming molecules
should include the thiol substituent that can be functionalized on the Au substrate.® This
technique has permitted the isolation of single molecular wires from their neighbors, resulting
in more precise conductance measurement. In addition, it has also allowed the addressing of
the vertically arranged systems. Using scanning tunneling microscopy (STM), the molecules
could then be individually imaged and addressed. Based on the understanding of this technique,
the conductance testing of a Ruo-incorporated molecular wire can be generally shown in Figure

1.11.
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Figure 1.11: STM junction model for a Ru, molecular wire inserted into alkanethiol SAMs (as insulator) at

w

grain boundaries on an Au substrate.
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1.4.2 What Molecules Can Be Targeted as Molecular Wires? — Electronic Coupling

Compared to the vast organic conjugated molecular wires, in which electrons are delocalized
in the whole molecules, molecular wires incorporating metallic entities should possess
electronic coupling, at least electron transfer inside the molecule itself. Ren and his co-workers
have dedicated a whole decade to look for potential candidates and the focus was put on Rus-
related complexes.1H13-17.19.36.38,114115 Flectronic coupling in this thesis will be discussed in

terms of AE1/, value and intervalence charge transfer (IVCT).
1.4.2.1 AE12 Value

The linked bis-terminal redox-active complexes examined by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) typically show two successive redox processes of the
terminal entities, if the electrons in the molecule are finely coupled. In general, the first redox
process is reversible and the second quasi-reversible. The separation of the first and second
waves, AE1» (measured in millivolts), can be used to determine a comproportionation constant
(Kc) representing the stability of the singly oxidized/reduced complex in relation to an

equilibrium with the neutral and doubly oxidized/reduced complexes (Scheme 1.3).11

_ 2+ K +
{Redox—brldge—Redox} + {Redox—bridge—Redox} - [Redox—bridge—Redox}

Scheme 1.3: Redox reaction of bis-terminal redox-active compounds, where K, = g2F1/2/2569 116

It is important to bear in mind that Kc is only a thermodynamic equilibrium constant that
represents the stability of the mixed-valence intermediate derived from its neutral and doubly
oxidized/reduced form, in contrast to a direct measure of electronic communication. Such
factors as solvent, counter-anion, and number of redox centers can definitely affect the redox
reaction, thus any comparison of AE1» and Kc values must relate to identical systems obtained
under similar experimental conditions.8%17118 |t can only be deemed as strong communication

when Kc > 108 is available.”
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The investigation of AEy, value of Ru2 compounds can be structurally classified into two
aspects, with the redox entities either equatorially or axially coordinated. Both Ruz and Fc units
are involved for discussion, aiming to find a good molecular wire candidate. Four types of
axially coordinated compounds are listed as follows: 1) two Ruz units connected by conjugated
organic linkers; 2) two Ru units connected by organometallic linkers (Fc); 3) two Fc units
connected by conjugated organic linkers; and 4) two Fc units connected by Ru.-incorporated

linkers, generally shown in Figure 1.12.

3) Fc

Fc

4)  FommmmmRugaaFC

Figure 1.12: Four types of bis-terminal compounds for investigating electronic coupling.

The above mentioned four types of axially coordinated compounds can be exemplarily
interpreted in Figure 1.13.331 The top Ruz, compound [Ruz(DiMeOap)s]2(u-Cs) (ap = 2-
anilinopyridinate) bridged by 1,3,5-hexatriyn-diyl (u-Cs), can result in two analogous
compounds, [Ruz2(DiMeOap)4]2[u-C=CC(C(CN)2)-C(C(CN)2)C=C] and
[Ruz2(DiMeOap)4]2[(u-Cs)(Co2(DPPM)(CO)4], by reacting with their corresponding linkers,
tetracyanoethene (TCNE) and Co2(DPPM)(CO)s, respectively.!® The 1,1°-diethynylferrocene
bridged compound 1,1°-[Ru2(ap)s(C=C)].Fc shown in the bottom of Figure 1.13 is as well
targeted for AE1, comparison.’®> Among these four compounds, the two terminal Ruz of the
previous two complexes are connected by conjugated organic linkers, while they are bridged
by the organometallic linkers in the latter two complexes. The two organometallic-linker
bridged compounds have AE1» values (reduction potentials) of 200 and 100 mV, respectively.
However, only AE1» value of 180 mV can be found in [Ruz(DiMeOap)s]2(u-Ce), while that in
TCNE-bridged compound is not directly observed. On the basis of the above mentioned results,

it can be assumed that the AE1> values are accordingly irregular when the terminal Ru; are
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bridged either by organic or organometallic linkers.
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——Ru—~Ru
Figure 1.13: Ruy---Ru, compounds axially linked by organic and organometallic ligands. AE1, (Reduction)
denotes the difference between Eiz(Ruz®*-Ru®)/(Ru®*-Rup**) and Eiz(Ruz®*-Rux*)/(Rux**-Ruy**) and AE1
(Oxidation) denotes the difference between E1(Ru2®*-Ru®*)/(Ruzf*-Ruz®*) and Eip(Ru2®*-Ru)/(Ru>*-Ruz®™).

In contrast to the linked Ru> compounds shown above, the linked Fc compounds reveal more
interesting and intriguing electronic properties. Three Fc compounds connected by conjugated
organic linkers have been found (Figure 1.14 left).’® The oxidation of the terminal Fc units
appears as a pseudo-two-electron wave in all three cases, which means no direct observation
of AEy/2 values can be obtained when connected by conjugated organic linkers containing more
than five carbon atoms. Interestingly, AE1/, values can be clearly observed when Ru2(DMBA)4
moiety (DMBA™ = N,N’-dimethylbenzamidinate) is applied to mediate the electron transfer
between the terminal Fc units.}41"19 As shown in Figure 1.14 right, all AEy; values over
200 mV despite of the length of polyynyl bridges indicate the retention of strong interferrocene
electronic coupling over extended distances. Comparing the AEi. values between the
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conjugated organic and Ruz(DMBA)s-mediated Fc compounds, it is easy to assume that
Ruz(DMBA)s fragment is among the most efficient mediators of intramolecular electron

transfer.

AE;;; (mV) AEq;, (mV)
@%Ruz%@
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Z
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Br._ Br > >
|
%@ S t=hRu ==
| |
Fe Fe —
= L
A = Rt 240
Fe Fe Fe Fe
— = =
Organic linker bridged Organometallic linker
bridged

Figure 1.14: Compounds containing bis-terminal redox-active entities. Ru, entity represents Ruz(DMBA)a.
AE1s, denotes the difference between Eap(Fc*-Fc*)/( Fc*-Fc¢) and Ei(Fc*-Fc)/( Fe-Fc).

My previous work of synthesizing a Ruo-fragment linked compound [Ru2(DMBA)4(C=C—
TTFR)2] (TTFR = 5-ethynyl-2-(4,5-dimethyl-1,3-dithiol-2-ylidene)benzo[d][1,3]dithiole)
contains two redox-active organic terminal entities (TTF), which shows a minimal electronic
interaction between the two TTF moieties via electrochemical studies (Figure 1.15).%2
Unfortunately, the minimal electronic interaction between two TTF entities might be derived
from the additional benzene ring that stabilizes a localized radical cation and prevents interunit
coupling. This molecule has a length of 3.3 nm, which is somehow of suitable length for a
molecular wire. Especially with its terminal —-SMe substituent, this molecule might serve as a
good candidate to be functionalized on the STM substrate.
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3.3 nm |

Figure 1.15: Molecular structure of compound [Ruz(DMBA)4(C=C-TTFR)-].

Besides the above mentioned axially coordinated Ru, compounds, AE12 values of equatorially
coordinated compounds are as well interpreted herein. Shown in Figure 1.16, the top three Ru.-
based compounds (Ru, represents Ru2(DArF)sCl for the top two**® and Ruz(DArF).CI for
the third,® respectively, where DArF~ = N,N’-di(3,5-dichlorophenyl)formamidinate; D(3,5-
CI2Ph)F") are found in the literature, while compounds of the bottom type with two Fc units
equatorially connected by a Ru, fragment have not been targeted so far. Only a slight AE1.,
value of ca. 70 mV was directly found in the third compound, while no obvious AEy/, values in
the top two compounds could be observed. When N,N’-di(3-methoxyphenyl)formamidinate
(DmAmIF") was applied in the third compound instead of D(3,5-CloPh)F-, the slight AE1

value disappeared instead.*

S
RuU—N N—Ru

O—Ru—0
F Fc  Not found
C—{O*RU/*O); c

Figure 1.16: Equatorially connected Ru, compounds.
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1.4.2.2 Intervalence Charge Transfer (IVCT)

It was already mentioned that Kc is only a thermodynamic equilibrium constant that represents
the stability of the mixed-valence intermediate derived from its neutral and doubly
oxidized/reduced form, other than a direct measure of electronic communication. Therefore,
another parameter Hab that can represent the measurement of electronic coupling is necessary
to be mentioned and defined. In 1967, Robin and Day first published the influential work
wherein the nomenclature of classes I, Il, and Il was introduced to describe valence trapped,
strongly coupled, and fully delocalized mixed valence systems, respectively.!'® In the same
year, Hush published his pioneering work on the interpretation of the phenomenon of
intervalence charge transfer (IVCT) absorptions, which became the theoretical foundation of
electronic coupling.?

Although no IVCT studies were carried out in my work, it is necessary to make clear the
relation between Hab (electronic coupling) and absorptions in the near IR region (IVCT). The
electronic coupling parameter Hab can be determined experimentally using the following

equation:

Hab = (0.0206/d) (SmaxAd1/26max)2

where d is the electron transfer distance (A), omax is the energy of the intervalence band (cm™)
at the maximum extinction coefficient, Ady is the peak width at half peak height (cm™), and

emax IS the peak intensity (M cm™).7

1.4.3 Electronic Coupling in Mo2-Based Compounds

Investigation of electronic coupling in the area of Mo2 complexes has been largely carried out
by Cotton and his co-workers. Most of the compounds mentioned in chapter 1.2.2 have been
examined by electrochemical methods. These Moz compounds are only equatorially connected
by charged ligands (carboxylate, formamidinate, amidate, etc.), which is the major difference
to the Ruy area. Therefore, equatorially connected patterns as shown in Figure 1.16 are suitable
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to be studied for Moz compounds. The dimer of dimers in Figure 1.6 can be the best example
to interpret AEy/, values for Mo, compounds. The largest AE1/, value of 223 mV can be found
for compound [Mo2(DANiF)3]2(0.C-CO,) (DANIF = N,N'-di(p-anisyl)formamidinate).>® A
series of compounds [Mo2(DANiF)3]2(0.C—X-CO>), where X represents highly unsaturated,
fully conjugated linkers, has been examined, demonstrating that the m system of these
dicarboxylate linkers is mediating communication.?!

Since the electronic coupling investigation between two Moz units via organic linkers has been
largely investigated, the work in my thesis will be focused on the reversed trend, i.e. the
electronic interaction detection between two terminal Fc units via a Mo, mediator, especially

between the undiscovered equatorially trans-positioned Fc units via the Mo, mediator.
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2 Objective

The goal of this thesis was to develop a family of multi redox-active mixed-ligand Mo
compounds that could be potentially applied for molecular wires. Therefore, oxidizable Fc—
CO2 entity was employed for this purpose. Besides, a dicarboxylate linker Fc—(CO2")2 was
introduced as well in order to build up supramolecular structures.

It was envisioned to obtain a trans-positioned compound trans-[Moz(O2C-
Fc)2(NCCHz3)s][BFa4]2 by reacting [Mo2(NCCH3)10][BF4]s (1) and Fc—COOH at the ratio of 1
to 2, which would be in accord with a possible ferrocenedicarboxylate-linked ladder-type
oligomer trans-[(CH3CN)4Mo2(02C-Fc-COz2)]n[BFa]2n, When Fc-(COOH)2 was reacted with 1
(Scheme 2.1).

2+
= ]
Fc-COOH Fe
= O—Mo—O
4+ > >
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Scheme 2.1: Proposed structures (BF4~ anions are deleted for clarity) by reacting 1 and Fc-COOH and Fc-
(COOH),, respectively.

Afterwards, trans-[Mo2(O2C-Fc)2(NCCHz3)4][BF4]2 could be applied as a precursor for further
substitution reactions. Since bridging ligands DPPX and formamidinate (DArF) exhibit
different steric effects, a new scope of multi redox-active mixed-ligand Mo, complexes could
possibly be obtained and their corresponding electrochemical properties could be studied. It
was expected that the trans-positioned Mo, compounds would display electronic interaction

between the distal Fc units.
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3 Results and Discussion

3.1 Publication Summaries

In this chapter, short summaries of the publications prepared during the course of this
dissertation are presented. The full manuscripts can be found in the appendix of the thesis and

the bibliographic details of the publications in chapter 5.

3.1.1 Synthesis and Characterization of Dimolybdenum(l1) Complexes Connected by

Carboxylate Linkers

Xu-Min Cai, Dominik Hchne, Mathias Kcberl, Mirza Cokoja, Alexander P&hig,
Eberhardt Herdtweck, Stefan Haslinger, Wolfgang A. Herrmann, and Fritz E. Kthn

The focus of this manuscript is put on the synthetic route from a small molecule to
supramolecular structures.

The reaction of [Mo2(NCCHz3)10][BF4]4 (1) with four different carboxylate ligands results in
four  different-shaped complexes, Cis-[M02(02C-Fc)2(NCCHa)4][BF4]2 (cis-2),
[(CH3CN)4Mo02(02C-Fc-CO2)Ja[BF4]s (3), [(CH3CH2CN)sM02(02C-CsFs-CO2)]4[BFsls (4),
and [(CH3CN)sMoz(m-bdc-F)]s[BFa]s (5), respectively. All these complexes have been
characterized via solution (liguid NMR and UV-vis spectroscopy) and solid state (X-ray
crystallography, elemental analysis, and TG-MS and IR spectroscopy) methods, revealing
distinct formations in liquid and solid states, respectively (Figure 3.1).

A mixture of cis and trans products can be obtained when the reaction of precursor 1 and Fc-
COOH has been carried out for 20 h, while only the cis species could be observed when the
reaction was done for three weeks, indicating that the cis configuration is thermodynamically
stable. In the solid state, complex 2 is axially linked by BF4~ counter anions, forming the 1D
linear oligomer that keeps the cis configuration of Fc-CO;~ ligands. For complexes 3 and 4,

both have the square-shaped structures that can be linked into a 1D tubular polymer via BF4~
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counter anions. With regard to complex 5, a hexagonal-shaped 2D layer of the trimers can be
observed, which goes along with bridging C-H-F interactions between equatorially
coordinated acetonitrile molecules and axially coordinated BF4 anions. Furthermore, a 3D
metal-organic framework could be in principle obtained via axial and equatorial interactions
between Mo, moiety and BF4~ counter anion.

The labile disassembly of all solid structures in solution reveals the weak axial bonding via BF4
anions in the solid state. In order to shed light on the axial interaction strength and compound
thermostability, both IR spectroscopy and TG-MS are applied for further interpretation. IR
spectroscopy reveals that all the ver absorption bands are within the normal range (around 1050
and 1020 cm™). While thermodynamic analysis of all compounds uncovers higher

temperature-stability of compound 5 than that of compounds 2—4.

In solution
state

In solid
state

1D Linear Oligomer 1D Tube 3D Framework

Figure 3.1: Syntheses of compounds 2-5 and their corresponding structures both in solution and solid states.

Declaration: Experimental work of synthesizing and characterizing compounds 4 and 5 is from
Dominik Héhne and Mathias Kcoerl 122
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3.1.2 Rational Synthesis and Characterization of Dimolybdenum(ll) Compounds

Bearing Ferrocenyl-Containing Ligands toward Modulation of Electronic Coupling

Xu-Min Cai, Korbinian Riener, Eberhardt Herdtweck, Alexander P6thig and

Fritz E. Kithn

The work in this manuscript focuses on the rational synthesis of Mo> complexes to modulate
the electronic coupling between the distal Fc units.

The reaction of cis-[Mo02(02C-Fc)2(NCCH3)4][BF4]2 (cis-2) with three bulky diphosphine
(DPPX) ligands [DPPX = DPPA (N,N-bis(diphenylphosphino)amine), DPPM (1,1-
bis(diphenylphosphino)methane) and DPPE (1,2-bis(diphenylphosphino)ethane)] results in
cis-to-trans  converted products of the general composition trans-[Mo2(O.C-
Fc)2(DPPX).][BF4]> (6a-6¢; Scheme 3.1), which is unambiguously verified by X-ray
crystallography (Figure 3.3_right side). All compounds have been characterized by means of

NMR, UV-vis and IR spectroscopy as well as TG-MS measurements.
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CH, (DPPM)  6b
CH,CH, (DPPE) 6¢c

Scheme 3.1: Syntheses of compounds 6a—6c.

DFT calculations (ground state energy) are used to underpin the experimental results on the
thermodynamic stability of the presented complexes. With regard to the trans-products, a
methylene-bridged diphosphine was subject to the study and the steric bulk of the substituents

was gradually increased, from H to methyl to phenyl. Only small energetic differences of cis
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and trans could be observed for R = H (AGcisitrans = 1.1 kcal/mol), a significant increase could
be observed with R = Me, Ph (AGecisitrans = 14.6 and 23.4 kcal/mol, respectively), indicating that
the trans-coordination of bulky phosphines is favored, most likely due to steric reasons.

Interestingly, uncommon UV-vis transitions were observed compared to previously reported
ones. In literature, the characteristic absorbance of Mo, complexes is reported as a 5§—8"
transition in the region of 400 to 500 nm,>"%72 where the low-energy absorption at around 500
nm can be assigned to a MLCT transition. With regard to these results, the here reported
electronic structure seems to be quite different, since the HOMO is uncommonly localized on

the ligand (Fc), shown in Figure 3.2.

9 2
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Figure 3.2. HOMOs of compounds cis-2 (left) and 6a (right).

As verified by DPVs, all synthesized complexes show two separate one-electron redox
processes assigned to subsequent oxidations of the two redox-active Fc-CO2~ ligands, with a
split of ca. 70 mV (Figure 3.3 right side). This behavior reveals electronic interaction between

the two equatorially trans-positioned Fc units.

Figure 3.3: A combination of simplified molecular structures and DPVs: from cis-2 to trans-(6a—6c).

Declaration: Computational work of all complexes is from Korbinian Riener.
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3.1.3 Synthesis and Electrochemical Properties of cis- and trans-[Mo2(O2C-

Fc)2(DArF)2] (O2C-Fc = Ferrocenecarboxylate; DArF = N,N'-diarylformamidinate)

Xu-Min Cai, Teresa K. Zimmermann, Alexander PGhig, and Fritz E. Kthn

Three novel mixed-ligand dimolybdenum(I1) complexes, cis-[Mo2(02C-Fc)2(DPhF)2] (cis-6d),
cis-[Mo2(02C-Fc)2(DTfmpF),] (cis-6€), and trans-[Mo2(0O2C-Fc)2(DAnNIF),] (trans-6f), [DArF
= N,N'-diphenylformamidinate (DPhF), N,N'’-di(p-trifluoromethylphenyl)formamidinate
(DTfmpF), and N,N'-di(p-anisyl)formamidinate (DAnNIF), respectively] were synthesized via
the reaction of cis-2 and corresponding DArF~ ligands (Scheme 3.2). Even though the trans-
[Mo2(02C-Fc)2(DArF);] isomers were originally expected to be the sole products,'?® the
corresponding cis-[Mo2(O2C-Fc)2(DArF).] complexes were isolated as well via crystallization
and verified unambiguously by X-ray crystallography. This discovery contrasting previous
assumptions concerning the synthesis of cis- and trans-isomers might be ascribed to the similar
basicity of DArF and Fc-CO2, both of which are more basic than acetate.>¢8123 A reaction
mechanism regarding the relevant reaction intermediates is proposed because no inter-

conversion of cis and trans product could be observed (see Scheme 3.3).

T
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@Fe /\ /Ar
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7 < Ar\ /i
cis-2 Ar = Ph (DPhF) d Fo or‘v N! 5
Anisyl (DANiF) f 0-M&lo trans-6f

Scheme 3.2: Syntheses of compounds 6d-6f.
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Scheme 3.3. Proposed mechanism for isomerization via intermediate transformation. Equatorial CHsCN ligands
are not shown due to the fast scrambling with solvent CH3;CN.

All DPVs of the products are illustrated in Figure 3.4, along with their corresponding simplified
molecular structures. The electron-donating ligand DArF- enables the oxidation of the [Mo2]**
unit prior to that of Fc, while the oxidation sequence is reversed when acetonitrile or
diphosphine ligands are coordinated instead of formamidinate. In the case of trans-[Mo2(O.C-
Fc)2(DANIF)2], interactions were found between the two redox-active ferrocenecarboxylate
ligands, with a clear AE1/; value originating from the peak-to-peak separation in DPV of around
100 mV with CHCl, as solvent. Furthermore, the second oxidation of the Mo.-handle
[Mo2]**/[Mo2]®" was exclusively observed with DANIF~ as ligand. On the basis of the above
mentioned results, ligand basicity appears to decrease in the following order: DArF (~ Fc—

CO2) > DPPX > CH4CN.

%
“ Y o

-2.0/0.15V

~0.3V

-0.24V 081V

Figure 3.4: A combination of simplified molecular structures and DPVs: from cis-2 to products 6d-6f.
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3.14 Filling a Gap: Electrochemical Property Comparison of the Completed
Compound Series [M0oz2(DArF)n(O2C-Fc)a-n] (DArF = N,N'-Diarylformamidinate; O2C-

Fc = Ferrocenecarboxylate)

Xu-Min Cai, Teresa K. Meister, Alexander P@hig, and Fritz E. Kihn

The reaction of cis-[Mo2(02C-Fc)2(NCCHz)4][BF4]2 (cis-2) with two electronically different
N,N’-diarylformamidinate (DATrF) ligands [DArF = N,N'"-di(p-
trifluoromethylphenyl)formamidinate (DTfmpF) and N, N'-di(p-anisyl)formamidinate (DAnNiF)]
was carried out, resulting in the isolation of tris- and mono-substituted complexes
[Mo2(DTfmpF)3(02C-Fc)] (7€) and [Moz(DANIF)(02C-Fc)s] (8f), respectively, which are
unambiguously verified by X-ray crystallography (Figure 3.5) and NMR spectroscopy (Figures
3.6-3.8). The isolation of these two novel complexes completes the series of complexes of the
type [Mo2(DArF)n(O2C-Fc)san] (n = 4-0), thus allowing for quantitative ligand basicity
comparison. Both of these two complexes (7e and 8f) were studied by means of electrochemical
voltammetry, followed by the comparison with their bis-analogues cis-6e and trans-6f,

respectively.

Teltris 8f/mono

Figure 3.5: Molecular structures of compounds 7e and 8f.
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Figure 3.6: *H NMR spectrum of 7e in CD,Cl,
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Figure 3.7: *°F NMR spectrum of 7e in CD,Cl..
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Figure 3.8: *"H NMR spectrum of 8f in CD,Cl..

All CVs and DPVs of 7e and 8f are illustrated in Figure 3.9. Complexes cis-2 and
[Mo2(DArF)2(02C-Fc).] (6d-6f) exhibit oxidation potentials of Fc/Fc™ at roughly 0.30-0.40 V,
although the oxidation potential E12([Mo2]**/[Mo02]°*) has been tremendously inversed via
ligand exchange of DArF over CHsCN. Similar E12([Mo2]**/[Mo2]°*) values are as well found
in diphosphine-coordinated complexes trans-[Mo2(O2C-Fc)2(DPPX)2][BFs]2 (6a—6c). The
mentioned results indicate that the Mo, moiety is influenced directly by the ligands DArF-,
DPPX and CH3CN, while the oxidation potential of Fc—-CO remains largely unchanged
regardless of the other ligands in the complex. Given the oxidation potential
E12([Mo2]*/[Mo02]°") of all Mo, complexes cis-2, cis-6e, trans-6f, 7e and 8f (Table 3.1), a
precise ligand basicity order decreasing along DAniF~ > DTfmpF~ > Fc—CO2™ >> CH3CN is
found. In addition, no direct electronic interaction between Fc units in complex 8f is observed,

most likely ascribed to the full overlap of all Fc oxidation processes.
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Figure 3.9: CVs and DPVs of compounds 7e (top) and 8f (bottom).

Table 3.1: Electrochemical Data? (in V) for All Compounds (vs. Fc/Fc*)

Ei Eie Eie =V Ei AE1;"
Compd
(Moz*/Mo2**)  (Fe/Fc)  (Fc/Fe®) (Fe/Fc®)  (Fc*/Fc?) (mV)
cis-2 0.82 0.36
7e 0.02 0.32
cis-6e 0.15 0.28 0.38 100
8f -0.18 0.32
trans-6f -0.24 0.30 0.40 100

@ Cyclic and differential pulse voltammograms were recorded in a 0.10 M [n-BusN][PFs] solution (CH.Cl, as
solvent) on a Gamry Reference 600 voltammetric analyzer with a platinum working electrode (diameter =1 mm),
a Pt/Ti wire auxiliary electrode, and a Ag/AgCI reference electrode. The concentration of all the samples was 3.0
mM, and all the potential values were referenced to Fc/Fc*.

® Calculated from the difference between Ei(Fc*/Fc?*) and Eyz(Fc/Fc*) obtained from DPV.
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4 Summary and Outlook

As evidenced, the obtained results are in contrast to the initial proposal. In other words, the
reaction of precursor 1 and its corresponding ligands Fc—COOH and Fc—(COOH): resulted in
cis-positioned products cis-[Mo2(02C-Fc)(NCCHz3)4][BF4]2 (cis-2) and square-shaped cis-
[(CH3CN)aMo2(02C-Fc-CO2)]a[BF4]s (3) (Figure 4.1), respectively, indicating that the cis-

configuration should be thermodynamically favored.
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Figure 4.1: Structures of complexes cis-2 and 3. CH3CN molecules are deleted in the products for clarity.

The reactions of cis-2 and DPPX (bulky diphosphine ligands) exclusively resulted in the trans-
coordinated series trans-[Moz(O2C-Fc)2(DPPX);][BFs]. (6a-6¢). DFT calculations were
carried out to determine the energy gap between cis and trans arrangements. As a basis, a
methylene-bridged diphosphine (DPPM) was subject to the study and the steric bulk of the
substituents was gradually increased, from hydrogen to methyl to phenyl. Only small energetic
differences of cis and trans configurations could be observed for hydrogen substituent, while a
significant increase could be observed with methyl and phenyl as substituents. This trend
supports the assumption that trans coordination is favored, most likely for steric reasons.
However, no synthetic selectivity existed when N,N’-diarylformamidinate (DArF~) was applied
as the mixed-ligand. Although a mixture of variable species was observed in the crude products,
new compounds cis-[Mo2(02C-Fc)2(DPhF)2] (cis-6d), cis-[Mo2(02C-Fc)2(DTfmpF).] (cis-6e),
trans-[Mo2(02C-Fc)2(DAnIF),] (trans-6f), [Mo2(02C-Fc)(DTfmpF)s] (7e), and [Mo2(O2C-

Fc)3(DANIF)] (8f) were isolated under different crystallization conditions (Figure 4.2).
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Figure 4.2: Structures of complexes 6-8.

Electrochemical properties of all mixed-ligand molecules were studied via CV and DPV with
respect to ligand, electrolyte, and solvent (Figure 4.3). Based on the oxidation potential
E12([Mo2]*/[Mo02]°") of all complexes, a ligand basicity decreasing in the order DAniF~ >
DTfmpF > Fc—CO2 > DPPX > CH3CN is observed. With respect to the oxidation potential of
Fc-CO2, Ein(Fc/Fc) remains largely unchanged regardless of the other ligands in the
compounds, indicating that the mixed ligand mainly influences the directly-bonded Mo, moiety.
Interestingly, electronic coupling was observed in all trans-directed Moz complexes with a clear
oxidation split in the Fc region, while the coupling was not clearly observable in cis-positioned
complexes. This might lead to the assumption that the trans-arrangement of Fc units favors
electronic coupling. Therefore, further synthetic design of redox-active motifs can be carried
out according to this trans-arrangement pattern, especially for multi redox-active complexes
that are intended for the synthesis of molecular wires. Among all these mixed-ligand complexes,
cis-2, 6a-6¢ and 7e are relatively stable in air, which is in accord with their first oxidation

potentials in the positive range.
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Figure 4.3: CVs and DPVs of Mo, complexes (cis-2 and 6-8) recorded in a 0.10 M CH,ClI; solution of
electrolyte [n-BusN][BF]. All potential values are referenced to Fc/Fc*.

The initial purpose of this thesis was to synthesize functionalized molecules for potential
applications as molecular devices. Upon comparison of E12([Mo2]**/[M02]°*) and E12(Fc/Fc*)
values in all monomers, it can be assumed that trans-arrangement configuration favors
electronic coupling, while ligands DPPX and DTfmpF~ have shown to stabilize their
corresponding compounds in air. Therefore, the combination of both factors results in the series
6a-6¢, which might be promising candidates for molecular wires.

As briefly introduced in chapter 1.4, STM can be applied for conductance measurement, if the
molecule can be functionalized on an Au surface via thiolate (-S) substituents. To date, only
three Ru, complexes with axial ligand functionalization have been reported.33%° Hence, the
functionalization of the air-stable compounds 6a-6¢ via both axial and equatorial connections

is proposed (Scheme 4.1).
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Scheme 4.1: Functionalization of compound 6b on a substituted gold substrate.

Besides the proposed molecular wires mentioned above, a retrosynthetic strategy based on
trans-directed precursor 6a-6¢ (Scheme 4.2) is proposed in order to achieve the trans-positioned

redox-active linear oligomers suggested in the objective of this thesis.
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Br, and [).124

42



5 Bibliographic Data of Complete Publications

This chapter is intended to provide the reader with bibliographic details of the published results
summarized in Chapter 3 of this dissertation to allow for retrieval of the complete papers and

supporting information.

5.1 Synthesis and Characterization of Dimolybdenum(ll) Complexes

Connected by Carboxylate Linkers

Xu-Min Cai,” Dominik Héhne," Mathias Kéberl, Mirza Cokoja, Alexander Péhig,

Eberhardt Herdtweck, Stefan Haslinger, Wolfgang A. Herrmann*, and Fritz E. Kthn*

[*] Corresponding Authors, E-mails: wolfgangherrmann@ch.tum.de; fritz.kuehn@ch.tum.de
[1] Equally contributing authors
Chair of Inorganic Chemistry/Molecular Catalysis, Catalysis Research Center, Technische

Université Minchen, Ernst-Otto-Fischer-Straf® 1, D-85747 Garching bei Minchen, Germany
Originally published in: Organometallics 2013, 32, 6004-6011.

DOI: dx.doi.org/10.1021/0m400518f
Hyperlink: http://pubs.acs.org/doi/abs/10.1021/om400518f

43



5.2 Rational Synthesis and Characterization of Dimolybdenum(ll)
Compounds Bearing Ferrocenyl-Containing Ligands toward Modulation of

Electronic Coupling

Xu-Min Cai," Korbinian Riener,” Eberhardt Herdtweck, Alexander Pothig, and

Fritz E. Kithn*

[*] Corresponding Author, E-mail: fritz.kuehn@ch.tum.de

[1] Equally contributing authors

Inorganic Chemistry/Molecular Catalysis, Department of Chemistry and Catalysis Research
Center, Technische Universitit Miinchen (TUM), Ernst-Otto-Fischer-Stralie 1, 85747

Garching bei Miinchen, Germany

Originally published in: Inorg. Chem. 2015, 54, 3272-3280.
DOI: 10.1021/ic502913w
Hyperlink: http://pubs.acs.org/doi/abs/10.1021/ic502913w

44



5.3 Synthesis and Electrochemical Properties of cis- and trans-[Mo2(O.C-
Fc).(DArF);] (O.C-Fc = Ferrocenecarboxylate; DArF = N,N'-

Diarylformamidinate)

Xu-Min Cai,” Teresa K. Zimmermann,” Alexander Pothig,* and Fritz E. Kithn* > 8

[*] Corresponding Author, E-mail: fritz.kuehn@ch.tum.de

['] Molecular Catalysis, Department of Chemistry and Catalysis Research Center (CRC),
Technische Universitdt Miinchen (TUM), Lichtenbergstrasse 4, 85747 Garching bei Minchen,
Germany

[*] CRC, Ernst-Otto-Fischer-StraBe 1, 85747 Garching bei Miinchen, Germany

[ Chair of Inorganic Chemistry, Department of Chemistry and CRC, TUM
Originally published in: Inorg. Chem. 2015, 54, 6631-6640.

DOI: 10.1021/acs.inorgchem.5b00964
Hyperlink: http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b00964

45



6 References

1)
)
(3)

(4)
()
(6)
(")
(8)
9)
(10)

(11)
(12)

(13)
(14)
(15)
(16)

7)

(18)
(19)

(20)

(21)
(22)

(23)

Cotton, F. A.; Murillo, C. A.; Walton, R. A. multibonds between metal atoms; Springer
Science and Business Media Inc.; New York; 3rd ed., 2005.

Cotton, F. A.; Curtis, N. F; Harris, C. B.; Johnson, B. F. G.; Lippard, S. J.; Mague, J. T,;
Robinson, W. R.; Wood, J. S. Science 1964, 145, 1305-1307.

Blum, A. S.; Ren, T.; Parish, D. A.; Trammell, S. A.; Moore, M. H.; Kushmerick, J. G.;
Xu, G.-L.; Deschamps, J. R.; Pollack, S. K.; Shashidhar, R. J. Am. Chem. Soc. 2005, 127,
10010-10011.

Bear, J. L.; Chen, W.-Z.; Han, B.; Huang, S.; Wang, L.-L.; Thuriere, A.; Van
Caemelbecke, E.; Kadish, K. M.; Ren, T. Inorg. Chem. 2003, 42, 6230-6240.

Bear, J. L.; Li, Y.; Han, B.; Van Caemelbecke, E.; Kadish, K. M. Inorg. Chem. 1997, 36,
5449-5456.

Wang, C.; Liu, D.; Lin, W. J. Am. Chem. Soc. 2013, 135, 13222-13234.

Rovira, C. Chem. Rev. (Washington, DC, U. S.) 2004, 104, 5289-5318.

Mahapatro, A. K.; Ying, J.; Ren, T.; Janes, D. B. Nano Lett. 2008, 8, 2131-2136.

Cook, T. D.; Natoli, S. N.; Fanwick, P. E.; Ren, T. Organometallics 2015, 34, 686-689.
Cao, Z.; Xi, B.; Jodoin, D. S.; Zhang, L.; Cummings, S. P.; Gao, Y.; Tyler, S. F.; Fanwick,
P. E.; Crutchley, R. J.; Ren, T. J. Am. Chem. Soc. 2014, 136, 12174-12183.

Forrest, W. P.; Cao, Z.; Hassel, K. M.; Ren, T. Inorg. Chem. 2012, 51, 3261-32609.

Cai, X.-M.; Zhang, X.-Y.; Savchenko, J.; Cao, Z.; Ren, T.; Zuo, J.-L. Organometallics
2012, 31, 8591-8597.

Xi, B.; Liu, I. P.-C.; Xu, G.-L.; Choudhuri, M. M. R.; DeRosa, M. C.; Crutchley, R. J.;
Ren, T. J. Am. Chem. Soc. 2011, 133, 15094-15104.

Xi, B.; Xu, G.-L.; Fanwick, P. E.; Ren, T. Organometallics 2009, 28, 2338-2341.

Fan, Y.; Liu, I. P.-C.; Ren, T. Organometallics 2009, 28, 3959-3962.

Xu, G.-L.; Xi, B.; Updegraff, J. B.; Protasiewicz, J. D.; Ren, T. Organometallics 2006,
25, 5213-5215.

Xu, G.-L.; Crutchley, R. J.; DeRosa, M. C.; Pan, Q.-J.; Ren, T. J. Am. Chem. Soc. 2005,
127, 13354-13363.

Ren, T. Organometallics 2005, 24, 4854-4870.

Xi, G.-L.; DeRosa, M. C.; Crutchley, R. J.; Ren, T. J. Am. Chem. Soc. 2004, 126, 3728-
3729.

Pookpanratana, S.; Savchenko, I.; Natoli, S. N.; Cummings, S. P.; Richter, L. J.;
Robertson, J. W. F; Richter, C. A.; Ren, T.; Hacker, C. A. Langmuir 2014, 30, 10280-
102809.

Fritsch, N.; Wick, C. R.; Waidmann, T.; Dral, P. O.; Tucher, J.; Heinemann, F. W.;
Shubina, T. E.; Clark, T.; Burzlaff, N. Inorg. Chem. 2014, 53, 12305-12314.

Fischer, N. V.; Alam, M. S.; Jum'h, I.; Stocker, M.; Fritsch, N.; Dremov, V.; Heinemann,
F. W.; Burzlaff, N.; Mdler, P. Chem. Eur. J. 2011, 17, 9293-9297.

Brown, D. J.; Chisholm, M. H.; Gallucci, J. C. Dalton Trans. 2008, 1615-1624.

46



(24)
(25)
(26)

(27)

(28)
(29)

(30)
(31)
(32)

(33)
(34)
(35)

(36)

(37)
(38)
(39)

(40)
(41)
(42)

(43)
(44)
(45)
(46)
(47)
(48)

(49)
(50)

(51)
(52)

Lin, C.; Kagan, C. R. J. Am. Chem. Soc. 2003, 125, 336-337.

Cotton, F. A.; Lin, C.; Murillo, C. A. Chem. Commun. 2001, 11-12.

Yin, X.; Warren, S. A.; Pan, Y.-T.; Tsao, K.-C.; Gray, D. L.; Bertke, J.; Yang, H. Angew.
Chem. Int. Ed. 2014, 53, 14087-14091.

Chiarella, G. M.; Cotton, F. A.; Murillo, C. A.; Ventura, K.; Villagrén, D.; Wang, X. J.
Am. Chem. Soc. 2014, 136, 9580-9589.

Liao, Y.; Shum, W. W.; Miller, J. S. J. Am. Chem. Soc. 2002, 124, 9336-9337.

Chen, W.-Z.; Cotton, F. A.; Dalal, N. S.; Murillo, C. A.; Ramsey, C. M.; Ren, T.; Wang,
X. J. Am. Chem. Soc. 2005, 127, 12691-12696.

Li, Z.; David, A.; Albani, B. A.; Pellois, J.-P.; Turro, C.; Dunbar, K. R. J. Am. Chem. Soc.
2014, 136, 17058-17070.

Tsurugi, H.; Hayakawa, A.; Kando, S.; Sugino, Y.; Mashima, K. Chem. Sci. 2015, 6,
3434-34309.

Tsurugi, H.; Yamada, K.; Majumdar, M.; Sugino, Y.; Hayakawa, A.; Mashima, K. Dalton
Trans. 2011, 40, 9358-9361.

Rach, S. F.; Kthn, F. E. Chem. Rev. (Washington, DC, U. S.) 2009, 109, 2061-2080.
Murillo, C. A. Inorg. Chim. Acta 2015, 424, 3-13.

Bunting, P.; Chisholm, M. H.; Gallucci, J. C.; Lear, B. J. J. Am. Chem. Soc. 2011, 133,
5873-5881.

Boyd, D. A.; Cao, Z.; Song, Y.; Wang, T.-W.; Fanwick, P. E.; Crutchley, R. J.; Ren, T.
Inorg. Chem. 2010, 49, 11525-11531.

Mihailovic, D. Progress in Materials Science 2009, 54, 309-350.

Boyd, D. A.; Crutchley, R. J.; Fanwick, P. E.; Ren, T. Inorg. Chem. 2010, 49, 1322-1324.
Kdberl, M.; Cokoja, M.; Herrmann, W. A.; Kthn, F. E. Dalton Trans. 2011, 40, 6834-
6859.

Stock, N.; Biswas, S. Chem Rev 2012, 112, 933-969.

Zhao, D.; Timmons, D. J.; Yuan, D.; Zhou, H.-C. Acc. Chem. Res. 2011, 44, 123-133.
Lee, J.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.; Hupp, J. T. Chem. Soc.
Rev. 2009, 38, 1450-1459.

Cotton, F. A.; Lin, C.; Murillo, C. A. Proc. Natl. Acad. Sci. U. S. A. 2002, 99, 4810-4813.
Cotton, F. A.; Lin, C.; Murillo, C. A. Acc. Chem. Res. 2001, 34, 759-771.

Kramer, M.; Schwarz, U.; Kaskel, S. J. Mater. Chem. 2006, 16, 2245-2248.

Ma, B.-Q.; Mulfort, K. L.; Hupp, J. T. Inorg. Chem. 2005, 44, 4912-4914.

Dybtsev, D. N.; Chun, H.; Kim, K. Angew. Chem. Int. Ed. 2004, 43, 5033-5036.

Chen, B.; Eddaoudi, M.; Reineke, T. M.; Kampf, J. W.; O'Keeffe, M.; Yaghi, O. M. J.
Am. Chem. Soc. 2000, 122, 11559-11560.

Chui, S. S.-Y,; Lo, S. M.-F.; Charmant, J. P. H. Science 1999, 283, 1148-1150.

Li, J.-R.; Yakovenko, A. A.; W.-G., L.; Timmons, D. J.; Zhuang, W.-J.; Yuan, D.-Q.;
Zhou, H.-C. J. Am. Chem. Soc. 2010, 132, 17599-17610.

Li, J.-R.; Zhou, H.-C. Angew. Chem. Int. Ed. 2009, 48, 8465-8468.

Wang, X.-S.; Ma, S.-Q.; Sun, D.-F,; Parkin, S.; Zhou, H.-C. J. Am. Chem. Soc. 2006, 128,
16474-16475.

47



(53)
(54)

(55)
(56)
(57)
(58)

(59)
(60)
(61)
(62)

(63)
(64)
(65)

(66)
(67)
(68)
(69)

(70)
(71)

(72)
(73)
(74)
(75)
(76)
(77)

(78)

(79)
(80)

(81)

Ke, Y.-X.; Collins, D. J.; Zhou, H.-C. Inorg. Chem. 2005, 44, 4154-4156.

Zhang, Q.; Su, J.; Feng, D.; Weli, Z.; Zou, X.; Zhou, H.-C. J. Am. Chem. Soc. 2015, 137,
10064-10067.

Yuan, S.; Lu, W.; Chen, Y.-P.; Zhang, Q.; Liu, T.-F; Feng, D.; Wang, X.; Qin, J.; Zhou,
H.-C. J. Am. Chem. Soc. 2015, 137, 3177-3180.

Qin, J.-S.; Du, D.-Y.; Guan, W,; Bo, X.-J.; Li, Y.-F,; Guo, L.-P.,; Su, Z.-M.; Wang, Y.-Y.;
Lan, Y.-Q.; Zhou, H.-C. J. Am. Chem. Soc. 2015, 137, 7169-7177.

Zhou, H.-C.; Long, J. R.; Yaghi, O. M. Chem. Rev. (Washington, DC, U. S.) 2012, 112,
673-674.

Stephenson, T. A.; Bannister, E.; Wilkinson, G. J. Chem. Soc. (Resumed) 1964, 2538-
2541.

Cotton, F. A.; Donahue, J. P.; Lin, C.; Murillo, C. A. Inorg. Chem. 2001, 40, 1234-1244.
Cotton, F. A.; Lin, C.; Murillo, C. A. Inorg. Chem. 2001, 40, 472-477.

Hdhne, D.; Herdtweck, E.; P&Ghig, A.; Kthn, F. E. Dalton Trans. 2014, 43, 15367-15374.
Chisholm, M. H.; Patmore, N. J.; Reed, C. R.; Singh, N. Inorg. Chem. 2010, 49, 7116-
7122.

Cotton, F. A.; Lin, C.; Murillo, C. A. Inorg. Chem. 2001, 40, 575-577.

Cotton, F. A.; Lin, C.; Murillo, C. A. Inorg. Chem. 2001, 40, 478-484.

Cotton, F. A.; Daniels, L. M.; Lin, C.; Murillo, C. A. J. Am. Chem. Soc. 1999, 121, 4538-
4539.

Xue, W.-M.; Kthn, F. E.; Herdtweck, E.; Li, Q. Eur. J. Inorg. Chem. 2001, 213-221.
Xue, W.-M.; Kthn, F. E.; Herdtweck, E. Polyhedron 2001, 20, 791-798.

Xue, W.-M.; Kthn, F. E. Eur. J. Inorg. Chem. 2001, 2041-2047.

Albert Cotton, F.; M. Daniels, L.; Lin, C.; A. Murillo, C.; A. Murillo, C. Chem. Commun.
1999, 841-842.

Cotton, F. A.; Wiesinger, K. J. Inorg. Chem. 1991, 30, 871-873.

Cotton, F. A.; Daniels, L. M.; Haefner, S. C.; Kithn, F. E. Inorg. Chim. Acta 1999, 287,
159-166.

Cotton, F. A.; Kthn, F. E. Inorg. Chim. Acta 1996, 252, 257-264.

Cotton, F. A.; Eglin, J. L.; Wiesinger, K. J. Inorg. Chim. Acta 1992, 195, 11-23.

Cotton, F. A.; Wang, X.-Q. Polyhedron 1998, 17, 2781-2793.

Cotton, F. A.; Kihn, F. E. J. Am. Chem. Soc. 1996, 118, 5826-5827.

Hdhne, D.; Herdtweck, E.; P&Ghig, A.; Kthn, F. E. Inorg. Chim. Acta 2015, 424, 210-215.
Kdberl, M.; Cokoja, M.; Bechlars, B.; Herdtweck, E.; Kthn, F. E. Dalton Trans. 2011,
40, 11490-11496.

Brown-Xu, S. E.; Chisholm, M. H.; Durr, C. B.; Gustafson, T. L.; Naseri, V.; Spilker, T.
F. J. Am. Chem. Soc. 2012, 134, 20820-20826.

Chisholm, M. H.; Patmore, N. J. Acc. Chem. Res. 2007, 40, 19-27.

Chisholm, M. H.; Clark, R. J. H.; Gallucci, J.; Hada, C. M.; Patmore, N. J. J. Am. Chem.
Soc. 2004, 126, 8303-8313.

Chisholm, M. H.; Clark, R. J.; Hadad, C. M.; Patmore, N. J. Chem. Commun. 2004, 80-
82.

48



(82)

(83)
(84)
(85)
(86)
(87)
(88)
(89)
(90)
(91)
(92)

(93)
(94)

(95)
(96)

(97)
(98)

(99)

Angewandte Chemie, 1. E. C., International Edition in EnglishAngewandte Chemie,
International EditionBursten, B. E.; Chisholm, M. H.; Clark, R. J. H.; Firth, S.; Hadad,
C. M.; Maclntosh, A. M.; Wilson, P. J.; Woodward, P. M.; Zaleski, J. M. J. Am. Chem.
Soc. 2002, 124, 3050-3063.

Alberding, B. G.; Chisholm, M. H.; Gallucci, J. C.; Ghosh, Y.; Gustafson, T. L. PNAS
2011, 108, 8152-8156.

Chisholm, M. H.; Cotton, F. A.; Daniels, L. M.; Folting, K.; Huffman, J. C.; lyer, S. S.;
Lin, C.; Macintosh, A. M.; Murillo, C. A. J. Chem. Soc., Dalton Trans. 1999, 1387-1392.
Cayton, R. H.; Chisholm, M. H.; Huffman, J. C.; Lobkovsky, E. B. J. Am. Chem. Soc.
1991, 113, 8709-8724.

Cayton, R. H.; Chisholm, M. H.; Huffman, J. C.; Lobkovsky, E. B. Angew. Chem. Int. Ed.
1991, 30, 862-864.

Chisholm, M. H.; Durr, C. B.; Gustafson, T. L.; Kender, W. T.; Spilker, T. F.; Young, P. J.
J. Am. Chem. Soc. 2015, 137, 5155-5162.

Chisholm, M. H.; Brown-Xu, S. E.; Spilker, T. F. Acc. Chem. Res. 2015, 48, 877-885.
Chisholm, M. H. Coord. Chem. Rev. 2015, 282-283, 60-65.

Brown-Xu, S. E.; Chisholm, M. H.; Durr, C. B.; Spilker, T. F.; Young, P. J. Chem. Sci.
2015, 6, 1780-1791.

Brown-Xu, S. E.; Chisholm, M. H.; Durr, C. B.; Lewis, S. A.; Spilker, T. F.; Young, P. J.
Chem. Sci. 2014, 5, 2657-2666.

Brown-Xu, S. E.; Chisholm, M. H.; Durr, C. B.; Lewis, S. A.; Naseri, V.; Spilker, T. F.
Chem. Sci. 2013, 4, 2105-2116.

McCann, M.; Coda, E. M. J. Mol. Catal. A: Chem. 1996, 109, 99-111.

McCann, M.; Coda, E. M. G.; Maddock, K. J. Chem. Soc., Dalton Trans. 1994, 1489-
1492.

Ferreira, P.; Goncalves, I. S.; Kuhn, F. E.; Pillinger, M.; Rocha, J.; Thursfield, A.; Xue,
W.-M.; Zhang, G. J. Mater. Chem. 2000, 10, 1395-1401.

Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.; Beck, J. S. Nature 1992, 359,
710-712.

Chifotides, H. T.; Dunbar, K. R. J. Am. Chem. Soc. 2007, 129, 12480-12490.

Kang, M.; Chouai, A.; Chifotides, H. T.; Dunbar, K. R. Angew. Chem. Int. Ed. 2006, 45,
6148-6151.

Aguirre, J. D.; Chifotides, H. T.; Angeles-Boza, A. M.; Chouali, A.; Turro, C.; Dunbar, K.
R. Inorg. Chem. 2009, 48, 4435-4444,

(100) Shtemenko, N. I.; Chifotides, H. T.; Domasevitch, K. V.; Golichenko, A. A.; Babiy, S. A.;

Li, Z.; Paramonova, K. V.; Shtemenko, A. V.; Dunbar, K. R. J. Inorg. Biochem. 2013,
129, 127-134.

(101) Suntharalingam, K.; Johnstone, T. C.; Bruno, P. M.; Lin, W.; Hemann, M. T.; Lippard, S.

J. J. Am. Chem. Soc. 2013, 135, 14060-14063.

(102) Lutterman, D. A.; Fu, P. K. L.; Turro, C. J. Am. Chem. Soc. 2006, 128, 738-739.
(103) Wilkinson, L. A.; McNeill, L.; Patmore, N. J. J. Am. Chem. Soc. 2013, 135, 1723-1726.
(104) Cotton, F. A.; Murillo, C. A.; Villagran, D.; Yu, R. J. Am. Chem. Soc. 2006, 128, 3281-

49



3290.

(105) Cotton, F. A.; Lin, C.; Murillo, C. A. J. Am. Chem. Soc. 2001, 123, 2670-2671.

(106) Salomon, A.; Cahen, D.; Lindsay, S.; Tomfohr, J.; Engelkes, V. B.; Frisbie, C. D. Adv.
Mater. (Weinheim, Ger.) 2003, 15, 1881-1890.

(107) Carroll, R. L.; Gorman, C. B. Angew. Chem. Int. Ed. 2002, 41, 4378-4400.

(108) Tour, J. M. Acc. Chem. Res. 2000, 33, 791-804.

(109) Pearson, D. L.; Tour, J. M. J. Org. Chem. 1997, 62, 1376-1387.

(110) Jones, L.; Schumm, J. S.; Tour, J. M. J. Org. Chem. 1997, 62, 1388-1410.

(111) Schull, T. L.; Kushmerick, J. G.; Patterson, C. H.; George, C.; Moore, M. H.; Pollack, S.
K.; Shashidhar, R. J. Am. Chem. Soc. 2003, 125, 3202-3203.

(112) Bumm, L. A.; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin, T. P.; Jones, L.; Allara,
D. L.; Tour, J. M.; Weiss, P. S. Science 1996, 271, 1705-1707.

(113) Cygan, M. T.; Dunbar, T. D.; Arnold, J. J.; Bumm, L. A.; Shedlock, N. F.; Burgin, T. P,;
Jones, L.; Allara, D. L.; Tour, J. M.; Weiss, P. S. J. Am. Chem. Soc. 1998, 120, 2721-2732.

(114) Boyd, D. A.; Fanwick, P. E.; Ren, T. Inorg. Chim. Acta 2011, 370, 198-202.

(115) Chen, W.-Z.; Ren, T. Inorg. Chem. 2006, 45, 9175-9177.

(116) Richardson, D. E.; Taube, H. Inorg. Chem. 1981, 20, 1278-1285.

(117) D'Alessandro, D. M.; Keene, F. R. Dalton Trans. 2004, 3950-3954.

(118) Barriere, F.; Camire, N.; Geiger, W. E.; Mueller-Westerhoff, U. T.; Sanders, R. J. Am.
Chem. Soc. 2002, 124, 7262-7263.

(119) Robin, M. B.; Day, P. Advances in Inorganic Chemistry and Radiochemistry; Emeléus,
H. J., Sharpe, A. G., Eds.; Academic Press: 1968; Vol. Volume 10, pp 247-422.

(120) Hush, N. S. Prog. Inorg. Chem.; John Wiley & Sons, Inc.: 2007, pp 391-444.

(121) Cotton, F. A.; Donahue, J. P.; Murillo, C. A. J. Am. Chem. Soc. 2003, 125, 5436-5450.

(122) Kcberl, M. Dicarboxylate-bridged Moz paddle-wheel complexes as building units for
supramolecular coordination polymers; PhD Thesis, Technischen Universit& Mi{nchen,
2012.

(123) Cotton, F. A.; Liu, C. Y.; Murillo, C. A. Inorg. Chem. 2004, 43, 2267-2276.

(124) Arnold, D. I.; Cotton, F. A.; Kthn, F. E. Inorg. Chem. 1996, 35, 5764-5769.

50



7 Curriculum Vitae and Publication List
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9 Christoph-Probst-Str. 6/106

B 0049-17684655734
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Bachelor
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Inorganic Chemistry, Molecular Catalysis, Department of Chemistry

Professor: Fritz E. Kihn

Nanjing University, Nanjing, P. R. China 09/2010 — 06/2012
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v
v
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