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Kurzzusammenfassung

Die synthetische Stickstofffixierung befasst sich mit der Bindung und Derivatisierung des
sonst inerten Distickstoffmolekiils mithilfe von Ubergangsmetallkomplexen. Im Fokus der
Betrachtungen stehen hierbei vor allem Molybdén und Wolfram, die haufig multidentate
Liganden binden. Diese Arbeit ist drei in Abschnitte unterteilt. Im ersten Abschnitt ist die
Synthese und Charaketrisierung des [W(Ny)(PMe¢aPPPh,)] Komplexes beschrieben, welcher
auf dem von der Arbeitsgruppe TUCZEK entwickelten pentaPod-Ligandsystem basiert. Auch
wenn dieser Komplex eine geringere katalytische Aktivitat (mit Smly/H2O) als sein molyb-
dénbasiertes Analogon hinsichtlich der Erzeugung von Ammoniak zeigte, ist dieser Komplex
das erste Beispiel fiir einen wolframbasierten Distickstoffkomplexes, der {iberstéchiometrische
Mengen NHj generieren konnte. Ein Vergleich der Einkristallstrukturen der Mo- & W(Ny)
Komplexe zeigt nur geringe strukturelle Unterschiede. Um Hinweise auf die Ursache fiir die
unterschiedliche katalytische Aktivitdt zu finden, wurden elektrochemische und spektroelek-
trochemische Untersuchungen durchgefiihrt. Es wurde gefunden, dass die Komplexe grofle
Unterschiede hinsichtlich ihrer Stabilitdt im oxidierten Zustand aufweisen.

Im zweiten Teil dieser Arbeit wird, statt Ny, CO als Ligand verwendet. Kohlenstoffmonoxid
ist isoelektronisch zu Distickstoff, bildet jedoch stabilere Komplexe, was die Untersuchung des
Koordinationsverhaltens von Ligandensystemen ermdoglicht. Es wurde das Koordinationsver-
halten von tridentaten PNPPPR Liganden (R = Phy, Ety, Cypa, 'Pra, Cy2) an das Mo(CO)3
Strukturfragment untersucht. Es wurde gefunden, dass alle Liganden in einer facialen Ge-
ometrie koordinierten, obwohl DFT-Rechnungen zeigen, dass eine meridionale Geometrie
fiir sterisch anspruchsvolle Reste bevorzugt wére. Diese Ergebnisse stehen im Gegensatz zu
den in der Literatur bekannten [Mo(CO)3PN"P] Komplexen, die fiir Phosphindonoren mit
sterisch anspruchsvollen Substituenten auch eine meridionale Geometrie zeigen. DFT-Studien
mit [Mo(CO)oPNEPMe] (R = N, Ph) zeigten unter anderem, dass der Ubergangzustand
des PNPhPMe haltigen Komplexes energetisch hoher liegt, was auf die Bildung agostischer
Wasserstoftbriickenbindungen zuriickzufithren ist.

Im dritten Teil dieser Arbeit wurden tridentate Ligandsysteme fiir eine mogliche Fixierung
auf einer Goldoberflache untersucht. Hierzu wurden verschiedene Ansétze gewéahlt, wobei der
Hauptfokus auf der Synthese eines [Mo(CO)3PNPEPPh] Komplexes lag, der in para-Position
zum N-Donor mit einer Thio-Gruppe versehen war, die als Ankergruppe auf der Oberflache
dienen sollte. Als grofite Herausforderung stelle sich hierbei die Einfithrung der gewéhlten
SCN-Gruppe heraus, da im Zuge dieser Reaktion Bry freigesetzt wird, welches die Phosphine
oxidierte. Die Schiitzung der Phosphine mit Borangruppen erlaubte schlussendlich die Ein-
fiihrung der SCN-Gruppe. Leider konnte der gewiinschte Ligand dennoch nicht erhalten
werden, da Sauerstoffverunreinigungen im Morpholin bei der Entfernung der Borangruppen
die Phosphine oxidierten. Nichtsdestotrotz stellt die vorgestelle Route eine vielversprechende
Methode zur Darstellung des PNPP-SCNPPh [ioanden dar, welcher im Anschluss fiir die

Koordination an [Mo(CO)z(cht)] verwendet werden kénnte.
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Abstract

Synthetic nitrogen fixation deals with the binding and derivatization of the otherwise inert
dinitrogen molecule with transition metal complexes. These complexes primarily contain
molybdenum and tungsten centers, which mostly bind multidentate ligands. This work is
divided into three sections. The first section describes the synthesis and characterization of the
[W(Ny)(PMe,PPPh,)] complex, which is based on the pentaPod ligand system developed by
the TUCZEK group. Although this complex showed lower catalytic activity (with Smly/Hy0)
than its molybdenum-based analogue in terms of ammonia generation, it is the first example
of a tungsten-based dinitrogen complex that is able to generate overstoichiometric amounts of
NHjs. A comparison of the single crystal structures of the Mo- & W(N3) complexes shows
only minor structural differences. Electrochemical and spectroelectrochemical investigations
were carried out to determine the cause of the different catalytic activities. It was found that
the complexes exhibit large differences in terms of their stability in the oxidized state.

In the second part of this work, CO is used as a ligand instead of No. Carbon monoxide is
isoelectronic to dinitrogen, but tends to form more stable complexes, which allows for the
investigation of the coordination behavior of ligand systems. The coordination behavior of
tridentate PNPPPR ligands (R = Phy, Ety, Cyps, 'Pra, Cys) to the Mo(CO)3 fragment was
investigated. It was found that all ligands coordinated in a facial geometry, although DFT
calculations show that a meridional geometry would be preferred for sterically demanding
residues. These results are in contrast to [Mo(CO)3PN"P] complexes reported in literature,
which do show a meridional geometry for phosphine donors with sterically demanding sub-
stituents. DFT studies using [Mo(CO)PNEPMe] (R = N, Ph) complexes showed, that among
other things, the transition state of the PNFPPPMe containing complex is energetically higher,
due to the formation of agostic hydrogen bonds.

In the third part of this work, tridentate ligand systems were investigated for possible deposi-
tion on a gold surface. Various approaches were chosen for this purpose, with the main focus
on the synthesis of a [Mo(CO)3PNPPPPh] complex, which was modified with a thio group in
the para-position to the N-donor, intended to serve as an anchor group to the surface. The
introduction of the selected SCN group proved to be the greatest challenge, as Bry is released
in the course of this reaction, which oxidized the phosphines. Protecting the phosphines with
borane groups ultimately allowed the introduction of the SCN group. Unfortunately, the
desired ligand could not be obtained because oxygen impurities in the morpholine oxidized the
phosphines when attempting to remove the borane groups. Nevertheless, the presented route
appears to be a promising method for the preparation of the PNPPMSCNPPh Jioand  which
could subsequently be used for coordination to [Mo(CO)3(cht)].
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Chapter 1

Introduction

The current world population is about to reach 8 billion.["2] In order to sustain the world’s
population, high yields in agriculture are necessary. This is achieved, among other things, by
large amounts of nitrogen based fertilization.[> ! Nitrogenous fertilizers are based on ammonia
which is produced on an industrial scale by the so-called Haber-Bosch process (see section
2.1).[6’7] The conventional Haber-Bosch process utilizes an iron catalyst, developed for the

899 The process was developed

synthesis of ammonia from its elements nitrogen and hydrogen.
by Fritz Haber on laboratory scale and industrialized by Carl Bosch.[! Due to the inert
character of the very stable N=N-triple bond and the associated energy for bond dissociation
high temperatures are required.'%) Furthermore, the actual catalyst (a-iron) only forms at
high temperatures. In order to increase the yield of this exothermic reaction, the pressure is
increased to around 200 bar, favoring the product side of the equilibrium.! Although the
process requires a large energy input, a major portion of energy is expended for the provision
of hydrogen by steam reforming and water-gas shift reaction.l'? Also coal, oil and natural
gases are used as energy source increasing the COy emission even further.M]

Although the fertilizers made from the Haber-Bosch process contribute a lot to the avail-
ability of nitrogenous compounds in the soil, plants who live in symbiosis with diazotrophic

[13] These microorganisms are able to

microorganisms can also access nitrogenous compounds.
bind and convert the inert dinitrogen molecule into bioavailable compounds. This is known
as biological nitrogen fixation (see section 2.2.2) and represents the first step of the nitrogen
cycle. Nitrogen fixating microorganisms (e.g. Azotobacter vinelandii) utilize an enzyme called
Nitrogenase.™ There are multiple types of nitrogenases with the main variant being the

1517 Other than in the Haber-Bosch process, nitrogenase is

molybdenum iron nitrogenase.!
able to convert dinitrogen under ambient conditions, yet the biological energy expenditure is
considerably large with 16 MgATP.['8] Besides some geochemical ways to convert dinitrogen
into ammonia the last major field is the synthetic nitrogen fixation (see section 2.3). This is
an area in coordination chemistry where attempts are made to understand the processes of the
nitrogenase through simpler model systems, to obtain insight knowledge into the mechanism
and maybe find a process which has a lower energy consumption and COy emission.1%29 One
of the main challenges is the bonding and activation of the No molecule, making it accessible
for derivatization. This is achieved by coordination of the dinitrogen molecule to transition
metal complexes and tuned by the surrounding ligand sphere.?Y Due to the sensitivity of
these dinitrogen complexes, isoelectronic carbonyl ligands are often used as well. Carbonyl
ligands form more stable compounds and have excellent spectroscopic properties making them

a good alternative for the investigation of ligand and complex properties.






Chapter 2

Scientific Background

2.1 The Haber-Bosch Process

The Haber-Bosch process is one of the most important industrial processes today. It is
used to synthesize ammonia from its elements.[®7] The process was developed by FRITZ
HABER in 1908 who studied the thermal reaction equilibrium of dinitrogen and dihydrogen
to ammonia, which was discovered in the 20" century.[?2l He found that the reaction is
increasingly in favour of ammonia when high pressures are applied in the presence of osmium
and uranium catalysts.[2324 In the following years CARL BOSCH engineered the reaction to
an industrial scale with the first plant being operational in 1913.1%:2526] In order to accomplish
the industrialization of the reaction, several obstacles had to be overcome. The first being
the provision of the raw materials as well as the catalysts. HABER used the electrolysis of
hydrogen chloride as dihydrogen source which was not sufficient for the industrial process.24
For the first plant, coal was used as hydrogen source obtained by a catalytic process developed
for the ammonia synthesis.[24:26:27]

Nitrogen was obtained from air distillation via the Linde process like it is today.2428] Another
obstacle was the catalyst. FRITZ HABER found osmium and uranium catalysts to be effective.
However, due to the low natural abundance of osmium and the tendency to form oxides it
was not suitable for an industrial process. A similar problem was found for the uranium
catalyst, which tends to be too sensitive towards water and air in view of an application in
the industrial process.2427 ALvIN MITTASCH was tasked with finding a suitable catalyst
that was robust, active and accessible.327) After an extensive empirical study he found a
fused iron catalysts made from different oxides like hematite, magnetite or wiistite with added
promotors to be the most efficient and enduring for the process.[":27)

Most modern industrial catalysts use magnetite as iron oxide with AloO3 and CaO as structural
and K,0 as electronic promotor.l®2” By melting the iron and promotors under reductive
conditions with hydrogen, crystallites (a-iron) are formed which are stabilized and activated by
the electronic promotor. The catalyst operates at high temperatures, because an equilibrium
between the promotors and the crystallites is formed, stabilizing the active sites.[929 The
requirement for high temperatures is problematic for the conversion to ammonia due to the

exothermic nature of the reaction (see eqn. 2.1).13%

Ny +3 Hy =2 NHs +92.28 kJ (2.1)
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The amount of energy release even increases with rising temperatures leading to a value of
AgrH of -109 kJ/mol at 500 °(.[3Y Following Le Chateliers principle the equilibrium changes
in favor of ammonia by increasing the pressure. In the industrial process usually around

d.[12:3031] The reduction in volume shifts the reactions

200-300 bar of pressure are applie
equilibrium towards the product side, increasing the yield from 0.13 vol.-% to 17.6 vol.-%.
Depending on the contact time between the catalyst and the synthesis gas this yield can vary
and yield lower amounts, yet be more economical for a company due to fast reaction times. 3"
Both HABER (1919) and BoscH (1931) were awarded the Nobel prize for their accomplishments.
In 2007 another Nobel prize was awarded in relation to the Haber-Bosch process. This time
it was given to Gerhard Ertl for elucidation of the mechanism on the catalysts surface.[3?
The reaction is usually divided into several steps. The first step is the physisorption of
dihydrogen and dinitrogen on the iron surface, followed by the dissociative formation of iron
nitride species.[932:33] The dissociative chemisorption was identified as rate limiting step
of the industrial ammonia synthesis as suggested by EMMETT.4 As a consequence of the
electronic promotors in the catalyst this reaction is not only exothermic but lowers the very
high activation energy that would be associated with a reaction in the gaseous phase.[30:33-36]

Interestingly, the dissociation of the dihydrogen molecule seems barrier less and is therefore

often neglected in discussions.!37]

a b 1000 —] =

] NH + 2H

500__ NH, + H

5

§ | 17~21 46

2 %N, +%H, 1/ l a1
— AN AR o *NHMQHQGNHQ,M NH,
B N,+3H, NH+2H,

-500 —

Fig. 2.1: Energy diagram of the conversion from N and Hy to NH3. The blue reaction pathway
describes the reaction on the catalysts surface, the red path the direct reaction in the gaseous
phase. Adapted from.[36:37]

The dissociative mechanism of the dinitrogen molecule can be separated into three steps. In the
first step the dinitrogen molecule is bound in an end-on fashion to the a-iron. Upon transition
to a side-on coordination mode the bonds between the nitrogen atoms are weakened.[33:39)
Ultimately, this leads to homolytic dissociation of the N=N bonds and the formation of
surface nitrides. Although endergonic, chemisorpted hydrogen gets added sequentially. These
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reaction steps aren’t limiting as the hydrogen has a high mobility on the surface and the
energetic requirements are easily overcome by the reaction temperature.393637 After around
a century of industrial ammonia synthesis, the Haber-Bosch process evolved to one of the
most important chemical processes with ammonia being one of the mostly produced chemicals

0] Nonetheless, the process and especially the generation of hydrogen gas are

[22,41]

worldwide.
not only very energy-intensive, but also high in expenditure of resources. Furthermore,
the emission of carbon dioxide is high, especially in view of the challenges posed by climate
change. For these reasons, a lot of resources are invested in improving the process with new
catalysts!*? or finding ways to electrochemically generate ammonia for which the energy
needed can be obtained from renewable sources.224344 The ammonia containing fertilizers
are an important factor concerning crop yields and therefore for humanity. Yet nature has
found a different way to access and convert atmospheric nitrogen to ammonia. This process is

called biological nitrogen fixation.

2.2 Biological Nitrogen Fixation

2.2.1 The Nitrogen Cycle

Nitrogenous compounds are essential for plant growth, yet they are unable to produce the
needed compounds themselves. Certain microorganism on the other hand are able to convert
atmospheric dinitrogen into ammonia. The conversion of dinitrogen to ammonia is the
first step in the nitrogen cycle (Figure 2.2), which describes the fixation, conversion and

14,4546] The nitrogen cycle can be separated into three

the re-release of nitrogen in nature.!
main stages. The first stage is the biological nitrogen fixation (BNF) in which atmospheric
dinitrogen is converted into bioavailable compounds by microorganisms.!!3:14:46] The fixation
and the mechanisms will be discussed in more detail in section 2.2.2. The second stage of
the nitrogen cycle is called nitrification. The ammonia generated by nitrogen-fixing bacteria
is either assimilated by plants or further oxidized by communities of bacteria generating
nitrate.[6:47 Ammonia-oxidizing bacteria and nitrite-oxidizing bacteria convert the ammonia
to nitrate via hydroxylamine and nitrite.[*850 These reactions are an energy source as well
as growth factor for the bacteria.[#84951] This leads to ammonia and nitrate being the two
predominant nitrogen species in the soil.??

Denitrification, i.e. the degradation of nitrogen species, is the third and final step in the
nitrogen cycle. During this step nitrate is reduced to molecular nitrogen and released back into

[53,54]

the atmosphere. This is done by sequential reduction of the nitrogen atom. The nitrate is

reduced to nitrite which in turn is reduced to nitric oxide. The nitric oxide is then converted

d.[63,54]

to nitrous oxide and after a final reduction step dinitrogen is forme Each of these steps

is part of an anaerobic respiratory chain and requires its own enzyme as a catalyst.[53f55] A
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final process to mention is the dissimilatory nitrate ammonification in which the nitrate is
not reduced to Ny but to NH, " instead. This respiration reaction is not as efficient as the
denitrification because the energy gain is less compared to the release of a dinitrogen molecule.
Due to this reason the ammonification is mostly used as energy conservation method.556)
Not only plants and bacteria are part of the nitrogen cycle. Every living organism takes
part in it, yet there is an increasing anthropogenic influence due to extensive fertilization,
combustion of fossil fuels, burning of biomass or domestication of animals.'34°! Due to the
success of the Haber-Bosch process and the availability of fertilizers, about half of all nitrogen
species in organic matter can be traced back to this process while the other half results from

biological nitrogen fixation. 3!

Fertilizer

Q

‘.\
NV

i

NO NO,- ; “~~ NH;0H NH; / NH,"

[ 2 Z

Fig. 2.2: Simple illustration of the nitrogen cycle. The three main stages of the nitrogen cycle are the
Fixation, Nitrification, and Denitrification. Adapted from!'3]
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2.2.2 Biological Nitrogen Fixation

In general the microbial binding and conversion of dinitrogen to ammonia from the air is called
biological nitrogen fixation. Similar to the nitrogen cycle itself, the biological nitrogen fixation
can be divided into the respective ecosystems in which the associated microbes occur: marine,

[57—

terrestrial and freshwater systems./®”%9 Depending on the ecosystem different microbes are

the main protagonists. Marine nitrogen fixation is mainly associated with cyanobacteria (e.g.

).[B7:60-62] Terrestrial nitrogen fixation is the second important

Trichodesmium and Richelia
field of study concerning nitrogen fixation. The most prominent organism being Azotobacter
vinelandii. This microorganism was discovered in 1903 and has since been the focus of research

631 Furthermore, it was used to isolate and investigate

related to biological nitrogen fixation.
the structure of the enzyme enabling its nitrogen fixating capabilities - the nitrogenase (see
section 2.3).[64’65] Unlike the marine and terrestrial ecosystems, there have not yet been
extensive studies on nitrogen fixation in freshwater and was long considered irrelevant.>”!
Due to that reason not much is know, yet some nitrogen fixating species like the freshwater
cyanobacterium Anabaena variabilis have been studied.[*3:59:66.67 A1l aforementioned species
are diazotrophs meaning they use Ny as nitrogen source in order to grow. In contrast to
the Haber-Bosch process, the biological nitrogen fixation is performed under physiological
conditions and although a considerable amount of biochemical energy in form of ATP is
required (e.g. from photosynthesis in cyanobaterica), the reaction is more efficient in the
nitrogenase compared to the industrial heterogeneous catalysis.5¢ Besides the ATP as energy
source, eight protons and electrons are required for the conversion of dinitrogen to ammonia.

The enzymatically catalyzed reaction is as follows:18l

Nitrogenase
_—

No+8 HT +8 e +16 MgATP 2 NHs+ Hy +16 MgADP +16 P, (2.2)

2.2.3 Nitrogenase

Nitrogenase was isolated for the first time in 1966 by BULEN and LECOMTE, but it took
another 45 years before the structure could be fully elucidated with the identification of the C*
carbide in the center of the active site.[0468-70 There are multiple isoforms of the nitrogenase.
The most common and best studied is the molybdenum nitrogenase. Due to that reason, this
section will focus on the Mo-Nitrogenase only. Alternative forms include a vanadium and
an iron nitrogenase.> 17 These forms are expressed under molybdenum limiting conditions
and are much more inefficient compared to the molybdenum containing nitrogenase.6:17]
The nitrogenase complex consists of three protein units: the asfs-hetero tetramer called
the dinitrogenase (MoFe-protein) and two units of the dinitrogenase reductase (Fe-protein)
- one on each end. Two clusters can be found in each af-subunit of the nitrogenase. The

first one is a FegSy-cluster (P-cluster), which is involved in the electron transfer from the
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_&: :
Fe-
| Protein :‘{ ig“

Electron transfer

| MoFe
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Fig. 2.3: Ribbon diagram of the Nitrogenase enzyme complex. Located within the MoFe-protein
(light blue & purple) are two units of the FeMoco and the P-cluster. On both ends of the
MoFe protein binds the dinitrogenase reductase also called Fe-protein (gold & silver). The
active components within the Fe-protein are the F-cluster as well as 2 MgATP. This image
was created using PDB entry 1N2C and ChimeraX.["*-73]

dinitrogenase reductase to the active site of the enzyme. The P-cluster is composed of two
Fe4S4 units, but the fourth sulfur atom of each subunit is split, so there are only seven sulfur
atoms in the complete cluster (see Figure 2.4B). The reaction shown in eqn. 2.2 takes place
at the active center of the dinitrogenase. The active center is an iron-sulfur cluster with an
additional molybdenum, hence the name: Iron-Molybdenum-cofactor (FeMoco, see Figure
2.4A). The FeMoco is composed of a molybdenum, seven iron, nine sulfur and a very rare
carbidic carbon atom as well as a coordinating homocitrate molecule. Each of the iron atoms
is coordinated by three sulfur atoms. Six of the seven iron atoms also bind to the carbidic
carbon atom in the center of the cluster, while the seventh iron atom saturates the remaining
coordination site with the sulfur of a cysteine. The molybdenum is found in an octahedral
geometry, binding three sulfur atoms a homocitrate and completed by a histidine. The cluster
was first isolated in 1977, followed by the first structural models in 1978 and the first crystal
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structure 1992.7% 77 The structure revealed by the crystallography showed an unexpected
structure of the FeMoco as it appears to feature a hole in the center.[”” Technical progress
made it possible to record X-ray spectra with higher resolution, which showed a light atom in
this very hole.l™! Tt took 19 years from the publication of the crystal data to the elucidation

of the complete structure with the identification of the carbidic carbon in the center of the

cluster. This missing puzzle piece was found by LANCASTER et al. and SPATZAL et al. and
[74,79,80]

resulted the structure displayed in Figure 2.4A.

Fig. 2.4: Structure of the active site of the Nitrogenase - the iron-molybdenum cofactor (A), the
P-cluster with surrounding aminoacids (B) and the F-Cluster (C) of the dinitrogenase
reductase. Iron is shown in orange, sulfur in yellow, carbon in gray, nitrogen in blue, oxygen
in red and the molybdenum in light blue. This image was created using PDB entries 1N2C,
3U7Q and ChimeraX.[71-73:80]

Located between the FeMoco and the Fe-protein is the P-cluster, which is necessary for the
electron transfer and the reductive function of the enzyme.!81:82 The electron is transferred to
the P-cluster from the [FesS4]-cluster (F-cluster, Figure 2.4C) which is located at the interface
between the dinitrogenase and dinitrogenase reductase.[®2 Within the dinitrogenase reductase
the [FesS4]-cluster is embedded into the structure via four cysteinyl residues two of which
are provided by each y-chain.[#384 Within the dinitrogenase reductase two binding sites for
MgATP can be found. The MgATP plays a vital role in the mechanism in the substrate
reduction activity of the nitrogenase.[®>86 Not only is it a source of energy for the reaction,
but the binding results in structural changes within the protein unit that allow the reaction

to occur.[81:83]
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2.2.4 Mechanism of Nitrogenase

The elucidation of the structure of nitrogenase took several decades, but the structure is not
the only aspect that concerns researchers. The mechanism of enzymatic No-to-NHj3 conversion
has been the focus of investigation for almost as long and is still not fully understood.
The first description of the mechanism was postulated by THORNELEY and LOWE after
performing a series of kinetic measurements.!8” 9 The model unifies assumptions derived
from model systems prepared in the context of synthetic nitrogen fixation with kinetic
experiments. 878991 CHATT stated that dihydrogen coordinated to a metal center can be
displaced by dinitrogen under reductive conditions and that conversion to ammonia occurs
through successive protonation and single-electron reduction steps. 3991 As seen from eqn. 2.2
one equivalent of hydrogen is produced with each turnover of the catalytic cycle. The catalytic
cycle described in the THORNELEY-LOWE-model is divided into eight distinct one-electron
steps (Figure 2.5B). The electrons needed for the catalytic cycle stem from another cycle
which is intertwined with the cycle of the FeMoco. The two mechanism are the cycle of
the Fe-protein (Figure 2.5A) which transfers the electrons to the FeMoco and the catalytic
cycle itself in which ammonia is generated (Figure 2.5B). During the Fe-protein cycle the
cluster is found in two oxidation states. The oxidized and the reduced form in which the
cluster is found in the oxidation states 1+ and 2+ respectively.[%? Before association and
electron transfer to the MoFe-protein two ATP molecules bind to the protein, changing its
structural arrangement.® This change in the conformation has multiple effects the first

93-95] Tny the course of the structural

being the ability for association of Fe- and MoFe-Protein.|
changes, the F-cluster is also rotated closer to the interface between the proteins, bringing it
within Van der Waals reach of the P-cluster.l%] As the iron protein is the only known electron
source for the reduction and only one electron can be transferred from a protein unit, the
dinitrogenase reductase cycle involves association and dissociation after every single-electron

[92.93] Comparing experimental results trying to determine the order of reaction

transfer.
steps in the associated state of the proteins several discrepancies arise.[® Depending on
the method different rate constants were determined. Furthermore, the extremely sensitive
protein complex and its environment-dependent properties cause deviations and differences in
the experiments, respectively.l9496-102 Tndependent of the order of events concerning ATP
hydrolysis and electron transfer, phosphate is released after the electron transfer and the
protein complex dissociates. The hydrolysis to MgADP reverses the previous conformational

change and thus prevents the precondition for the assembly of the Fe- and MoFe-proteins. 96!
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Fig. 2.5: [llustration of the THORNELEY-LOWE-model describing the catalytic cycle of the biological
nitrogen fixation. Each step of the cycle is represented by an E with an index reflecting the
number of electrons transferred. PDB entries 1N2C[™ and 3U7Q[® were used for creating
the MoFe-, Fe-protein and ferredoxine (PDB 1FRI) images in the iron cycle. Adapted from
EINSLE and REEs. [

In the oxidized form the Fe-protein detaches from the MoFe-protein and can be regenerated
by reduction. Upon reduction the MgADP is also exchanged with two MgATP molecules,
allowing the cycle to start again. For each step, denoted E in Figure 2.5B, the nitrogenase and
dinitrogenase reductase must associate and dissociate.'3 Besides the ongoing investigations
concerning the order of events as well as the kinetics, determination of the rate limiting step
is still part of current discussions in literature.8%-94

The second part of the mechanism is the nitrogen reduction itself. Herein, two parts must

11
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be considered during the cycle in the MoFe protein: The electron transfer via the P-cluster
and the reactions at the active site of the enzyme. As described above, the catalytic cycle
of the MoFe-protein is divided into eight steps (Eg-E7) following the THORNELEY-LOWE-
model. 38901041051 T, the first three steps (Eg-E3) four reduction equivalents are accumulated

[104-107]

as bridging hydrides between the iron atoms in the FeMoco. The additional two protons

[104] The exact structure of the reduced state of the active site is to

are bound to sulfur atoms.
date not know for certain as the calculated energetics of the cluster show massive variations
depending on the DFT method chosen.10%108:109 The key intermediate of the cycle is found
in the E4 stage which is also called the Janus-Intermediate. In this step, the No substrate
is bound to the FeMoco. The exact nature of this step is not yet fully understood and
different approaches including an active role of the homocitrate ligand as a transitional proton
store as well as displacement of the belt sulfurs has been discussed.M01M1 What is known
is the fact that the E4 stage can react in two different directions: back towards the resting
state Eg or continue to protonate and reduce the Ny.[89195] Continuing the path towards

generation of ammonia, two general mechanisms are proposed: a distal and an alternating

pathway [107,112,113]
Alternating
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Fig. 2.6: Schematic representation of the alternating and distal mechanism of nitrogenase.[107-113]

In the distal path, the terminal nitrogen is first protonated/reduced and then, after the
formation of a nitrido species, the second equivalent ammonia is generated.[lm’ll?’] This
model is also discussed as mechanism in Chatt-type catalysts in synthetic nitrogen fixation (cf.
section 2.3.1). The second pathway is the alternating mechanism. Unlike the distal mechanism,
in the alternating mechanism, the nitrogen atoms are alternately protonated/reduced and the

two equivalents of ammonia are released in the last two steps of the cycle.197113] Although

12
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not yet fully proven, the alternate path seems to be more likely. In addition to experimental
detection of hydrazine and diazene under catalytic conditions, these compounds can also be

used as substrates for the generation of ammonia by nitrogenase.107:114-116]

2.3 Synthetic Nitrogen Fixation

Inspired by nature, synthetic nitrogen fixation deals with the conversion of dinitrogen to
ammonia using transition metal complexes. Investigations of the properties of these simpler
model systems and their catalytic ability will provide important clues to the mechanism of
nitrogenase. Over the decades, however, synthetic nitrogen fixation has developed into a broad
branch of research in coordination chemistry, which, in addition to studying different systems
and their reactivity as well as developing new catalytic pathways, is also concerned with
fundamental questions of coordination chemistry.[!9:20:89.117.118] The foundation to synthetic
nitrogen fixation was laid by ALLEN and SENOFF (1965) with the synthesis of the first complex
bearing a dinitrogen ligand and a ruthenium center ([Ru(N2)(NHj)5]X2; X = Br, I, BFy,
PFﬁ).[llg} Addition of NaBH, to the complex with iodine counterions also generated the
first amounts of ammonia.l''®) The first complex coordinating a dinitrogen from nitrogen
atmosphere was reported two years later.'29) The coordination of a dinitrogen ligand is
observed by infrared spectroscopy as the coordination of the dinitrogen causes a shift to
lower wavenumbers compared to free Ny molecule.!”) This shift is commonly referred to as
activation. The further the Ny stretch is shifted to smaller wavenumbers, the stronger the
dinitrogen ligand is activated with regard to derivatization.21121 The cause of the shift is
found in the change of the N=N bonds due to the coordination to the metal center. The
formation of a bond between the metal center and the nitrogen leads to an electron density
transfer, which is described by the Dewar-Chatt-Duncanson model.'?2l At first electron
density is transferred from the nitrogen to the metal center, known as o-donation, followed by
a m-backdonation, in which electron density is transferred from the metal center back to the
ligand (Figure 2.7).[123-129]

13
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Fig. 2.7: Left: Illustration of molecular orbital scheme starting from a single nitrogen atom, to the
dinitrogen molecule and finally to the bonding situation in a terminal molybdenum complex.
Right: Illustration of the interacting orbitals in their respective orientation of the Mo-Ny
fragment. [126-130]

From figure 2.7 (right) it can be seen that the o-donation originates from the interaction
of the 20-MO of the Ny molecule and the d,z2-orbital of the molybdenum center, while the
n-backdonation results from the interaction of the 7w%/¥-orbitals of the Ny with the dy,- and
dy,-orbitals. The degree of activation can be separated into different categories starting with
no activation in the free Ny molecule to high activation or even NN cleavage.[20:131:132) Multiple
factors influence the activation like the metal center, it’s oxidation state and the coligands

(21,133-137] 6w oxidation

completing the surrounding sphere as well as the trans-influence.
states are associated with higher electron density at the metal center, which improves the
ability for backdonation and enhances activation.!'31:133:138] Furthermore, early transition
metals are more commonly encountered and have better activating properties compared to late
transition metals as the relative energetic position between the metal and ligand orbitals is
generally favored.!37 Heavier homologues (cf. molybdenum and tungsten), although similar in

structure, have a higher activation as well because of more diffuse d-orbitals.[21:139,140]

Ligand
sphere and trans-influence are the last two main factors except the coordination mode itself.
Ligands with o-donation properties and weak to no 7-acceptor properties increase the electron
density on the metal center making more electron density available for the m-backdonation

(1] An example for this is the comparison

to the Ns-ligand, hence increasing the activation.
between aryl- and alkylphosphines as the m-acceptor properties decreases for alkylphosphines
as systematized by TOLMAN and others.[21:141-143] The strongest influence of the ligand sphere

is exerted by the donor in trans-position of the nitrogen ligand.[21:144,145]

14
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Fig. 2.8: Coordination modes of dinitrogen molecule to transition metal centers.12!

Dinitrogen can coordinate in 5 different ways to transition metal centers (Figure 2.8).[21’133’136]

The coordination mode is besides the ligand sphere a very important factor with regards to the
activation of the ligand. In mononuclear complexes the end-on coordination mode is clearly
preferred over side-on.!'3% In dinuclear systems the dinitrogen ligand can act as bridging ligand.
It can act as end-on bridge, side-on bridge or in rare cases as side-on end-on bridge.[20-123,146,147]
Activation of the Ny ligand is stronger in the end-on bridged variant compared to the end-on
terminal coordination of the mononuclear complexes as can be seen from several examples in
which the dinitrogen is split into nitrides between two metal centers.20:148-150] Nonetheless,
within the context of this work the end-on terminal coordination mode is the most important
as the systems investigated bare this structural feature.

In the decades following the first report by ALLEN and SENOFF, many groups have made
important contributions to synthetic nitrogen fixation advancing the field even further. In
the context of this thesis, the work of CHATT, SCHROCK, PETERS, and NISHIBAYASHI are

particularly noteworthy and will be discussed in detail in the next sections.

2.3.1 Chatt system

10 years after the first dinitrogen complex, in 1975, substoichiometric quantities of ammonia
were generated. CHATT et al. added sulfuric acid to different molybdenum and tungsten bis-
dinitrogen complexes bearing four monodentate phosphine coligands (PMeoPh & PMePhg).[151]
Addition of acid in methanol or tetrahydrofurane (thf) to the cis-|W(N2)2(PMeaPh)4] complex
yielded 90% ammonia generation proving a derivatization of dinitrogen via transition metal
complexes. Utilizing the similar hydrazido(2-) complex [W(NNH,)(OTs)(dppe)2]t (dppe =
1,2-bis(diphenylphosphino)ethane), which is generated from the bisdinitrogen complex and
tosylic acid, PICKETT and TALAMARIN presented the first cyclic ammonia generation under
reductive conditions. They used a mercury pool cathode to generate 0.73 mol of NH;.[152,153]
Based on the findings of CHATT, PICKETT and TALAMARIN a catalytic cycle was postulated
(Figure 2.9).[118,1547155]
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Fig. 2.9: Ilustration of the CHATT cycle, in which dinitrogen is converted to ammonia by a sequence
of protonating and reducing steps.[21:154:155]

In the first step of the CHATT cycle, one of the two nitrogen ligands is exchanged by the
added conjugated base while the other nitrogen ligand gets protonated at the S-nitrogen. A
second protonation leads to the formation of an isodiazene complex, which is able to shift
the bond arrangement into a hydrazido(2-) complex. The following reactions differ for the
isodiazene- and hydrazido(2-) complex as the isodiazene complex is protonated again forming
the hydrazidium complex, while the hydrazido(2-) complex is reduced in a two electron
reduction upon release of the basic anion (X"). Addition of two reduction equivalents to
the hydrazidium complex results in the release of the first equivalent of ammonia from the
pentacoordinated complex upon reaction with a third equivalent of acid. In both pathways
the nitrido complex is formed after release of the first molecule of NHj.[21:118,154-157] T
cycle continues with alternating protonation and reduction steps until the second equivalent
of ammonia is released from the ammine complex in a final two electron reduction step. In

the course of the two-electron reduction to Mo(0), two N2 molecules are also bound and the

initial complex is regenerated.21:118:154-157 UIpfortunately, the complexes described in the
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CHATT cycle were not catalytic. This can be attributed to two main reasons, the elimination
of which is one of the main topics of our working group. Throughout the cycle, the metal
centers occur in very high oxidation states (e.g. the nitrido stage), which can lead to a bond
break between the hard metal center and the soft phosphine donors. The second problem
arises from a disproportionation reaction in the last step of the cycle leading to the loss of
50% of the catalyst used.[2!]

2.3.2 Systems of the Schrock group

Due to the problems mentioned afore, the CHATT cycle is not a truly realized catalytic cycle.
This milestone was achieved by SCHROCK et al. in 2003.1158] They presented a molybde-
num complex bearing a tetradentate ligand (Figure 2.10) which generated 7.6 equivalents of
ammonia in four cycles. As a proton source [LutH]|[BArF] ([2,6-lutidinium] [tetrakis-{3,5-bis (tri-
fluoromethyl)phenyl}borate]) was employed and decamethylchromocene was added as electron
source.”8) Due to the sterically demanding ligand, the authors assume that the conversion of
the nitrogen ligand to ammonia occurs only at the complex and that no binuclear species are
formed during the reaction. This is also supported by experimental studies.[198:159] Besides the
catalytic reduction of dinitrogen to ammonia, the group also isolated and characterized several
intermediates of a proposed catalytic cycle.123159 Additional quantum chemical calculations
filled the gaps of the non-isolable intermediate and thus completed the proposed cycle. Reasons
for the inaccessibility can be associated with instabilities and high reactivities.'%0162] Attempts
to improve the system by altering the ligand were unsuccessful rendering the complex inactive
towards dinitrogen reduction.'%] The cycle starts with the dinitrogen complex in which
the molybdenum is found in the oxidation state +III. After a sequence of three alternating
protonation and one electron reduction steps, the first equivalent of ammonia is released
leaving the nitrido complex.[160:161] Thig sequence is repeated, generating the second ammonia

molecule which is released upon exchange by a nitrogen molecule.!160:161]
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Fig. 2.10: Ilustration of the SCHROCK cycle, in which dinitrogen is converted to ammonia by a
strictly alternating sequence of protonating and reducing steps. The blue intermediates
have been isolated.[158-162]

The SCHROCK cycle is very similar to the CHATT cycle as both of them follow a distal
mechanism: first the S-nitrogen atom is converted to ammonia followed by the a-nitrogen.
The main differences are: 1) the protonation and reduction steps are strictly alternating in
the SCHROCK cycle while two protonation steps are followed by the reduction by two electrons
in the CHATT cycle (cf. Figure 2.9; hydrazido(2-) path) and 2) the oxidation states of the
metal center are different throughout the cycle. Besides the unsuccessful variation of the
ligand, SCHROCK et al. also exchanged the molybdenum center with tungsten. Unfortunately,
this exchange rendered the system catalytically inactive as well. Altough they were able to
isolate several intermediates associated with the cycle, only 1.51 equivalents of ammonia were
generated leading to the conclusion that the initial catalyst is not recovered.'®¥ It was found
that the W(NHs) complex does not convert to the W—Ny complex even when the system is
exposed to pressure under nitrogen atmosphere (55 bar). Furthermore, the equilibrium found
between the molybdenum variants of the complexes is very different compared to the one of
the W(NH3)- and W(Ny)-complexes.!164
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In 2017 SCHROCK et al. presented a pincer based system with a higher catalytic activity than
the original SCHROCK system. This amine based pincer (Figure 2.11) was able to generate
10.3 equiv. of ammonia using diphenylammonium triflate and decamethylcobaltocene. The
complex presented is not a dinitrogen complex but a molybdenum(IV) nitride complex with a

tert-butyl alcohol coligand.[16]
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Fig. 2.11: The pincer based system by SCHROCK et al.[1%%]

A special feature of the Schrock systems compared to most other complexes in synthetic
nitrogen fixation is the use of amine donors. Usually, phosphine donors are used in nitrogen

fixation because they have very good donor properties and form stable complexes.[21:15]
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2.3.3 Systems of Peters’ group

Although iron is mainly discussed to be the active site of the nitrogenase, synthetic nitrogen
fixation mostly evolves around molybdenum and tungsten complexes. The PETERS group
set another important milestone as they presented the first iron based catalyst capable

of Na-to-NHj reduction, using an iron dinitrogen complex bearing the tris[o-(diisopropyl-

phosphino)phenyl]borane ligand (P3®, Figure 2.12 left).[wﬁ}
Nz Nz Nz
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Fig. 2.12: Iron dinitrogen complexes bearing the variations of the ligand for synthetic nitrogen fixation
developed by PETERS et al.[166:167]

Addition of HBArY and KCg yielded 7 equivalents of ammonia.l'66 The amount of ammonia
was increased drastically (to 64 equiv.) by increasing the amount proton- and electron
sources.['871 Further optimization and additional irradiation of the solution increased the

168] Unlike the reactions presented by CHATT and

ammonia yield again to 94 equivalents.!
SCHROCK, this catalysis is not carried out under ambient conditions, but at a temperature
of -78 °C. Exchanging the reducing agent as well as the acid with less potent compounds
([PheNH3]OTf and Cp2" Co) a yield of 89 equivalents of ammonia were generated - still using
the presented iron system.1% The peculiarity of this combination lies in the transfer mode of
the protons and reduction equivalents as the combination of the Cpy”Co with the acid acts as
PCET reagent (PCET = Proton Coupled Electron Transfer).[' This insight was used as a
starting point towards electrocatalytic nitrogen fixation, which the group demonstrated in
2018 using [Cps Co]*, [Fe(N2)(P3®)] and anilinium acids in controlled potential electrolysis
experiments. In this way, 6.7 equivalents of ammonia could be generated.'7 The main issue
of electrocatalytic ammonia generation is the competing hydrogen evolution reaction which is
often dominating.[169’170] Early, yet unsuccessful attempts used a mercury pool electrode as
the overpotential of mercury allows more negative potentials.'"2171172] Tn 2022 the group
found an alternative approach towards electrocatalysis by employing a mediator complex that
accepts the electrons from the cathode and transfers them as a PCET agent to the actual
catalyst (Figure 2.13).173
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Auxiliary PCET Cycle Catalytic Cylce

Fig. 2.13: Illustration of the PCET mediated electrochemical No-to-NH3 reduction by PETERS et al.,
exemplified with a tungsten bisdinitrogen complex. Edited after.[173!

A number of catalysts were investigated using this approach, with the best producing 40 equiv.

173] Interestingly, the best catalyst was found to be the very complex employed

of ammonia.!
in the original experiments by PICKETT and TALAMIN in 1985. In the same year the group
could also demonstrate direct electrocatalysis on a pyridine based pincer system. Starting
from the well known [MoBrs(PNP'*")] complex 11.7 equiv. NHz were generated.!'™ These
impressive results were achieved by very conscious selection of the components involved.

Parallel to the efforts invested into the [Fe(Ny)(P3P)]" complex the PETERS group also
investigated the influence of the donor trans to the dinitrogen ligand by synthesizing two
variants of the P3P ligand. The boron was exchanged by carbon (P3°) (Figure 2.12 middle) as
well as silicon (P35') (Figure 2.12 right).['6”) However, the catalytic activity of the corresponding
iron complexes was lower than that of the [Fe(N3)(P3®)]" complex. 47 equiv. of ammonia
were found for the [Fe(Ny)(P3¢)]" complex, while [Fe(N3)(P3%)]" generated only 4.4 equiv.[157]
Not only variations of the ligands were investigated but also different metal centers. Using the
least active P35 ligand low valent dinitrogen complexes with osmium and ruthenium centers
were synthesized.!!™176 Using large amounts of [PhyNHy][OT1] (1500 equiv.) and Cps Co

(1800 equiv.) the osmium complex was able to generate 120 equivalents of NH;.[176]
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2.3.4 Systems of the Nishibayashi group

The NISHIBAYASHI group focuses on pincer based systems. Per definition pincer ligands are

[177] Not only their variability,

rigid ligands that enforce a meridional coordination geometry.
but also their often high catalytic activity has increased interest in pincer-based systems in
recent decades.1787180] The catalytic activity is often related to the rigidity and high thermal
stability of the complexes allowing well defined catalytic reactions.'7 183 Although the term
pincer is now used in a broadened sense from its original definition, it usually refers to a
tridentate system with 3 donor atoms. Often, amines in the form of pyridines or carbenes
are found at the central position. Typical groups for linkage are amines or CHs-groups but
also silicone groups are well known modifications.!!32 18] The NISHIBAYASHI group utilizes
pincer ligands to develop very active catalysts for synthetic nitrogen fixation. The first
system presented by the group capable of catalytic No reduction was an end-on bridged
binuclear molybdenum complex bearing a PNP pincer with P'Buy donors on each center
(Figure 2.14B). The ligand sphere was completed by two more Ny ligands on each molybdenum
(Figure 2.14A).1'86] The best results were achieved by addition of [LutH][OTf] and CpyCo
with 23.2 equiv. of ammonia were generated per dinuclear complex.['86] Based on these initial
results, the PNP pincer ligand was modified by variation of the substituents on the phosphine
donors and in the para-position of the pyridine.['87:188] Variation of one of the phosphines, and
thereby creating asymmetric catalysts, did not increase the amount of ammonia generated, 187
but introduction of different groups on the pyridine ring increased the nitrogen conversion up
to 34 equiv. with a methoxy group.!!®8 This could be improved again (52 equiv. NHs) by
increasing the added protons and reduction sources. A comparable result with 31 equiv. was
found for the 4-methyl-pyridine.!'®8! In 2015 the system was modified again by exchaning the
methoxy group by a ferrocene moiety, which could generate two equivalents more under the
same conditions as the methoxy system.[!8% Besides the PNP pincer and its modified variants,
the group also presented results evolving around a PCP pincer with a N-heterocyclic carbene
(NHC) as central donor.['% Using the [Mo(Ng)a(PCP)s(1-N3)] complex and large amounts
of [LutH][OTf] and [Cpy Co] (1920 and 1440 equiv.) the complex generated 230 equiv. of

ammonia. 190
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Fig. 2.14: Selection of complexes used for synthetic nitrogen fixation by NISHIBAYASHI et gl.[186:190-192]

The dinuclear systems were not the only ones in the scope of the NISHIBAYASHI group. Using
the PNP'*B" pincer ligand and starting from [MoCls(thf)s] they generated the nitrido complex
[MoNCI(PNP)] (Figure 2.14C), which was also catalytically active towards Ny reduction. Using
this complex, [LutH][OTf] and CpyCo a total of 6.6 equiv. of ammonia were generated.!'!]
This type of nitrido complex was also obtained by use of a tridentate triphosphine ligand,

n.192] The ligand is composed of a

whose catalytic activity was significantly higher in compariso
central phenyl phosphine which is connected to two terminal di-tert-butyl phosphine groups via
ethyl bridges (Figure 2.14D). Addition of Cpy Co (540 equiv.) and 2,4,6-trimethylpyridinium
triflate ([ColH][OTH], 720 equiv.) yielded a total of 63 equiv. of ammonia.'? Use of these two
reagents as proton and electron source, while starting from the molybdenum(III) precursor
[MolI3(thf)s], in combination with their well established PNP pincer, they managed to obtain
a staggering amount of 415 equiv. of ammonia.[193]

A major breakthrough was presented that shows parallels to the work of PETERS et al. As
found for the iron systems, using a PCET agent greatly improved the catalytic activity of the
aforementioned pincer systems. The PCET agent used is a combination of samarium diiodide

and water or simple alcohols such as methanol, ethylene glycol or ethanol.['9

Using 180 equiv.
of Smly and ethylene glycol the [Mol3(PNP)] complex bearing two P*Buy groups generated
42.8 equiv. of ammonia while the corresponding nitrido complex generated 50.0 equiv. For the
end-on bridged dinitrogen complex bearing the NHC pincer ligand this combination generated
53.3 equiv. of ammonia.'®¥ The mononuclear trichlorido molybdenum complex bearing this
NHC pincer yielded 4350 equiv. of ammonia upon reaction with Smly/HoO (14400 equivalents
each). This effective catalyst is the first system to use water as proton source to generate
ammonia.’¥ The use of water proofed to yield larger amounts of ammonia compared to the

small alcohols. In 2023 the group presented a trichlorido molybdenum complex bearing a
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modified PCP (similar to Figure 2.14 A, with R = CF3 & H), which is even more active and
generated 60.000 + 4300 equiv. of ammonia per Mo.!!%! The difference in reactivity is very
well expressed by the use of classical Chatt type complexes which under protic and reductive
conditions were not catalytically as they face some problems during the catalytic cycle (cf.
section 2.3.1). Application of the Smly/H2O allowed for catalytic ammonia generation using
these simple molybdenum complexes.[19] Notably, the reaction pathway is expected to differ
from the CHATT cycle described above. The trans-[Mo(Ng)2(PMeyPh)y] complex resulted
40 equiv. of ammonia while the in situ generated complex with two equivalents of dpppe
(1,5-bis-(diphenylphosphino)-pentane) from Molz(thf)s resulted 46 equiv. NHs. Increasing
the amount of PCET agent, this could be scaled to 83 equiv. of ammonia.l'% The approach
with samarium diiodide and water/alcohols are the first conditions in which a CHATT-type
system is capable of catalytic ammonia generation. The second example for this is presented
by our group (section 2.3.5).[197] Interestingly, the tungsten analogues were not catalytic
under these conditions.®”) Investigations concerning the mechanism are a major focus of the
NISHIBAYASHI group. Several approaches based on experimental findings and DF'T calculations
a likely mechanism involves a bridged intermediate with a dinuclear molybdenum complex that
splits the bridging dinitrogen ligand into nitrides.197:198) In order to gain further insights into
the mechanism, they presented a detailed study on the structure of the Smly/HyO structures

[199]

formed in solution. Other than predicted previously, the experimental results point towards

the formation of samarium water and samarium thf complexes, depending on the amount of
water, without direct Sm-I bonds.[200

Besides the molybdenum based systems, the group also presented several studies investigating
the activity of pincer complexes with other transition metal centers including iron,?201]
cobalt,[202] chromium, 2% vanadium,204:205] rhenium/206:207 and manganese.[QOB] Although
the ligands used all belong to the pincer category and the terminal phosphines chosen bare
'Buy substituents, they were very different as were the conditions used in order to obtain
catalytic activity. To elaborate on these system a few examples will be explained more
detailed. The iron system was based on an anionic PCP pincer with the anionic center being
on the central benzene. Upon addition of 8000 equiv. of KCg and 7360 equiv. of HBArY
252 equiv. of ammonia and 68 equiv. of hydrazine were generated.2°! Rhenium complexes
bearing the pyridine based PNP pincer or a variant with a slight modification in the 4-position
generated between 3 and 9 equiv. of ammonia with 800 equiv. of KCg and 800 equiv. of
[HPCys3][BArF].2%] The cobalt system was very different as the ammonia was generated
by hydrolysis of a previously formed silylamine. A cobalt dinitrogen complex bearing the
PNP pincer was reacted with 600 equiv. KCg and Me3SiCl. Addition of acid yielded a total
of 44 equiv. of ammonia. Scaling this reaction to 6000 equiv. of substrate, 351 equiv. of
ammonia were found.[202

The latest approach of the group involves light driven ammonia generation.2 Using a

molybdenum catalysts (e.g. [Mol3(PCP)]) and photoactive cocatalysts, they were able to
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2.3 Synthetic Nitrogen Fixation

catalytically generate ammonia upon irradiation.?%! The [MoI3(PCP)] complex generated
29.5 equiv. of ammonia. This was increased by slight modification of the ligand. Introduction
of a CF3-group on one side of the benzimidazole backbone increased the yield to 41.34+6.2

equiv. of ammonia.[200

2.3.5 Systems of the Tuczek group

The TUCZEK group focuses on CHATT type systems. As described above the classical CHATT
systems are facing two major problems (cf. section 2.3.1). The first problem occurs in
the nitrido stage, where the oxidation state of the molybdenum center is high, making it
a hard Lewis acid that can lead to decoordination of the phosphine donors. The second
problem occurs in the regeneration of the catalysts in the last step. In addition to the desired
regeneration of the catalyst, a disproportionation reaction occurs that produces inactive
dihalide complexes.21:154 This side reaction leads to a catalyst loss of about 50% with each
run of the cycle.241%4 The Tuczek group is addressing precisely these two points and
developing CHATT type systems that attempt to circumvent these problems. This is done in
two ways: suppression of the disproportionation reaction by occupation of the trans-position to
the dinitrogen, which could also enhance the activation of the ligand, and the decoordination in
the high oxidation states is counteracted by increasing the stability by exploiting the chelating
effect of multidentate ligands. At first two main strategies were pursued in order to fulfill
the set goals. The ligands which meet both criteria for bypassing the problems of the CHATT
cycle were characterized by tripodal or tridentate structural motifs. The tripodal ligands are
usually based on either an iso-butyl or neo-pentyl backbone.299-211 The backbone and tripodal
geometry of the ligand enforces a facial coordination of the ligand. With addition of a bidentate
coligand and reductive conditions mono-dinitrogen complexes were synthesized.20921] Besides
the iso-butyl and neo-pentyl backbones, our group also succeeded in synthesizing dinitrogen
complexes bearing a cyclohexane based tripod and a tripodal system similar to the neo-pentyl
system but the quaternary carbon was substituted by silicon.212-215] Unlike the other tripodal
systems, coordination of the cyclohexyl-based ligand requires higher temperatures and reaction
times because the donors must be oriented in the axial direction for coordination, which is
the less favorable conformation.!2'2 The silicon substituted ligand was used to investigate the
different influence of alkyl- and aryl-phosphines as donors. It was found that by subsequent
exchange of diarylphosphine by dimethylphosphine led to an increase in activation of the
Ny ligand.[?'2 Comparison of the tripod/diphos combination bearing all PMeg-donors to a
mono-dinitrogen complex bearing five PMes-donors showed a lower activation for the tripodal
complex, illustrating the effect of steric influence on activation.213215 To gain further insight
into the sterical aspect similar study was performed by SONCKSEN et al. who chose the
iso-butyl (when more than one iPry groups were involved) based tripod ligand and sequentially

substituted diphenylphosphine by the sterically demanding diisopropylphosphine. Interestingly,
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the increase in steric demand lead to the formation of the bis-dinitrogen complexes whereas the
complex bearing only arylphosphines formed the mono-dinitrogen complex.22% A similar study
was performed bei PFEIL et al. who prepared ligands containing between 1 and 3 phospholano
groups. Phospholano groups are characterized by different behavior as found from regular

alkylphosphines.[216-218]

For the phospholano tripod - even with three phospholano groups -
the mono-dinitrogen complex was found as long as dppm (diphenylphosphinomethane) was
used as coligand.[?16218] The activation found for the Ny ligand in the complex with three
phospholano groups is lower compared to its PMey analogue but higher than the complex
with all diphenylphosphine.?16] An important way to tune the activation and thereby the
reactivity towards derivatization is careful selection of the trans ligand.[5 The activation
should also be increased by substitution of the donor in trans-position to the dinitrogen
ligand. Coordination of an amine donor trans to the Ny should increase the activation due to
elimination of 7-acceptor properties, hence increasing the electron density on the molybdenum
and further weaken the N=N-triplebond.[?'% Unfortunately, the mono-dinitrogen complex
bearing the tripodal ligand with two phosphines and a diethylamine residue could not be
obtained, due to the weak coordination behavior of the amine. The product obtained instead

was the bisdinitrogen variant.2!9

Ph, Nz Pu, | P R,P; | P
PI:, \\\P "Mo“‘ ) ", . et
"' I "~p e | P R | | ~p
Pth 2_-PR 2N
R
P = dppm, dmpm E=C,Si E=N,P
R = Ph, Me, Et, 'Pr, PIn R = Ph, Me, Et, 'Pr, PIn
P =dppm, dmpm R' = H, Ph, 'Pr

P =dppm, dmpm

Fig. 2.15: Examples of different nitrogen complexes synthesized by the TUCZEK group for synthetic
nitrogen fixation.[214:215,218-223]

In addition to the tripodal systems, the TUCZEK group also investigated nitrogen complexes
bearing tridentate and pincer ligands.[14%:220.221,224] Fo]lowing on from the work of GEORGE
et al., who prepared nitrogen complexes with different tridentate ligands, the group also
investigated the influence of different substituents on the donor atoms, as well as the influence
of phosphine and amine donors in trans position to the dinitrogen ligand.[145’225’226] The
findings of this group regarding the tridentate systems will be discussed in detail in the
introduction to chapter 4 as it focuses around tridentate PNP ligands.

Marrying the two concepts of tridentate and tripodal ligands, a new singular ligand with pen-

taphosphine environment emerged, resulting in a pentadentate tetrapodal ligand (pentaPod).
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2.3 Synthetic Nitrogen Fixation

This concept not only eliminates the need for an additional coligand, but also increases the
chelate effect even more, stabilizing the corresponding complexes. Furthermore it creates
a single site CHATT-type catalyst which would go hand in hand with improved elucidation
opportunities regarding the mechanism.

The first generation of the pentaPod (PQPhPP2ph> featured only PPhs donors besides the
phosphine donor linking the tripodal and tridentate part. Coordination of the ligand to
[MoCls(thf)s] turned out to be quite difficult due to the topology of the precursor and the
two possible coordination modes.222 As the Mo(III) complex is in meridional arrangement,
the tridentate part is favored, which was experimentally proven by EPR spectroscopy. Due
to this preference the complex has to undergo severe structural changes in order to from
the desired mono-dinitrogen complex. It was found that upon reduction several species were
formed some of which appear to be coordination polymers with the ligand interconnecting
molybdenum centers.222227 Adapted from the silicon based tripod ligand, a modified version
of the pentaPod with a silicon in the tripodal backbone was synthesized. Using this approach
a mono-dinitrogen complex was obtained. Like the tripodal systems the resulting complex
was labile against acids and due to the difficult synthesis could not be obtained in its pure
form.[222]

The problems of the first generation system, which were, among other things, due to the insuf-
ficient reactivity differences of the terminal phosphines, were resolved in the second generation
of the pentaPod ligand (PoMePP,PR,| Figure 2.16).[222] Substitution of the diphenylphosphine
groups on the tripod site by dimethylphosphine introduced nucleophillic gradient into the
system with the PMes groups, favoring the facial geometry in the Mo(III) stage and enabling
the isolation of a mono-dinitrogen complex upon reduction bearing the entire pentaPod
ligand.[?22227] The [Mo(Ny)(P2MePPoP?)] complex not only showed the expected AA’XX’M

pattern in the 3'P NMR spectrum but also a very strong activation of the Ny ligand as can

be seen from the stretching vibration (vxy = 1929 cm™) in the IR spectrum.222:227]
Rg Nz N2 Nz
Pl,,' | “\P RZPI,' | “\P 'geZ I PPh
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RZ PR2 2 _FQ J
AN
u R"
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Fig. 2.16: The pentaPod concept arose from combination of the tridentate PPP and tripodal PPP
ligands.[222:227]

Although the activation of the No ligand is high and the corresponding hydrazido(2-) complex
was obtained, the complex did not show any catalytic behavior under conditions reported by

PETERS et al. or NISHIBAYASHI et al.[222:223,227.228] The only system found to be active under
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Chapter 2 Scientific Background

these type of conditions found in our group is the PN3P pincer system reported by STUCKE
et al., which generated 3.12 equiv. of NH3 using Cps Cr and [ColH][OTf] (Figure 2.17).12%9)

cl
Clw. | \PBu,
Mo
e i
I N,N-H
\_|0Tf A
N2 + Cr + I — H >
> ot
g No NH;
H

Fig. 2.17: [MoCl3(PN®P)] complex synthesized by STUCKE capable of ammonia generation
(3.12 equiv.) upon addition of [Cpy"Cr] and [ColH][OTf]. This is the first system of
the TUCZEK group which exhibited catalytic activity.[?2%)

Although the first attempts towards the catalytic activity of the pentaPod systems were not
successful the development continued. JUNGE et al. succeed in coordinating to the pyMepp,Ph
ligand to Rh and Ru. The resulting complexes were used towards activation of small molecules
such as CN~ or N5~ .[230]
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Even tough a variety of different combinations of acids and reducing agents were tested, no
successful catalytic generation of ammonia was achieved until the proton coupled electron
transfer (PCET) approach presented by NISHIBAYASHI was applied. Using samarium diiodide
and water in thf the pentaPod dinitrogen complex exhibited catalytic behavior. Using this
method 25.7 equiv. of ammonia were generated.23! To investigate the role of the ligand
as an aspect of the newly discovered catalytic activity, similar mono-dinitrogen complexes
with pentaphosphine environment were synthesized and tested towards their catalytic activity.
The complexes prepared were a neo-pentyl based tripodal PPP ligand bearing all terminal
PPhsy groups with a dmpm (dimethylphosphinomethane) coligand and the analogue tridentate
variant with the prPPHP ligand, which is also used as tridentate building block for the
pentaPod ligand. Both complexes were tested toward their catalytic activity under identical
conditions as the pentaPod complex, however, only substochiometric amounts of ammonia

were found, proofing the effectiveness of the pentaPod concept. 231

The system is a single
coordination site CHATT-type catalyst and one of the main intermediates of the CHATT cycle
is the hydrazido(2-) complex, ENGESSER et al. were also able to isolate and thoroughly
characterize the corresponding NNHy complex after protonation with HBArF 231 In order
to prove the role of the [Mo(NNHy)(PoMePP,PM)|BArY complex in the catalytic cycle, this
complex was also used as catalyst with Smly /Ho0O. Due to stability issues in the required
solvent, the complex was generated in situ and added to the PCET-agent containing solution.
This approach yielded 26.1 equiv. of ammonia proving the hydrazido(2-) stage to be an entry
point in the catalytic cycle.[231

Chatt systems do not only involve molybdenum but also tungsten complexes. In fact
the first systems of the CHATT-type complexes that yielded the best results for ammo-
nia generation (90 %) were the cis-[W(N2)2(PMePhs)s] complex by CHATT et al. and the
[W(NNH3)(OTs)(dppe)s]™ complex employed for electrocatalysis by PICKETT and TALA-
MARIN.[151-153] Begides molybdenum, tungsten is another transition metal often found in
synthetic nitrogen fixation. Due to its important role and the effectiveness of the pentaPod
concept, combination of tungsten and the pentaPod complex is an interesting approach, which

will be the first project presented in this thesis.
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3.1 Tungsten and molybdenum dinitrogen complexes supported by
a pentadentate tetrapodal phosphine ligand: comparative

spectroscopic, electrochemical and reactivity studies

In this study we present the tungsten analogue of the previously reported molybdenum(Ng)-
pentaPod complex.['49227] The synthetic access to the tungsten complex is a bit different as
the precursor ([WCl3(x3-PoMePPoPH)]) to the [W(Ng)(P2MePP,P1)] complex is obtained from
a tungsten(IV) complex ([WCly(PMePhs)s]), which is reduced to the tungsten(III) complex
bearing the pentaPod via oxidation of a PMePhs ligand. After sodium amalgam reduction,
the desired tungsten mono-dinitrogen complex was obtained. Besides the characterization by
IR and NMR spectroscopy, single crystals suitable for single crystal structure determination
were obtained. Comparison of the crystal structure data of the [W(Ng)(PoMePPo™")] complex
to its molybdenum analogue showed almost identical bond length and angles. The N=N
stretch, which is commonly used as an indicator for the activation of the dinitrogen, was
observed at 1901 cm™. The Ny ligand is therefore more activated in the tungsten com-
plex. The higher activation, despite identical structure, can be attributed to more diffused
d-orbitals in the tungsten.?] Although the activation was higher the catalytic activity with
Smls /HyO towards ammonia generation was lower than found for the molybdenum ana-
logue.?31] Nonetheless, 2.8 equiv. of ammonia were found, thus being the first catalytically
active tungsten system reported, proving again the peculiarity of the pentaPod ligand. A
theory as to why the molybdenum complex was much more active was that the complexes
may have different redox potentials and the reduction potential of Smls maybe being insuffi-
cient to reduce the tungsten complex back to the W(0) stage. In order to investigate this
theory and gain further insight into the characteristics of both complexes, electrochemical
and spectroelectrochemical investigations were performed. From cyclic voltammetry very
similar redox potentials were found excluding our theory. Furthermore, a fully reversible
system was found for the first oxidation of the tungsten complex while the first redox event
was not fully reversible for the molybdenum complex. Combination of IR spectroscopy and
electrochemistry revealed some interesting differences between the molybdenum and tungsten
complexes on the +I oxidation state. While the N=N stretch vanished upon oxidation for the
molybdenum complex while the N=N-stretch of the [W-N3] complex shifted from 1915 cm™!
(N=N-stretch in solution) to 1951 em™. From this observation it can be deduced that the
oxidized tungsten complex is more stable than the molybdenum complex. This also explains
the observations at the second redox system which is irreversible at low scan rates for the
tungsten complex but gets more reversible with increasing scan rates meaning the rate of
the electron transfer gets faster than the dissociation of the Ny ligand. For the molybdenum

complex the second redox system was found to be irreversible and independent of the scan rate.
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The tungsten dinitrogen complex [W(N2)(PM,PP™,)] (2) (PM,PPP", = [2-({bis[3-(diphenylphosphino)
propyl]-phosphino}methyl)-2-methylpropane-1,3-diyl]bis(dimethylphosphine)) is  synthesized  and
characterized by X-ray diffraction as well as IR and NMR spectroscopies, showing strong analogies to its
molybdenum analogue [Mo(N,)(PM,PPP",)] (1). Whereas cyclic voltammetry studies indicate very similar
redox potentials, detailed electrochemical and IR-spectroelectrochemical investigations reveal character-
istic differences between 1 and 2 upon electrochemical oxidation in THF. Protonation of 2 with HBAr"
(BAr" = tetrakis(3,5-bis(trifluoromethyl)-phenyl)borate) leads to the hydrazido(2-) derivative 3 which is
spectroscopically characterized as well. In the presence of Sml,/H,O slightly overstoichiometric conver-
sion of N, to ammonia (2.75 equiv.) is observed. Although this is far below the activity of the Mo-complex
1, it renders 2 the first W complex to produce more than 2 equivalents of NHz from N, upon addition of
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Introduction

The conversion of dinitrogen to ammonia under ambient con-
ditions is one of the most challenging tasks of bioinorganic
chemistry." In nature, microorganisms which contain the
enzyme nitrogenase perform this reaction.” In industry,
ammonia is produced with the Haber-Bosch process, invol-
ving drastic conditions.” The activation of the highly inert dini-
trogen molecule and the catalytic N,-to-NH; conversion by
transition metal complexes have been subjects of research for
decades. While Allen and Senoff succeeded in synthesizing the
first dinitrogen complex in 1965," the groups of Chatt and
Hidai demonstrated the generation of ammonia from molyb-
denum and tungsten bis(dinitrogen) complexes with up to
90% yield.” Later on, Pickett and Talarmin were able to electro-
chemically generate 0.73 equivalents of ammonia in a cyclic
process.® The first truly catalytic system was developed by
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Schrock et al. in 2003 based on the molybdenum triamidoa-
mine complex [Mo(N,)((HIPT-NCH,CH,);N)] (HIPT = hexaiso-
propylterphenyl).”® Using molybdenum complexes supported
by different pincer ligands along with various protonating and
reducing agents Nishibayashi et al. could gradually increase
the amount of ammonia.’ The best results were obtained with
Sml, and H,0, employing a Mo(r) complex with a PCP-pincer
ligand as precatalyst."®

Differences in reactivity between molybdenum und tung-
sten complexes have been of continued interest in nitrogen fix-
ation." Whereas [W(N,),(PMePh,),] is known to stoichiometri-
cally generate ammonia upon addition of H,SO,"" and [W
(N,)>(dppe).] has been employed as redox mediator in an
electrocatalytic formation of NH; from N,,"> no (chemo)cata-
Iytic activity of tungsten complexes has been observed so
far,”"®' in contrast to their molybdenum congeners.
Sometimes, tungsten analogues of molybdenum catalysts
could not be prepared,”® and even if the former were syntheti-
cally accessible, they so far always turned out to be catalytically
inactive."* For the tungsten triamidoamine system, it was
speculated that, due to a more negative reduction potential of
the W(1)-NH; intermediate as compared to its Mo(1) analogue,
the starting dinitrogen complex could not be reformed with
the employed reductant."* On the other hand, oxidation poten-
tials for the corresponding Mo(0) and W(0) N,-complexes
turned out to be quite similar.**

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Molybdenum dinitrogen complex [Mo(N,)(PMe,PPP",)] (1)
supported by a pentadentate tetrapodal phosphine ligand.15

In 2016, our working group presented the molybdenum
dinitrogen complex [Mo(N,)(P™¢,PP™",)] (1) supported by the
pentadentate  tetrapodal (pentaPod) ligand PM¢,PP™",
(Scheme 1).15 This system was, with 26 equivalents of NH;, the
first catalytic single-coordination site complex which follows
the mechanism of the so-called Chatt cycle, showing that the
pentaPod ligand eliminates the problems encountered with
Chatt complexes; i.e., the loss of 50% of the catalyst for each
cycle and the dissociation of the M-P bonds which can occur
at higher oxidation states when ligands with lower denticity
are used.'

Despite the fact that this Mo(0) dinitrogen complex and its
hydrazido(2-) derivative were found to be active catalysts, DFT
calculations of the N-H bond dissociation free energy (BDFE)
of the respective diazenido complex in the framework of a
PCET mechanism indicated that the reaction path could also
involve a cationic, mononuclear Mo'(N,)" intermediate."®

In order to gain more information about the differing
behaviour of molybdenum and tungsten complexes towards
catalytic N,-to-NH; conversion, we herein present the tungsten
dinitrogen complex [W(N,)(P™,PP™,)] (2) supported by the
above-mentioned pentaPod ligand for comparative investi-
gations with its molybdenum analogue (1). Notably, with [W
(N,)(PMe;)s], there has been only one example of a tungsten
dinitrogen complex with a pentaphosphine environment so
far.’” Moreover, in order to determine the role of M'(N,)" com-
plexes during the catalytic process, the electrochemical pro-
perties of the M°(N,) pentaPod complexes (M = Mo (1) and W
(2)) as well as the stabilities of their one-electron oxidized
M'(N,)" counterparts are investigated. To this end, cyclic vol-
tammetry investigations combined with in situ IR-spectroelec-
trochemical experiments are conducted on 1 and 2. Finally,
the reactivities of the W complex 2 towards acids and the
reduction of N, to ammonia using SmI,/H,O are investigated
and compared with results obtained on the analogous molyb-
denum system 1. The implications of the experimental find-
ings regarding the role of the two metal centers in synthetic
nitrogen fixation and the corresponding mechanistic pathways
are discussed.

Results and discussion

Synthesis and characterization of the W-N, complex [W(N,)
(PMe,PP™,)] (2)

The synthesis and characterization of the Mo(N,) complex [Mo
(N,)(PM,PP*™,)] (1) was described before.'*'® The analogous

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Synthesis of [W(N)(PM,PP™",)] (2).

tungsten(0) dinitrogen complex 2 was synthesized by sodium
amalgam reduction of [WCl;(k>-PM¢,PP™,)] (for EPR and IR
data see Fig. S1, S2 and Table S1t). This W(m) complex with a
precoordinated pentaPod ligand was in turn obtained through
reaction of PM,PP™, with [WCI(PMePh,),] in toluene
(Scheme 2). Thereby the released methyldiphenylphosphine
partly acts to reduce W(iv) to W(i), being converted to methyl-
diphenyl-phosphine dichloride."®

In agreement with Mo(N,) complexes exhibiting a topologi-
cally related pentaphosphine coordination,'>'? the *'P NMR
spectrum of 2 exhibits an AA'MXX' pattern (Fig. 1b, ¢ and
Fig. S3-S11;1 minor impurities (<5%) derive from oxidized
complex and free ligand). In order to obtain information about
the bonding situation between the coordinated N, ligand, the
tungsten atom and the phosphine ligands, the '°N-labelled
complex was synthesized and the couplings were analyzed by
NMR (Fig. 1a). "**W satellites were detected with “Jyw_p coup-
ling constants between 254 Hz and 315 Hz, similar to the
values found in the literature for a comparable complex."”

AA¢ M XX¢
i |
x-Sy W A A
AT e [V - L .
1| 0 |
15 | |
a) N, sim. ) I/ i
...... iy \
-45 .50  -21.0 -215  -355 -36.0
oo H W i l l
M Wh_ WU WU (AT
b.) “N [ ‘ w |
|
sim. | |
il m
-45 .50  -210 -21.5  -355 -36.0
X Me2 N, h,
P, 1 s
: Ei \P; x
100 50 0 -50 -100

Fig. 1 Experimental and simulated 3'P{!H} NMR spectra of *N,-2 (a)
and 2 (b). (c) Overall spectrum of 2 in tetrahydrofuran-dg at 300 K. The
signals were assigned based on the 'H-3'P-HMBC NMR spectrum
(Fig. S10%).
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Table 1 Chemical shift and coupling constants of [Mo(N2)(PMS,PP™",)] (1),%° [W(N2)(PMS,PP™,)] (2), [Mo(NNH,)(PMe,PPP",)12* 1€ and [W(NNH,)

(PMe,PPPM,)12* (3). AA', M and XX’ refer to Fig. 1

S/ppm J/Hz
Complex M AN XX Jmamar Jvximx: Jan Jaxax Jaxiax: Jxx Ref.
[W(N,)] (2) —21.3 —4.8 -35.8 11.2 18.5 45 85.7 111 17.4 This study
[Mo(N,)] (1) 12.4 25.5 -3.7 20.4 28.7 14.7 83.4 -19.8 27.4 15
A —-33.7 -30.3 —-32.1 -9.2 -10.2 -10.2 2.3 8.7 -10.0
[W(NNH,)]** (3) —48.5 ~15.9 —45.8 28.2 31.3 6.3 53.9 122 16.1 This study
[Mo(NNH,)]* —32.3 11.4 —14.7 32.7 39.1 16.5 56.5 —20.8 26.9 15
A —-16.2 —27.3 -31.1 —4.5 -7.8 -10.2 —-2.6 8.6 -10.8

Mo = Mo(PM¢,PP™,); W = W(PMe,PP™,).

Comparison between the *'P NMR spectrum of the tung-
sten complex with the molybdenum analogue showed a high-
field shift of the tungsten signals between —30 and —34 ppm.
In addition, the cis coupling constants in the tungsten
complex all are about 10 Hz smaller than in the molybdenum
complex whereas the ¢rans coupling constants of both com-
plexes are about equal (Table 1). Similar trends have been
described in the literature.”” The "N-"°N and the "N-*'P
coupling constants differ by less than 1 Hz between 1 and 2
(see Table S27).

IR spectroscopy of crystalline 2 shows an N-N stretching
vibration at 1901 em™" which shifts to 1840 em™ for the N
isotope labelled complex (**N-2; for an analysis of the IR spectra
see Table S3). Notably, this frequency is lower than y(NN)
determined for the Mo analogue 1 (1929 em™) (Fig. 2)."

By layering a benzene solution with n-pentane, single crys-
tals of 2 could be obtained. X-ray analysis shows a molecular
structure with a pentaphosphine environment, thus confirm-
ing the results of *'P NMR spectroscopy (Fig. 3, for crystal data
see ESI Fig. S12 and Table S41). Comparison with the molyb-

a)
1840

1901

1901
b)

1840
T T T T T T T

3500 3000 2500 2000 1500 1000 500

wavenumber / cm’

Fig. 2 (a) IR and (b) Raman spectra of 2 (black) and **N,-2 (red).
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Fig. 3 Single-crystal structure of [W(N2)(P™%,PP"",)] (2). Thermal ellip-
soids are shown at the 50% probability level. The hydrogen atoms have
been omitted for clarity.

denum analogue shows similar metal-ligand bond lengths
which agrees with the literature and can be explained with
almost the same ionic radius (Table S51)."”*' The N,~N; bond
distance is also practically identical to that of the Mo complex
(Table S67).

The ligand sphere of 2 corresponds to a distorted octa-
hedron with the P,-~W-N, angle (170.65(9)°) significantly
deviating from linearity. Notably, the W-P,, bond length
(2.3828(1) A) is shorter than the average W-P.q bond length
(2.4375 A, Fig. 3). In the other known tungsten dinitrogen
complex with a pentaphosphine ligation, [W(N,)(PMe3)s],"” the
M-P bond length of the phosphine in trans position to the N,
ligand is longer than the M-P bond lengths of the equatorial
phosphines. The shortening of the trans M-P bond length
thus appears to be due the topology of the pentaPod ligand. As
already noticed for the Mo-complex 1, this does not cause an
elongation of the M-N, bond (W-N, = 2.020(5) A, Mo-N, =
2.033(5) A), indicating that the trans-phosphine, apart from
being a strong o-donor, also exhibits a significant degree of
n-backbonding.

Electro- and spectroelectrochemical studies

Cyclic voltammetry and IR spectroelectrochemistry were
carried out in order to determine the redox potentials and

This journal is © The Royal Society of Chemistry 2022



3.1 Tungsten and molybdenum dinitrogen complexes supported by a pentadentate tetrapodal

phosphine ligand: comparative spectroscopic, electrochemical and reactivity studies

Published on 11 March 2022. Downloaded by Christian Albrechts Universitat zu Kiel on 1/20/2023 8:50:42 AM.

Dalton Transactions

characterize the species formed upon oxidation of the tung-
sten(0) and molybdenum(0) pentapod-N, complexes 2 and 1,
respectively. The studies were performed in dry THF/NaBPh,
(20 mM) under argon atmosphere in a glovebox. Since both
complexes are extremely sensitive, their stability in THF/
NaBPh, was first checked by IR spectroscopy. In that electro-
lyte, no change in the N, stretching signal could be observed
over 6 days, ensuring that the electrochemical results can in
fact be assigned to the tungsten and molybdenum N, species.
Cyclic voltammetry at a Pt electrode was first performed at
different scan rates (0.02 Vs™' <v <5V s™") for the tungsten
complex 2. In reduction, no cathodic peak could be observed
at potentials down to the limit where electrolyte reduction
occurs (—2.9 V vs. F¢'/Fc). On the anodic side, for low-to-mod-
erate scan rates (0.02 Vs™' <v < 0.2 Vs™'), two main systems
were detected upon oxidation, the first one being reversible at
Ey)5(1) = —1.16 V while the other appeared as irreversible at ca.
Epa(2) = —0.25 V vs. Fc'/Fe (Fig. 4A). When increasing v up to 5
V s7', the second system displayed more reversibility (Fig. 4B)
whereas the first remained fully reversible, hence suggesting
that a moderately fast (ms) chemical process follows the
second oxidation. Linear plots of the anodic peak current ip,
vs. v'/? (Fig. S13A1) not only pointed to a diffusion-limited
process for the first oxidation, but also allowed the determi-
nation of the number of electrons from the Randles-Sevcik
equation,” applying a diffusion coefficient D = 9.5 x 107 ¢cm®
s~ determined by 'H NMR DOSY for the W(N,) complex 2 (see
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v=002Vs"
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< (1)
004 =
-0.5 T T T T T
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0 T
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ESI Fig. S147). This treatment indicated that the latter process
is a one-electron redox event. In addition, the anodic peak
current function (7, v™"2) was plotted against v for both oxi-
dation processes. As clearly shown in Fig. 4C, the value of
ipa(1) v remains relatively constant whatever v for the first
oxidation, as expected for a simple electron transfer. However,
for the second oxidation process, a significant increase of
ipa(2) v% is detected for v < 0.2 V s™". This is consistent with
a multiple electron transfer that is kinetically limited by a
chemical process, as classically found for an ECE mechanism
(E = electrochemical, C = chemical).”* The chemical process is
likely here a N,-solvent ligand exchange at the W(u) redox
state,”* which is followed by an electrochemical oxidation, gen-
erating a W(i) species (Scheme 3).

In order to characterize the species generated at the first
and second oxidation processes, IR-spectroelectrochemical
studies were performed for [W(N,)(PM¢,PP™,)] (2, see
Experimental part for details). As shown in Fig. 4D, oxidation
at Ep,(1) caused disappearance of the N, band at 1915 cm™"
concomitant with the emergence of a new band at 1951 cm™".
Switching back the potential to its initial value allowed com-
plete recovery of the original infrared spectrum. This demon-
strates the full reversibility of the process, in agreement with
low-scan-rate CV studies. Upon further oxidation at Ep,(2), the
newly-formed band at 1951 cm™" disappeared and could only
be obtained upon back-reduction to the initial potential
(Fig. S13D¥).

(B) | wwinaprecpprnay @
8] 002vsicy<sVst /\\
(1)
o / i
<
3
S |
~ /
4 U 1
45 42 09 06 03 00
EIV vs. Fc*®
(D) Initial jal ' ;
potential Enit M Ph,
—— Oxidation at Eya(1) [WIN)PYePP )]
0.02 —— Back-reduction to B
1915 cm™
8
2
£ 001
s ] 1951 cm-!
Qo
<
0.00-]

2050 2000 1950 1900 1850 1800
Wavenumber / cm™

Fig. 4 CVs (E/V vs. Fc*/Fc) at a Pt working electrode (diam. 1 mm) of [W(N,)(PM,PPP",)] (0.4 mM) in THF/NaBPh, 0.02 M (A) at v = 0.02 V s~ and
(B) for v = 0.02 V s (black), 0.05 V s™* (red), 0.1 V s™* (green), 0.2 V s™* (blue), 0.5 V s™* (cyan), 1 V s™* (pink), 2 V s™* (olive) and 5 V s™* (orange); the

numbers (1) and (2) on the graphics are related to the redox systems, see details in text. (C) Plots of ipa(1) v/ (black squares) and ip,(2) v

2 (red

squares) against v from CV data in (B); (D) infrared spectra of [W(N,)(P™,PPP",)] (15 mM) in THF/NaBPh, 20 mM recorded during in situ spectroelec-
trochemical measurements before (black) and after oxidation at E,,(1) (red), then returning back to the initial potential (blue).
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Scheme 3 Proposed mechanism for the oxidation processes of the
tungsten (A) and molybdenum (B) pentaPod N, complexes.

Aiming at determining the role of the metal in the
described redox processes, we carried out the same experi-
ments for [Mo(N,)(PM¢,PP™,)] (1). CV studies revealed several
differences compared to the W-N, complex. For instance, the
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first oxidation process at Ej;(1) was found to be not fully
reversible at low scan rate (v < 0.1 V s™'). Moreover, a sup-
plementary irreversible anodic peak at E,y(3) (ca. —0.7 V vs.
Fc'/Fc) was detected for v < 0.5 V s™' (Fig. 5A). Further oxi-
dation at E,,(2) was also accompanied by a supplementary oxi-
dation peak at Ep,(4) which disappeared at high scan rate
(Fig. 5B). At last and conversely to complex 2, the Mo complex
displayed no sign of reversibility for the second reduction
process at Ep,(2) for high values of v (Fig. 5B and Fig. S13Bf).

Spectroelectrochemical studies performed with the Mo-N,
complex 1 also revealed some differences to its W congener 2.
While oxidation at Ep,(1) led to disappearance of the N,
stretching band at 1942 cm™, no new IR-detectable species
could be detected in the 1800-2100 cm™ ' frequency range
(Fig. 5C). Moreover, upon back reduction, the initial spectrum
could only be partially recovered. Interestingly, analysis at
lower frequencies (1400 to 1700 ecm™") displayed further spec-
tral changes upon electrochemical oxidation (Fig. 5D). Pushing
the potential until E4(2) induced even larger modification of
the spectra in this frequency region. Returning to the initial
potential value partially restored the N, stretching band at
1942 em™" (Fig. 5D). Notably, the changes in the 1400 to
1700 em™" frequency range were not observed for the tungsten
complex upon oxidation at Ep,(2) (Fig. S13D7).

Altogether, these electrochemical and spectroelectrochem-
ical investigations essentially revealed two results. First, they
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Fig. 5 CVs (E/V vs. Fc*/Fc) at a Pt working electrode (diam. 1 mm) of [Mo(N)(P"®,PP™",)] (0.4 mM) in THF/NaBPh, 0.02 M (A) at v = 0.02 V s™* and
(B) for v = 0.02 V s* (black), 0.05 V s™* (red), 0.1V s™* (green), 0.2 V s (blue), 0.5 V s~ (cyan), 1 V s™* (pink) and 2 V s~* (olive); the numbers (1), (2),
(3) and (4) on the graphics are related to the redox systems, see details in text. (C) Infrared spectra of [Mo(N,)(P™®,PP™";)] (15 mM) in THF/NaBPh,
20 mM recorded during in situ spectroelectrochemical measurements before (black) and after oxidation at Ep,(1) (red), then returning back to the
initial potential (blue); (D) the same as (C) except that oxidation at Ep,(1) (red) is followed by oxidation at Ep,(3) (green), E,.(2) (blue), then returning

back to the E,(1) (cyan) and finally the initial potential (magenta).
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clearly show that one-electron oxidation of the neutral W and
Mo dinitrogen complexes occurs at almost the same E;;(1)
value (-1.16 V and —1.13 V vs. F¢'/Fc, respectively). This result
is reasonable on the basis of experimental data obtained from
NMR and IR spectroscopies as well as X-ray diffraction
(vide infra), which have shown minor differences between the
two neutral Mo and W complexes in solution and in the solid
state. It is also in line with electrochemical investigations
reported on Mo and W bis-N, complexes supported by
PPENMepP! ligands, exhibiting a difference of only 20 mV for
the first oxidation potential.** Hence, our results suggest that
the structural properties of the W and Mo mono-oxidized dini-
trogen species are very similar.

The second information which can be taken from electro-
chemistry and spectroelectrochemistry is that, although
W/(N,)" and Mo'(N,)" pentaPod complexes can be reduced at
similar potential values, they display very different stabilities
in THF (c¢f. Scheme 3): whereas the mono-oxidized tungsten N,
species seems to be highly stable, yielding back the neutral N,
complex upon reduction, spectroelectrochemistry suggests that
its Mo analogue evolves rapidly (sec) towards a new Mo'
species, probably a Mo'(thf)" complex. Likewise, the W'(N,)*"
species appears at the second oxidation process as fairly
unstable (msec) and may exchange its N, ligand by a THF
ligand. Upon back reduction, N, re-binds to the metal center
since the N, stretching band is detected. In the case of the
molybdenum complex, oxidation beyond Ejp,(1) leads to a more
complicated situation and probably induces N,-THF ligand
exchange. The anodic peak at Ep,(3) may be thus ascribed to
the oxidation of Mo'(thf)" species.

At last, comparison with redox data reported for other dini-
trogen Mo and W complexes offers interesting information (see
Table 2). In particular, oxidation potentials of mononuclear
trans-bis-N, W and Mo complexes are clearly more positive
than those of W and Mo pentaPod complexes by 150-370 mV,
likely resulting from replacement of one dinitrogen ligand by a
P-donor. In some cases, such as for trans-[Mo(N,),(dppe),], the
CV reversibility for the first oxidation was found to be depen-
dent on the experimental conditions. Whereas Chatt et al
described a reversible system in THF/NBu,BF, for the first oxi-
dation process,*® Elson reported an irreversible anodic peak at
room temperature when using a THF/MeOH (26% v/v) mixture
with LiCl or LiClO, as supporting electrolyte.>* In the latter
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resulting from the release of N, according to a dissociative
pathway. On the other hand, for trans-[Mo(N,),(depe),],”’
longer timescale yielded N=N bond cleavage and Mo' nitride
formation, differently to the complex 1.

Reactivity of Mo and W complexes towards acids and SmI,/H,O0

In case of the molybdenum pentaPod complex [Mo(N,)
(PMe,PP™,)] (1) the corresponding hydrazido(2-) complex
could be generated by addition of Brookhart’s acid (HBAr", [H
(OEt,),][BAr*], 2.5 equiv.). Notably, this complex also exhibited
catalytic activity towards ammonia generation, indicating that
it is an intermediate of the catalytic cycle.'® Treatment of the
tungsten dinitrogen complex 2 with 3 equiv. of HBAr" was
similarly found to generate the corresponding hydrazido(2-)
complex 3-BAr* (Scheme 4; for IR data see ESI Fig. S15 and
Table S7t). Using smaller amounts of acid did not lead to a
pure product.

The *'P NMR spectrum of 3-BAr* exhibits an AA'MXX'
pattern (Fig. 6, see Fig. S16-S26% for full NMR data), demon-
strating retention of the pentaphosphine environment (a
signal at about 0 ppm shows a small impurity which most
likely is caused by protonation of the ligand, also tiny amounts
of free ligand can be observed in the enlargement in Fig. 7).
However, all signals of 3-BAr* have undergone a high field
shift compared to 2 (Fig. 7), indicating an increased shielding
of the P-donors in the former complex which is attributed to
an elongation of the metal-P bonds and a loss of c-donation
to the metal centre. The particularly large high-field shift of
the M-signal upon protonation of the N,-complex is due to the
large trans-influence of the rn-donating hydrazido(2-) ligand,
weakening the W-P,, bond. This analysis is supported by DFT
calculations which show an increase of the W-P bond lengths
upon going from 2 to 3-BAr", with a larger elongation of the

2+
Me; Ph.
P '\liz WP :

W : HX
_
NG ELO
S

X = BArF, Al(pftb),

L > . . Scheme 4 Protonation of [W(N,)(PM,PPP",)] (2) to [W(NNHy)
case, a trans-[Mo (dppe),(MeOH),]" species was characterized  (pMe,ppPh.yix. (x = BAr, Al(pftb)s) (3).
Table 2 Electrochemical data for [LM"°] dinitrogen species
Complex E15/V vs. Fc'[Fc Conditions Ref.
[W(N,)(PM,PP™,)] (2) -1.16 THF/NaBPh, This work
[Mo(N,)(PM<,PP™,)] (1) -1.13 THF/NaBPh, This work
trans-[Mo(N,),(depe),] -1.01 THF/Pyr,FAP 25

—0.99% THF/NBu,BF, 26

trans-[W(N,),(dppe).] —0.82 THF/NBuy[B(C6Fs5)4] 24
trans-[W(N,),(dppe)(dppp)] —0.79 THF/NBuy[B(CFs5)4] 24

“Experimentally measured at E,, = —0.43 V vs. SCE.

This journal is © The Royal Society of Chemistry 2022

Dalton Trans., 2022, 51, 6166-6176 | 6171

37



Chapter 3 Project 1

Published on 11 March 2022. Downloaded by Christian Albrechts Universitat zu Kiel on 1/20/2023 8:50:42 AM.

38

Paper
L)
GXB/,//\,NUM_M MM
a) 5N,
sim. [, AL B A A
-160 -165 -455  -46.0 -485 9.0
exp Mw\_, _‘\,\‘\ b \VLA W J‘J\Jm
b)tN, sim. | || o ;
o1 Jw‘,.. | A
2160 -165 -455  -46.0 .485  49.0
NHZ 2+
Xt Mez N th .
P, 1| WP<2A
Vep?” \pg
AA‘ XX‘
- e - - -
100 50 0 -50 -100

Fig. 6 Experimental and simulated 3!P{*H} NMR spectra of °N,-3-BAr"
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Fig. 7 Comparison of the 3!P{*H} NMR spectra of 2 (black) and 3-BAr*
(red).

W-P,, bond length in comparison to W-P., (Table S6t).
Notably, protonation of 2 with [H(OEt,),][Al(OC(CF;);)s] (HAL
(pftb),) led to similar results (cf: Fig. S277).

The *'P-"'P coupling constants of the hydrazido(2-) complex
3-BAr" show some differences compared to the parent dinitro-
gen complex 2 (Table 1). While the cis couplings among the
equatorial phosphines are almost unchanged (A/ = 1-2 Hz), the
corresponding trans coupling gets smaller by about 30 Hz. On
the other hand, the cis couplings of the equatorial phosphines
with the axial P donor are increased by 17 and 13 Hz, respect-
ively. Similar protonation-induced changes have been observed
in the corresponding molybdenum system (Table 1).'>*®

Comparison of the hydrazido(2-) complexes of tungsten and
molybdenum show similar differences as for the dinitrogen
complexes, except that the changes in the cis coupling con-
stants between the equatorial phosphines and the axial
P-donor are smaller than for the corresponding dinitrogen
complexes (Table 1). The *H-'*N, **N-**N and *N-*'P coup-
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ling constants show nearly identical, the corresponding values
for the tungsten complexes always being slightly smaller
than for their molybdenum counterparts (see Table S8 in
ESIt). Nevertheless, the "H-'°N coupling constant of 3-BAr"
(92.0 Hz) is still larger than for a W-hydrazido(2-) complex
supported by two bidentate ligands (80 Hz).>” Analogous to the
dinitrogen complexes, DFT calculations indicate that the bond
lengths and bond angles for the molybdenum and tungsten
hydrazido(2-) complexes are very similar (Table S67).
Moreover, the calculated N-N bond lengths (~1.31 A) corres-
pond to those obtained for classic Chatt-type hydrazido(2-)
complexes.*®

In order to investigate a potential catalytic activity of the new
tungsten complex, a 0.1 M solution of samarium diiodide and
water (5 ml) was treated with a THF solution of 2 (2 pmol in
1 ml THF) under nitrogen in a 50 mL Schlenk flask at room
temperature. After the solution turned yellow the amount of
produced ammonia was determined by the indophenol
method.* In contrast to its molybdenum congener 1, complex
2 just generated a slightly over-stoichiometric amount of
ammonia (2.75 + 0.23 eq., 5% yield related to the reducing)
agent. Whereas ammonia could be stoichiometrically produced
by protonation of [W(N,),(PMePh,),],"" a lack of (chemo)cata-
lytic NH; formation from N, is well known for tungsten systems
(see above)."'* Thus, 2 is the first W complex that is able to
generate more than 2 equivalents of NH; in relation to the
metal centre upon addition of protons and reductant. However,
it appears that just a small fraction of the dinitrogen complex is
regenerated, suggesting that most of the catalyst is converted to
a different complex that is inactive towards nitrogen reduction.
In this context we note that addition of water to the tungsten
dinitrogen complex without samarium diiodide resulted in the
decomposition of the complex.

Summary and conclusions

The tungsten dinitrogen complex [W(N,)(PM,PP™,)] (2) sup-
ported by a pentadentate tetrapodal phosphine ligand
(PM,PP™,) has been synthesized and characterized regarding
its electronic structure and reactivity, allowing comparison with
the analogous molybdenum complex [Mo(N,)(PM,PP™",)] (1).
Reaction of [W(N,)(P™¢,PP™",)] (2) with samarium iodide/water
was found to mediate a slightly overstoichiometric formation
(2.75 £ 0.23 eq.) of NH; from N, which makes 2 the first tung-
sten complex generating more than 2 equivalents of ammonia
from N,. Notably, the analogous molybdenum complex 1 cataly-
tically generates 25.7 eq. NH; from N,.'® This contrasting behav-
iour of tungsten vs. analogous molybdenum complexes regard-
ing the catalytic conversion of N, to NH; is well known in the
literature,®** but not fully understood. With a vy value of 1901
(2) vs. 1929 em™" (1) the activation of the N, ligand is higher in
the W complex than in its Mo analogue, which therefore cannot
be the reason for the differing behaviour. Apart from that,
however, differences in structural parameters are small.
Correspondingly, a single-crystal structure determination

This journal is © The Royal Society of Chemistry 2022
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of 2 only showed minor differences of bond distances and
angles with respect to 1. Likewise, the *'P- and '"N-NMR-spec-
troscopic properties of 2 were found to be quite similar to those
of 1, apart from characteristic differences in chemical shifts and
coupling constants. Based on the strong activation of N,, 2
could be converted to the hydrazido(2-) derivative 3 by protona-
tion with HBAr", similar to 1, rendering comparison to the ana-
logous Mo-NNH,, complex possible as well.

In order to obtain information about the electronic-struc-
tural properties of the tungsten and molybdenum pentaPod
systems, electro- and spectroelectrochemical investigations
were performed on 1 and 2. Both dinitrogen complexes exhibit
remarkably similar redox potentials. Moreover, two main
systems can be detected in oxidation. For tungsten, the first
system is found to be reversible and the second, being irrevers-
ible at low scan rates, gets more reversible at higher scan rates.
By contrast, the first system is only partially reversible for the
molybdenum complex and irreversible for the second system.
The origin of these differences could be elucidated with spec-
troelectrochemistry: upon oxidation of 2, a stable W'N,"
complex is formed whereas for the molybdenum complex 1
loss of N, occurs, probably going along with a ligand exchange
and formation of a THF-bound complex. For W, loss of N, only
occurs upon further oxidation of the W'N," complex.

In conclusion, the spectroelectrochemical studies as well as
the voltammetric studies showed that both systems can regen-
erate the zerovalent dinitrogen complexes around the same
potential. Furthermore, a stable tungsten dinitrogen complex
is already formed at the level of a W(1) intermediate, exhibiting
a fairly activated N, ligand with a vy of 1951 cm™ ' in solution.
By contrast, the corresponding Mo(i) dinitrogen complex is
thermally unstable. A theoretical mechanism evaluated for N,-
reduction of the molybdenum pentaPod system indicated that
PCET to the Mo(N,)-complex, generating a diazenido(-) inter-
mediate, is energetically more favourable for a Mo()- than for
a Mo(0)-species.’® Based on the results presented here, the
tungsten complex 2 would fit much better to such a scenario
than its molybdenum analogue 1. Nevertheless, NH; for-
mation mediated by 2 is only slightly overstoichiometric. The
reason(s) for this observation must therefore lie in some other
stage of the catalytic cycle. Further investigation of this ques-
tion is underway.

Experimental section

All syntheses were performed under N, or argon atmosphere
using standard Schlenk line and glovebox techniques. The
solvents were dried and freshly distilled under argon prior to
use. [H(OEt,),][Al(OC(CF;);),] was received from the working
group of I. Krossing in Freiburg i. Br.. All other reagents were
commercially available and were wused as received.
[WCL,(PMePh,),],"* [Mo(N,)(P™*,PP™,)] (1)** and [Mo(NNH,)
(PMe,PP™™,)]'® were prepared according to the literature. NMR
spectra were recorded with a Bruker AVANCE III HD Pulse
Fourier transform spectrometer operating at frequencies of

This journal is © The Royal Society of Chemistry 2022
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400.13 MHz (*H), 376.50 (*°F), 161.98 MHz (*'P), 128.38 (*'B),
and 40.56 MHz (*°N). Referencing was performed either using
the solvent residue signal (5.32 ppm for CD,Cl,, 3.58 ppm for
thf-dg and 7.16 ppm for C¢Ds) or TMS (§'H = 0 ppm), CFCls
(6"F = 0 ppm), 85% H;PO, (5*'P = 0 ppm), BF; ((6''B =
0 ppm), and CH;NO, (5"°N = 0 ppm) serving as substitutive
standards. IR spectra were recorded at RT on a Bruker Vertex70
FT-IR spectrometer using a broadband spectral range exten-
sion VERTEX FM for full mid and far IR in the range of
6.000-80 cm ™.

Electrochemical studies were performed in a glovebox
(Jacomex) (O, < 1 ppm, H,O < 1 ppm) with a home-made
3-electrode cell (WE: Pt or glassy carbon, RE: Pt wire in a 1 mM
Fc'/Fe, 0.02 M THF/NaBPh, solution, CE: Pt). Ferrocene was
added at the end of the experiments to determine the exact
redox potential values. The potential of the cell was controlled
by an AUTOLAB PGSTAT 100 (Metrohm) potentiostat moni-
tored by the NOVA®© software (Metrohm). The working electro-
des were polished over a 1 pm alumina slurry with water, soni-
cated in H,O (18.2 © cm) and acetone, then dried with N,
flush.

Thin layer IR spectroelectrochemistry was carried out with a
previously described set-up consisting of a commercial IR Si
ATR probe (Artphotonics), which can fit into a thin space
created on the surface of a glassy carbon electrode.*® The thin
layer between the probe and the electrode allows fast (seconds)
electrolysis, hence time-resolved monitoring of the electro-
chemical reaction. Detection of the IR signal (2 em™ resolu-
tion, one spectrum every 10 s) was obtained by using a FTIR
optic-fiber-coupled spectrometer purchased from Arcoptix
(FTMIR-FC-120-LN2).

Single crystal structure determination

Data collection was performed using an Imaging
Plate Diffraction System (IPDS-2) from Stoe & Cie with Mo-Ka
radiation. A numerical absorption correction was performed
using X-Red and X-Shape of the software package X-Area. The
structures were solved with SHELXT®' and structure refine-
ment was performed against F* using SHELXL-2018%> The C-H
hydrogen atoms were positioned with idealized geometry
(methyl H atoms allowed to rotate but not to tip) and were
refined isotropic with Uiso(H) = 1.2Uq(C) (1.5 for methyl H
atoms) using a riding model.

CCDC 2127859 (2) contains the supplementary crystallo-
graphic data for this paper.f

Computational details

Calculations of the tungsten dinitrogen [W(N,)(P™¢,PP™,)] (2)
and hydrazido(2-) complexes [W(NNH,)(PM,PP™",)*" (3) were
conducted with the ORCA 4.2.1 program package.>’
Geometries were optimized on PBE0**/def2-TZVP*® level of
theory. In addition, Grimme’s dispersion correction with
Becke-Johnson damping (D3B])*° and the RI approximation
using the def2-TZVP/J fitting basis set’” were used.
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[WCl,(k®>-PMe,PP™,)]|

1.11 g (1.53 mmol) of [WCl,(PMePh,),] and 1.24 g (1.83 mmol)
of PM,PP™, were dissolved in 50 ml toluene and stirred for
3 h at 70 °C. The mixture was filtrated and concentrated in
vacuo to 5 ml and 10 ml of diethyl ether was added. The green
precipitate was filtered and washed with 10 ml diethyl ether
and 10 ml n-pentane. Drying in vacuo gave a dark green solid.
Yield: 1.26 g (1.30 mmol, 85%). Anal. caled for C39H53Cl;PsW:
C, 48.4; H, 5.52; found: C, 48.9; H, 5.65. IR (300 K): ¥ = 3067
(w), 3051 (w), 2954 (sh), 2919 (m), 2867 (sh), 2801 (w), 1589
(m), 1568 (w), 1551 (vw), 1480 (m), 1455 (vw), 1430 (m), 1412
(w), 1381 (w), 1330 (vw), 1297 (w), 1279 (w), 1260 (vw), 1241
(w), 1182 (w), 1156 (w), 1119 (w), 1096 (m), 1069 (W), 1025 (w),
1000 (w), 945 (m), 917 (m), 880 (m), 843 (w), 805 (vw), 739 (s),
693(s), 639 (vw), 617 (W), 577 (vw), 543 (w), 508 (s), 479 (m),
442 (vw), 425 (w), 404 (vw), 362 (vw), 340 (sh), 323 (sh), 294 (s),
271 (vs), 252 (sh), 221 (vw), 208 (vw), 178 (w), 158 (w), 133 (m),
120 (w) em™". Raman (300 K): ¥ = 6054 (m), 2982 (w), 2913 (s),
1586 (s), 1455 (vw), 1414 (w), 1306 (vw), 1210 (vw), 1186 (w),
1160 (w), 1100 (w), 1073 (vw), 1028 (m), 1000 (vs), 960 (w), 786
(w), 688 (W), 619 (W), 400 (vw), 328 (W), 258 (W), 150 (vw) cm™".

[W(NL)(PY,PP™,)] (2)

290 mg (300 pmol) of [WCI;(k*-PM¢,PP™,)] were dissolved in
20 ml THF and added to sodium amalgam prepared of 2 ml
Hg and 200 mg (8.7 mmol) of sodium. The reaction mixture
was stirred for 16 h under an atmosphere of nitrogen. The
supernatant red solution was transferred into another flask
and the solvent was removed in vacuo. The residue was
resolved in 10 ml of diethyl ether and filtered over neutral
alumina. The orange solution was concentrated to dryness and
shed with small amounts of cold n-pentane or n-hexane.
Drying in vacuo gave an orange solid. Crystals suitable for X-ray
single crystal diffraction were obtained by slow diffusion of
n-pentane into a benzene-ds solution of 2. Yield: 118 mg
(133 pmol, 44%). Anal. caled for C3;oHs3N,PsW: C, 52.7; H,
6.01; N, 3.15. Found: C, 53.4; H, 6.04; N, 2.30. The nitrogen
value is too low because of the thermal instability of the
product. "H NMR (400.13 MHz, ds-benzene, 300 K): 6 = 0.51 (d,
%] = 5.2 Hz, 6H, PMe,), 0.81 (d, * = 7.7 Hz, 2H, PCH,), 0.97 (m,
7H, Me,PCH,, CH;), 1.27 (m, 4H, PCH,), 1.93 (m, 4H,
CH,CH,CH,), 2.03 (m, 2H, Ph,PCH,), 2.43 (m, 2H, Ph,PCH,),
6.41 (m, 5H, PPh,), 6.75 (m, 2H, PPh,), 6.86 (m, 6H, PPh,), 7.09
(m, 4H, PPh,), 7.16 (m, 1H, PPh,), 7.28 (m, 2H, PPh,) ppm. °C
NMR (100.61 MHz, d¢-benzene, 300 K): 6 = 16.3 (m, 2C, PMe,),
23.9 (m, 4C, CH,CH,CH,), 26.2 (m, 2C, PMe,), 30.3 (s, 2C,
Ph,PCH,), 34.6 (m, 1C, PCH,), 38.6 (m, 2C, PCH,), 40.6 (s, 1C,
H;C), 42.0 (m, 1C, H3CC), 43.0 (m, 2C, Me,PC), 126.4 (s, 8C,
PPhy), 127.3 (d, >J = 7.4 Hz, 4C, PPh,), 127.8 (s, 2C, PPh,), 128.1
(m, 4C, PPhy,), 129.1 (m, 2C, PPh,), 147.2 (m, 2C, PPh,), 150.0
(m, 2C, PPh,) ppm. *'P{'"H} NMR (161.98 MHz, ds-benzene,
300 K): 8 = —4.8 (m, *J (Pax, Pax) = 85.7, 7J (Pam, Pam) = 11.2, ]
(Pax, Pax) = —11.1, %] (P, Po) = 17.4 Hz, 2P, PPh,, P,/P,),
—21.3 (tt, >J (Pmx, Pux) = 18.5 Hz, 1P, Py;), —35.8 (m, J (Px, Px)
= 4.5 Hz, 2P, PMe,, Px/Pyx/) ppm. IR (300 K): ¥ = 3139 (vw), 3069

6174 | Dalton Trans., 2022, 51, 6166-6176

View Article Online

Dalton Transactions

(W), 3049 (w), 2994 (vw), 2959 (m), 2920 (sh), 2906 (m), 2855
(m), 2812 (sh), 1982 (w), 1901 (vs, v(N-N)), 1805 (vw), 1750
(vw), 1585 (W), 1571 (W), 1481 (m), 1448 (w), 1431 (s), 1418 (sh),
1373 (w), 1328 (vw), 1293 (w), 1258 (s), 1218 (vw), 1184 (vw),
1153 (w), 1089 (s), 1072 (m), 1048 (m), 1025 (s), 970 (w), 925
(m), 905 (s), 875 (m), 832 (w), 798 (s), 737 (s), 693 (vs), 662 (s),
625 (s), 612 (s), 544 (vw), 506 (vs), 475 (m), 429 (w, y(W-N)),
402 (s), 372 (vw), 345 (m), 313 (W), 290 (W), 263 (vw), 240 (m),
191 (vw) em ™. Raman (300 K): # = 3053 (s), 2963 (W), 2912 (vs),
2888 (s), 2863 (sh), 1903 (s, ¥(N-N)), 1587 (s), 1572 (w), 1451
(vw), 1434 (vw), 1418 (vw), 1405 (vw), 1297 (vw), 1274 (vw), 1186
(w), 1156 (w), 1093 (m), 1029 (m), 1001 (vs), 933 (vw), 910 (vw),
670 (W), 637 (vw), 618 (W), 505 (vw), 431 (w, ¥(W-N)), 403 (vw),
364 (vw), 350 (vw), 315 (vw), 292 (vw), 257 (vw), 242 (W), 193 (W)
em™.

N[W(N,)(PMe,PP™",)] (**N-2) was prepared in a similar
fashion as 2 under a '°N, atmosphere and characterized by IR,
Raman, *'P- and "N NMR spectroscopy. '“N{'H} NMR
(40.56 MHz, d;-Et,0, 300 K): 6 = —18.7 (d, Y/xn = 7.5 Hz, 1N,
Np), —48.4 (m, 1N, N,) ppm. *'P{'"H} NMR (161.98 MHz, ds-
benzene, H;PO,, 300 K): 6 = —4.8 (m, *J (PaaNg) = 2.7 Hz, 7]
(PaaNp) = 0.3 Hz, 2P, PPh,, PA/Py), —21.3 (ttdd, %/ (Py, No) =
13.9, *J (PuNp) = 1.6 Hz, 1P, Pyy), —35.8(m, *J (PxxN,) = 2.6 Hz,
%] (PaaNp) = 0.7 Hz, 2P, PMe,, Py/Py) ppm. IR (300 K): # = 1840
(vs, Y(N-N)), 421 (w, (W-N)) em™". Raman (300 K): 7 = 1840 (s,
1(N-N)), 419 (w, »(W-N)) cm ™.

[W(NNH,)(P",PP™,)] (BAr"), (3-BAr")

A portion of 99.0 mg (97.9 pmol) of [H(OEt,),|[BAr"] was dis-
solved in 0.4 mL of diethyl ether and added to 29 mg
(32.6 pmol) of 3 in 0.6 mL of diethyl ether. After stirring for
5 min at room temperature the solvent was removed in vacuo,
affording a light brown solid of nominal composition (deter-
mined by integration of the 'H NMR signals) [W(NNH,)
(PMe,PP™,)](BAIY),-3HBAr". The high fluorine content pre-
cluded an elemental analysis. 'H NMR (400.13 MHz, dg
benzene, 300 K): § = 0.85 (d, >/ = 7.8 Hz, 6H, PMe,), 1.03 (m,
3H, CHj), 1.59 (d, *J = 9.7 Hz, 2H, PCH,), 1.73 (m, 8H,
Me,PCH,, PCH,), 2.24 (m, 4H, CH,CH,CH,), 2.66 (m, 2H,
Ph,PCH,), 2.98 (m, 2H, Ph,PCH,), 6.75 (m, 6H, PPh,), 6.90 (m,
2H, PPh,), 7.35 (m, 6H, PPh,), 7.42 (s, 22H, BAr"), 7.62 (m,
38H, BAr"), 7.68 (m, 4H, PPh,), 7.77 (m, 2H, PPh,) ppm. °C
NMR (100.61 MHz, ds-benzene, 300 K): § = 16.7 (m, 2C, PMe,),
19.3 (s, 4C, CH,CH,CH,), 20.8 (m, 2C, PMe,), 26.0 (m, 2C,
PCH,), 28.5 (s, 2C, PCH,), 35.2 (m, 1C, PCH,), 35.4 (s, 1C,
H;CC), 36.0 (m, 2C, Me,PC), 116.0 (s, 4C, CH(BAr")), 123.4 (q,
'J = 271.7 Hz, CF;), 127.4 (s, 8C, CH(BAr")), 128.0 (m, 8C,
CCF;), 128.0 (m, 8C, PPh,), 128.5 (s, 2C, PPh,), 129.6 (d, *J =
15.0 Hz, 4C, PPh,), 130.7 (m, 2C, PPh,), 131.4 (d, >/ = 11.6 Hz,
4C, PPh,), 136.1 (d, 'J = 44.1 Hz, 2C, PPh,), 136.1 (d, /= 44.1 H
2C, PPhy), 137.0 136.1 (d, 'J = 45.8 H 2C, PPh,), 160.2 (m, 4C,
BC) ppm."'B NMR (128.38 MHz, d¢-benzene, 300 K): § = —6.97
(s, 2B, BAr") ppm. '°F NMR (376.50 MHz, dg-benzene, 300 K): &
= —63.4 (s, 48F, BAr") ppm. *'P{'"H} NMR 161.98 MHz, d,-
Et,0, 300 (K): § = —15.9 (m, ] (Pax:, Pax) = 53.9, *J (Pam, Pam) =
28.2, ’J (Pax, Pax) = =12.2, *J (Pa, Py) = 16.1 Hz, 2P, PPh,, P/

This journal is © The Royal Society of Chemistry 2022
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Py), —45.8 (m, *J (Pyx, Pux) = 31.3, *J (Px, Px) = 6.3 Hz, 2P,
PMe,, Py/Pyx), —48.6 (tt, 1P, Py;) ppm. IR (300 K): ¥ = 3312 (w,
Y(N-H)), 3076 (vw), 2960 (w), 2924 (m), 2853 (w), 1790 (vw),
1611 (m), 1443 (w), 1352 (s), 1272 (vs), 1159 (m), 1114 (vs),
1092 (sh), 998 (w), 934 (w), 918 (vw), 886 (s), 838 (s), 809 (m),
743 (m), 711 (s). 698 (w), 680 (s), 669 (s), 617 (vw), 609 (vw),
580 (W), 568 (vw), 516 (W), 507 (w), 488 (w), 449 (m), 403 (w),
392 (w), 380 (vw), 366 (m), 353 (sh), 331 (vw), 283 (w), 259 (w),
246 (vw), 210 (vw), 189 (vw), 151 (vw) em™". Raman (300 K): 7 =
3074 (w), 3023 (vw), 2960 (8w), 2932 (m), 2906 (m), 2882 (sh),
2852 (w), 1611 (m), 1593 (s), 1523 (vw), 1464 (w), 1364 (s), 1107
(w), 1030 (w), 1003 (vs), 952 (W), 939 (vw), 914 (vw), 840 (vw),
801 (s), 745 (W), 704 (s), 689 (W), 675 (W), 617 (vw), 287 (w), 262
(w), 244 (vw), 235 (w), 183 (W), 159 (m) cm ™"

N [W(NNH,)(PM,"",)|(BAr), (**N-3-BAr*) was prepared in
a similar fashion starting from "’N-2 and characterized by IR,
Raman, *'P- and N NMR spectroscopy. °N{'"H} NMR
(40.56 MHz, d;-Et,0, 300 K): § = —48.4 (m, 1N, N), —237 (m,
1N, Np) ppm. *'P{"H} NMR 161.98 MHz, d;,-Et,0, 300 (K): & =
-15.9 (m, J (PaaN,) = 5.0 Hz, 2P, PPh,, P,/Py), —45.8 (m, *J
(PxxNy) = 5.5 Hz, 2P, PMe,, Pyx/Pyx), —48.6 (ttdd, *J (P, Ng) =
20.4 Hz, *J (PyNp) = 6.6 Hz, 1P, PM) ppm. IR (300 K): # = 3308
(w, Y(N-H)), 554 (w, 2(W-N)) cm™".

[W(NNH,)(PM,PP™,)][Al( pftb),], (3-Al(pftb),) was prepared
similar to 3-BAr* with [H(OE,),][Al(OC(CF3);)4] as acid.
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3.2 Electrochemical and Electrocatalytic Studies

3.2 Electrochemical and Electrocatalytic Studies

In order to investigate the dinitrogen complexes, which are very sensitive to air and moisture,
the electrochemical measurements need to be performed under an inert atmosphere. Besides
cyclic voltammetry and coulometry, investigations regarding the electrocatalytic activity of
the complexes are in the scope of the present thesis. Since at the time, utilization of the
glove box was not yet an option, appropriate vessels for the desired applications had to be
developed. The requirements for measurements and catalytic studies are different, yet the
cells should be similar. Glass vessels for electrochemistry were already available, which leaves
the requirement for an air tight lid. For this, a lid composed of two elements was designed.
The lower part (Figure 3.1 black) features a groove which fits a glass lip of the vessels fits.
The cell is sealed by a second element made from PTFE with a groove that holds an O-ring
to assure an air tight fit. The two parts of the lid are locked and held together by four screws.
It is very important that the screws are not tightened too much as the PTFE of the lid could
crack upon too much stress. The PTFE lid of the cell has multiple holes, which provide the
possibility for different connections. Each hole perfectly fits a small rubber septum with a
tight fit. In the intended uses, the rubber septa serve as insertion points for quasi-reference,

auxiliary electrodes and for the addition of preparations, e.g. by a syringe pump.

Fig. 3.1: Inert gas cell designed for electrochemical analytics and use in electrocatalytical experiments

In the center of the upper lid is a hole that is larger than the other ones. This central hole
can be used in two ways. For electrochemical measurements such as cv, a working electrode
can be inserted which however requires an additional fitting. By cutting off the top of a small
rubber septum and fixing it to the electrode with parafilm allows for an air tight fit. Using
this method cyclic voltammetry measurements under inert conditions were achieved. The gas

tightness of the cell was determined by means of gas chromatography. The capability of the
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system was tested by measuring the [W(Nz)(PoMePP, )] complex (Figure 3.3).

1 1 1
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Fig. 3.2: The cyclic voltammograms of the [W(Ny)(P2M¢PP5F?)] complex (¢ = 0.06 mmol /L) measured
with the cells build for the electrochemical investigations (thf, 0.1 mol/L. TBAPFg). Display
is the overview voltammogram (left) and a measurement of the redox events of the complex
(right). Two redox systems are associated with the complex. The first reversible redox system
can be assigned to the oxidation/reduction of W'=W! and the second, quasi-reversible
system to the WI=W1L,

The cyclic voltammograms obtained for this complex and its molybdenum analogue are
identical to the ones obtained in cooperation with LE POUL from the Université de Bretagne
Occidentale Brest. This demonstrates the functionality of the system. The cyclic voltammo-
grams shown in Figure 3.3 are referenced to the potentials known from the measurements
in Brest. The main issue at the time was that the complexes were measured against a
quasi-reference electrode and no ferrocene/ferrocenium was added to compensate for the
shift of the Ag-quasi-reference. Nonetheless, the cvs demonstrate the functionality of the cell
design.

The second application of the cell is meant for electrocatalytic investigations. By inserting
a glass tube, containing a G4 frit at the bottom, into the larger central hole, the working
electrode is separated from the auxiliary electrode allowing for electrolysis experiments. The
central hole is fitted with an additional o-ring inside a groove in the middle of the PTFE
lid, sealing the cell. Due to the interaction of the o-rings between the two parts of the lid
and in the center hole with the solvent used, the cell is sealed even better. The polymer of
the o-rings takes up some of the solvent vapor, leading to an increase in their volume. As
for the cyclic voltammetry configuration, the air thightness of the cell in electrocatalytic
configuration was verified by GC measurements of the cell atmosphere after different time
periods and after experiments. Neither water nor oxygen could not be detected in any of the

performed measurements.
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Fig. 3.3: Setup for investigations towards electrocatalytic activity of the complex using a mercury
pool electrode.

In order to perform investigations regarding the electrocatalytic activity of the complexes,
a mercury pool electrode was used. This type of electrodes has two main advantages. The
first advantage is the big surface of the electrode, eliminating any diffusion limitations, film
formation or deposition on the surface by utilization of a stirring bar. The second advantage
is the overpotential of the mercury electrode. As protons are required for ammonia generation,
application of low potentials would lead to the hydrogen evolution reaction (HER) at the
electrodes surface as the dominant reaction, even before ammonia would be generated. Mercury
has a very high overpotential, allowing relatively low potentials to be applied without hydrogen
evolution. It is important to note that the vessel used for a mercury pool cathode differs from
the ones used for measurements in the way that the connector for the working electrode is
located on the bottom of the vessel.

The main disadvantage of the cell shown in Figure 3.1 is the volume required for measurements.
Due to that reason an identical lid system for vessels with a smaller volume was build. One of
the vessels was modified for electrocatalytic studies by inserting a thick platinum wire into

the bottom of glass.
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Many different attempts were performed in order to electrochemically generate ammonia
with the molybdenum and tungsten dinitrogen complexes bearing the pentaPod ligand. The
attempts included different acids like HBArY, [ColH][OTf] or [LutH][OTf] and different
addition speeds and equivalents. Furthermore different solvents (thf and ether) as well as
electrolytes were tested. Unfortunately, no significant amounts of ammonia were observed.

The ammonia found can be related to the sole reaction of the complexes with the acids.
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As presented in Chapter 2 (Scientific background), there are many approaches to synthetic
nitrogen fixation (cf. section 2.3). This part focuses on the coordination behavior of tridentate
ligands. Like pincer and tripodal ligands, tridentate ligands have three donor atoms; however,
these ligand types usually differ in their coordination behavior. Tripodal ligands prefer a
facial coordination geometry, whereas pincer ligands, by definition, bind to a metal center in
a meridional fashion.20%232 This is in contrast to the tridentate ligands, which due to their
flexibility, can coordinate in facial as well as meridional geometry. As presented in section
2.3.5 our group invested a lot of efforts into the investigation of all three ligand types in the
context of synthetic nitrogen fixation.[209,210,212,216,217,224,229,233] 1 the tridentate systems
the TUCZEK group investigated the synthesis of dinitrogen and bis(dinitrogen) complexes, the
influence of the central atom (N or P) and its residues, the linkage between the terminal and
central donors as well as the influence of the coligands.[217:218:220-224.233] e complexes bear
different ligand systems and were always investigated regarding their influence towards stability
and Ny activation. It was found that the replacement of the donor in trans-position to the Ny
ligand from a phosphine by an amine donor leads to a major increase in the activation.[233]
This can be attributed to the missing m-acceptor properties of the amine. The pure o-donor
abilities increase the electron density on the molybdenum center why more electron density
is available for the backbonding to the Ny, which weakens the N=N-triplebond.[210:233,234]
Although an increase in activation is desired, the missing ability for m-backdonation has some
disadvantages as well. The molybdenum-N bond is weaker compared to the Mo-P bond, which

led to the formation of mixtures of mono- and bis-dinitrogen complexes.[221:233]

: Q0 QO
GO 7 Omb

Fig. 4.1: Tlustration of o-donation from a PR3 ligand to a metal center (left) and the m-backdonation
from the d-orbital of the metal to free 7 -orbitals of the ligand (right). Edited based on
ORPENI?%] and CRABTREE. 230
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In addition to the substitution of the central donor of the tridentate ligand, the residues bound
to these donors were exchanged. Replacement of the hydrogen by a phenyl group did not
show a significant influence regarding the activation.!?33! Another aspect investigated was the
elongation of the linkage between the central and terminal donors, to be more specific, going
from an ethyl to a propyl chain. This did not show any influence regarding the activation of
the Ny ligand. The increase in flexibility only led to the formation of multiple conformers and
potential isomers.[217-233]

Furthermore the influence of different coligands regarding the activation and stability of mono-
and bis(dinitrogen) complexes was investigated as well as the difference between certain alkyl
phosphines versus aryl phophines.[217:222.233] 1t ig indicated that the differences in activation
are depending on different steric and electronic factors.222

The present study focuses on the influence of terminal phosphines, which bear various residues.
In order to gain better insight into the nature of these systems and the effect of different
substituents on structure and stability a series of ligands and complexes were synthesized
and thoroughly characterized. Inspired by the success using pincer ligands, tridentate PNFPP
ligands with bridging ethyl chains were chosen, due to the structural resemblance to the
classical PNP pincer ligand. From prior studies it is known, that tridentate PNP ligands tend
to form mixtures of mono- and bis(dintrogen) complexes, are sensitive towards the choice of
the coligand and have a limited stability, which increases the difficulty when investigating
the behavior of the PNP ligands.[220’222’233] To bypass these problems, tricarbonyl complexes
were used instead in this project. Carbonyl complexes have excellent spectroscopic properties
and are isoelectronic to the dinitrogen ligand. GRADERT et al. used this approach to study
the behavior of NHC pincer ligands. He found that although pincer ligands, which usually
coordinate in a meridional fashion, were used complexes with facial geometries were obtained.
It is worth noting that the link between the central donor unit and the terminal donors was
a Ca-chain, which provided the necessary flexibility needed for a facial geometry.232:237 In
the following section the results of the study regarding tridentate PNP ligands with various
phosphines will be described in detail.

4.1 Molybdenum tricarbonyl complexes supported by linear PNP
ligands: Influence of P- and N-substituents on structure,

stability and on the activation of small molecules

In this study a series of tridentate PNFPPPR ligands with varying moieties and corresponding
Mo(CO)s complexes were synthesized and investigated using NMR-, IR- and Raman spec-
troscopy. The PNPR® ligands feature a central aniline and two ethyl bridged phosphines with
different substituents (R = Ph, Me, Et, Pln, Cyp, 'Pr, Cy and *Bu). With [Mo(CO)3(cht)] as
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N-substituents on structure, stability and on the activation of small molecules

precursor, the tricarbonyl complexes bearing PPhy, PEty, PCypa, PIPry and PCys groups
were obtained. The successful coordination of the corresponding ligand is reflected in various
changes in spectroscopy. For example the coordination of the phosphines leads to a low field
shift of the phosphorus signal in the 3'P NMR spectrum. The size of the shift is depending
on the coordination mode. Coordination in meridional fashion leads to a bigger shift than the
facial isomer. Further NMR spectroscopic investigations of the complexes revealed multiple
ABX spin systems for different carbon atoms within the complex. Due to the low natural
abundance of the NMR active >C nucleus it can be assumed that a maximum of one carbon
atom per complex is found resulting in the formation of higher order signals. The ABX spin
systems show different split patterns depending on the coupling constants between the carbon
atoms and the phosphines. From the NMR spectra it was also observed that all complexes
adapt a facial geometry. This is confirmed by IR- and Raman spectra, which also show
the expected pattern for facial complexes with Cs-symmetry. For all complexes, except the
[Mo(CO)3(PNPEPOY)], Davydov splitting of the carbonyl stretches was observed which is the
result of in- and out-of-phase coupling leading to a split of the CO stretches.[238241] Com-
parison of the complexes synthesized in this study to the similar complexes bearing PNHPR
ligands revealed some interesting properties. Other than the complex with PNPPPR ligands,
the Mo(CO)3 complexes bearing PNYP® ligands were not only able to adapt a meridional
geometry but also the complex with PNFPPPtBY complex could be obtained. DFT calculations
of the thermodynamics and dissociative pathways for the isomerization did not reveal the
cause for the observed behavior. Only calculations the transition states of the isomerization
revealed differences between the complexes. A direct rearrangement of the hexacoordinated
complexes from a facial to a meridional geometry and vice versa is energetically unfavorable,
leaving a dissociative pathway as possible mechanism for the isomerization. Comparison of the
pathways of pentacoordinated complexes bearing PNPEPMe and PNHPMe revealed that the
aniline based ligand forms agostic hydrogen bridges to the free coordination site, kinetically
stabilizing the intermediates, whereas the complex with NH function is unable to form such
a bond leading to a lower lying transition state. This inability of the PNPPPR systems to
interchange between the isomers leads to the formation of almost purely facial complexes,
predetermined by the [Mo(CO)3(cht)] complex. Unfortunately, using the PNPRPMe Jigand
did not lead to the formation of the desired product but in a mixture of different complexes.
The PNPPPPI? Jigand did not yield any carbonyl complex, even with different precursors or
conditions (time, solvent, temperature). Also no complex was obtained using the PNPhptBu
ligand. As found from DFT calculations, this complex is energetically unfavorable in a facial

as well as meridional geometry.

Article and Cover reprinted with permission from S. Froitzheim, J. Junge, C. Barnehl, T. A.
Engesser, J. Krahmer, C. Nather and F. Tuczek, Eur. J. Inorg. Chem. 2023, 26, ¢202300280.
https://doi.org/10.1002/ejic.202300280
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Molybdenum Tricarbonyl Complexes Supported by Linear
PNP Ligands: Influence of P- and N-Substituents on Relative
Stability, Stereoisomerism and on the Activation of Small

Molecules

Sven Froitzheim,” Jannik Junge,® Christopher Barnehl,” Tobias A. Engesser,*™
Jan Krahmer,” Christian Nither,” and Felix Tuczek*®

Series of linear tridentate PN""P"-ligands (R=Me, Et, PIn, Ph,
Cyp, 'Pr, Cy, Bu) and molybdenum tricarbonyl complexes
[Mo(CO);PN""P®] (R=Ph, Et, Cyp, 'Pr, Cy,) were synthesized and
characterized using NMR-, IR-, and Raman spectroscopy as well
as X-ray crystallography. The influence of the different
phosphine donor groups of the PN""P* ligands on the bonding
and activation of CO ligands is investigated. Importantly, all

Introduction

PNP ligands have been employed in coordination chemistry
with a broad range of metals and coligands.""'” Three main
types of these ligands can be distinguished: PNP pincer,
tripodal, and linear tridentate ligands. Pincer ligands enforce a
meridional coordination mode through their rigid design, which
confers, both, high stabilities and catalytic activities to the
derived complexes.>*

They are used for many catalytic reactions such as
(de)hydrogenation, ammonia synthesis, and small molecule
activation."*® Tripodal PNP systems, on the other hand, are
rarer than pincer ligands and their P; analogues are more
commonly encountered due to the stronger coordinating third
P donor.®® Herein, we focus on the third type comprising
linear tridentate PNP ligands. Complexes supported by such
ligands have been employed in many fields of coordination/
organometallic chemistry such as bond activation,""'? small
molecule activation,™ and catalysis; e.g., for (de)hydrogenation
reactions using Ru, Ir, Fe, and other metal centers.">" Linear
PNP ligands may also be included in the pincer category as
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complexes are found to adopt a fac geometry, both in solution
and in the solid state. This is in contrast to analogous
complexes supported by PN"P ligands. DFT calculations reveal
that the phenyl ring at the central amine function is the cause
of the preferred geometry, hindering isomerization to a mer
geometry.

long as they coordinate in a meridional fashion."'*'® However,

whereas pincer ligands only allow a meridional coordination
mode, linear tridentate ligands enable both a facial and
meridional coordination to the metal. Variation of the terminal
donors and P—N linkages allows tailoring these ligands to
specific applications (Scheme 1).'9 In this regard extensive
investigations have been performed to determine the influence
of different terminal phosphine™ and central amine
donors,"®"? as well as possible metal-ligand cooperativity on
their reactivities/catalytic activities.">*” Further studies involved
the influence of modified linkages between the phosphorus
donors and the central amine to tune the electronic properties
of these systems or utilize them for asymmetric catalysis."'6"
For a number of years our group has explored different
ways of attaching molybdenum dinitrogen complexes to
surfaces for applications in electrocatalytic nitrogen fixation.!*??
Based on the fact that carbon monoxide and dinitrogen are
isoelectronic,”’ CO can be employed as a model for N,
binding.?” In this context, we succeeded to covalently attach
molybdenum tricarbonyl complexes supported by a planar

P P Me, Mey
\/SI\N /SI\/

Z=T
)

P\/\N/\/P thP\/\N/\/Pth

|
R

R =H, Me

Scheme 1. Examples of different tridentate PNP ligands.**” P = different aryl
and alkyl phosphines. Bottom right: PN""P™" ligand which marks the starting
point of this study.

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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PN°P pincer and a tripodal triphos ligand via appended 4-
ethinylphenyl units to TATA (triazatriangulenium) platforms.
The resulting functionalized tricarbonyl complexes were depos-
ited on gold and studied with a range of surface-spectroscopic
methods."%?? As alternative headgroups for surface studies,
molybdenum dinitrogen (or carbonyl) complexes supported by
linear PNP ligands may be envisioned.” Notably, introducing
an ethinyl group in 4-position of the central phenyl ring of the
PN”P ligand (cf. Scheme 1, bottom right) would enable similar
coupling strategies to platforms or organic surface layers as
applied earlier for PN’P and triphos ligands and derived
complexes (see above).%??

The molybdenum tricarbonyl complex [Mo(CO)s(PN™P™)]
supported by the PN"P™ ligand (Scheme 1, lower right) has
been prepared by KEeskIN et al. and investigated regarding to
his structural and spectroscopic properties.”® Various electronic
factors were explored to explain the preferred formation of the
fac isomer.”® In order to increase the activation of small
molecules such as CO or N, in molybdenum complexes
supported by the PN™"P™ ligand,®” its terminal phenyl groups
have to be replaced by more electron-donating alkyl residues.
Correspondingly we synthesized a series of linear PN""P* ligands
with different alkyl residues R=Me, Et, PIn, Cyp, Pr, Cy, ‘Bu and
studied the structural and electronic properties of derived
molybdenum tricarbonyl complexes, using X-ray structure
analysis and spectroscopy. As expected, all new complexes
exhibit a shift of the CO-stretching frequencies to lower
wavenumbers with respect to the parent complex. Surprisingly,
however, all of these complexes are found in the fac geometry,
regardless of the steric demand of the alkyl substituents. This is
in strong contrast to analogous complexes supported by PN"P
ligands, where both, mer and fac isomers can be identified. In
an effort to understand this result (and provide arguments
going beyond those advanced by KeskIN et al. to account for
the fac constitution of the parent [Mo(CO);(PN"P™)] complex;
see above), hypothetical mer-fac isomerization processes are
modeled by DFT for both PN""P and PN"P complexes. These
calculations indicate that mer-fac isomerization is kinetically
hindered in Mo-tricarbonyl complexes supported by PN™P
ligands whereas it is thermally allowed in the analogous PN"P
systems.

Results and Discussion
Synthesis and X-ray Structure Determination

Most of the PNP ligands (1a-1f and 1h) were prepared by
reaction of N,N-bis(2-chloroethyl)aniline with a secondary
phosphine in the presence of n-butyllithium (Scheme 2). For the
PN"P™ ligand (terminal isopropyl groups, phenyl substituent
on the central nitrogen; 1), which was previously reported by
CurLey et al,"®* N,N-bis(2-tosylethyl)aniline instead of the
chlorinated analog was employed. The latter route was also
used by KosTas for the synthesis of PN""P™ (1 a).©

All ligands could be obtained in pure form and were reacted
with the precursor [Mo(CO);(cht)] in toluene (cht=cyclohepta-

Eur. J. Inorg. Chem. 2023, 202300280 (2 of 14)

X\/\N/\/X P\/\N/\/P

2 R,PH
n-BulLi, thf

X=Cl, OTs P = PPh; (1a), PMe; (1b),

PEt, (1c), Pin (1d),
PCyp; (1e), PPPr, (1f),
PCy, (1g), P'Buy (1h)

Scheme 2. Synthesis scheme of the PNP ligands used in this study
(PIn= phospholano, PC,Hg; Cyp = cyclopentyl).

triene), leading to [Mo(CO);(PN""P®)] complexes with R=Ph
(2a), Et (2¢), Cyp (2e), 'Pr (2f), and Cy (2g; cf. Scheme 3 and
experimental section, general procedures A and B). As expected,
the solid tricarbonyl complexes showed sufficient air-stability
for characterization via infrared spectroscopy. Notably, not all
target compounds could be prepared in this fashion. Specifi-
cally, the Mo tricarbonyl complexes supported by the ligands
PNP"P"¢ (2b), PN*"PIn (2d) and PN""P® (2h) could neither be
isolated in pure form nor characterized in solution. For 2b and
2h, products were obtained which were insoluble. IR inves-
tigations indicate that most likely mixtures of different com-
plexes are formed. On the other hand, DFT calculations suggest
that the complex 2 h containing tert-butyl groups may not form
due to steric reasons (Table S2, Table S3, Figure S63). In
particular, longer bond lengths are found in the calculated
structure of fac-[Mo(CO);(PN""P®™)] (2h) as compared to [Mo-
(CO)5(PN""P™)] (2f), which might impede a complete coordina-
tion of the ligand. Factors influencing the relative stabilities of
the target complexes in solution will be analyzed later in this
study, employing DFT calculations (see below).

For complex [Mo(CO);(PN""P™)] (2c), a single-crystal X-ray
structure determination could be performed, showing a facial
coordination mode of the PNP ligand (Figure 1, Table 1). This is
analogous to the related complex fac-[Mo(CO);(PN""P™)] (2a)
reported by KeskiN et al.?”

The biggest structural difference between the two fac-
[Mo(CO);(PNP)] complexes 2a and 2c is exhibited by the Mo—N
bond length which is 0.0703 A shorter in 2c than in 2a. On the

2

cC _o

PP [Mo(CO)s(cht)] P""vv! o7
3 0,

— p” | \C\\

toluene, rt N Yo

P = PPh, (2a), PEt, (2c),
PCyp; (2e), P'Pr, (2f),
PCy, (29)

Scheme 3. Synthesis of [Mo(CO),(PN""P*)] complexes (P*=P).
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os1d isomer, while the A” and A’(; bands are strong, clearly visible in
C41@E case of 2c (Figure 2). The meridional isomer, on the other hand, g

@ o would exhibit an intense A’;, band.”® Therefore, vibrational

Mo C21 021 (¢ A spectroscopy shows that our [Mo(CO);(PN"P®)] complexes

'? EtZPf,,,M‘d,mC always adopt the facial coordination mode in the solid state.

031 Efzp/,l‘\o\\\ Notably, the infrared and Raman spectra of the parent E

IN1 \/ 0 complex 2a recorded by us differ from those published by
@ KeskiN et al.? While the A’;, and A" vibrations appear at ]

2 comparable frequencies, the frequency of the A’y mode given

by these authors (1782-1796 cm ™) is considerably lower than

observed by us (1808/1804 cm™'; cf. Table 2). Moreover, the

intensity of the A’;, peak in the Raman spectrum is fairly high,

Figure 1. Molecular structure of fac-[Mo(CO);(PN""P®)] (2¢). The hydrogen which would in principle speak against the assignment of a fac
. N A o

atoms have been omitted for clarity. Thermal ellipsoids are shown at 50% geometry to 2a, as inferred by these authors on the basis of the

probability. i A R
vibrational spectra. We do not know the reason for this
discrepancy, but note that our IR- and Raman data for 2a are

Table 1. Mo—X bond lengths [A] in complexes 2a and 2c. consistent with those obtained for the other complexes.

Mo—X bond®  [Mo(COL(PN"PHI®  [Mo(CO),(PN™P™)Id A Interestingly, for all investigated complexes except 2g, four
e] (2a) instead of two bands are observed for the A” and A’,) stretching
Mo_N1 2442 2512 0,070 vibrations in the Raman spectra (Table 2). Complex 2¢, in which
Mo—P1 2514 2.496 0018 this spllttmg1 is most pronounced, shows a difference z?f Av:1‘2
and 10 cm™' between the A’ and A” bands, respectively. This
Mo—P2 2.507 2,466 0.041 e .
splitting is also observed when spectra of single crystals of 2¢
Mo—C41(ax) 1.938 1.933 —0.005
Mo—C21(eq) 1.978 1977 ~0.001
Mo-C31(eq) 1973 1.979 —0.006
[a] Numbering according to Figure 1; [b] this study; [c] Ref. [26]. IR

other hand, the Mo—P distances are increased in 2c relative to
2a by 0.018 and 0.041 A. This is due to the fact that compared
to the diphenylphosphine groups of 2a, the diethyl phosphine
groups of 2¢ have a larger sigma donor strength and a smaller
capacity for m-backbonding. Interestingly, the increased Mo—P
bond length found in 2c¢ appears to entail a shorter Mo—N
bond, suggesting a leveling effect of the central amine group
on the overall binding properties of the PNP ligand. This is also
evident from the fact that the Mo—C distances are very similar
in 2a and 2c. Nevertheless, vibrational spectroscopy reveals
that the CO ligands of 2c are stronger activated than in 2a (cf. 3500 30'00 25'00 20'00 15'00 10'00 560 3
next section).
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Figure 2. IR and Raman spectrum [cm~'] of [Mo(CO);(PN""P¥)] (2¢c). The CO
stretching vibrations are assigned based on a C; symmetric Mo(CO),
fragment.

Infrared and Raman Spectroscopy

Detailed information on the bonding and activation of CO I;)l’r;eﬁ;]SE;]P[eJ:(ifg)alPZgLERa)?c:;qt:::ecie(sRE;\"(]z :)f Etth(ez SOC Stf(el;ﬂzf)li?Pgr
ligands is provided by IR and Raman spectroscopy. Moreover, 29, Cy (2g). ? e ! HEP )
the CO-stretching vibrations also reflect the mer/fac isomerism

of the title complexes. For an octahedral complex with facial Complex all A Ao
M(CO); coordination, group theory predicts two bands in the [Mo(CO);(PN""P™)] (2a) 1921 1829/1819 1808/1804
CO stretching region of the IR- and in the Raman-spectrum (A, [Mo(CO)5(PN"P®)] (2¢) 1906 1820/1810 1786/1774
and E). Due to the actual C-symmetry of complexes 2a, 2¢, 2e, [Mo(CO)5(PN™P?)] (2€) 1907 1812/1795 1785

2f, and 2g (Figure 4 and Figure S36, S44, S48, and S52), E splits [Mo(CO),(PN""P™)] (2g) 1901 1802/1794 1788/1780
into A” and Ay, in addition to A’;, which corresponds to the [Mo(CO)L(PN"PS)] (2f) 1906 1810 1791
totally symmetric, in-phase stretching mode. In the Raman — -

spectrum, the A,y band is found to be very weak for the facial [a] In case of splitting both bands are listed.

Eur. J. Inorg. Chem. 2023, €202300280 (3 of 14) © 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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. Splitting
A

[Mo(CO),(PNPhPCY)]

[Mo(CO),(PNPhPPh)]

[Mo(CO);(PNPhPEY]

1950 1900 1850 1800 1750 1700 1650 [cm-"]

Figure 3. Splitting of the carbonyl stretches of [Mo(CO);(PN""P*)] (R=Cy (2g),
Ph (2a), Et (2¢)).

were measured, so it does not originate from impurities or a
mixture of different compounds. In the crystal structures of 2¢
and 2a, more than one molecule exists within the unit cell (Z=
8 and 4, respectively.)® In this case, the vibrations of individual
molecules in the unit cell may couple (for Z=2, e.g., into in-
phase and out-of-phase combinations), and the corresponding
bands or peaks split (Figure 3). This effect (factor group or
Davydov splitting) has already been observed for molybdenum
carbonyl complexes.””!

In addition to the coordination mode, information about
the activation of the carbonyl ligands can be derived from the
frequencies of the stretching vibrations of the Mo(CO); frag-
ment. This is influenced by the o-donation and m-acceptance
properties of the phosphine and amine donors. From the
literature, it is known that the difference in o-donation proper-
ties of tertiary phosphines with different residues is small.>” In
contrast, their t-acceptor properties change significantly, which
then influences the vibrational frequency of the CO in trans
position. Correspondingly, for the complexes bearing different
alkyl phosphines (2¢, 2e, 2f, and 2g) the observed A’;) CO
stretching frequencies are fairly similar (Table 2), the biggest
difference (A(A’;)=6 cm™") being found between the systems
with PCyp, and P'Pr, substituents. In contrast, the A’;, frequency
of complex 2a bearing phenyl phosphines (1921 cm™) is
14 cm™' higher than 2e, the alkyl phosphine complex with the
highest frequency. This conforms to aryl phosphines being
more m-backbonding than their alkyl counterparts. Overall, the
activation of the CO ligands as a function of the substituents on
the phosphines is found to increase in the following sequence:

PPh, < PEt, =~ PCyp, ~ PCy, < P'Pr,

NMR Spectroscopy

P and *C NMR spectroscopy in solution provides information
on the mer-fac isomerism of complexes 2a, 2¢ & 2e-2g in

Eur. J. Inorg. Chem. 2023, 202300280 (4 of 14)

solution via the *'P resonances of the P-donors and the "C
atoms of the carbonyl ligands coupling with the phosphines,
respectively. Importantly, the low-field shifts observed for the
3p-signals of the complexes (ca. 15-22 ppm) are characteristic
for a facial binding geometry. In meridional complexes, larger
low-field shifts of the phosphine signals are observed.®” Where-
as the fraction of fac complexes exceeds 99%, traces of mer
isomers can also be detected (< 1%; cf. Figure 4 and Table S1).
Other byproducts appear to be tetracarbonyl complexes which
result from decomposition of their tricarbonyl analogs, as
reported in the literature.”® Complete NMR data are given in
the Supporting Information.

Complementary information can be derived from the "*C-
NMR spectra. Due to the low natural abundance of this carbon
isotope (< 1.1%), molecules containing more than one “C
nucleus can be neglected.®” Notably, a >C nucleus next to a >'P
atom leads to different chemical environments for otherwise
equivalent *'P nuclei. Correspondingly, the coordination mode
can be derived from the signal patterns emerging in the "C
NMR spectrum by coupling of the *'P nuclei with the '*C atoms
statistically found on the different carbon positions. Specifically,
a meridional coordination geometry is reflected by two triplets,
one for the CO trans to the amine group and one for the CO
ligands trans to each other. In contrast, a facial geometry gives
rise to a triplet for the axial carbonyl carbon (resulting from the
equal cis couplings to the equatorial phosphines) and, for the
equatorial carbon atoms, to the X part of an ABX spin system
with A and B represented by two equatorial >'P atoms (A=P",
B=P® and X="C, see Figure3 for complex 2c as an
examp|e).[zz,zsl

In agreement with the results from *'P-NMR spectroscopy
(see above), the facial isomers are found with ratios of more
than 99% for all complexes (2a, 2c & 2e-2g). For these species,
the X part of the ABX spectrum (see above) corresponds to a
six-line signal (see Figure 5, top, “b” and bottom scheme). The
distance between lines 2 and 5 is equal to | Jy+Jg |, while the
separation between lines 1 and 6 (lines 3 and 4) equals 2|D | +
D.| (2|D,-D.|, respectively). D, and D. are defined by
Equation (1). Furthermore, the relative intensities of the inner

-33.7

oooz%
\3

49.0 48.9 48.8 48.8
m

0.002:+
2.000+ L

55 50 45 40 35 30
ppm

Figure 4. *'P NMR spectrum of the fac-[Mo(CO);(PN""P®)] complex (2 c)
including traces of the meridional isomer at 48.9 ppm.
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o) *x Based on these equations, approximate values for the
'8 a coupling constants Juy, Jgx and J,g as well as the chemical shift g
-0 X Rk X El
ELP | Ko difference v, - vy were determined and subsequently refined by
2P, 1 W

—\ 0.

P/I\C\\ f
—/\ N_ o
fedy o

2c

200.0 150.0 100.0 50.0 0
ppm

N\ n
AV

WA A AWl 1
A D | G A & VA G G

2316 2314 2312 2205 2200
ppm ppm

| d .
TR VA TR VAV B

J - J \

576 574 572 570 274 272 270 2638
ppm ppm

|

[ |1y
fhI
J ULV
_JUUUUYY

226 222 218 214 90 89 89 88
ppm ppm

a
g a=2D,-D]

\ B = [Jax+Jexl
1 =2|D, +D.
| {II}‘ | | pre (TZD
1 23 4 5 6

Figure 5. Top: "*C NMR spectrum of [Mo(CO);(PN""P¥)] (2 ¢) with the multiple
ABX patterns of the different *C atoms (a-f) found due to the coupling to
the phosphorus nuclei. The signals of NPh group are marked with an asterisk
(*) and signals of solvents with two asterisks (**). Arrows indicate outer lines
of little intensity. Bottom: Six-line pattern emerging from ABX-spectrum.

and outer lines with respect to lines 2 and 5 correspond to €
and 1 - ¢, respectively (cf. Figure 5, bottom), with the latter
given by Equation (2):283%

1
D+ = 5 \/[(VA_VB) 0.5 (Jx —Jex)*+133 M

1 g
P Uax Jix) )
2 (JAX_JBX) + JAZB

Eur. J. Inorg. Chem. 2023, €202300280 (5 of 14)

fitting to the experimental spectra (see Figures $62-S65). The
shifts and coupling parameters found for the carbonyl and
phosphine groups of complexes 2a, 2¢, 2e, and 2f are
collected in Table 3. In addition to similar chemical shifts of the
CO ligands, the coupling constants to the P-nuclei are also very
similar, indicating not only similar geometries but also com-
parable electronic structures. Unfortunately, complex 2g
showed such a weak solubility in most NMR solvents that it was
impossible to obtain spectra of sufficient quality to derive these
parameters.

Besides the ABX patterns of the equatorial CO ligands, the
3C NMR signals of the ethylene bridges (Figure 5¢ and 5d) and
terminal ethyl groups (Figure 5e and 5f) also reflect coupling to
the phosphorus atoms. With decreasing spin-spin coupling of
the C and °'P nuclei, the difference between D, and D.
decreases, leading to a smaller distance between the inner lines
(3 & 4). Moreover, the intensity of the outer lines (1 & 6)
decreases, which in turn increases the intensity of the inner
lines. This is, e.g., visible for the signal of the ethyl bridge
proximal to the phosphorus atom (Figure 5d). Ultimately, the
six-line pattern collapses into a triplet (Figure 5¢; arrows
indicate the positions of the very weak outer lines). Similar
spectra are also observed for the other complexes (Figure S35,
S43, S47, S51, and S53). The derived *C NMR parameters are
collected in Table 3.

Thermodynamics of Metal to PNP-Ligand Bonding

Data obtained from NMR, IR, and Raman spectroscopy indicate
a facial geometry of complexes 2a, 2¢, 2e, 2f, and 2g in
solution and in the solid state. The meridional isomers are only
visible as minor traces (< 1%) (Figure 4) in the >'P NMR spectra.
In order to understand the preference of the ligands for facial
coordination, a DFT study was conducted. To this end ligand
exchange reactions with the different ligands were treated
theoretically, considering both mer and fac configurations for
the entire series of complexes. This allows to directly compare
their relative stabilities (Figure 6, Table S8 & S9), leading to the
following conclusions: (i) in agreement with the results of
KESKIN et al., the facial isomer of [Mo(CO);(PN""P™] (2a) is more
favorable than its mer counterpart; (i) a thermodynamically
more stable tricarbonyl complex (2¢c) is generated by the
PN""P® ligand whereby the fac isomer is also at lower energy
than its mer analogue; (iii) for all PN""P® ligands with terminal
alkyl substituents exhibiting a higher steric demand than ethyl,
the stability of the derived Mo(CO); complex decreases and mer
is at lower energy than fac (Figure 6).

Notably, both isomers of 2h with di-tert-butylphosphine
groups are very unfavorable. In the facial isomer, the bond
lengths are too elongated to consider it a possible product;
accordingly, the calculated energy is very high. The meridional
geometry of 2h is more favorable, but still at high energy
compared to all other complexes (cf. 65(P'Bu,) = 167.1°).% This

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Table 3. Chemical shift and coupling constants of the equatorial carbony! ligands of the fac-[Mo(CO);(PN""P®)] complexes.

Complex §(*C0,,) 8(*CO,,) SC'P) [%Jas| ?Jx (trans) Jex (cis) AVpg
[ppm] [ppm] [ppm] [Hz] [Hz] [Hz] [Hz]
[Mo(CO)5(PN""P™)] (2a) 2316 219.6 38.0 216 39.4 —14.0 1.30
[Mo(CO)5(PN""P®)] (2¢) 2314 2203 337 29.1 324 -108 1.80
[Mo(CO)5(PN""PY?)] (2) 2320 220.8 416 227 36.5 —13.7 0.97
[Mo(CO)5(PN"P™)] (2f) 2319 2208 516 26.5 337 -838 1.69
[Mo(CO);(PN""PY)] (2g) 2321 2210 408 - - - -
AG(soIv)
[kcal/mol] —— fac{Mo(CO)5(PNP'PR)] initially; the meridional isomer only formed in a small amount
when the facial complex was stored in solution for weeks.?®
—— mer-[Mo(CO)(PN™PR)] However, [Mo(CO);(PN"P?)] complexes with PN*P® ligands (R=
40 Pr, Cy, 'Bu) containing a central NH donor instead of NPh seem
to behave differently.®*** For [Mo(CO);(PN"P™)]; e.g., a crystal
_— structure with facial geometry was obtained,*® but the
corresponding NMR and IR spectra reflect a meridional
geometry (Supp. Mat. of ref. [35]). Furthermore, [Mo-
30 - (CO)5(PN"P)] is found to exist in, both, meridional and facial
geometry in solution, with the ratio of the two isomers being
solvent-dependent.®®
In order to identify possible differences in the stabilities of
- PN"P and PN"P complexes, analogous isodesmic calculations of
20 ligand exchange reactions as performed for the former (Fig-
ure 6) were conducted for the latter systems as well (Figure S59
& S60). In agreement with the PNP"P complexes, the fac isomers
tend to become more unfavorable with increasing steric
_— - demand of the phosphine residues, accounting for the exper-
10 imentally observed formation of mer isomers (along with their
- S fac counterparts). The lack of observation of mer isomers in case
of the PN™P complexes thus has to to be of kinetic, not
o thermodynamic origin.
S Theoretical information on possible mer-fac isomerisations
[ _— of [Mo(CO);(PNP)] complexes in solution can be obtained by
DFT calculations as well. In principle, these processes can occur
R=Ph Et Cy Cyp Pr Bu in a non-dissociative fashion via distorted octahedral transition

(2a) (2c) (290 (2e) (2f) (2h)

Figure 6. Theoretical relative Gibbs energies (including solvation) of the
facial and meridional [Mo(CO)(PN""P¥)] complexes with different phosphine
groups (R=Et (2¢), Ph (2a), Cyp (2e), 'Pr (2f), Cy (2g), '‘Bu (2h)), relative to
the most stable complex mer-2c and calculated by ligand exchange
reactions (PBEO/def2-TZVPP).

may explain the experimental finding this complex could not
be synthesized (see above).

Although the calculations overall suggest a preference for
the meridional isomers for all Mo(CO); complexes supported by
PNP® ligands with sterically more demanding substituents
than ethyl (cf. Figure 6), only the facial isomers were obtained
experimentally (see above). In order to understand this
apparent contradiction to the theoretically calculated ener-
getics, we compared our findings with results obtained on
similar compounds in the literature. Notably, KeskIN et al. also
reported that only facial [Mo(CO);(PN""P™)] (2a) was obtained

Eur. J. Inorg. Chem. 2023, €202300280 (6 of 14)

states (Figure 7, Figure S65 & S66). Interestingly, calculations of
the corresponding energy barriers for model complexes with
PMe, groups (PN"P™), reveal that the transition states for the
amine PN"PY® and phenylamine PN™P"¢ systems (Figure 7,
TSis0"co3) are unfavorable. The corresponding energy barriers of
around 30 kcal/mol make such transformations unlikely. Addi-
tionally, no clear differences between the NH and NPh ligands
were found, which contrasts with the experimental observa-
tions, showing significantly different behaviour.

Another process possibly enabling an isomeric transforma-
tion involves the preliminary dissociation of a CO ligand from
the 18-electron [Mo(CO);(PN*P)] complexes, leading to penta-
coordinate square-pyramidal 16-electron complexes [Mo-
(CO),(PN"P)] (Figure 8 and 9, Figure S67 & S68, Table 510).%%*7
The resulting empty coordination site makes it energetically
much more favorable for the ligand to undergo a conforma-
tional rearrangement. Notably, this dissociative substitution
mechanism has been experimentally evidenced for [Mo-
(CO);(PN™PPM] (2a) by KeskiN et al.>”

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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Figure 7. Theoretical relative Gibbs energies in solution of the isomeric
transformation of fac- and mer-[Mo(CO);(PN*P"*)] model complexes (R=H
(red), Ph (blue)) via transition state TS50, (PBEO/def2-TZVPP(D3BJ))
(P=PMe,)
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The energies of the corresponding dissociative intermedi-
ates [Mo(CO),(PN*P¥9)] (R=H, Ph) indicate that only the CO
ligands trans to P or CO coligands dissociate, leading to square-
pyramidal isomers with the amine donor in equatorial position
(Figure 8 and 9, fac1™, mer1™, mer2™, fac1™" and mer2"™").
Therefore, only these are taken into account for the subsequent
rebinding of CO and indeed, a significantly different behavior is
observed for the NH and NPh ligands presented here:

In the case of [Mo(CO),(PN"PY®)], two equally stable mer
isomers are found (Figure 8, mer1™ and mer2") which are in
equilibrium with each other via a very low-lying trigonal
bipyramidal transition state (Figure 8, TSyes""co2)- This makes
both isomers equally available for conversion into a facial
isomer. The actual isomeric transformation then occurs between
mer1™ and fac1™ via a distorted trigonal bipyramidal transition
state (TSiso'"'co2). Due to the relatively low energy barrier of
11 kcal/mol from mer1™ or 3 kcal/mol from fac1™", mer and fac
complexes are in an equilibrium in solution, which is in
accordance with the experimental observations in the
literature.*®!

In case of [Mo(CO),(PN""P*¢)], only one meridional and one
facial isomer is stable due to an agostic hydrogen bond
between the phenyl group and the molybdenum center, which
occupies the vacant coordination site (mer1™ and fac1™™,
Figure 9). This and the steric demand of the migrating N™
group lead to a much higher energy barrier of 18 kcal/mol from
mer1™ or 9kcal/mol from fac1™™ complexes, making this
process either impossible or at least very slow. Therefore, the
initial geometry of the complex resulting from reaction of the
precursor with the PNP ligand is conserved. For fac-[Mo-

3 mer2NH

Figure 8. Theoretical relative Gibbs energies in solution of the isomers of pentacoordinated model complex [Mo(CO),(PN"P“?)], including the isomeric
transformation via transition state TS," and the conversion of the two possible meridional isomers via TS .., (PBEO/def2-TZVPP(D3BJ)) (P =PMe,).

Eur. J. Inorg. Chem. 2023, 202300280 (7 of 14)
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Figure 9. Theoretical relative Gibbs energies in solution of the different
isomers of pentacoordinated model complex [Mo(CO),(PN""P")], including
isomeric transformation via transition state (TSo"™") (PBEO/def2-TZVPP(D3BJ))
(P=PMe,).

(CO)s(cht)], which has been used in this study for complexation
of the PN™P* ligands, it has been established that reaction with
linear tridentate ligands exclusively leads to fac-complexes.?®*!
Due to the high barriers, conversion to possibly lower-lying
mer-isomers thus is hindered, explaining the lack of observation
of mer-isomers.

Conclusions

In order to study the influence of the different phosphine
groups on the coordination behavior of PNP ligands and
examine their impact on the activation small molecules like CO,
a series of tridentate PN™P® ligands (R=Ph, Me, Et, PIn, Cyp, Pr,
Cy, 'Bu) and corresponding molybdenum tricarbonyl complexes
[Mo(CO),(PN™P¥)] (R=Ph, Et, Cyp, 'Pr, Cy,) were prepared and
characterized by NMR and vibrational spectroscopy. In case of
[Mo(CO),(PN™P®)] the determination of the crystal structure was
possible as well.

Upon replacing the PN™P™ ligand of the parent complex
[Mo(CO);(PN™"P™™] by ligands with alkylphosphine groups the
activation of the bound carbonyl ligands was found to increase.
Within the series of new complexes supported by PN"P?
ligands with alkyl substituents, however, differences in CO
stretching frequencies and, thus, CO activation, were small.

Eur. J. Inorg. Chem. 2023, €202300280 (8 of 14)

Nevertheless, the relative stabilities of these complexes signifi-
cantly decrease with increasing steric bulk of the terminal alkyl
substituents R. This becomes evident from isodesmic calcula-
tions, replacing, e.g., the PN"P™ ligand of the parent [Mo-
(CO);(PN™P)] complex by corresponding ligands with PR,
groups (R=Et, Cyp, Pr, Cy). This way, it becomes clear that the
thermodynamically most stable member of the entire family of
PNP® complexes is [Mo(CO)s(PN""P¥)], exhibiting strongly
electron-donating PEt, groups with little steric bulk. On the
other hand, these calculations provide an explanation for the
fact that the complex with the sterically most demanding tert-
butyl substituents could not be obtained.

Experimental and theoretical information was also obtained
on the preferred stereochemical configuration (mer vs. fac) of
the [Mo(CO),(PN""P¥)] complexes. Surprisingly, all of the synthe-
sized [Mo(CO);(PN""P?)] complexes exhibit the fac geometry,
irrespective of the electronic and steric properties of the
terminal phosphine groups. This is, e.g., evident from NMR
spectroscopy where the meridional isomers were only found as
minor byproducts visible in small amounts (<1%) in the *'P
spectra. Moreover, the preferred formation of the fac isomers
could also be inferred from X-ray structure determination and
vibrational spectroscopy where typical CO splitting patterns
were observed. Additional splittings present in the IR and
Raman spectra were attributed to factor group or Davydov
splittings.

For the parent [Mo(CO);(PN™P™")] complex (2a) the prefer-
ence for the fac-isomer had already been evidenced by Keskin
et al. Notably, they were able to generate the fac isomer from
the complex [Mo(CO),(k*-PN"P)] with a yield of < 1%. Further-
more, they found that the mer isomer is formed in small
amounts upon letting a solution of the fac isomer stand for a
long time. From their observations, they concluded that the
mer-isomer is formed from its fac counterpart by a fac—mer
isomerization process proceeding via a dissociative pathway.
This scenario has also been advanced by Crabtree regarding the
stereoisomerism of [Mo(CO)sL;] complexes.®”

Theoretical support for the hypothesis that the fac-isomer
of the complex [Mo(CO),(PN""P™)] is more stable than its mer
counterpart was obtained by KeskiN etal from DFT
calculations.” Notably, SicLovaN etal. synthesized the [M-
(CO)5(PNYP)] (M=Mo, W) complex and also found the facial
isomer to be more stable than its meridional analog.” In this
context it has to be noted that a general electronic-structural
preference for the fac geometry in Mo(0) tricarbonyl complexes
results from the fact that all three t,, are able to interact in an
equal fashion with the CO ligands in a m-backbonding manner
whereas this is not possible for the mer configuration. However,
this electronic effect should potentially be counteracted by a
steric effect if the residues on the terminal phosphine donors
become more bulky than phenyl groups. For sterically very
demanding substituents, this ultimately may lead to a prefer-
ence of the mer configuration. This is in fact observed for
molybdenum tricarbonyl complexes supported by PN"P
ligands,*** but apparently does not apply to our systems.

In order to address this problem, calculations of the relative
stabilities of mer-fac isomers have been performed for the
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entire series of complexes. While the thermal stability of these
complexes overall decreases with increasing steric bulk of the
substituents (see above), these calculations also reveal that a
preference for the fac isomer is restricted to the PN™P™
complex and the PN"P® complex which exhibits the least
sterically demanding alkyl substituents. For all complexes with
bulkier residues the mer isomers are thermodynamically
favored. However, this is not observed experimentally. We thus
suspected that formation of the mer products might be
kinetically hindered in all of these complexes.

In order to check this hypothesis, potential fac-mer isomer-
ization processes have been treated with the help of DFT.
Notably, calculations of the model systems [Mo(CO);(PNfP¥e)]
(R=H, Ph) showed that a direct isomeric transformation of
these hexacoordinated complexes is unlikely. Nevertheless, it
can occur after preliminary dissociation of CO, in the course of a
dissociative process (see above). Our calculations indicate that
such a process is thermally allowed in the PN"P systems, but is
hindered in the PN™P systems due to the steric demand of the
phenyl group and an agostic interaction present both in the
facial and the meridional isomers involved in the transforma-
tion. This acts to significantly increase the energetic barrier for
isomerization in PN™P systems, making it very slow or even
suppressing it completely. The stereoisomeric configuration of
the primary products resulting from reaction of the Mo(CO);
precursor with the PN™P ligands thus is more or less retained.
As it has been established that reaction of the precursor fac-
[Mo(CO);(cht)] with linear tridentate ligands exclusively leads to
fac products,*®* it becomes understandable that all of the
investigated complexes 2a, 2¢, 2e, 2f, and 2g exhibit the fac
geometry and no mer isomers have been observed. This
stereochemical peculiarity of the PN™P ligands may entail
characteristic differences in the reactivity of derived transition-
metal complexes to analogues supported by PN"P ligands,
comparable to those evidenced before in the context of CO,
hydrogenation catalyzed by Ru(PN"P) and -PN""P complexes."”

Experimental Section

Materials and methods: All syntheses containing air- and moisture-
sensitive compounds were carried out under a nitrogen atmos-
phere using Schlenk techniques. All solvents were dried under
argon atmosphere prior to use. Commercially available substances
were used as purchased without further purification. The chemicals
used for synthesis were obtained from Sigma-Aldrich Co., abcr
GmbH & Co. KG., and Fisher Scientific GmbH.

Spectroscopy: The NMR spectra were measured on a Bruker Avance
1l HD 400 pulse Fourier Transform spectrometer at 400.13 MHz ('H),
100.61 MHz (°C), and 161.98 MHz (*'P). The spectra were either
referenced to solvent residue (5.32 ppm for CD,Cl,) or TMS (8'H=
0 ppm), 85% H;PO, (5°'P=0 ppm) as substitutive standards. The IR
spectra were measured on a Bruker alpha FT-IR spectrometer and
the Raman spectra on Bruker Vertex70 FT-IR with RAMII module.
The elemental analyses were performed using a VarioMICRO cube
element analyzer.

Single Crystal Structure Determination: Data collection was
performed with an XtaLAB Synergy, Dualflex diffractometer with a
microfocus tube using Cuy, radiation (A=1.54184). The structure

Eur. J. Inorg. Chem. 2023, €202300280 (9 of 14)

was solved with SHELXT“” using Intrinsic Phasing and refined with
SHELXL™" using Least Squares minimisation. All non-hydrogen
atoms were refined anisotropically. The C-H H atoms were
positioned with idealized geometry (methyl H atoms allowed to
rotate but not to tip) and were refined isotropic with U,(H)=
1.2 U¢4(Q) (1.5 for methyl H atoms using a riding model. Deposition
Number 2156795 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service.

Computational details: All calculations were performed using the
ORCA 4.2.1 program package™? with PBEO functional®’ and def2-
TZVPP basis set* Furthermore, Grimmes dispersion correction®’
with Becke-Johnson damping (D3BJ),“® density fitting approxima-
tion (RIJCOSX)*” and solvation correction (CPCM) were applied.”*®
All minimum  structures were optimized to have no imaginary
frequencies. The transition states were optimized with exactly one
imaginary frequency.

General procedures and synthesis: The syntheses of dimethyl
phosphine,*” diisopropyl phosphine,*” phospolane,*” NN-bis(2-
chloroethyl)aniline*? and N,N-bis(2-(p-
toluenelsulfonyl)ethyl)aniline® were prepared according to liter-
ature.

General procedure A: Synthesis of the PNP ligands. 1eq. of NN-
bis(2-chloroethyl)aniline was dissolved in thf and cooled to 0°C. In
a second vessel, the phosphine (2.1 eq.) was also dissolved in THF,
cooled to 0°C and n-butyllithium solution (2.5 mol/L) was added
dropwise over 20 min. The solution was stirred for 30 min at 0°C.
Within 15 min the NN-Bis(2,2-dichloroethyl)aniline solution was
added to the phosphine/n-butyllithium solution at 0°C. The
solution was stirred for 18 h at room temperature. 0.5 mL degassed
water was added and the solvent was evaporated in vacuo. The
residue was resolved in n-pentane (30 mL) and filtered through
Celite® and basic aluminum oxide.

General procedure B: Synthesis of the molybdenum tricarbonyl
complexes. 1 eq. of [Mo(CO);(cht)] was dissolved in 3 mL toluene
giving a red solution. The PNP-Ligand was dissolved in 2 mL
toluene and added to the precursor complex solution. The solution
was stirred for 18 h in the glovebox. The resulting crude product
was filtered and washed with n-pentane (5 mL). The product was
dried in vacuo resulting in a yellowish solid.

NN-Bis(2-(diphenylphosphino)ethyl)aniline (PN""P™, 1 a)

Following general procedure A, the PN™P™ (1a) ligand was
obtained as colourless solid (796 mg, 1.54 mmol, 67 %).

SIp{'H} NMR: (161.98 MHz, CD,Cl,, 300 K): 8=-20.1 (s, 2 P, PPh,)
ppm.

'H NMR (400.13 MHz, CD,Cl,, 300K): 6=7.35-7.30 (m, 8 H, P-
(CH)phenyds 7.26-7.22 (M, 12 H, P-(CH)ypeny)s 7.03-6.99 (m, 2 H, N-
(CH)phenyds 6.56-6.52 (M, 1 H, N-(CH)ypeny)s 6.28-6.26 (m, 2 H, N-
(CH)ghenyds 3.29-3.24 (m, 4 H, N-CH,), 2.22-2.18 (m, 4 H, P-CH,) ppm.

BC{'H} NMR (100.62 MHz, CD,Cl,, 300K): 6=1457 (s, 1C, N-
(Cipheny)) 1399 (d, Jpc=12.2Hz, 4C, P-(Cippenyd)), 1317 (d, Jpc=
18.8 Hz 8 C, P-(Coppneny))s 128.2 (5, 2 C, N-(Copheny)), 127.7 (s, 4 C, P-
(Cophenyd), 127.4 (d, Jpc=6.80Hz 8C, P-(Crupneny)) 1154 (s, 1C,
Comneny)s 1112 (5, 2C, Crpeny)s 46.6 (d, 2pc=25.6 Hz, 2.C, N-CH,),
25.0 (d, Joc=14.4 Hz, 2 C, P-CH,) ppm.

IR (ATR): ¥=3068 (w), 3049 (w), 3025 (w), 3018 (sh), 3001 (w), 2961
(w), 2928 (w), 2902 (w). 2869 (sh), 2855 (w), 1969 (vw), 1957
(vw),1914 (vw), 1903 (vw), 1886 (vw), 1808 (w), 1764 (vw), 1595 (s),
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1571 (m), 1501 (s), 1476 (s), 1461 (w), 1429 (s), 1414 (w), 1389 (m),
1359 (w), 1352 (m), 1337 (w), 1319 (vw), 1305 (w), 1275 (sh), 1260
(s), 1218 (w), 1195 (s), 1180 (w), 1148 (m), 1094 (m), 1064 (w), 1039
(w), 1026 (w), 1011 (w), 995 (w), 984 (w), 947 (w), 913 (w), 907 (vw),
865 (m), 815 (sh), 794 (s), 734 (vs), 688 (vs), 667 (sh), 614 (vw), 554
(m), 528 (m), 504 (vs), 476 (vs), 430 (m), 411 (sh) cm™".

NN-Bis(2-(dimethylphosphino)ethyl)aniline (PN*"P", 1 b)

Following general procedure A, the PNP"PMe (1b) ligand was
synthesized, however, the phosphine solution was cooled to —78°C
instead of 0°C as described in the procedure. The ligand (1b) was
obtained as colourless oil (236.7 mg, 0.88 mmol, 63 %).

SIp{'H} NMR: (161.98 MHz, CD,Cl,, 300 K): 5=-54.9 (s, 2 P, PMe,)
ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): §=7.22-7.17 (m, 2 H, CHypeny)s
6.68-6.61 (M, 3 H, CHypeny), 345-3.39 (m, 4 H, CH,), 1.70-1.65 (m, 4
H, CH,), 1.06 (d, 2Jpy=2.29 Hz, 12 H, CHypeny) PP

BC{'H} NMR (100.62 MHz, CD,Cl,, 300 K): 8=147.4 (5, 1 C, Cyppeny)s
129.2 (5, 2 C, Coppenyds 115.7 (5, 1C, Cpupnemyids 112:2 (5, 2 C, Connenyis
47.7 (d, Ype=214Hz, 2C, N-CH,), 29.8 (d, Jpe=12.6 Hz, 2 C, P-CH,),
13.8 (d, Jre=13.1 Hz, 4 C, P-CH,) ppm.

IR (ATR): v=3090 (w), 3058 (w), 3038 (w), 3023 (w), 2951 (s), 2923
(m), 2892 (s), 2853 (sh), 2812 (w), 1598 (s), 1574 (sh), 1504 (s), 1461
(vw), 1449 (vw), 1428 (sh), 1420 (m), 1394 (w), 1354 (s), 1292 (sh),
1278 (m), 1213 (w), 1186 (m), 1159 (vw), 1142 (sh), 1128 (m), 1084
(vw), 1042 (m), 1007 (br m), 990 (w), 967 (vw), 938 (s), 885 (m), 818
(w), 747 (s), 710 (w), 694 (s), 668 (w), 531 (vw), 508 (w), 434 (vw),
416 (vw) cm™.

NN-Bis(2-(diethylphosphino)ethyl)aniline (PN""P%, 1 c)

Following general procedure A, the PN™P™ (1¢) ligand was
obtained as colourless oil (411 mg, 1.26 mmol, 25 %).

IP{'H} NMR: (161.98 MHz, CD,Cl,, 300 K): §=-25.7 (s, 2 P, PEL,) ppm.

"H NMR (400.13 MHz, CD,Cl,, 300 K): 8 =7.20-7.16 (m, 2 H, CHheny),
6.67-6.60 (M, 3 H, CH,peny), 3.45-3.40 (m, 4 H, N-CH,), 1.70-1.65 (m,
4 H, P-CH,), 1.48-1.42 (m, 8 H, P-CH,-CH,), 1.11-1.03 (m, 12 H, P-
CH,-CH;) ppm.

*C{'H} NMR (100.62 MHz, CD,Cl,, 300 K): 8=147.4 (s, 1 C, Cippeny)s
1293 (s, 2C, Copeny)s 115.8 (5, 1 C, Couphenyds 112.3 (5, 2 C, Crpheny)s
483 (d, Ype=22.6 Hz, 2 C, N-CH,), 24.3 (d, 'Jpc=15.9 Hz, 2 C, P-CH,)
19.0 (d, Jpe=189Hz, 4C, P-CH,Me), 13.8 (d, YUpc=12.6 Hz, 4C,
-CH;) ppm.

IR (ATR): v=3085 (w), 3043 (w, br), 2955 (w), 2923 (s), 2877 (s), 2821
(sh), 2821 (sh), 2220 (w), 2135 (w), 1600 (s), 1505 (s), 1436 (s), 1400
(m), 1368 (s), 1210 (w), 1200 (vw) 1158 (s), 1131 (s), 989 (m), 967
(vw), 842 (sh), 789 (sh), 747 (vs), 695 (s), 619 (vw), 567 (w), 513 (w),
451 (vw) cm™.

NN-Bis(2-phospholanoethyl)aniline (PN"PIn, 1 d)

NN-Bis(2-chloroethyl)aniline (320 mg, 147 mmol) was dissolved in
THF (10 mL). In a second vessel lithium phospholanide (500 mg,
2.95 mmol) was dissolved in 8 mL THF and cooled to 0°C. 1.2 mL
(3.00 mmol) of n-butyllithium solution was added dropwise and
stirred in the cold for 40 min. The aniline solution was added slowly
to the phosphine/n-buli solution and it was stirred for 4 d at room
temperature. All volatile components were removed in vacuo and
the residue was extracted with n-pentane and dichloromethane

Eur. J. Inorg. Chem. 2023, 202300280 (10 of 14)

before filtering through celite and basic allox. The solvents were
removed yielding a yellow oil as product (233 mg, 0.72 mmol,
49%).

*'P{"H} NMR: (161.98 MHz, CDCl,, 300 K): §=-32.0 (s, 2 P, PIn) ppm.

'H NMR (400.13 MHz, CDCl,, 300 K): 8=7.24-7.20 (m, 2 H, CHypeny)s
6.68-6.64 (M, 3 H, CHypeny), 3.41-3.36 (m, 4 H, N-CH,), 1.85-1.65 (m,
4 H, P-CH,, 8 H, (CHy)p), 1.63-1.59 (m, 4 H, (CH,)p,), 1.53-1.46 (m, 4
H, (CHy)pi,), ppm.

C{'"H} NMR (100.62 MHz, CDCls, 300 K): §=146.1 (s, 1C, Cipheny)s
128.3 (5, 2.C, Compheny)s 1149 (5, 1C, Cpphenyds 111.2 (5, 2 C, Crrvphenyds
47.7 (d, 2Jpc=21.4 Hz, 2 C, N-CH,), 26.8 (d, 'Jpc=3.8 Hz, 4 C, (CH,)p),
25.8 (d, Joc=18.6 Hz, 4 C, P-CH,), 25.0 (d, 'Jpc=11.0 Hz, 4 C, (CH,)p,)
ppm.

IR (ATR): v=3090 (w), 3057 (w), 3038 (w), 3023 (w), 2929 (s), 2873
(vw), 2855 (s), 2823 (sh), 2675 (vw), 1916 (w), 1905 (w), 1600 (vs),
1570 (sh), 1502 (vs), 1457 (w), 1445 (m), 1352 (s), 1322 (sh), 1298
(vw), 1275 (sh), 1256 (s), 1209 (vw), 1183 (m), 1157 (vw), 1118 (sh),
1107 (s), 1087 (sh), 1054 (vw), 1039 (w), 1013 (s), 950 (vw), To2 (vw),
859 (w), 828 (sh), 792 (s), 743 (vs), 688 (vs), 657 (vw), 620 (vw), 561
(vw), 508 (m), 466 (vw), 398 (m) cm .

NN-Bis(2-(dicyclopentylphosphino)ethyl)aniline (PN""P%?, 1 )

Following general procedure A, the PNPY® (1e) ligand was
obtained with the exception that the solution was stirred for 4 d
yielding the product as colourless solid (540 mg, 1.11 mmol, 76 %).

*'P{'"H} NMR: (161.98 MHz, CDCl;, 300 K): §=-7.93 (s, 2 P, PCp,)
ppm.

'H NMR (400.13 MHz, CDCl,, 300 K): 8=7.24-7.20 (m, 2 H, CHypeny)s
6.68-6.63 (M, 3 H, CHypeny), 3.49-3.44 (m, 4 H, N-CH,), 1.97-1.85 (m,
8 H, CH, ), 1.74 (m, *Jp,;=2.35 Hz, *J,,=8.79 Hz, 4 H, P-CH,), 1.70-
1.63 (m, 8 H, CH, ¢,), 1.62-1.51 (m, 8 H, CH, ), 1.48-1.33 (m, 8 H,
CH,, o) pPM.

BC{'H} NMR (100.62 MHz, CDCl;, 300 K): 8=147.2 (5, 1C, Cippeny)s
129.5 (5, 2 C, Coppenyds 115:8 (5, 1C, Cpupnenyids 112:2 (5, 2 C, Connenyis
492 (d, 2pe=40.6 Hz, 2 C, N-CH,), 362 (d, Jpe=10.3 Hz, 4C, P-C,)
313 (d, Upe=16.9Hz, 4C, P-Cc,), 30.5 (d, 2Jpe=12.5Hz, 4C, P-Cg,),
26.6 (d, *Jpc=7.40 Hz, 4 C, P-Cc;), 263 (d, *Jpc=6.30 Hz, 4C, P-Cg,),
228 (d, Ype=17.9 Hz, 2 C, P-C,) ppm.

IR (ATR): v=3211(w, br), 3089 (w), 3060 (w), 3036 (w), 3018 (w),
2942 (vs), 2902 (w), 2858 (vs), 2056 (vw), 1904 (vw), 1800 (vw), 1752
(vw), 1602 (s), 1595 (s), 1566 (m), 1506 (vs), 1466 (sh), 1455 (sh),
1444 (s), 1402 (s), 1350 (s), 1320 (vw), 1283 (s), 1260 (w), 1215 (w),
1184 (vs), 1155 (vw), 1126 (s), 1086 (sh), 1059 (vw), 1034 (m), 1002
(s), 980 (w), 942 (vw), 921 (vw), 904 (m), 853 (m), 800 (m), 755 (sh),
738 (vs), 703 (sh), 689 (vs), 545 (m), 508 (s), 490 (vw), 457 (vw), 423

(w) ecm™.

NN-Bis(2-(diisopropylphosphino)ethyl)aniline (PN""P*", 1 f)

Diisopropylphosphine (0,67 g, 5.67 mmol) was solved in 10 mL THF
and cooled to 0°C. n-Butyllithium solution in hexane (2.4 mL,
6.00 mmol) was added dropwise and stirred for 30 min at 0°C.
Afterwards, the solution was stirred for an additional 30 min at
room temperature. The solution turned orange. NN-Bis(2-(p-
toluenelylsulfonyl)ethyl)aniline (1.26 g, 2.57 mmol) was dissolved in
10 mL THF and both solutions were cooled to 0°C. The phospine/n-
butyllithium solution was added dropwise to the aniline giving a
yellow solution. After an hour, the solution turned green and red/
orange after 18 h. The reaction was quenched with degassed water
(5 mL) and all volatile components were removed in vacuo. The

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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residue was resolved in 40 mL diethyl ether and filtered through
Celite® and basic aluminium oxide. The PN""P™ (1f) ligand was
obtained as colourless oil (411 mg, 1.26 mmol, 25 %).

31p{'H} NMR: (161.98 MHz, CD,Cl,, 300 K): §=1.53 (s, 2 P, P'Pr,) ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): 8=7.24-7.20 (m, 2 H, CHypeny),
6.68-6.62 (M, 3 H, CHypeny), 3.51-3.46 (m, 4 H, N-CH,), 1.79 (dsept.,,
YJoy=2.11Hz, *Jy=7.11 Hz, 4 H, P-CH), 1.71-1.65 (m, 4 H, P-CH,),
1.15-1.08 (m, 24 H, P-CH-CH;) ppm.

BC{'H} NMR (100.62 MHz, CD,Cl,, 300 K): §=147.2 (5, 1 C, Cippeny)s
1293 (5, 2C, Coppeny)s 115:6 (5, 1 C, Corphenyds 1121 (5, 2 C, Corpphenyl),
504 (d, Upe=32.2 Hz, 2C, N-CH,), 234 (d, Jue=123 Hz, 4C, P-CH)
200 (d, Ype=163Hz, 4C, P-CH-Me), 198 (d, Jpe=126Hz, 2C,
CH,.P), 18.7 (d, Upc=9.40 Hz, 4 C, P-CH-Me) ppm.

IR (ATR): v=3091 (w), 3061 (w), 3038 (w), 2958 (sh), 2945 (vs), 2923
(w), 2887 (w), 2861 (vs), 1914 (vw), 1595 (vs), 1571 (vw), 1500 (vs),
1456 (s), 1382 (m), 1361 (sh), 1350 (s), 1277 (m), 1235 (vw), 1214 (w),
1183 (m), 1158 (w), 1127 (m), 1099 (vw), 1086 (sh), 1035 (s), 1014
(w), 993 (m), 919 (m), 887 (m), 859 (w), 806 (w), 742 (vs), 716 (w),
693 (s), 649 (w), 619 (w), 572 (vw), 509 (w), 466 (w) cm™".

NN-Bis(2-(dicyclohexylphosphino)ethyl)aniline (PN""P, 1 g)

Following general procedure A, the PN™P% (1g) ligand was
obtained as colourless solid (2.00 mg, 3.69 mmol, 99 %).

SIp{'H} NMR: (161.98 MHz, CD,Cl,, 300 K): =-821 (s, 2 P, PCy,)
ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): 8=7.21-7.17 (M, 2 H, CHypeny)s
6.63-6.59 (M, 3 H, CHypeny), 3.44-338 (m, 4 H, N-CH,), 1.79-1.63 (m,
24 H, CH,), 1.60-1.53 (m, 4 H, P-CH,), 1.32-1.14 (m, 20 H, CH,) ppm.

BC{'H} NMR (100.62 MHz, CD,Cl,, 300 K): =147.1 (5, 1 C, Cippeny)s
1292 (5, 2C, Coppenys 1154 (5, 1 C, Corphenyds 1121 (5, 2 C, Corpphenyl),
504 (d, Ypc=332Hz, 2C, N-CH,), 333 (d, Jpe=12.7 Hz, 4C, CH,),
304 (d, Upc=14.9 Hz, 4 C, CH,), 29.1 (d, Jpe=7.93 Hz, 4 C, CH,), 27.3
(d, Je=195Hz, 4C, CHy), 27.3 (5, 4C, CH,), 26,6 (s, 4 C, CH,), 195
(d, Jpe=20.3 Hz, 2 C, P-CH,) ppm.

IR (ATR): v=3087 (vw), 3058 (w), 3037 (vw), 3019 (vw), 2918 (s),
2894 (sh), 2846 (s), 2788 (sh), 2654 (vw), 2262 (w br), 1603 (s), 1587
(s), 1570 (m), 1537 (vw), 1505 (s), 1461 (m), 1446 (s), 1397 (s), 1352
(s), 1268 (m), 1215 (m), 1201 (m), 1185 (s), 1178 (s), 1159 (m), 1128
(s), 1117 (sh), 1105 (m), 1089 (sh), 1072 (w), 1039 (m), 1018 (sh), 998
(s), 951 (vw), 931 (m), 921 (m), 887 (m), 851 (s), 818 (m), 807 (sh),
770 (sh), 758 (m), 739 (s), 707 (w), 687 (s), 549 (w), 507 (s), 458 (m),
439 (m), 402 (w) cm™".

NN-Bis(2-(di-tert-butylphosphino)ethyl)aniline (PN*"P'®", 1 h)

Following general procedure A, the PN"P®™ (1h) ligand was
obtained as white solid (1.39 g, 3.18 mmol, 79%).

31p{'H} NMR: (161.98 MHz, CDCl,, 300 K): 8=25.0 (s, 2 P, P'Bu,) ppm.

'H NMR (400.13 MHz, CDCl,, 300 K): §=7.17-7.06 (m, 2 H, CHypeny),s
6.62-6.52 (M, 3 H, CHypeny), 3.44-3.39 (m, 4 H, N-CH,), 1.64-1.58 (m,
4 H, P-CH), 1.71-1.65 (m, 4 H, P-CH,), 1.08 (d, *Jp,=11.3 Hz, 36 H,
CH;) ppm.

BC{'H} NMR (100.62 MHz, CDCl;, 300 K): 8=145.8 (5, 1C, Cippeny)s
1284 (5, 2.C, Coppenyds 114:6 (5, 1C, Corpmenyds 110.7 (5, 2C, Corpomenyis
50.6 (d, 2Jpc=40.6 Hz, 2 C, N-CH,), 30.2 (d, Yuc=19.4 Hz, 4C, P-O
28.6 (d, 2pc=13.6 Hz, 12C, CHy), 18.2 (d, Jpc=22.7 Hz, 2 C, CH,P)
ppm.

Eur. J. Inorg. Chem. 2023, €202300280 (11 of 14)

IR (ATR): v=3093 (w), 3063 (w), 3039 (w), 3025 (w), 2982 (sh), 2950
(sh), 2937 (vs), 2892 (m), 2860 (m), 2706 (vw), 1910 (vw), 1750 (vw),
1602 (s), 1590 (w), 1569 (vw), 1541 (vw), 1503 (vs), 1462 (vs), 1452
(sh), 1408 (sh), 1393 (w), 1383 (s), 1358 (vs), 1344 (vs), 1321 (sh),
1280 (s), 1203 (sh), 1183 (vs), 1123 (vs), 1081 (vw), 1036 (s), 1014
(m), 992 (m), 933 (sh), 922 (m), 854 (m), 810 (s), 768 (sh), 750 (sh),
742 (vs), 707 (m), 688 (vs), 618 (vw), 593 (m), 578 (m), 545 (vw), 535
(vw), 506 (s), 464 (W), 434 (s) cm ™.

[Mo(CO);(PN*"P™)] (2 a)

Following general procedure B, the [Mo(CO);(PN""P™)] (2a) was
obtained as yellow solid (45.2 mg, 0.07 mmol, 34%). Parts of the
analytical data was already presented by COwLEY et al.*®

SIp{'H} NMR: (161.98 MHz, CD,Cl, 300K): 8=38.0 (s, 2 P, PPh,)
ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): 8=7.78-7.73 (m, 4 H, CHypeny)s
7.49-7.46 (M, 2 H, CHypeny), 7:42-7.35 (M, 6 H, CHypeny), 7.33-7.28 (m,
2 H, CHypenys 7:27-7.20 (M, 2 H, CHopeny)s 7.19-7.14 (m, 4 H, CHopery),
7.13-7.07 (M, 3 H, CH,peny), 6.99-6.96 (M, 4 H, CHypeny), 3.71-3.59 (m,
2 H, N-CH,), 3.21-3.08 (m, 2 H, N-CH,), 2.85-2.69 (m, 4 H, P-CH,)
ppm.

3C{'H} NMR (100.62 MHz, CD,Cl,, 300 K): 8 =231.6 (t, 2Jpc=8.24 Hz,
1C, COpay 219.7 (ABX, 2C, COqquaonads 1538 (5, 1C, N-(Cppeny),
139.1-1385 (M, 2C, P-(Cippeny))s 137.0-136.7 (M, 2C, P-(Cippenyi)s
1324 (t, Joc=6.13 Hz, 4 C, P~(Cyppeny), 1312 (t, Jc=633 Hz, 4C, P-
(Coppeny))s 130.0 (5, 2 C, P-(Cppheny)s 1294 (5, 2 C, P-(Cprpeny), 129.1-
1289 (M, 10C, P-Couprenyds N-Coppeny))s 1253 (5, TC, NACppnenyi)s
121.1 (5, 2 C, P(Cpp pheny))s 580 (t, Juc=5.86 Hz, 2 C, N-(CH,)), 28.8 (dd,
Jpe=9.51 Hz, Jc=6.67 Hz, 2 C, P-CH,) ppm.

IR (ATR): ¥=3837 (vw), 3717 (vw), 3616 (vw), 3599 (vw), 3548 (vw),
3078 (vw), 3055 (w), 3017 (w), 3002 (vw), 2977 (vw), 2927 (vw), 2895
(w), 2874 (w), 2849 (w), 1921 (vs, CO stretch), 1802 (sh, br, CO
stretch), 1775 (sh, CO stretch), 1600 (m), 1586 (m), 1572 (m), 1494
(m), 1480 (m), 1432 (s), 1424 (sh), 1407 (w), 1377 (vw), 1331 (w),
1310 (sh), 1299 (w), 1223 (m), 1185 (m), 1095 (s), 1068 (m), 1037
(m), 1029 (m), 998 (sh), 991 (w), 971 (vw), 944 (w), 920 (vw), 905 (m),
898 (sh), 852 (sh), 843 (w), 813 (sh), 804 (s), 763 (m), 742 (vs), 695
(vs), 671 (m), 651 (s), 634 (s), 610 (m), 597 (m), 554 (m), 530 (m), 515
(vs), 499 (vs), 487 (sh), 467 (m), 459 (sh), 449 (w), 428 (vs) cm™".

Raman: v=3069 (vw), 3143 (vw), 3081 (w), 3056 (vs), 3007 (br, w),
2989 (vw), 2979 (vw), 2957 (w), 2950 (w), 2926 (w), 2916 (m), 2896
(vw), 2876 (vw), 2850 (vw), 2734 (vw), 2534 (vw), 1921 (w, CO
stretch), 1828 (m, CO stretch), 1819 (vs, CO stretch), 1808 (sh, CO
stretch), 1804 (s, CO stretch) 1601 (w), 1586 (vs), 1573 (m), 1496
(vw), 1485 (vw), 1466 (w), 1443 (sh), 1436 (vw), 1423 (vw), 1411
(vw), 1380 (vw), 1205 (w), 1188 (w), 1163 (w), 1141 (w), 1097 (w),
1041 (sh), 1028 (m), 999 (vs), 816 (vw), 804 (vw), 786 (w), 756 (vw),
715 (sh), 703 (vw), 691 (w), 676 (w), 652 (w), 637 (vw), 617 (m), 599
(vw), 555 (w), 531 (vw), 520 (w), 489 (m), 477 (sh), 469 (m), 454 (m),
430 (w), 422 (sh), 395 (vw), 375 (vw), 344 (vw), 325 (vw), 294 (vw),
269 (w), 255 (vw), 224 (w), 201 (vw), 184 (m), 157 (m), 138 (sh) cm™".

[Mo(CO);(PNP"P™)] (2 ¢)

Following general procedure B, the [Mo(CO);(PN""P¥)] (2¢c) was
obtained as beige solid (122 mg, 0.24 mmol, 44 %). Crystals suitable
for x-ray analysis were obtained by slow evaporation of the
complex in dichloromethane.

Anal. Calcd C,,H;3P,0;NMo (505.4 g/mol): C 49.9, H 6.58, N 2.77; C
50.2, H 6.59, N 3.10.

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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1p{'H} NMR: (161.98 MHz, CD,Cl,, 300 K): 8=33.7 (s, 2 P, PEt,) ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): §=7.58-7.53 (m, 2 H, CHypeny)s
7.35-7.29 (M, 2 H, CHypeny), 7-13-7.09 (M, 1 H, CHypeny), 3.34-3.22 (m,
2 H, N-CH;), 2.75-2.63 (m, 2 H, N-CH,), 2.12-2.01 (m, 2 H, P-CH,-CH),
1.99-1.92 (m, 6 H, P-CH,-CH, P-CH,-CH,-N), 1.85-1.73 (m, 2 H, P-CH-
CH,), 1.62-1.53 (m, 2 H, P-CH,-CH,), 1.26-1.13 (m, 12 H, P-CH,-CH,)
ppm.

BC{'"H} NMR (100.62 MHz, CD,Cl,, 300K): 8=231.4 (ABX, Jp=
828 Hz, 1C, CO,), 220.2 (ABX, 2C, COquatoria)s 1534 (s, 1C, N-
(Cipheny)) 1288 (s, 2 C, N(Corpneny))s 1254 (s, T C, N-(Cp ppeny)), 122.2
(5,2 C, P~(Crnpheny))s 574 (t, Jpc=5.80 Hz, 2 C, N-(CH,)), 27.2 (ABX, 4 C,
P-CH,), 22.2 (ABX, 2 C, P-CH,-CH;), 21.8 (ABX, 2 C, P-CH,-CH,), 8.87 (d,
Jeop=1.44 Hz, 4 C, P-CH,-CH;) ppm.

IR (ATR): v=3095 (vw), 3072 (sh), 3031 (w), 3038 (vw), 3022 (vw),
2995 (vw), 2961 (m), 2957 (sh), 2928 (m), 2912 (m), 2871 (m), 2861
(m), 2823 (w) 1906 (vs, CO stretch), 1805 (vs, br, CO stretch), 1785
(sh, CO stretch), 1773 (vs, CO stretch), 1744 (sh), 1595 (m), 1581 (m),
1494 (m), 1474 (m), 1451 (s), 1422 (s), 1375 (m), 1357 (w), 1299 (vw),
1243 (sh), 1226 (m), 1186 (m), 1163 (m), 1143 (m), 1088 (m), 1047
(sh), 1037 (s), 1011 (sh), 985 (m), 968 (sh), 945 (m), 911 (w), 895 (m),
831 (sh), 819 (sh), 806 (s), 760 (vs), 733 (s), 706 (sh), 697 (vs), 677 (s),
613 (m), 602 (s), 555 (s), 525 (s), 512 (vs), 478 (m), 455 (m), 442 (m),
404 (s) cm™".

Raman: v=3072 (m), 3060 (m), 3038 (vw), 3022 (vw), 3003 (sh),
2982 (w), 2962 (s), 2951 (s), 2926 (sh), 2920 (vs), 2873 (m), 2862 (sh),
2728 (w), 1906 (vs, CO stretch), 1820 (vs, CO stretch), 1810 (vs, CO
stretch), 1786 (s, CO stretch), 1774 (vs, CO stretch), 1749 (vw), 1596
(m), 1583 (m), 1496 (w), 1475 (sh), 1464 (m), 1457 (sh), 1419 (m),
1405 (w), 1397 (w), 1363 (w), 1303 (w), 1280 (vw), 1261 (vw), 1245
(sh), 1237 (vw), 1217 (w), 1191 (m), 1162 (m), 1142 (s), 1092 (vw),
1068 (w), 1041 (m), 1033 (s), 1000 (s), 968 (m), 950 (vw), 916 (vw),
901 (w), 817 (vw), 808 (vw), 769 (vw), 737 (sh), 728 (vw), 713 (w),
705 (vw), 673 (sh), 634 (m), 617 (w), 554 (w), 531 (w), 517 (w), 499
(sh), 489 (s), 469 (m), 454 (m), 446 (sh), 409 (w), 398 (sh), 380 (vw),
361 (vw), 341 (vw), 322 (vw), 294 (sh), 283 (w), 271 (vw), 223 (w),
190 (w), 176 (vw), 161 (vw) cm™".

[Mo(CO);(PNP"PSP)] (2 e)

Following general procedure B, the [Mo(CO);(PN"'P)] (2e) was
obtained as beige solid (145 mg, 0.22 mmol, 71%).

Anal. Calcd C;3H,oP,0,NMo (665.7 g/mol): C 59.5, H 7.42, N 2.10; C
59.2,H 7.39, N 1.93.

SIp{'H} NMR: (161.98 MHz, CD,Cl,, 300K): =416 (s, 2 P, PCp,)
ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): 8=7.54-7.51 (m, 2 H, CHyheny)s
7.35-7.30 (m, 2 H, CHppeny), 7.13-7.09 (M, 1 H, CH,eny)s 3.29-3.18 (m,
2 H, N-CH,), 2.79-2.67 (m, 2 H, N-CH,), 2.44-2.32 (m, 2 H, P-CH,),
2.13-1.46 (m, 38 H, P-CH,, P-Cp,) ppm.

3C{'H} NMR (100.62 MHz, CD,Cl,, 300 K): 6=232.0 (t, J;,=8.29 Hz,
1C, COuia) 220.8 (ABX, 2 C, COqquatorials 153.0 (s, 1C, N-(Cipheny)),
128.8 (s, 2 C, N-(Corpeny)s 125.2 (5, 1 C, N-(Cp ppeny))s 122.0 (s, 2 C, P-
(Crpheny)s 58.2 (t, Jie=531Hz, 2C, N-(CH,)), 41.9-41.8 (m, 2C, P-
CH), 36.7-36.1 (M, 2 C, P-CH), 32.0 (t, Je=4.46 Hz, 2 C, P-Cp), 30.7 (t,
Jpe=3.53 Hz, 2 C, P-Cp), 30.2 (5, 2 C, P—Cp), 28.8 (s, 2 C, P—Cp), 27.7
(dd, YJpc=6.84 Hz, 490 Hz, 2 C, P-CH,), 27.2 (t, J,c=4.92 Hz, 2 C, P-
Cp), 26.9 (t, Jpe=4.42 Hz, 2 C, P-Cp), 26.7 (t, Je=2.70 Hz, 2 C, PCp),
26.0 (t, Jpr=4.67 Hz, 2 C, P-Cp) ppm.

IR (ATR): v=3699 (vw), 3680 (vw), 3582 (vw), 3549 (vw), 3062 (vw),
3028 (vw), 2949 (m), 2909 (sh), 2867 (m), 2155 (vw), 2090 (vw), 2018
(sh), 1904 (vs, CO stretch), 1798 (sh, CO stretch), 1782 (vs, br, CO
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stretch), 1594 (w), 1583 (w), 1493 (m), 1472 (m), 1449 (w), 1432 (sh),
1410 (w), 1373 (w), 1359 (w), 1320 (vw), 1300 (w), 1259 (vw), 1232
(w), 1190 (w), 1160 (w), 1138 (sh), 1122 (w), 1091 (w), 1060 (w), 1034
(w), 1002 (vw), 990 (vw), 978 (vw), 949 (w), 903 (m), 850 (sh), 835
(vw), 806 (m), 760 (m), 729 (w), 700 (m), 679 (w), 666 (w), 640 (m),
609 (m), 589 (sh), 552 (m), 519 (m), 485 (m), 444 (w), 418 (sh), 411
(w), 406 (sh) cm™.

Raman: v=3081 (m), 2954 (vs), 2929 (vs), 2902 (sh), 2867 (vs), 1907
(vw, CO stretch), 1812 (s, CO stretch), 1795 (s, CO stretch), 1785 (sh,
CO stretch), 1605 (sh), 1597 (m), 1585 (w), 1558 (vw), 1502 (sh),
1495 (vw), 1473 (m), 1450 (s), 1321 (vw), 1307 (sh), 1298 (w, br),
1265 (vw), 1253 (vw), 1243 (vw), 1234 (vw), 1228 (sh), 1193 (w),
1165 (sh), 1160 (vw), 1143 (w), 1058 (vw), 1035 (s), 1001 (s), 894 (s),
820 (w), 712 (m), 668 (m), 642 (w), 620 (m), 556 (w), 530 (vw), 513
(vw), 488 (vs), 472 (s), 449 (m), 404 (w), 356 (m, br), 348 (m, br), 318
(w), 285 (w, br), 267 (vw), 211 (vw), 186 (w) cm™".

[Mo(CO);(PN*"P™)] (2 )

Following general procedure B, the [Mo(CO);(PN""P™)] (2f) was
obtained as beige solid (86 mg, 0.15 mmol, 58 %).

Anal. Calcd CysH,,P,0;NMo (561.5 g/mol): C 53.5, H 7.36, N 2.49; C
53.8,H 7.48, N 2.36.

*'P{"H} NMR: (161.98 MHz, CD,Cl,, 300 K): §=51.6 (s, 2 P, P'Pr,) ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): 8=7.57-7.54 (m, 2 H, CHpeny),
7.37-7.31 (M, 2 H, CHypeny)s 7-14-7.10 (M, 1 H, CHypeny)s 3.30-3.19 (m,
2 H, N-CH,), 2.77-2.66 (m, 2 H, N-CH,), 2.41-2.32 (m, 2 H, P-CH),
2.06-1.88 (m, 4 H, P-CH,-CH,-N), 1.86-1.78 (m, 2 H, P-CH), 1.40-1.31
(m, 18 H, P-CH,-CH;), 1.27-1.23 (m, 6 H, P-CH,-CH,) ppm.

3C{"H} NMR (100.62 MHz, CD,Cl,, 300 K): §=231.9 (t, Jo(,=8.17 Hz,
1C, COia) 220.8 (ABX, 2 C, COqquatorial)s 1536 (s, 1C, N-(Cipheny)),
128.9 (5, 2 C, N-(Copppeny))s 125.3 (5, 1 C, N-(C ppeny)), 122.1 (5, 2C, P-
(Cropheny)s 58.1 (t, Jpc=5.45 Hz, 2 C, N-(CH,)), 31.2 (dd, J,c=5.92 Hz,
5.09 Hz, 2 C, P-CH), 26.8-26.2 (m, 2 C, P-CH), 26.2-26.1 (m, 2C, P-
CH,), 21.7 (t, Joc=2.81Hz, 1 C, P-CH-CH,), 21.2 (t, J=3.90 Hz, 1C,
P-CH-CH3), 19.9 (t, Joe=1.23 Hz, 1 C, P-CH-CH;), 18.1 (t, Joc=2.51 Hz,
1 C, P-CH-CH;) ppm.

IR (ATR): v=3685 (w), 3677 (sh), 3627 (vw), 3616 (vw), 3588 (vw),
3571 (w), 3543 (w), 3096 (vw), 3074 (w), 3058 (w), 3037 (vw), 3025
(vw), 2979 (m), 2955 (m), 2928 (m), 2899 (m), 2871 (m), 2809 (sh),
2713 (vw), 2359 (vw) 1900 (vs, CO stretch), 1793 (vs, CO stretch),
1773 (vs, br, CO stretch), 1750 (sh), 1597 (m), 1583 (m), 1494 (s),
1474 (s), 1452 (s), 1407 (m), 1385 (m), 1366 (m), 1302 (m), 1296 (m),
1277 (m), 1250 (m), 1229 (m), 1214 (m), 1188 (m), 1163 (m), 1137
(m), 1083 (m), 1058 (s), 1035 (s), 1026 (sh), 990 (m), 963 (w), 948 (m),
924 (m), 908 (m), 895 (w), 882 (w), 816 (s), 761 (s), 724 (m), 699 (s),
690 (s), 653 (s), 639 (s), 618 (s), 601 (s), 597 (sh), 570 (w), 550 (m),
521 (s), 501 (m), 481 (sh), 471 (s), 451 (m), 418 (W) cm ™.

Raman: ¥=3069 (m), 3059 (sh), 3040 (vw), 3023 (vw), 2980 (sh),
2968 (sh), 2954 (m), 2931 (vs), 2901 (sh), 2872 (m), 2811 (vw), 2760
(w), 2732 (vw), 2717 (w), 1901 (vw, CO stretch), 1802 (s, CO stretch),
1794 (vs, CO stretch), 1788 (sh, CO stretch), 1780 (s, CO stretch),
1600 (m), 1583 (m), 1498 (w), 1468 (s), 1450 (sh), 1433 (sh), 1413
(m), 1386 (w), 1368 (w), 1304 (sh), 1295 (w), 1277 (w), 1257 (w),
1227 (vw), 1217 (w), 1190 (m), 1159 (m), 1141 (m), 1109 (sh), 1092
(m), 1064 (w), 1053 (sh), 1034 (s), 1001 (s), 993 (m), 965 (w), 950
(vw), 928 (vw), 914 (vw), 897 (sh), 885 (m), 819 (w), 788 (w), 763
(vw), 703 (vw), 682 (w), 655 (w), 640 (w), 619 (s), 601 (w), 569 (m),
554 (w), 490 (vs), 474 (vs), 450 (s), 432 (vw), 402 (vw), 366 (w), 349
(w), 303 (w), 234 (w), 220 (w), 191 (w), 164 (sh), 142 (sh) cm™".

© 2023 The Authors. European Journal of Inorganic Chemistry published by Wiley-VCH GmbH
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[Mo(CO);(PN""PY)] (2 g)

Following general procedure B, the 2g was obtained as gray solid
(46.4 mg, 64.3 pmol, 39%).

Anal. Calcd C3;Hs;P,0;NMo (721.8 g/mol): C 61.5, H 7.96, N 1.94; C
61.2,H7.94,N 1.81.

*'P{"H} NMR: (161.98 MHz, CD,Cl,, 300K): =408 (s, 2 P, PCy,)
ppm.

'H NMR (400.13 MHz, CD,Cl,, 300 K): §=7.52-7.51 (M, 2 H, CHypeny)s
7.36-7.32 (M, 2 H, CHypeny), 7.14-7.10 (M, 1 H, CHypeny), 3.27-3.17 (m,
2 H, N-CH,), 2.75-2.63 (m, 2 H, N-CH,), 2.12-1.19 (m, 48 H, P-CH,, P-
Cy,) ppm.

3C{"H} NMR (100.62 MHz, CD,Cl,, 300 K): 8=231.7-231.6 (m, 1C,
COuia), 220.9-220.4 (M, 2C, COcquutora)y 153.5 (5, 1 C, N-(Cipheny)),
1284 (s, 2 C, N-(Copeny)s 126.6 (5, 1 C, N-(Cpppeny)) 1214 (s, 2C, P-
(Copheny)s 57.3 (t, Jc=4.70 Hz, 2 C, N-(CH,)), 40.8 (t, Jpc=3.99 Hz,
2C, P-CH), 38.6 (t, Joc=10.6 Hz, 2 C, P-CH), 31.4 (s, 3 C, P-Cy), 30.2
(s, 3C, P—Cy), 294 (s, 3C, P—Cy), 2856 (s, 3 C, P—Cy), 28.2-27.9 (m,
2C, P-CH,), 27.7-27.5 (m, 3C, P—Cy), 264 (d, Jc=6.87 Hz, 2C,
P—Cy), 24.2-24.1 (m, 2 C, P—Cy) ppm.

IR (ATR): v=3692 (vw), 3679 (vw), 2924 (s), 2850 (s), 2795 (sh), 2652
(w, br), 1980 (w), 1903 (vs, CO stretch), 1796 (sh, CO stretch), 1781
(vs, br, CO stretch), 1751 (sh), 1595 (w), 1583 (w), 1494 (m), 1475
(w), 1448 (s), 1412 (vw), 1375 (w), 1341 (w), 1327 (sh), 1297 (sh),
1278 (sh), 1265 (w), 1221 (w), 1194 (w), 1174 (w), 1157 (vw), 1141
(w), 1116 (w), 1090 (w), 1072 (sh), 1052 (sh), 1001 (m), 967 (vw), 952
(w), 919 (w), 900 (sh), 886 (m), 849 (m), 817 (sh), 799 (m), 758 (s),
739 (w), 272 (w), 712 (w), 700(s), 673 (m), 665 (M), 639 (s), 552 (m),
527 (s), 517 (sh), 489 (w), 477 (w), 460 (s), 449 (m), 413 (vw) cm™".

Raman: v=3077 (m), 2937 (vs), 2850 (vs), 2706 (vw), 2677 (sh), 2667
(w), 2652 (w), 1906 (vw, CO stretch), 1810 (s, CO stretch), 1791 (s,
CO stretch), 1597 (w), 1586 (w), 1497 (vw), 1475 (vw), 1464 (w),
1439 (s), 1345 (w), 1298 (m), 1266 (m), 1223 (w), 1197 (m), 1172 (w),
1144 (w), 1122 (vw), 1105 (vw), 1076 (w), 1030 (s), 1001 (s), 950
(vw), 904 (sh), 889 (w), 855 (m), 819 (s), 807 (sh), 784 (w), 766 (w),
737 (m), 717 (s), 679 (w), 664 (w), 643 (w), 620 (w), 605 (w), 556 (w),
535 (vw), 524 (vw), 487 (vs), 473 (s), 450 (m), 433 (sh), 395 (vw), 379
(w), 372 (sh), 350 (w), 319 (w), 292 (sh), 280 (w), 199 (sh), 167 (w)
cm .
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Chapter 5

Project 3 - Surface functionalization of
tridentate PNP and PPP Ligands

To date, many homogeneous catalyst are known, capable of converting dinitrogen to ammonia
(section 2.3). Besides the approach presented in project 1 (cf. Chapter 3) that uses Smly/H20,
other combinations of acids and electron sources have been investigated intensively in litera-
ture.[21:155,165,186,190-192] Feterogeneous catalysts that utilize transition metal complexes are
very rare in literature. The main focus in heterogeneous nitrogen fixation evolves around

solid state materials.[7:242:243]

Neither a catalytically active system, nor a dinitrogen complex
deposited as monolayer on a surface was reported yet. However, there are a few examples of
surface bound dinitrogen complexes e.g. the Ru- or Rh-Ny complexes bound to a zeolithes sur-

5.[244-246] Begjdes homogeneous

face or as part of a polymer coating for electrode modification
catalysis as seen in project 1, heterogeneous catalysis is an interesting, alternative approach to
nitrogen fixation. Investigation of the properties of surface bound nitrogen complexes and the
influence of the surface, can be achieved by modification of existing ligand designs. In order
to determine the aforementioned factors as well as obtaining defined centers for catalysis,
monolayers are the preferred approach. The advantage of modifying an already known system
is that one can be chosen, which is catalytically active under certain conditions.

Unfortunately, Ny complexes are quite sensitive, so replacing the dinitrogen ligand with
isoelectronic carbonyl ligands, which form much more stable complexes, is a well suited way to
develop ligand systems for surface-bound transition metal complexes. Another advantage of
carbonyl ligands, besides the improved stability and excellent spectroscopic properties, is the
elimination of an otherwise needed coligand. In order to deposit a compound like a tricarbonyl
complex on a surface as a monolayer, different approaches based on physi- and chemisorption
can be chosen. One possibility is "physical vapor deposition" (PVD) using evaporation and
deposition on a surface under vacuum. Prerequisite for vacuum deposition is the evaporability
and thermal stability of the complexes. As the complexes are in direct contact with the surface
the electronic interactions can be observed. Depending on the molecule-substrate interactions,
these interactions can result in a modification of the complexes properties or lead to fragmen-

247-250] A second possibility evolves around chemisorption. A well

tation e.g. on a gold surface.|
known way to modify surfaces with different types of molecules are self-assembled monolayers
(SAMs). SAMs are formed by spontaneous self organization.2°1-253] The assembly results in
highly oriented and ordered coating.!?1-253] Formation of an oriented monolayer is achieved
by three design elements: the anchor group, the spacer and the headgroup.2" The anchor

group is chosen depending on the desired surface, to achieves a strong connection of adsorbat
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Chapter 5 Project 3 - Surface functionalization of tridentate PNP and PPP Ligands

on the substrate, e.g. sulfur anchor for gold, silane anchors to oxides or carboxylate anchors

to silver.[254-250]

Besides the bond strength of the anchor group the spacer chains normally
consisting of alkyl chains and their Van der Waals interaction are important for the stability
and order of the coated surface. The interaction not only allows spontaneous arrangement,
but their length is also an important factor for stability and durability. 251,253,254] The last
part of a SAMs design is the head group. The choice of the head group allows for modification
of chemical, physical, optical and electric properties.24 Furthermore, the head group can
also act as starting point for further modification.257)

The third possibily is a platform approach. A platform molecule (e.g. TATA = triazatriangu-

lene) is chosen as substitution for the anchor group.[258_260] This approach allows for vertical

orientation of a head group on the surface. Besides that, by modification of the platform itself
[259]

the distance between the molecules on the surface can be adjusted.

Fig. 5.1: Illustration of different methods of deposition of complexes on a surface: direct deposition
(top left), self-assembled monolayers (top right) and the platform approach (bottom). It is
worth noting that the uniform orientation of the complexes does not represent an experimental
case.

The present approaches are based on the preliminary works of our group. In 2018 SCHLIMM
and STUCKE published a pincer based system, featuring a modified PN3P ligand (Figure
5.2).[261] The pincer unit coordinated a molybdenum(0) tricarbonyl complex in meridional
fashion while the acetylene function was attached to a TATA platform. The platform was
deposited on a gold surface and the influence of the surface was investigated by infrared

reflection absorption spectroscopy (IRRAS), X-ray photoelectron spectroscopy (XPS) and
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Fig. 5.2: Illustration of the molybdenum tricarbonyl complex bearing a modified PN3P pincer ligand
on an Au(111) surface. The complex is attached to an octyl-TATA platform which is used
to vertically deposit the headgroup on the surface.[261]

near-edge X-ray absorption fine structure (NEXAFS).[%” The PN3P pincer featured a pyridine
as central unit, while diphenyl phosphine groups were used as terminal donors. Comparison
of the data from surface active spectroscopies to the bulk and solution data, the influence of
the gold surface was revealed. While the deposition of the complex and its desired oxidation
state was confirmed using XPS, NEXAFS and STM imaging, the influence of the gold on the
carbonyl ligands was determined by TRRA spectroscopy. Due to the electron-withdrawing
properties of the gold surface, electron density shifted from the molybdenum center towards
the surface. As a consequence of the partial reduction, less electron density is available for
m-backbonding to the carbonyl ligands hence decreasing their activation compared to the
bulk species.[26 Interestingly, the desactivating effect of the gold did not affect all stretches
equally as the symmetrical Aj(1) stretch was less desactivated than the A;(2) and B; stretch.
This was postulated to be originating from a dynamic charge transfer, which is exclusive to
the Aj(1) stretch. The symmetric elongation of the CO bonds and the associated symmetrical
shift of the dipole are partially compensated by electron density flow from the surface back to
the complex utilizing the conjugated m-system of the backbone.261]

In 2021 PETERSEN presented another molybdenum(0) tricarbonyl system bearing a tripodal
PPP ligand.[262] The tripodal ligand features a phenyl spacer with acetylene modification and
was bound to the TATA platform as well. This structural design allowed for a perpendicular
orientation of the complex to the surface. Despite vertical alignment by platform and spacer,
the complex is slightly tilted to the surface plane, since the quaternary carbon on the tripod

leads to a tilt of the complex relative to the surface.262] This tilt also allows for investigation
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of the equatorial carbonyl ligands in the IRRA spectrum as the dipoles are not parallel to
the surface. As expected, the tricarbonyl complex bearing the tripod ligand showed global
desactivation of the carbonyl ligands, due to the electron withdrawing properties of the gold

surface.l262 Just as reported by SCHLIMM and STUCKE the desactivation of the symmetrical

A(1) stretch was partially compensated. This was observed even though the ligand does not
[261,262]

have a conjugated m-system.

Fig. 5.3: Ilustration of the molybdenum tricarbonyl complex bearing a modified tripodal P3 ligand on
a Au(111) surface. The complex is attached to a TATA-platform which is used to vertically
deposit the system on the surface.[262]

Besides pincer and tripodal systems that were reported by our group previously,261:262] this
project focuses around the last class of ligands with three donors. Aim of this project was
the functionalization of tridentate PEP (E = N, P) ligands for surface chemistry. As in prior
projects, the ligands are to be coordinated to Mo(0) tricarbonyl complexes as the stability of
the complexes has been investigated in depth and no coligands are needed. A further goal is
the electrochemical investigation and a possible suitability as a heterogeneous catalyst. The
ligand chosen as tridentate counterpart to pincer systems was the PNPPPP! ligand that was
part of the second project as well (cf. Project 2, Chapter 4). Besides the PNP system a
PPP system analogous to the tripodal PPP system was designed. As a starting point for the
purely phosphine based system, the tridentate prPPHP ligand was used, which is used by
our group for the synthesis of the pentaPod ligand (cf. Project 1, Chapter 3). The general
composition of the systems is modified to fit the above mentioned criteria: the anchor group,
the spacer and the head group. In order to attach the ligands to the gold surface, a substrate

specific anchor group is needed. For this, two different approaches were chosen. One approach
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includes the introduction of an acetylene group which could be either attached to a platform
as presented in previous work or clicked to an azide function forming a triazole ring. The
azide needed for this cycloaddition is bound to the gold surface via an alkyl SAM with a thiol
group capable of forming covalent bonds to the gold surface (Figure 5.4 top right). Besides the

263] and a platform approach (Figure

formation of a triazole ring by HUISGEN’S cycloaddition
5.4 top left), the ligands could be modified with a group capable of binding to a substrate.
One approach to this is the utilization a thiol function as anchor group. The thiol group is
part of a thiophenyl group included in the ligand backbone. The phenyl group now acts as
the spacer group between the surface and the complex (Section 5.2, Figure 5.4 right). Within
the scope of this thesis, this approach was only applied to a PNP type ligand, and is the main

focus of this project.

Fig. 5.4: Illustration of the approaches for depositing a Mo(0) tricarbonyl complex bearing tridentate
PNP ligand on gold surface targeted in this project.
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5.1 Acetylene functionalization of the PNP"PP" ligand

As mentioned above, the PNP ligand chosen for the modifications towards surface attachable
systems was the PNPPPPD Jigand. From the study in the second project (cf. Project 2,
Chapter 4) the limitations of the PNP systems and their stabilities are known, which led to
the decision that diphenylphosphine donors would be a well suited choice. Not only are they
known to be good donors regarding molybdenum tricarbonyl complexes, but are also the least
sensitive towards oxidation from the list of phosphines available. As known from previous
experiences in our group, the systems will be exposed to some oxygen during preparation
for the surface active spectroscopies. Either from transfer into the sample chamber or from

oxygen/water adsorbed on the surface of the waiver.

HO\/\N/\/OH CI\/\N/\/CI Cl\/\N/\/CI
1. POCl,
reflux, 6 h [BusN][Br3]
2. H,O dcm, 0 °C
1 Br
2

Cul, [Pd(PPhs)4]
TMSA, NEty

@ @ 115°C, 3 d
©/P\/\N/\/P\© e N Yk
- 2 eq. HPPh,

 n-Buli, thf, 0 °C

A~ -~

4 3

Scheme 1: Synthetic access to the surface modified PNPPPP! ligand 4. TMSA = Trimethylsilylacety-
lene.

Starting from N-phenyldiethanolamine chlorination of the hydroxy groups gave N, N-bis(2-
chloroethyl)aniline (1). This was done by a modified method based on the procedure by
HRISHIKESAN et al.264 After the reaction was completed, excess phosphorus oxychloride was

carefully neutralized with water. Cooling the reaction mixture using an ice bath suppresses
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the neutralization, leading to a spontaneous and rather violent reaction upon warming to
room temperature, why a water bath at room temperature was used as coolant. This synthesis
was also attempted using thionyl chloride, however no product could be obtained. The
completeness of the conversion from the alcohol to the chloride (1) was confirmed by NMR
and IR spectroscopy. Especially the infrared spectrum showed the successful conversion as no
characteristic OH stretches were found.

In order to introduce the acetylene function, the phenyl ring on the aniline was brominated
in the 4-position, yielding 4-bromo- N, N-bis(2-chloroethyl)aniline (2). This was achieved by
following the procedure described by HUFFMAN et al.,2%5) however the reaction was cooled to
0 °C instead of 10 °C. The crude product was dissolved in methanol and crystallized in the
freezer (-32 °C). The solid was filtered and solved in methanol again to decrease the amount
of [n-BuyN]* salts from the product. In order to fully remove the salts the crude product was
recrystallized from methanol and the desired compound 2 was obtained as light pink solid.
Introduction of the acetylene group was achived by SONOGASHIRA coupling!2%6) of compound
2 to obtain N, N-bis(2-chloroethyl)-4-((trimethylsilyl)ethynyl)aniline (3). Multiple attempts
were made in order to obtain the desired product. The first attempts had a reaction time of
5 d, which was later reduced to 3 d. Futhermore, the catalyst was varied and changed from
[PACly(PPh3)s] to [Pd(PPhs)y].206:267 After column chromatography using n-hexane and
ethyl acetate (4:1) the precursor to ligand 4 was obtained as dark orange oil. From the NMR
spectra it became evident that, although purified by column chromatography, small impurities
remained. Nonetheless, the introduction of the TMS-acetylene group was observed in the
'H- and '3C NMR spectra. Despite small impurities the precursor to the ligand was further
reacted using the well established route for the introduction of the secondary phosphines with
n-butyllithium and subsequent purification by filtration over Celite® and basic aluminum
oxide.[216-218,268] This yielded the desired product N,N-bis(2-(diphenylphosphino)ethyl)-4-
((trimethylsilyl)ethynyl)aniline (4) as highly viscous orange oil (44%).

71



Chapter 5 Project 3 - Surface functionalization of tridentate PNP and PPP Ligands

ENEE
» - | | |
< —
—i o
i [
I B Y, U
{ A,
S S8
[an] o~
-14 -16 -18 -20 -22 -24
pPpm
= ';
498 | 9
oon o
100 50 0 -50

pPpm

Fig. 5.5: 3'P{'H} NMR spectrum of ligand 4. The successful substitution of the terminal chlorides
by diphenyl phosphine can be seen from the product signal at -21.1 ppm.

From the 3'P NMR spectrum (Figure 5.5) the formation of ligand 4 was confirmed. This is
indicated by the signal at -21.1 ppm, which is known from the unmodified ligand. Beside the
main product signal, those of some byproducts were found as well. The signal at -40.0 ppm
can be assigned to excess diphenyl phosphine. Three other small impurities were found at
-23.0 ppm, -20.9 ppm and -14.5 ppm which could not be identified but can possibly assigned
to a singular substituted product as not all of the HPPhy has reacted and potentially some
decomposed product. The formation of a small byproduct is also confirmed from the 3C
NMR spectrum as a second, smaller set of signals is found beside the product signals of
the ligand. The carbon atoms of the acetylene unit on the other hand are only found once.
Considering the slight high field shift of the signals, the byproduct is either the phosphinated
version of the brominated compound 2 or the bromide as well as the chloride substituents
were exchanged by the lithium diphenyl phosphide.

As can be seen from the integrals of the signals in the 3!P NMR spectrum, the impurities are
rather small, which is why the ligand was still been used for the coordination to molybdenum
tricarbonyl precursors. The first attempts were made using [Mo(CO)3(n%-toluene)] as pre-
cursor complex, due to the [Mo(CO)z(cht)] complex not being available at that time. The
[Mo(CO)3(n°®-toluene)] complex was synthesized from [Mo(CO)g] after modified procedures
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from RYBINSKAYA et al.’%) and WrITING & NicnHorLs.P™ The [Mo(CO)s(n%-toluene)]
was chosen as the complex is less stable compared to the cycloheptatriene analogue and
more prone towards ligand exchange.[2! Nonetheless, no reaction was observed at room
temperature. Due to this, a second attempt with increased temperature was made. This
lead to the formation of a precipitate, which was filtered and washed. The IR spectrum
(Figure 5.6, black spectrum) of the obtained complex showed a multitude of CO stretches,
indicating a mixture of complexes. Although the stretches of the desired complexes are visi-

ble as shoulders, a purification of the mixture was not successful and the attempt was discarded.

M

]

E— [MO(CO)3(pNPhPPh)]
— [MO(CO)a(PNPh-aCetylene—TMsPph)]
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Fig. 5.6: Comparison of the infrared spectra of the [Mo(CO)3(PNFEPFPR)] complex (top, red) to the
attempted coordination of the surface modified PNP ligand 4 (bottom, black).

During the experimental work of Project 2, some experiments were conducted using [Mo(CO)3(n°-
toluene)|. Nonetheless, the best results were achieved using the cycloheptatriene molybdenum
tricarbonyl complex and as it was not commercially available at the time, it was synthe-
sized from Mo(CO)g. The first approach to the synthesis was carried out by following a

slightly modified procedure of BISNETTE et al.[2™

Refluxing Mo(CO)g in dry n-octane and
cyclohepatriene (cht) gave a dark red solution. Removal of the solvent and cht has to be
performed with extrem caution and the temperature should not exceed 35 °C as the complex
would sublimate. The dried crude product was then transferred into a Soxhlet extractor
and extracted using n-hexane. The solvent was removed carefully and the complex obtained
as red solid. Due to the poor yield of the Soxhlet extraction, an alternative procedure was

used for the isolation and purification of the complex during a second run. After reflux and
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removal of the volatile components, the [Mo(CO)3(cht)] complex was extracted from the crude
product upon addition of n-hexane. This step was repeated multiple times until the solvent
did not dyed red anymore. This step removed some parts of unreacted Mo(CO)g, the rest
was removed via sublimation. The temperature applied should not exceed 30 °C to assure
the sublimated compound is the hexacarbonyl only. This process is very time consuming but
yields a very pure product. Unfortunately, both procedures resulted very poor yields. The
poor yield can be attributed to the Mo(CO)g sublimating during the reflux in the first step of
the reaction. CLAUSEN was able to improve the yield by changing the apparatus and building
a custom spatula and scraping the sublimated Mo(CO)g back into the solution. In addition
to that the reaction time was significantly elongated.273!

Using the [Mo(CO)s(cht)] complex, another attempt to coordinate the surface modified
PNPBPPR Jigand (4) was made. A successful coordination of the PNP ligands to the Mo(CO)3
fragment should result in the precipitation of a yellowish /beige solid. Using identical conditions
for the coordination as used for the unmodified ligand, the solution remained unchanged. Due
to this, the temperature was increased to 50 °C for 6 h and afterwards stirred for another
12 h. This resulted in a darkening of the solution but not to the formation of the anticipated
yellowish solid, which was observed for nearly all molybdenum tricarbonyl complexes bearing
PNP ligands in Project 2. Nonetheless, the solvent was removed and the crude product washed
multiple times with n-pentane to remove ligand and precursor complex. The remaining solid
was washed and dried. The synthesis resulted again in a mixture of complexes. Although the
desired complex was contained in the product mixture, multiple side reactions occurred as

can be seen from 3'P NMR spectrum (Figure 5.7)
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Fig. 5.7: 3'P{'H} NMR spectrum of the attempted coordination of the surface modified PNFpPPh
ligand 4 using [Mo(CO)3(cht)].

From comparison to the spectrum of the unmodified PNFPPPP! Jigand it can be seen that the
desired complex was formed but many other species as well. By comparing with the literature,
the signal at 25 ppm can be assigned to the tetracarbonyl complex with the phosphines
coordinated.2™ The tetracarbonyl complex is the product of a decomposition reaction of
the desired complex. This can possibly be retraced to the increased temperatures applied.
The desired product is expected at around 40 ppm. As can be seen from Figure 5.7, multiple
species were found, indicating the formation of multiple tricarbonyl complexes with facial
geometry. This leads to the conclusion that the ligand decomposed to a certain degree as well.
Unfortunately, the desired carbonyl complex could not be isolated but should be obtainable
under different conditions e.g. elongation of reaction times, different solvents and lower
temperatures. Although the attempts made are very promising and ligand 4 was synthesized
successfully, the main focus was redirected to another variant of the PNFPPPP! ligand that

features a thio-based anchor group.
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5.2 Thiofunctionalization of the PNP"PP" ligand

The second variant of a surface functionalized PNP ligand features a thiol anchor group.
This alternative approach is another attempt continuing on from the result presented in the
second project of this thesis. The sulfur anchor is chosen in order to create a direct covalent
bond between the system and the gold surface. Sulfur is an excellent choice when the surface
aimed for is gold as the aurophillic character of the sulfur helps with the formation of stable

bonds.[27) The first steps of the reaction are similar to the ones of the acetylene functionalized
PNP ligand.

HO\/\N/\/OH CI\/\N/\/CI CI\/\N/\/CI
POCls A 1. Brp, NaBr
reflux, 6 h l — 2. NH,SCN
dry MeOH
1 SCN
5
CO
2 eq. HPPh
Ph2P,, I wCO PhaP A~ PPz n_E:J ! 2
thp \ [Mo(CO)s(cht)] 0°C, thf

toluene roomtemp.

SCN

co
L|AIH4 PhoP,, | wCO

Mo

SH
8

Scheme 2: Synthetic access to thiocyanate-functionalized PNPPPP! ligand (6) and the corresponding
tricarbonyl complex 7. Herein the SCN group acts as protective group during the
coordination and is converted to a surface active thiol via reduction.

The first step is a chlorination following the procedure described in the sections 4.1 and 5.1
resulting the PNP precursor 1. The sulfur anchor is introduced as thiocyanate which was

chosen for multiple reasons. The first reason is that the introduction of a thiocyanate group
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is a well established synthesis and is selective towards the para-position of the amine. The
second reason is that the thiocyanate group enables two methods of attachment to the gold
surface. The first involves reduction to a thiol and subsequent binding to the surface (scheme
2) while the second method is a direct attachment upon a gold induced CN- release.l?"® The
introduction of the SCN group is a two step reaction (Scheme 3). In the first step of the
reaction a bromine is introduced in the 4-position. This can be done in two ways: either by
following the HUFFMAN procedure?6% described in section 5.1 using [NBuy][Brs] or following
the instructions of CREIGHTON et al. generating the reactive Brs™ ion in situ from bromine and
sodium bromine in dry methanol and adding it to a solution of 1 and ammonium thiocyanate.
The first variant works best when isolating the 4-bromo- N, N-bis(2-chloroethyl)aniline (2),
dissolving it in methanol and adding pure NH4SCN. The product can be recrystallized from
ethanol. The advantage of the second method is that it is a one-step synthesis. The crude
product of the synthesis is a brown oil, which is best purified by recrystallization from ethanol.

Both methods were tried, both leading to a successful isolation of the desired product in good

yields.
CI\/\ /\/CI CI\/\ /\/CI
CI\/\ AC N
INBug][Brg] NH,4SCN
MeOH
SCN
5
1. Bry, NaBr
2. NH4SCN
MeOH

Scheme 3: Illustration of the two methods used to introduce the thiocyanate group into the ligand
precursor.

N, N-bis(2-chloroethyl)-4-thiocyanatoaniline (5) is an ideal dummy molecule in order inves-
tigate and optimize the direct deposition upon CN~ release on a gold substrate. The main
disadvantage is that investigations with IRRAS are problematic as no good indicator regarding
the surface orientation is present in the molecule. Nonetheless, first attempts regarding a direct
deposition have been made. Although the preparation method still requires optimization, it
was found that a first attempt of the direct deposition worked to some extent as can be seen
from the XP spectra (Figure 5.8).
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Fig. 5.8: XPS spectra of the first attempt to deposit the dummy molecule 5 in a monolayer on a gold
surface without prior reductive conversion of the thiocyanate to a thiol. The deposition was
attempted directly starting from the thiocyanate upon cyanide release. The spectra show
the presence of multiple species on the surface especially in the sulfur 2p-spectrum (bottom
right). The other element spectra (carbon 1s, top left; chlorine 2p, top right; nitrogen 1s,
bottom left) show that the substance used was pure.

The carbon 1s spectrum (Figure 5.8, top left) shows one signal, which can be fitted by three
species. The binding energy of 284.7 eV can be assigned to carbon atoms that are neighboring
other carbon atoms. This is followed at 285.2 eV by carbons bound to a hetero atom like
nitrogen, chlorine or sulfur. The final species within this fit, at 285.9 eV, can be assigned to
the carbon atom in the thiocyanate group which should show the biggest shift due to the
triple bond and two neighboring heteroatoms. The chlorine 2p spectrum (Figure 5.8, top
right) shows only one species with two signals representing the 2p 3,5y and 2p(; /9) state. The
signal in the nitrogen spectrum (Figure 5.8, bottom left) can be fitted with two signals, one
for the aniline nitrogen (400.2 e€V) and the other for the nitrogen in the thiocyanate group
(399.3 eV).[275:277]
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The most interesting of the spectra displayed in Figure 5.8 is the sulfur 2p spectrum (bottom
right). The formation of a gold-thiol bond can be determined from the signal at 162.2 eV and
163.5 ¢V, which is similar to the values found in literature.l27>277 The species at 161.3 ¢V and
162.5 eV can be assigned to elemental sulfur formed by decomposition of thiol on the surface.
163.3 eV and 164.5 eV could be assigned to a disulfide species formed from two thiols. The final
fitted signal at 164.1 éV and 165.0 €V can be assigned to physisorbed thiocyanate.2”” It should
be possible to reduce the amount of by-products (atomic sulfur, disulfide and physisorbed
molecule) on the surface by optimizing the deposition conditions. However, this was only a
first trial but shows the potential of this approach.

The next step in the synthesis of the ligand is the phosphination of the dummy molecule 5.
The first attempts were made using the well established conditions with n-Buli in thf. This
unfortunately did not lead to the formation of the desired PNP ligand. The problem was
found to be the pseudo-halogen character of the SCN group. Not only the substitution, but
also different side reactions formed a multitude of species. Different approaches were taken
in order to try and solve this problem. Besides the variation of temperature, concentrations
and reaction times, a different approach to phosphination was tested. Instead of the well
established procedure with n-BuLi, potassium hydride was used as deprotonating agent.
Furthermore, the addition of the diphenyl phosphine was stretched over the course of two
hours. Unfortunately, the desired product could not be obtained. A last attempt to follow
the synthetic route in scheme 2 was to increase the selectivity of the substitution reaction
by exchanging the terminal chloride groups by iodine. This was successfully performed by
means of a FINKELSTEIN reaction. However, this attempt did not lead to the formation of the
desired product as well.

Due to the problems during the introduction of the phosphines the route for the synthetic

access was altered. The second attempt took an inverse approach (Scheme 4).

2 eq. HPPh
q . 2 BN 1. [NBuy][Br3], dcm>
n-BuLi | 2. NH,4SCN, MeOH
Z
i 0°C, thf
9 SCN
6

Scheme 4: Illustration of the inverse approach to synthesize the PNPI-SCNPPh Jigand (6).

The well known PNPEPP! ligand (9) was synthesized before the introduction of the thiocyanate
function. Although the phosphines feature phenyl rings as well, the activation is insufficient,
allowing for a selective introduction in the 4-position of the aryl ring of the central aniline.
Starting form the PNP'PP! ligand (9), the bromide was introduced by addition of [NBuy][Brs]
and subsequent addition of NH4SCN. The solution changed to a light pink due to the release of
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molecular bromine. The bromine was deactivated by addition of thiosulfate solution. Although
the resulting colorless solid looked promising, the 3'P NMR spectrum revealed the formation of
mainly three products (Figure 5.9, middle). The desired product 6 can be assigned to the signal
at -21.3 ppm, which is in accordance with the unsubstituted ligand. From comparison of the
integrals it can be seen that the modified PNP ligand 6 was obtained as the product with the
lowest percentage (7.3%). The main product of the reaction appears to be the ligand in which
both phosphorus atoms oxidized to a phosphorus(V) species as a result of the reaction between
the PPhs and the Brs resulting terminal PPhyBrs groups on both sides of the tridentate ligand.
The signals at 38.9 ppm and -21.4 ppm show an identical percentage of the product mixture.
As the shift compared to the other two signals is small and the ratio is 1:1, it can be assumed
that the signals belong to two different phosphorus groups in the same ligand. The two signals
can be assigned to the version of the ligand in which only one of the phosphines was oxidized by

the bromine released from the Brsy~ during the introduction of the Br substituent on the aniline.
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Fig. 5.9: Top: Aromatic region of the *C{'H} NMR spectrum of the inverse attempt shows the

successful introduction of the SCN group in the 4-position of the aniline group in every
variant of the ligand. Middle: structures of the three ligands obtained in the reaction.
Bottom: 3'P{'H} NMR spectrum of the inverse attempt revealed the formation of three
main products. The integrals show the percentage quantities of the products.
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Although the phosphines were oxidized, from the '3C NMR spectrum it became evident that
the introduction of the SCN group was successful as the carbon atom in the thiocyanate
group can be found for all three species. In the spectra two main sets of signals are observed,
accompanied by a small signal. The small signal can be assigned to the desired product while
the other two can be assigned to the halogenated ligands. As a result of these spectra, it
can be concluded that the desired product should be obtained if the phosphines are reduced
back to oxidation state +III under elimination of the halogens. Halogenated phosphines are
often used as starting compounds for the synthesis of alkylphosphines, which are used as
donors in the ligands. The halogen atoms are substituted by hydrogen atoms via reduction

with lithium aluminum hydride.[278:279]

Even though the reduction to thiol was planned only
in the last step after coordination to the molybdenum, a reduction of the product should
lead to the formation of the desired ligand modified with SH instead of SCN and eliminate
the by-products formed by the reaction with the bromine. Reaction with LiAlH, and acidic
treatment resulted in a yellow solid which was insoluble in all NMR solvents available and
could therefore not be investigated regarding the structure. As the ligand is expected to be
soluble in organic solvents this approach was assumed to be unsuccessful and the route was
modified again. As the main problem seems to be originating from the reaction of the bromine
and the phosphines, the reaction has to be suppressed.

Two different approaches were chosen: the first was based on the fact that the intended
molybdenum tricarbonyl complex is a known protective group that has been used for func-
tionalization of phosphine ligands.[28% Utilization of the molybdenum tricarbonyl fragment as
protective group starts from the [Mo(CO)3(PNPPPP1)] complex, which was a key molecule in
the second project of this thesis. The complex was synthesized as described in the publication
in project 2 (Froitzheim 2023; Eur. J. Inorg. Chem.) and dissolved in dichloromethane
with NH4SCN. To this solution [NBuy|[Brs] was added dropwise. The isolated red solid was
analyzed by NMR spectroscopy. Although the 3'P NMR spectrum showed that the desired
complex was formed, a multitude of byproducts were found. Besides the probably unreacted
complex and the desired product, the two species that may be assigned to known complexes are
the meridional isomer as well as the tetracarbonyl complex, which is usually a decomposition
product of the tricarbonyl complex. In addition multiple broad signals can be found indicating
paramagnetic species. These species may be the result of redox reactions or CO exchange by
bromine. Based on these findings, it can be stated that the molybdenum tricarbonyl fragment
is not a suitable protecting group for the introduction of SCN functionalization, leading to
the second method.

A known way to protect phosphines against oxidation e.g. with oxygen, is the use of boranes
as protective groups. Boranes were routinely used in the Tuczek group.[219:221,223,228] Thig new
amendment leads to the last attempt of synthetically accessing the thiocyanate-functionalized
PNPRPPE Jigand (6, Scheme 5).
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Scheme 5: Modified synthetic pathway for the synthesis of the thio-functionalized PNP ligand 6.

Starting again from the PNPPPPI ligand (9), the first step is the introduction of borane
as protective group as described by BORNER et al.281) The introduction is performed by
addition of borane dimethylsulfide in dichloromethane. The borane attaches to the phosphines,
rendering them inert towards oxidation. The phosphine-borane complex creates a broad split
signal in the 3'P NMR spectrum due to the coupling of the quadruple nuclei of the borane
(1B & MB) to the phosphine (Figure 5.11, middle).[?? The use as well as the introduction
of borane as protective group for phosphines is a well established method2'9221l and was
carried out successfully in nearly quantitative yields. The protected ligand 10 was then further
converted under the already tested conditions for the introduction of the thiocyanate group.
Not only the selective introduction of the SCN group was successful, but also no oxidation of

the phosphines was observed as can be seen from the NMR spectra (Figure 5.10 & 5.11).
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Fig. 5.10: Comparison of the aromatic region of the *C{'H} NMR spectra of the PNPEPP! ligand
(top) and the borane protected PNPRPPR after the introduction of the thiocyanate group
(bottom). The introduction of the SCN group leads to a shift of the two meta carbons
(blue arrow) and the para-carbon (red arrow) of the aniline ring.

The '3C NMR spectrum shows the successful introduction of the SCN group into the PNPhPPh
giving the ligand precursor 11. Furthermore, the 3'P NMR spectrum shows that the halo-
genation of the phosphines is only observed as minor side reaction and the borane protection

has withstood the reaction conditions, especially the release of Bry (Figure 5.11, bottom).
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Fig. 5.11: Comparison of the *'P{'H} NMR spectra of the PNF'PPI ligand (9, top), the borane
protected PNPPPP! Jigand (10, middle) and the borane protected PNFPPPP! after the
introduction of the thiocyanate group (11, bottom). The borane groups successfully
withstood the reaction conditions during the introduction of the SCN group.

Besides the main product one small, broad signal is visible as well as two small, low field
shifted signals. The final step in the ligand synthesis is the removal of the borane groups.
The common way to remove them is by use of morpholine and temperature. The ligand
precursor 11 was refluxed in morpholine and subsequently stirred at 90 °C for 3 d. The
conditions applied unfortunately lead to the formation of a mixture of products as can be
seen from the 3'P NMR spectrum (Figure 5.12). The products formed can be assigned to
different species. The desired product 6, a small fraction of the ligand with one brominated
phosphine group and one non-halogenated phosphine. Furthermore, four additional signals
appeared between 30.6 and 30.3 ppm. These signals may be associated with phosphine
oxide variants formed during the attempted removal of the protective group. The signals
found could be assigned to different combinations of fully oxidized phosphines, with only one

phosphine oxide and a minor combination of an oxidized and a halogenated phosphine. This
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assumption is based on the 3'P NMR shifts reported for different molecules based around
functionalized ethyldiphenylphosphine oxides. 283 The formation of the oxides indicates that,
although Schlenk conditions were applied, the phosphines must have been exposed to oxygen.

This is probably due to insufficient degassing of the morpholine prior to use.
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Fig. 5.12: 3'P{'H} NMR spectrum of the attempted removal of the borane groups on SCN modified
PNPRPPR Jigand (11). Besides the formation of the product and the halogenated phosphines
from the prior step mainly phosphine oxides were formed.

Although the ligand variant with phosphine oxides would not coordinate, no coordination
attempt was performed, as only a very small part of the product obtained can be assigned to
the desired PNPP-SCNPPh Jigand (6). Nonetheless, this route is very promising and should be
repeated with some variations of the reaction conditions and thoroughly degassed morpholine.
Besides the use of morpholine as removal agent for the protective groups, a different amine

like triethylamine could be tried.
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5.3 Functionalization of the prPPHP-ligand

Besides the effords sourrounding the surface modifications of the PNP ligand, attempts were
made to modify a well known building block from the pentaPod synthesis - the prPPHP. The
ligand was supposed to represent the tridentate PPP counterpart to the already successful
deposited tripodal Ps system by PETERSEN et al.262l The underlying synthetic route is
based on a modular system (Scheme 6). The synthesis of the prPPHP ligand[45:231] is well
established in our group and halogen-containing building blocks that not only have the
appropriate anchor group, but also the desired spacer are commercially available. In line with
the projects already presented, the tridentate PPP system was also to be equipped with an

acetylene unit to bind to a platform or an alkyl-SAM for surface fixation.

X Ph,P” NP " ppp,
/\/\ /\/\ n-BuLi
+
Ph,P P PPh, pe—
N I I
T™S T™S
X =F, Cl, Br 13

Scheme 6: Reaction scheme for the modular assembly of the surface-modified prPPHP ligand (13)
based on the prPPHP ligand (12) and the ((4-halogenephenyl)ethynyl)trimethylsilane.

The idea behind this route was to apply known substitution of halogens by phosphines.
Following the well established route the prPPHP ligand was synthesized. In a first attempt
the prPPHP ligand was dissolved in thf and n-BuLi was added. Parallel to that, the ((4-
chlorophenyl)ethynyl)trimethylsilane was dissolved in thf and subsequently added dropwise
to the prPPHP solution. The result of this reaction was a mixture of multiple species. As
the terminal phenyl phosphines are quite resistant to air an attempt was made to purify the
desired product using column chromatography. From the 3'P NMR spectrum of the isolated
product it can be seen that the two building blocks were connected successfully (Figure 5.13,
bottom).
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Fig. 5.13: Comparison of the 3'P{'*H} NMR spectrum of the prPPHP ligand (top) and the modified
ligand 13 (bottom). The enlarged regions show several byproducts and oxidized species.
The large signal at -17.0 ppm can be assigned to the PPhy groups and the signal at
-26.1 ppm to the central phosphine after the substitution of the proton by the aromatic
residue.

As can be seen from the top spectrum, the central PH of the prPPHP ligand can be found at
-72.7 ppm. After the reaction the signal of the central phosphorus shifted to -26.1 ppm due
the substitution of the hydrogen by the aromatic residue. Nonetheless, multiple by-products
were still found in the product mixture. Since a second attempt at column chromatographic
purification was deemed unlikely to be successful, due to repeated exposure to oxygen, a
coordination attempt was started despite the lack of purity in the hope that this would yield
a pure product. The impure ligand was added to the [Mo(CO)s(cht)] precursor complex. As

it was already observed for the tricarbonyl complexes with PNP ligands, the coordination was
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indicated by a color change from deep red to yellow/beige. Although the yield was poor, a
solid was isolated. For analysis via NMR spectroscopy, the solid was dissolved in DCM, which
led to the formation of an insoluble black solid and thus to the presumed decomposition of the
product. Furthermore, an IR spectrum of the isolated product was measured. Although the
color of the solid looked promising, the spectrum showed that the desired tricarbonyl complex
was not obtained, because no vibrations were found in the CO stretching frequency region.

By modifying the synthesis parameters and substituting the chlorine-based building block with
a brominated and flourinated analogue, the objective was to synthesize the pure ligand. The
synthesis was carried out under the same reaction conditions as in the previous experiment.
Unfortunately, the desired ligand was not obtained. In subsequent attempts the temperatures
were varied and the n-BuLi was substituted by lithium diisopropylamide which also did not
provide the desired results. In parallel with efforts to synthesize the prppPh-acetylene-TMSp
ligand (13), the successful synthesis of the ethyl-bridged analog was demonstrated by our
group.[284] It was found that in order to obtain a pure product, a halogen atom is required
as substituent on the central phosphine. Nonetheless, it was also demonstrated that the
linking of the prPPHP ligand and the ((4-chlorophenyl)ethynyl)trimethylsilane is possible in

principle.
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Chapter 6

Concluston € Outlook

This thesis is split into three main projects. The first focuses around the different behavior of
the [W(Ny)(PaMePP,yP1)] complex compared to its molybdenum analogue. The investigations
were based around the assumption that the complexes have different redox potentials, why
the main focus evolved around electrochemistry. The second study provides an in-depth
investigation regarding the coordination behavior of different tridentate PNP ligands. All
PNP ligands were coordinated to molybdenum tricarbonyl complexes, due to their excellent
spectroscopic properties. Gaining a better understanding of these systems is beneficial for the
final project of this thesis, which deals with the synthesis and characterization of molybdenum
tricarbonyl complexes bearing tridentate PNP ligands with functionalization for surface
deposition. This project aims to continue the work of STUCKE, SCHLIMM and PETERSEN et
al., which already demonstrated the deposition of molybdenum tricarbonyl complexes with

pincer and tripodal ligands on surfaces.[261:262]

6.1 Project 1

The first project was focused on synthetic nitrogen fixation with the pentaPod ligand and a
continuation of a prior study by ENGESSER et al., which demonstrated the catalytic activity of
the molybdenum dinitrogen complex bearing the pentaPod and its superiority compared to the
regular dinitrogen complexes with pentaphosphine coordination spheres provided by tri- and
bidentate phosphine ligands. As the molybdenum complex was catalytically active, the next
step in testing the capability of the ligand was the coordination to alternative metal center.
As tungsten is usually the metal of choice when exchanging molybdenum, the pentaPod
was coordinated on tungsten and investigated regarding its activity towards derivatization
and ammonia formation. This project was executed in collaboration with JUNGE and the
pentaPod ligand was successfully coordinated and the tungsten mono-dinitrogen complex
isolated. The resulting [WNy(pentaPod)] complex was characterized using IR, Raman and
NMR spectroscopy. Besides an expected shift to lower wavenumbers of the Ny-stretch and
additional satellites in the 3'P-NMR spectrum, the spectra as well as the crystal structure
were surprisingly similar to the molybdenum analogue. Investigations regarding the catalytic
activity towards ammonia formation of the [W(Ng)(PoMePPyP)] complex in the presence
of samarium diiodide / water resulted in 2.75 equiv. Although the activity was found to be

well below the results of the molybdenum complex, this is the first example of a tungsten
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Chapter 6 Conclusion & Outlook

dinitrogen complex capable of generating more than two equivalents of ammonia. In order
to investigate the differences of the complexes, electrochemical and spectroelectrochemical
studies were performed. The molybdenum as well as the tungsten complex were investigated
by cyclic voltammetry. The cvs found for the complexes were very similar. E; /5 of the first
redox systems were determined at -1.16 V for the tungsten and at -1.13 V for the molybdenum
complex, respectively. Nonetheless the reversibility of the 0 = +I system differs, as the
tungsten complex was found to be fully reversible unlike the molybdenum complex, which was
only partly reversible. For the second oxidation systems very similar E;/, values were found
as well, yet the reversibility differed. Both systems were irreversible at low scan rates, but an
increase in reversibility was observed for the tungsten complex as the scan rate was increased.
Further analysis of the peak current function using Randles-Sevcik equation revealed an ECE
type mechanism for the tungsten complex. Deeper investigations into the species formed
upon oxidation were carried out by means of IR-spectroelectrochemical investigations. It
was found that the [W(Ny)(P2MePPy )]+ complex was more stable than the molybdenum
analogue, which released the dinitrogen ligand upon oxidation. Due to the higher stability of

the oxidized complex the tungsten-No complex was observed.

Following this project JUNGE et al. presented an extensive theoretical study regarding
possible mechanisms of the NH3 formation and the competing hydrogen evolution reac-

1.123% From previous attempts within the framework of this thesis, it was found that no

tio
significant amounts of ammonia were generated electrocatalytically upon addition of acids
(cf. section 3.2). Further experimental investigations regarding this topic could be based on
the success in electrocatalytic ammonia formation presented by the PETERS group.!” They
demonstrated that the catalytic activity of a tungsten complex can be achieved by adding a

mediator that acts as a PCET agent.

6.2 Project 2

The second and main project of this thesis was the investigation of the coordination behavior
of tridentate PNP ligands on molybdenum tricarbonyl systems. The scope was to investigate
the influence of phosphines and their substitutes on coordination behavior and stability. For
this, a tridentate ligand with central aniline donor was chosen in reference to the well studied
pincer ligands. A series of tridentate PNPPPR ligands (R = Ph, Me, Et, Pln, Cyp, 'Pr, Cy,
‘Bu) was synthesized and coordinated to the [Mo(CO)3(cht)] precursor. All ligands were
successfully synthesized but not all complexes could be obtained. Complexes bearing the
PNPhpMe PNPEPIn and PNPPPYBY could not be isolated. All other complexes were isolated
and thoroughly characterized. From IR- and Raman spectra it became apparent that all

complexes adapted a facial geometry in the solid state. This was expected as the precursor
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6.2 Project 2

predefined a facial coordination geometry. The facial geometry was also found in solution for
all complexes, which was determined from the shift of the signals in the >'P NMR spectra
as well as the ABX pattern found for the equatorial CO ligands in the '*C NMR spectra.
Nonetheless, the meridional isomer was found as minor byproduct (<1%).

Comparison to similar systems (NH instead of NPh) in the literature revealed that the
geometry of the complexes shifted from a facial to a meridional geometry with increasing
steric demand of the phosphines substituents. DFT studies were performed in order to gain
insights into the isomerization mechanism and the discrepancies between the two systems.
Isodesmic calculations of the relative ligand exchange energies revealed a contradiction to the
experimental results for the systems containing NPh as the meridional isomer is energetically
favored for bulky phosphines. For the systems with NH, the calculations agree well with the
experimental observations. What became clear, however, is that the molybdenum tricarbonyl
complex bearing the PNPPP!BU Jigand was energetically unfavorable in the facial and merid-
ional geometry. Nonetheless, in the calculations no salient difference crystallized between the
NPh and NH systems that would explain the different behavior, excluding thermodynamics
as the cause for the observed geometries. Further calculations regarding the kinetics were
performed in order to investigate the isomerization mechanism. Two possible pathways were
found. The first is a direct isomerization in which one isomer transforms into the other over a
transition state. The transition state during direct isomerization proved to be energetically
unfavorable and also showed no significant differences. The second pathway involves the
dissociation of a CO ligand prior to the isomeric transformation. This pathway indeed revealed
differences between the two systems. For the transformation of the NH system the transition
state between the facial and meridional state (starting from the dicarbonyl variant) was found
to be energetically lower compared to the NPh complex. Furthermore, a second, low lying
transition state between two conformers of the meridional isomer was found for the NH system.
Of these two only one belongs to the conversion of the facial and the meridional isomers
into each other. The higher energies of the NPh system can be explained by the formation
of an agostic hydrogen bond between the phenylring and the molybdenum, stabilizing the
pentacoordinated species, which needs to be broken during the isomerization, therefore leading

to an higher energy barrier, hence inhibiting the isomeric transformation.

The experimental results of the complexes bearing PNP'P ligands were obtained due to
the fac-preorientation caused by the cyclohepatriene precursor. Subsequent investigations
include the substitution of this precursor by a complex with prior meridional ligand arrange-
ment or no predetermined orientation like the utilization of molybdenum hexacarbonyl as
demonstrated by BELLER et al.[28%:286] Although high temperatures are required for this
synthesis, Mo(CO)g does not dictate a preferred coordination geometry, which could allow for
the formation of the meridional isomers for ligands with bulky phosphines. Another possibility

would be to coordinate the ligands to a molybdenum dicarbonyl complex, generating the
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pentacoordinated species used during the calculations and expose them to a CO atmosphere,
occupying the last coordination site of the complex. The synthesis of the pentacoordinated
molybdenum complex was attempted by BELLER et al. as well with a promising indications

towards successful synthesis.256]

6.3 Project 3

The final project of this thesis can be described as the next step to the second project. Aim
of this part was the synthesis and characterization of molybdenum tricarbonyl complexes
bearing tridentate PEP ligands (E = N, P). Our group already demonstrated the successful
surface deposition of tricarbonyl complexes with a pincer and a tripodal pincer.[261:262] The
last complex within the series supported by ligands with three donors are the tridentate
ligands. Attaching and studying the behavior of the complexes on the surface as well as the
influence of the substrate on the complex is the first step towards heterogeneous catalysis.
The first concept investigated for this purpose was closely related to the already successfully
demonstrated pincer and tripod systems. These were attached to a TATA-platform and
deposited onto a gold surface. In order to connect the ligand to a TATA-platform an acetylene
group is required. Starting from N,N-bis(2-chloroethyl)aniline (1), which was the starting
point for all PNP ligands (cf. Project 2), this function was introduced in a two step synthesis.
Subsequent phosphination with diphenyl phosphine was successful. PPhs was chosen as
donor because of its relatively high oxygen resistance compared to all other alkyl phosphines.
Unfortunately, the coordination to the molybdenum tricarbonyl precursor was not successful.
The precursor ([Mo(CO)3(n%-toluene)]) was chosen because the [Mo(CO)3(cht)] precursor was
not available at the time and the relative stability of the toluene complex is supposedly lower
than the cht complex.[271 Although multiple attempts were made, the desired complex could
not be isolated. A successful coordination should be possible when using the well established
[Mo(CO)3z(cht)] precursor. This route was not repeated as the focus shifted from acetylene
functionalized ligands to sulfur/thiofunctionalized PNP ligands.

The TATA approach relies on physisorption of the platform to the surface. Using thiol
groups, which are a part of the ligand system, a stronger covalent Au-S bond can be expressed,
drastically improving the stability of the adsorbed molecules. The introduction of a thio
function into the PNP ligand was demonstrated by selective substitution of the para-hydrogen
of the aniline ring by a thiocyanate. This step was achieved in two ways: in a two step
synthesis and a onepot synthesis both starting from the N,N-bis(2-chloroethyl)aniline (1).
The resulting N, N-bis(2-chloroethyl)-p-thiocyanate-aniline (5) is an ideal dummy molecule
to explore different and the best suited condition for the surface deposition as it is easy and

quickly synthesized, air stable and obtainable in high yields. Attempts were made to directly
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bind the compound 5 to the surface without prior reduction to a thiol. Due to the aurophilic
character of the sulfur, the SCN group is split under the formation of a Au-S bond. The
resulting CN™ ion is deposited as a byproduct on the surface. In a first attempt the formation
of a Au-S bond was found in the monolayer as well as in the bulk. Unfortunately multiple
byproducts were found but with further improvements to the method it should be possible to
eliminate those.

The first issue during the ligand synthesis arose with the introduction of the phosphine
donors, because the thiocyanate acts as a pseudo halogenide and apparently coupling parts of
the phosphine to the aniline ring. In order to bypass this problem, the route was inverted.
After synthesis of the PNPRPPE Jigand, the SCN group was introduced. This reaction can
be executed selectively, due to insufficient activation of the phenylring by the phosphorus
compared to the amine. During the introduction of the SCN group, elemental bromine is
released. This reacted with the phosphines leading to a halogenation. Nonetheless, the
SCN was introduced successfully. Attempts to remove the bromine from the phosphorus
via. reduction with LiAlHy and reducing the SCN function to the desired SH group in the
same step proved to be unsuccessful, as no product was isolated. Based on these results, the
synthesis route was modified again. In the final attempt, borane was introduced as protective
group for the phosphine donors prior to the SCN introduction. The borane groups successfully
inhibited the formation of phosphorus halogenides and allowed for the introduction of the
thiocyanate group. The final step in the ligand synthesis was the removal of the protective
group. Unfortunately, this lead to the formation of oxidized species probably due to insufficient
degassing of the morpholine used for this reaction. The morpholine was degassed for 24 h
which proved to be insufficient and should be extended or done using the freeze-pump-thaw
method. Nonetheless, this route is very promising and should be repeated in the future. The
removal of the protective borane group can also be accomplished by diethylamine, which itself
is sensitive to air and can be acquired as oxygen free substance.

Alternative approaches for the introduction of a sulfur based anchor group would be the
utilization of thiocarbamates or thioacetates. In addition to PNP systems, an attempt was
made to develop a tridenate PPP system for surface fixation based on a modular system with
known components. The experiments were based on the tridentate prPPHP ligand, which
is a known intermediate during the pentaPod synthesis. This first building block should
then be reacted with the commercially available ((4-chlorophenyl)ethynyl)trimethylsilane.
The reaction in thf with n-BuLi resulted in a mixture of several products, but also in the
formation of the desired product. Although most of the by-products were removed by column
chromatography, the purity was insufficient, and a subsequent coordination experiment did not
yield the desired complex. Multiple attempts to modify the reaction conditions and reagents
did not yield the intended suppression of byproduct formation. In addition, substitution of the
chlorine based bulidung block by the bromine or fluorine variant was tested, but no formation

of the desired product was observed. Due to this reason and the findings of MicHAELIS!Z%4
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the concept of a modular PPP ligand for surface functionalization was discontinued. In order
to obtain ligand 13 a new route has to be developed either with regards to the findings of

MICHAELIS or an entirely new route like the one presented in scheme 7.

cl Ph,p” NN ppn, PhP” NP N"pp,
prPPHP Reductlon
n- BULI Zn/HCI
0°C, thf or
Oz Ni/Hy

1) NaNO,, HCl
PhoP” " p” " ppp, N
H

Z

™S
<« +NaH

Scheme 7: Alternative reaction pathway intended for the surface modification of the prPPHP ligand.

As an alternative for the route demonstrated by MICHAELIS, the prPPHP could be connected
to a 1-chloro-4-nitro-benzene using n-BulLi. The release of the chloride should be favored in
comparison to the ((4-chlorophenyl)ethynyl)trimethylsilane due to the mesomeric effect of
the nitro group. Reduction of the nitro group to an amine allows subsequent conversion of
the amine to a leaving group by diazotization, which can be substituted by deprotonated
trimethylsilylacetylene. Due to the elimination of dinitrogen, it should be possible to obtain
the ligand without side products and therefore without subsequent column chromatographic

purification.
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Chapter 7

Ezxperimental Section

7.1 Materials and Methods

All chemicals used were of commercially available grade and used as purchased with the

exception of some solvents. The solvents were dried with appropriate drying agents. Hy-

drolysis and oxygen-sensitive reactions were carried out under Schlenk conditions (Ng- or

Ar-atmosphere).

NMR spectroscopy

Nuclear magnetic resonance spectra were recorded using a Bruker AVANCE III HD 400 Pulse

Fourier Transform spectrometer. Nuclei were measured at different frequencies against a

reference (Table 7.1). Compounds susceptible to oxygen or hydrolysis were performed under

Schlenk conditions. Spectra measured at higher frequencies were recorded using a Bruker

Avance DRX 500 spectrometer.

Tab. 7.1: Frequencies and references of the measured nuclei.

Nucleus | Frequency / MHz | Reference
'H 400.13 TMS
'H 500.13 TMS
13C 100.62 TMS
13C 125.77 TMS
sip 161.98 HsPO,
1B 128.38 BF;

The deuterated solvents used were purchased from Deutero and Sigma Aldrich.
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7.2 4-Bromo- N, N-bis(2-chloroethyl)aniline

Cl\/\N/\/Cl Cl\/\N/\/CI

TBABr3 :
DCM
1 Br
2

N, N-Bis(2-chloroethyl)aniline (1, 2.00 g, 9.17 mmol) were dissolved in dichloromethane (20 mL)
and cooled to 0 °C. Over the course of 20 min, 4.44 g (9.21 mmol) of tetrabutylammonium
tribromide were added and stirred for 30 min. The resulting reddish solution was subsequently
extracted twice with 100 mL of sodium thiosulfate solution each time. The aqueous solution
was in turn extracted with dichloro methane, the organic phases combined and dried over
anhydrous sodium sulfate. After filtration the solvent was removed under vacuum. The
resulting crude product was dissolved in methanol and put in the freezer (-32 °C) for 5 h. The

precipitated rose crystalline solid was filtered of and dried under vacuum.

Yield: 1.64 g (5.52 mmol) 60 %

2
Cl \/\N/\/CI
3 1
6
Br

1H-NMR (500 M Hz, CDCls, 300 K): § = 7.28-7.23 (m, 2 H, H-5), 6.52-6.47 (m, 2 H, H-{),
3.65-3.60 (m, 4 H, H-2), 3.57-3.52 (m, 4 H, H-1) ppm.

13C-NMR (125 M Hz, CDCl3, 300 K): 6 = 145 (s, 1 C, C-8), 132 (s, 2 C, C-4), 113 (s, 2 C,
C-5), 110 (s, 1 C, C-6), 53.5 (s,2 C, C-1), 40.2 (s, 2 C, C-2) ppm.
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7.3 N,N-Bis(2-chloroethyl)-4-((trimethylsilyl)ethinyl)aniline

7.3 N,N-Bis(2-chloroethyl)-4-((trimethylsilyl)ethinyl)aniline

ClaN Ll
Cul, [Pd(PPh3)4]

TMSA, NEt;

115 °C, 3d
Br | |
2 .

/SI'\

3

4-Bromo- N, N-bis(2-chloroethyl)aniline (2, 800 mg, 2.69 mmol), copper(I) iodide (108 mg,
0.57 mmol) and [Pd((PPhg)4)] (218 mg, 0.19 mmol) were dissolved in triethylamine (25 mL),
and 0.7 mL (4.04 mmol) of TMS-acetylene was added. The black solution was heated at
100 °C for 3 days under reflux. The solution was filtered over basic alumina and Celite® and
washed with thf (20 mL). The solvent was removed in vacuo resulting a viscous dark orange
oil. The crude product was purified via column chromatography using a mixture of n-hexane
and ethyl acetate (4:1).

Yield: 506 mg (1.61 mmol) 60 %

1H-NMR (500 M Hz, CDCls, 300 K): § = 7.29-7.27 (m, 2H, H-5), 6.52-6.49 (m, 2H, H-4),
3.68-3.62 (m, 4H, H-2), 3.57-3.52 (m, 4H, H-1), 0.16 (m, 9H, H-9) ppm.
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IBC.NMR, (125 M Hz, CDCly, 300 K): & = 146 (s, 1 C, C-3), 134 (s, 2 C, C-4), 114 (s, 2 C,
C-5), 111 (5, 1 C, C-6), 106 (s, 1 C, C-10), 92.2 (s, 1 C, C-9), 53.4 (s, 2 C, C-1), 404 (s, 2 C,
C-2),0.30 (s, 3 C, C-11) ppm.

7.4 N,N-Bis(2-(diphenylphosphanyl)ethyl)-4-
((trimethylsilyl)ethynyl)aniline

g P &

P\/\ /\/P
2 eq. HPPh,
n-BulLi, thf, 0 °C

ASis Il

Si

N, N-bis(2-chloroethyl)-4-((trimethylsilyl)ethinyl)aniline (3, 440 mg, 1.34 mmol) was dissolved
in thf (10 mL). In a second vessel, diphenyl phosphine (521 mg, 2.80 mmol) was dissolved in
thf (10 mL) as well and both solutions cooled to 0 °C. To the diphenyl phosphine solution,
n-buli (1.2 mL, 3.14 mmol) was added dropwise and stirred for 30 min. Afterwards, the
solution with the ligand precursor 3 was added slowly to the phosphine solution and stirred
for 4 d at room temperature. The solvent as well as excess n-buli were removed in vacuo. The
residue was dissolved in diethyl ether and filtered through basic aluminum oxid and Celite®.

The product was obtained as viscous orange oil.

Yield: 360 mg (0.59 mmol) 44 %
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7.4 N,N-Bis(2-(diphenylphosphanyl)ethyl)-4-((trimethylsilyl)ethynyl)aniline

P\/\ /\/P
©/ 3 1
13 11 4

12

'H-NMR (400 M Hz, CDCls, 300 K): § = 7.31-7.26 (m, 8 H, H-11), 7.22-7.16 (m, 12 H,
H-12/H-13), 7.09-7.05 (m, 2 H, H-5), 7.02-7.00 (m, 2 H, H-4), 3.25-3.17 (m, 4 H, H-2),
2.17-2.12 (m, 4 H, H-1), 0.12 (m, 9 H, H-9) ppm.

IBC-NMR (100 MHz, CDCl3, 300 K): 6 = 147.7 (s, 1 C, C-3), 138.8 (d, Jcp = 12.3 Hz,
4 C, C-10),133.3 (5,2 C, C-4), 132.8 (d, Jcp = 18.9 Hz, 8 C, C-11), 128.9 (s, 4 C, C-13),
128.6 (d, Jep = 6.76 Hz, 8 C, C-12), 111.5 (s, 2C, C-5), 109.8 (s, 1 C, C-6), 106.5 (s, 1 C,
C-7),91.3 (s, 1 C, C-8), 47.7 (d, Jcp = 25.6 Hz, 2 C, C-2), 26.2 (d, Jop = 14.4 Hz, 2 C,
C-1),0.37 (s, 3 C, C-9) ppm.

31P.NMR (162 M Hz, CDCls, 300 K, H3PO,): -21.9 (s, 2P, PPhy) ppm.
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7.5 N,N-Bis(2-chloroethyl)-4-thiocyanatoaniline

Cl \/\N/\/CI Cl \/\N/\/CI
1. Brp, NaBr
2. NH4SCN
dry MeOH
1 SCN
5

N, N-Bis(2-chloroethyl)aniline (1, 2.00 g, 9.17 mmol) and ammonium thiocyanate (1.5 g,
19.7 mmol) were dissolved in methanol (30 mL). The solution was cooled to 0 °C and a second
solution of bromine (0.5 mL) and sodium bromide (0.5 g) dissolved in methanol (5 mL), was
added drop wise. The solution was stirred for 10 min at 0 °C, before poured into deionized
water (100 mL). This step was supposed to precipitate the desired product, however, the crude
product immediately dissolved again. Due to this, the solution was extracted with diethyl
ether (3x 100 mL) and washed with sodium thiosulfate to remove excess bromine. The organic
layer was dried over anhydrous magnesium sulfate and the solvent removed. The resulting

dark oil was recrystallized from ethanol yielding the desired product as white solid.

Yield: 1.39 (5.05 mmol) 55 %

Cl Cl
ClaS SN NN
N

TBABr3, NH;SCN >
DCM, MeOH, 0 °C
1 SCN

A second method was used in order to synthesize the N, N-Bis(2-chloroethyl)-4-thiocyanatoaniline
(5). For this, N,N-Bis(2-chloroethyl)aniline (1, 2.00 g, 9.17 mmol) and ammonium thiocyanate
(1.5 g, 19.7 mmol) were dissolved in a mixture of methanol (30 ml) and dichloromethane
(10 mL). The solution was cooled to 0 °C and a solution of TBABr3 (4.42 g, 9.17 mmol)
dissolved in DCM (10 mL) was added. The solution was stirred for 10 min at 0 °C and another
30 min at room temperature. The solution was washed with sodium thiosulfate solution and

dried using magnesium sulfate. The solvent was removed and the crude product recrystallized
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7.6 N,N-Bis(2-(diphenylphosphino)ethyl)aniline-borane-complex

from methanol. The recrystallization was repeated twice in order to remove all ammonium

salts.

Yield: 1.44 g (5.23 mmol) 57 %

1H-NMR (400 M Hz, CDCls, 300 K): § = 7.48-7.44 (m, 2 H, H-4), 6.72-6.68 (m, 2 H, H-5),
3.79-3.75 (m, 4 H, H-2), 3.66-3.62 (m, 4 H, H-1) ppm.

13C-NMR (125 M Hz, CDCls, 300 K): § = 148 (s, 1 C, C-3), 135 (s, 2 C, C-4), 113 (s, 2 C,
C-5), 112 (s, 1 C, C-6), 112 (s, 1 C, C-7), 53.4 (s, 2 C, C-2), 40.2 (s, 2 C, C-1) ppm.

7.6 N,N-Bis(2-(diphenylphosphino)ethyl)aniline-borane-complex

The PNPPPPY (9. 604 mg, 1.17 mmol) was dissolved in DCM (15 mL) and the borane dimethyl
sulfide complex (340 mg, 4.47 mmol) was added. The solution was stirred for 2 h at room
temperature and all volatile compounds removed in vacuo. The product was obtained as

colorless solid.

Yield: 578 mg (1.06 mmol) 91 %
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@@

P\/\N/\/P

1H-NMR (400 M Hz, CDCls, 300 K): § = 7.69-7.64 (m, 8 H, H-8), 7.60-7.58 (m, 2 H,
H-4), 7.53-7.41 (m, 12 H, H-9/H-10), 7.39-7.34 (m, 3 H, H-5/H-6), 3.47-3.38 (m, 4 H, H-2),
1.85-1.74 (m, 4 H, H-1), 1.24-0.50 (m, 6 H, H-11) ppm.

IBC-NMR (100 M Hz, CDCl3, 300 K): § = 147.7 (s, 4 C, C-7), 145.7 (s, 1 C, C-3), 131.2-
130.7 (m, 8 C, C-8), 128.5 (s, 2 C, C-4), 128.1-127.8 (m, 8 C, C-9), 127.4 (s, 2 C, C-5), 123.2
(s, 4 C, C-10), 111.7 (s, 1 C, C-6), 60.7 (d, Jcp = 9.27 Hz, 2 C, C-2), 20.1 (d, Jop = 38.1 Hz,
2 C, C-1) ppm.

31P_.NMR (162 M Hz, CDCls, 300 K, H3PO4): 12.5 (s, 2P, PPhy - BH3) ppm.

11B-NMR (128 M Hz, CDCls, 300 K, BF3): -41.3 (s, 2 B, BH3) ppm.

7.7 N,N-Bis(2-(diphenylphosphaneyl)ethyl)-4-thiocyanatoaniline-

borane-complex

BHs BH3 BH3 BH3
thF;\/\N/\/PPh2 thp\/\ A~ PPh2
TBAB;
’

NH,SCN

DCM, 0 °C

10 SCN
11
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7.7 N,N-Bis(2-(diphenylphosphaneyl)ethyl)-4-thiocyanatoaniline-borane-complex

PNPRPPh . BH;3 (10, 200 mg, 0.37 mmol) and ammonium thiocyanate (56.3 mg, 0.74) were
dissolved in a mixture of DCM (5 mL) and methanol (5 mL). In a second vessel TBABr3
(177 mg, 0.37 mmol) was dissolved using the same mixture. The ligand solution was cooled to
0 °C and the TBABr3 solution was added, changing the color to a deep purple color. After
stirring for 10 min, sodium thiocyanate solution (5 drops) were added. All volatile components
were removed in vacuo and the crude product isolated using diethyl ether. The product was

obtained as colorless solid.

Yield: 84.2 mg (0.14 mmol) 37 %

@@

1H-NMR (400 MHz, CDCl3, 300 K): § = 7.68-7.61 (m, 8 H, H-9), 7.55-7.34 (m, 12 H,
H-10/H-11), 7.34-7.32 (m, 2 H, H-4), 7.19-7.15 (m, 2 H, H-5), 3.45-3.39 (m, 4 H, H-2),
2.44-2.36 (m, 4 H, H-1), 1.73-0.82 (m, 6 H, H-12) ppm.

I3C-NMR (100 M Hz, CDCls, 300 K): § = 147.7 (s, 1 C, C-3), 135.0 (s, 4 C, C-8), 132.2
(m, 2 C, C-4), 132.1 (s, 8 C, C-9), 131.8 (m, 8 C, C-10), 129.6 (s, 2 C, C-5), 129.2 (s, 4 C,
C-11),129.6 (s, 1 C, C-6), 108.3 (s, 1 C, C-7), 45.3 (d, Jop = 5.80 Hz, 2 C, C-2), 23.4 (d,
Jep = 334 Hz, 2 C, C-1) ppm.

31p_NMR (162 M Hz, CDCls, 300 K, H3POy): 12.5 (s, 2P, PPhy - BH3) ppm.

11B-NMR (128 M Hz, CDClg, 300 K, BF3): -41.3 (s, 2 B, BH3) ppm.
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[WCl3(«3-P2MePP,™]

1.86
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Figure S1. X-band (9.8 GHz) EPR spectra of thf solutions of [WCl3(k3-P,;MePP,”"] at room
temperature (left) and 77 K (right). The X-band EPR spectra were recorded on a Bruker EMX
Plus spectrometer with dual mode cavity, 2.0 mW microwave power and modulation

amplitude of 1 mT.
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Figure S2. IR and Raman spectrum of [WCls(k3-P,MePP,P"].
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Table S1. Experimental frequencies of the Raman and IR bands of [WCl3(k3-P2MePP,"] [cm].

[WCh(13-P2MePP,] (2)

Raman IR Assignment Raman IR Assignment
3067 (w) - 945 (m) cc
3054 (m) 3051 (w) v(CH) 917 (m) cc
2982 (w) Vas(CH3/CH2) 880 (m) -
2954 (sh) - 843 (w) -
2913 (s) 2919 (m) Vs(CH3/CHz) 805 (vw) -
2867 (sh) - 786 (w) - -
2801 (w) 739 (s) -
1586 (s) 1589 (m) cc 688 (w) 693 (vs) -
1573 (w) 1568 (w) 639 (vw) -
1551 (vw) - 619 (w) 617 (w) -
1480 (m) - - 577 (vw) -
1455 (vw) 1455 (vw) - - 543 (w) -
1430 (m) PC - 508 (s) -
1414 (w) 1412 (w) PC 479 (m) -
1381 (w) - 442 (vw) -
1330 (vw) - 425 (w) -
1306 (vw) 1297 (w) - 400 (vw) 404 (vw) -
1279 (w) - 362 (vw) -
1260 (vw) - 340 (sh) -
1241 (w) - 328 (w) 323 (sh) -
1210 (vw) - - 294 (s) -
1186 (w) 1182 (w) - - 271 (vs) -
1160 (w) 1156 (w) - 258 (w) 252 (sh) -
1119 (w) 221 (vw) -
1100 (w) 1096 (m) 208 (vw) .
1073 (vw) 1069 (w) 178 (w) .
1028 (m) 1025 (w) - 150 (vw) 158 (w) -
1000 (vs) 1000 (w) cc 133 (m) -
960 (w) - 120 (w) -

vw = very weak, w = weak, m = medium, s = strong, vs = very strong; v = valence, & = deformation

123



Chapter 9 Appendix

[W(N2)(P,"*PP;")] (2)

NMR spectroscopy
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Figure S3. 'H NMR spectrum of 2 in benzene-ds.
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Figure S4. Enlargement of the aliphatic region of the *H NMR spectrum of 2 in benzene-ds and
assignment of the signals.
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Figure S5. Enlargement of the aromatic region of the *H NMR spectrum of 2 in benzene-ds.
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Figure S6. *CNMR spectrum of 2 in benzene-ds.
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Figure S7. Enlargement of the aliphatic region of the **C NMR spectrum of 2 in benzene-ds and

assignment of the signals.
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Figure S8. Enlargement of the aromatic region of the 3C NMR and *3C DEPT NMR spectrum of

2 in benzene-ds and assignment of the signals. The DEPT spectrum was plotted with the CH

signals pointing downwards.
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Figure S9. 3'P-31P-COSY spectrum of 2 in benzene-ds.
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Figure S10. 3'P-'H-HMBC spectrum of 2 in benzene-ds.
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Figure S11. >N NMR spectrum of N-2 in benzene-ds.

Table S2. Comparison of *N-31P and >N-1°N coupling constants of »*N-[Mo(N)(P2eP,"")]

(**N-1)™ and SN-[W(N2)(P2MeP2P")] (*5N-2).

J/Hz
Complex
J(Pa-Na)  J(Pa-Ng)  J(Px-No)  J(Px-Ng)  J(Pm-Na)  J(Pm-Ng)  J(No-Npg)
15N-101 3.0 - 3.4 0.8 13.1 1.3 6.9
15N-2 2.7 0.3 2.6 0.7 13.9 1.6 7.4




Vibrational spectroscopy of [W(N2)(P2ePP,"")] (2)

Table S3. Experimental frequencies of the Raman and IR bands of [W(N)( P2MPP,™")] (2) [cm™].

[W(N2)( P2MePPP)] / [W(*SN2)( P2MePP,PM)]

Raman IR Assignment Raman IR Assignment
3139 (vw) - - 1072 (m) -
3069 (w) - - 1048 (m) -
3053 (s) 3049 (w) v(CH) 1029 (m) 1025 (s) -
2994 (vw) - 1001 (vs) - -
2963 (w) 2959 (m) Vas(CH3/CH2) - 970 (w) -
2920 (sh) - 933 (vw) 925 (m) -
2912 (vs) 2906 (m) Vs(CH3/CHz) 910 (vw) 905 (s) -
2888 (s) - - - 875 (m) -
2863 (sh) 2855 (m) - - 832 (w) -
2812 (sh) - - 798 (s) cc
1982 (w) - - 737 (s) cc
1903 (5)/1840 (s) 1901 (vs)/1840 (vs) V(N-N) - 693 (vs) cc
1805 (vw) - 670 (w) 662 (s) cc
1750 (vw) - 637 (vw) - -
1587 (s) 1585 (w) cc - 625 (s) -
1572 (w) 1571 (w) - 618 (w) 612 (s) -
1481 (m) . . 544 (vw) .
1451 (vw) 1448 (w) . 505 (vw) 506 (vs) .
1434 (vw) 1431 (s) PC . 475 (m) .
1418 (vw) 1418 (sh) . 431 (w)/419 (w) 429 (w)/421 (w) v(W-N)
1405 (vw) - - 403 (vw) 402 (s) -
1373 (w) - 364 (vw) 372 (vw) -
1328 (vw) - 350 (vw) 345 (m) -
1297 (vw) 1293 (w) - 315 (vw) 313 (w) -
1274 (vw) - - 292 (vw) 290 (w) -
1258 (s) - 257 (vw) 263 (vw) -
1218 (vw) - - - -
1186 (w) 1184 (vw) - 242 (w) 240 (m) -
1156 (w) 1153 (w) - 193 (w) 191 (vw) -
1093 (m) 1089 (s) - - B B

vw = very weak, w = weak, m = medium, s = strong, vs = very strong; v = valence, § = deformation

129



Chapter 9 Appendix

130

Crystal Data for [W(N,)(P;"'*PP,™")] (2)

O
Figure S12. ORTEP plot of 2 with labelling and displacement elli

probability level.

psoids drawn at the 50%

Table S4. Crystal data and structure refinement for [W(N2)(P2MePP2"")] (2)

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
[R(int)

Reflections with | > 25(l)
Completeness to theta = 25.242°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

C39Hs3N2PsW

888.53

200(2) K

0.71073 A

Monoclinic

P21/n

a=19.2033(8) A a=90°.
b =9.4433(3) A b= 107.168(3)".
¢=21.9208(10) A g=90°.
3798.1(3) A3

4

1.554 Mg/m3

3.283 mm!

1800

0.07 x0.12x 0.17 mm3

1.678 to 28.003°.

-24<=h<=25, -12<=k<=12, -28<=|<=28
59003

9164

0.0542]

8455

99.7 %

Full-matrix least-squares on F2

9164 /0/ 430

1.076

R1=0.0365, wR2 = 0.0899

R1 = 0.0402, wR2 = 0.0921
0.00220(19)

1.096 and -1.154 e A3

10



Table S5. Bond lengths [A] and angles [°] of [W(N2)(P2ePP,"")] (2)

W(1)-N(1)
W(1)-P(3)
W(1)-P(4)

N(1)-N(2)
N(1)-W(1)-P(3)
N(1)-W(1)-P(4)
P(3)-W(1)-P(4)
N(1)-W(1)-P(2)
P(3)-W(1)-P(2)
P(4)-W(1)-P(2)
N(1)-W(1)-P(1)
N(2)-N(1)-w(1)
C(4)-P(1)-w(1)
C(5)-P(1)-W(1)
C(3)-P(1)-W(1)
C(7)-P(2)-W(1)
C(8)-P(2)-W(1)
C(6)-P(2)-W(1)
C(10)-P(3)-W(1)

2.020(3)
2.3827(10)
2.4361(9)

1.084(5)
170.65(9)
95.25(9)
89.64(3)
88.16(9)
85.93(3)
171.45(3)
87.69(10)
175.0(3)
128.22(14)
115.16(15)
115.03(15)
125.70(16)
117.39(16)
115.25(15)
119.34(13)

W(1)-P(2)
W(1)-p(1)
W(1)-P(5)

P(3)-W(1)-P(1)
P(4)-W(1)-P(1)
P(2)-W(1)-P(1)
N(1)-W(1)-P(5)
P(3)-W(1)-P(5)
P(4)-W(1)-P(5)
P(2)-W(1)-P(5)
P(1)-W(1)-P(5)
C(25)-P(3)-W(1)
C(9)-P(3)-W(1)
C(13)-P(4)-W(1)
C(12)-P(4)-W(1)
C(19)-P(4)-W(1)
C(27)-P(5)-W(1)
C(34)-P(5)-W(1)
C(28)-P(5)-W(1)

2.4365(10)
2.4374(10)
2.4399(10)

84.31(3)
90.32(3)
81.97(4)
94.90(10)
92.57(3)
95.37(3)
92.14(3)
173.50(3)
121.11(13)
114.35(14)
117.09(11)
116.36(12)
126.31(12)
118.05(14)
120.24(12)
117.26(13)

Table S6. Comparison of bond lengths of molybdenum (1) und tungsten (2) dinitrogen

complexes and calculated bond length of hydrazido(2-) complexes of molybdenum and

tungsten (3).

Bond

length/ A [Mo(N2)(Ps)] (1) [W(N2)(Ps)] (2) [Mo(NNH2)(Ps)1**®  [W(NNH)(Ps)]***(3)
N-N 1.099(5) 1.084(5) 1.30693 1.31330
M-N 2.033(5) 2.020(3) 1.74663 1.76704
M-Pay. 2.3868(12) 2.3827(10) 2.61968 2.62834
M-PMe (1) 2.4433(14) 2.4365(10) 2.51442 2.51872
M-PMe; (2) 2.4440(13) 2.4374(10) 2.52547 2.52766
M-PPh; (1) 2.4518(13) 2.4361(10) 2.56995 2.56758
M-PPh, (2) 2.4536(13) 2.4399(10) 2.51545 2.51952
Ps = P,MePP,P, 2All calculations on PBEO/def2-TZVP level
11
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Supplementary electrochemical and spectroelectrochemical data for [W(N2)(P2V'¢PP,"")] (2)

and [Mo(N2)(P2MePP,"")] (1).

(A) [W(N2)(PYezPPPM)] (B) 6  [Mo(N2)(PYe:PPM)] i
6+ 1 = -1
v=5Vs
4 1
4 |
EL < 7 )l
—_ 3
N . = o )
-2 ]
0 4
T T T T T -4 T T T T T
0.0 0.5 1.0 1.5 2.0 25 -1.5 -1.2 -0.9 -0.6 -0.3 0.0
212 g 112 EJV vs. Fc*®
(C) : : : (D) : : : : : ;
— Initial potential it [W(N,)(PMe2PPPh2)] Initial potential Einit [W(N,)(PMe2PPPhy))
0.03 Oxidation at £pa(1) 1 0.04 Oxidation at £ya(1)
Back-reduction to St ' —— Oxidation at £pa(2)
—— Back-reduction at £,,(1) < £ < £4(2)
o 0.024 4 ® Back-reduction at Ec(1)
Q 1915 cm™’ e
(0] o
g £ 0.021 1915 cm”?
2 0.01 . 2
< <
A~ A
0.00 1 0.00 (I
2000 1800 1600 1400 2000 1900 1800 1700 1600 1500 1400
Wavenumber / cm™! Wavenumber / cm™'

Figure S13. A) Plot of ipa(1) vs. vi/2from CV data obtained for [W(NNH;)(P2MePP,P")] (0.4 mM)
in THF/NaBPh4 20 mM, red curve: linear fit; B) CV of [Mo(N2)(PMe,PPP,)] (1 mM) at Pt working
electrode (diam. 1 mm) for v = 05 V s in THF/NaBPhs 20 mM.; C) Infrared spectra of
[W(N2)(PMe,PPPP,)]  (15mM)  in THF/NaBPhs 20 mM recorded during in-situ
spectroelectrochemical measurements before (black) and after oxidation at Epa(1) (red), then
returning back to the initial potential (blue); (D) The same as (C) except that oxidation at Epa(1)
(red) is followed by oxidation at Eya(2) (green), then back-reduction to Epc(1) < E < Epa(2) (blue)

and finally Epc(1) (cyan).
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1H-DOSY NMR experiment of [W(N2z)(P2ePP,"")] (2)
The H-DOSY NMR was measured with 13 mg (14.6 umol) of [W(N2)(P2MePP>"")] (2) and 17 mg
(49.7 umol) NaBPhasin 0.5 ml deuterated THF. The resulting value for the diffusion coefficient

was 9.5:10% cm? 1.

" .88 90 92 -9
log(m?s)

86

a,_
-
g
o

10 8

Figure $14. 'H-DOSY NMR spectrum of [W(N)(P2ePP,"")] (2).

13

133



Chapter 9 Appendix

Vibrational spectroscopy of [W(NNH:)(P2¢PP,"")](BArF), (3-BArF)

T T e
— T ey

a)

)

}I

3312 <

-

I ! I ! I ! I ! I I I
3500 3000 2500 2000 1500 1000 500

wavenumber / cm™’
Figure S15. a) IR and b) Raman spectra of (3-BArf) (black) and *°N-3-BArf (red). The

enlargement shows the N-H vibrational frequency and its shift when labelling with >N isotope.
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Table S7. Experimental frequencies the Raman IR bands of
[W(NNH2)(P2MePP,PM)](BArF); (3-BArF) [cm™].

[W(NNH>)(P2ePP,)](BAr), / NaBAr

[W(*NISNH,)(P,“ePP,")] (BAI), Assignment
Raman IR Raman IR
- 3312 (w) / 3308 (w) - . N-H
3074 (w) 3076 (vw) 3084 (m) v(CH)
3023 (vw) - 3029 (w) Vas(CH3/CHz)
2960 (w) 2960 (w) 2967 (vw)
2932 (m) 2924 (m) vs(CH3/CH>)
2906 (m) - - -
2882 (sh) - 2885 (w) -
2852 (w) 2853 (w) - _
R - 2637 (vw) 2641 (vw)
R R 2592 (vw) -
R R 2541 (vw) -
B 1790 (vw) B B
- - 1629 (w)
1611 (m) 1611 (m) 1611 (m) 1612 (m) cc
1593 (s) - 1596 (s) cc
1523 (vw) - - -
1464 (w) - 1467 (vw) -
- 1443 (w) - -
- - 1422 (vw) -
1364 (s) 1352 (s) 1367 (s) 1355 (s) CF
- - 1323 (vw) -
- 1272 (vs) 1272 (w) 1277 (vs) CC, CF
- - 1197 (w) 1190 (sh)
- 1159 (m) 1161 (w) 1170 (m) CC, CF
- - 1139 (sh)
1107 (w) 1114 (vs) 1113 (w) 1115 (vs) CC, CF
- 1092 (sh) - -
- - - 1063 (s)
1030 (w) - 1043 (w) -
1003 (vs) 998 (w) 1000 (vs) 1000 (w) BC

15
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952 (w)
939 (vw)

914 (vw)

840 (vw)
801 (s)
745 (w)
704 (s)
689 (w)
675 (w)
617 (vw)

287 (w)
262 (w)
244 (vw)

235 (w)

934 (w)
918 (vw)
886 (s)
838 (s)
809 (m)
743 (m)
711 (s)
698 (w)
680 (s)
669 (s)
617 (vw)
609 (vw)
580 (w)
568 (vw) / 554 (w)
516 (w)
507 (w)
488 (w)
449 (m)
403 (w)
392 (w)
380 (vw)
366 (m)
353 (sh)
331 (vw)
283 (w)
259 (w)
246 (vw)

935 (w)
892 (w)
837 (vw)
801 (s)
744 (m)

702 (s)

410 (m)
389 (w)
354 (w)
321 (w)
293 (m)
261(w)

238 (s)

216 (w)

964 (w)

945 (m)

933 (m)

886 (vs) cc
838 (s) cc
- cc
742 (m)

708 (vs) cc
678 (vs) cc
670 (vs)

609 (vw)

582 (w)

- W-N
505 (vw)

449 (m)

401 (w)

386 (w)

366 (m) CC, CF
317 (vw)

287 (w) cc
259 (w)

vw = very weak, w = weak, m = medium, s = strong, vs = very strong; v = valence, § = deformation

136
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[W(NNH_)(P2MePP,?")](BArF); (3-BArF)

NMR spectroscopy

hhhhhhhh LT

£

TN

6 4 2 0
Figure S16. 'H NMR spectrum of 3-BArF in diethylether-dso.
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Figure S17. Enlargement of the aliphatic region of the H NMR spectrum of 3-BArf in

diethylether-dipand assignment of the signals.
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A C(BAr) + C[PPh,)

-

c(PPhy)

[\lez 2+
Me, Ph

N 2

P Il P

.

i)
C(PPh.
C{PPhy) {PPh)

BLULE N .

N

7.

Figure S18. Enlargement of the aromatic region of the 'H NMR spectrum of 3-BArf in

diethylether-dioand assignment of the signals

BRI SEENANGEgE Y -RBRARNRY - PEGYBCEeCEER2IRIFEE wg
i EE R e B T
LLLLLLLLL[LLL!\ILLﬁL])HH\W %&\WJ V
i nJ ' | | I R B
160 140 120 100 80 60 40 20
Figure $19. 13C NMR spectrum of 3-BArF in diethylether-dio.
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Figure S20. Enlargement of the aliphatic region of the 3C NMR spectrum of 3-BArf in

diethylether-dipand assignment of the signals.

— 1613195
—— 160.8240

—— 160.3284
— 1598330

— 1220126
— 1193102
1160703
1160316
1155833

<

CH (BAF)

C-CFy

Jl“ ITETN " A L

Figure S21. Enlargement of the aromatic region of the 3C NMR spectrum of 3-BArf in

diethylether-dipand assignment of the BArf-signals.
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g & & § B g 8
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B NH, 2+
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Figure S22. Enlargement of the aromatic region of the 3C NMR spectrum of 3-BArf in

diethylether-dipand assignment of the diphenylphosphine signals.
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Figure $23. 31P-31P-COSY spectrum of 3- BArF in diethylether-dio.
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Figure $24. H-3'P-HMBC spectrum of 3-BArF in diethylether-dio.
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Figure $25. >N NMR spectrum of 3-BArf in diethylether-do.
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Figure $26. *H->"N-HMBC spectrum of 3-BArF in diethylether-do.
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Table S8. Comparison of N-3P, >N-°N and

[Mo(1SNISNH,)(P2MeP,PM)][BArF2 and [W(NSNH,)

'H-5N coupling constants of

(P2MeP,PM)][BArF], (*SN-3-BArF).

The A, X and M designations of the phosphorus nuclei refer to Fig. 6

J/Hz
Complex
J(Pa-Na)  J(Pa-Ng)  J(Px-No)  J(Px-Ng)  J(Pm-No)  J(Pm-Ng)  J(Na-Ng) J(H-Ng)
[Mo'®N**NHz] | 5.9 - 6.3 - 23.2 7.6 11.2 94.6
15N-3-BArF 5.0 0.5 5.5 0.5 20.4 6.6 10.5 92.0
[MOo®SN*5NH;] = [Mo(*>N'5NH_)(P2VeP,")][BArF],
23
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[W(NNH_)(P2MePP,P")][Al(pftb)alz (3-Al(pftb)s)

NMR spectroscopy

L A s

-10 -20 -30 -40 -50 -60

Figure S$27. 3P NMR spectrum of 3-Al(pftb)s in diethylether-do.

Catalytic Experiments

To a mixture of 3.6 ml 0.1 M Smly(THF); solution (360 pumol) in THF and 1.4 mL of 0.26 M H,0 (360
umol) in THF was added 2 umol of [W(N2)(PMe,PP™,)] (2) dissolved in 1 ml of THF and stirred until the
dark blue solution turned yellow. Ammonia present in the reaction solution was driven with a stream
of N, through a glass bridge into a cold trap (cooled with acetone/N,) filled with 15 mL 2 M ethereal
HCI solution. To drive off remaining ammonia 20 mL of a 0.125 M solution of NaOH in methanol was
added to the reaction solution. Thereby the reaction solution was heated to 60° C. After expulsion of
all NHs the solvent was removed from the cold trap in vacuo. The resulting NH4Cl was quantified by

the Berthelot reaction.
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DFT calculations

Cartesian coordinates of [W(N2)(P2"¢PP,"")] (2). Units are presented in A.

Atom

X

-6.61769237943842
-6.51553701941306
-7.35454725287299
-8.10980573611169
-7.22472443954043
-7.87315455240053
-6.26976157669984
-5.42952500283083
-4.69105324852686
-5.54744418711505
-4.88930471879246
-9.00001852762539
-8.34510249317739
-8.67737402030631
-9.59213583514926
-7.82698122990991
-8.07537302383302
-6.63686307529212
-6.31856113898773
-5.39796148683469
-7.16325919080892
-6.88831312535339
-4.33662549271118
-3.13368228994258
-2.94866727931480
-2.16066121673825
-1.23229688056975
-2.37119384397537
-1.60801168690625
-3.56981033173938
-3.74958564715962
-4.54531152500091
-5.47316610184209
-5.49884396336963
-6.07737106525697
-7.08592450245652
-5.36705445593536
-4.06905007693688
-3.50023816378950
-3.49472620830462
-2.48530823371728
-4.20447524347541
-3.75210719331759
-6.06527364645254
-6.00486050012249

Coordinates (A)
Y

-3.55589612095695
-2.48048063844388
-1.63760298042026
-2.05255630128992
-0.26392866883899
0.37544369997916
0.28896521555142
-0.56445402897565
-0.13583757858759
-1.94010312595627
-2.58967916978783
-2.86897620537550
-2.02422082896486
-0.76715992835512
-0.62455066737744
0.30314333857141
1.27373774051868
0.15269644364817
-1.11254680625014
-1.26755806737154
-2.19126065134605
-3.17045675580827
0.87968053297606
0.42394148836476
0.52757410606127
-0.14539072389062
-0.48852639457724
-0.26387971495906
-0.69613439039059
0.17357548571053
0.08075912513737
0.73053416210821
1.05355135672042
2.99045198117306
2.85927954917004
3.22575331204655
2.30189920310580
1.85020231921068
1.40304403239283
1.96835068098132
1.60735065402186
2.55026630870514
2.65384271855211
3.44393609926177
2.10926304648966

z

2.09109886691751
2.00057949031877
2.71623650354543
3.37439743395388
2.59669522235916
3.18395620912508
1.74567352796594
1.04254661508719
0.37571395159931
1.16969711495411
0.60440439829226
-1.15967014810372
-1.33841520300985
-0.85486757446903
-0.29102158737361
-1.06938748146425
-0.66037627458174
-1.77584576885737
-2.26142849076683
-2.80887975166288
-2.04079924072346
-2.41689426268507
-3.17368856730828
-2.64036548073945
-1.58176024993208
-3.44828468574658
-3.00599482885942
-4.81402191018667
-5.45093724632249
-5.35768568112064
-6.42296438517687
-4.54396549156972
-4.99696798091939
5.63716147332622
4.38088641261548
4.23652140175442
3.32163341442670
3.56236613747005
2.75568219537401
4.81637719426579
4.97907969385821
5.85912285323487
6.83848299343066
6.44301056024351
1.59760584125503
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P -5.56683613123230
W -4.68091869378206
-6.34648317883831
-7.72741255055597
-7.84832467096710
-8.14945376876445
-8.32068376121900
-7.90637741149028
-7.02917623981423
-8.76647807338264
-8.21852148585068
-8.67595091501194
-7.14752855912238
-7.71058689026087
-6.40430482684841
-7.93767771707569
-6.65823347715667
-8.43421226674406
-8.28168010699860
-6.00318621876832
-7.14848701563092
-3.71333770792500
-3.36097043834920
-3.26499527035780
-4.25317278491693
-2.80333099397373
-2.66157198152750
-1.54044749145397
-1.28090175152940
-1.02291181014253
-1.19664681715231
-2.07520395795524
-1.40374408004217
-2.22774324912922
-1.61746126043243
-4.49736452150748
-5.43082153214684
-3.82242917723817
-4.70511618625721
-3.73718445628500
-4.25820952087494
-4.46260875924427
-2.82186706051670
-3.38121153553309
-3.49025117290810
-2.33334443652139
-5.74987943613399
-6.35603304514243
-5.99274417290129
-4.12269187784869
-3.07088326032924
-4.55611136289402

o
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1.64188952885101
3.05797114393275
4.71145743107627
2.73941345530844
4.26074313773150
2.36376534671908
2.29118158552777
4.82555606222422
4.71839618789684
4.55266643493717
5.87540897551788
4.28659662016342
4.78053370312396
3.43788843020562
5.12450825494646
5.53921795363826
2.46910638392894
3.60842802604769
2.97929424724666
3.00169945928348
1.67481778882867
4.77129524029579
4.21515472941073
3.87861785732611
3.87862907986290
2.90893481562719
4.65470389592459
4.21943759830546
4.65415658295462
4.76731121812404
3.18299930018391
4.43492775750185
3.94157234468041
3.75926493079087
5.35702873949799
5.47200878305762
5.97496734491007
6.20580544842248
4.69245917752798
6.02305108486650
6.74885760939306
6.12508513133831
6.51834244874750
6.40131929455201
7.18016543905913
6.42547074785151
6.46802101280744
7.06631535482142
6.83042743098403
8.25217030591906
8.53621095299057
8.82524128852779

-2.02470874829756
-0.22369205572781
-0.66758702940202
1.79431703067911
1.74081906932185
2.72777335890347
0.99513150105695
0.32929593482439
2.29909293368552
2.26194188212797
0.34917216701177
-0.23270611345029
-2.32856844847091
-2.77010862010769
-3.05334741864091
-2.29753026803488
-3.28826095767288
-3.57395283049663
-1.95664645946940
-3.98069080227010
-3.85547977024483
1.22109838029220
-1.90075723797010
-3.70907660991184
-4.16544327027465
-3.88921838309855
-4.18717336068717
-1.63195069079055
-0.66959778541807
-2.42310215957001
-1.63330652605773
1.97755077497380
1.27723027235265
2.82057183413561
2.34329474893360
2.73340143946669
2.48100131083181
3.18099166859077
3.46182282273746
-2.06251023197807
-0.81840365706868
-2.87590137623900
-2.40763207929942
0.39071301334541
1.15195536479070
0.07836658177717
-0.54906476852002
-1.23974309194804
0.45496966093072
-1.06961679158340
-1.16391296231700
-0.24502936282674
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H
N
N

Cartesian coordinates of [W(NNH;)(P2MePP,P")]2* (3). Units are presented in A.

-4.63652269109007
-3.10934012682751
-2.18819330334162

Atom

-6.44611592751000
-6.38385986394194
-7.16491389462714
-7.83490136524710
-7.07821304508500
-7.66669447196178
-6.22373322240910
-5.44788111065274
-4.80755161727347
-5.52435930721107
-4.92218231307873
-8.88507599532738
-8.25276524875633
-8.65392581211440
-9.59987317324336
-7.84142010394083
-8.16024265625338
-6.62449705442263
-6.23206289585702
-5.29232283368914
-7.04408369085814
-6.72811748582786
-4.33894207801734
-3.07039601673779
-2.81973321410372
-2.10806552746700
-1.12682237433205
-2.39902270189256
-1.64581471648059
-3.66453928277813
-3.90479276772317
-4.63035690264280
-5.61230754736382
-5.71792819161504
-6.23300710400182
-7.24989850605206
-5.45008372107663
-4.15528399454860
-3.54776273086323
-3.64414180192499
-2.64005878210376

8.54145421157537
1.90378320277536
1.33204662971555

Coordinates (A)
Y

-3.56001051906125
-2.48782909642135
-1.63866531297679
-2.04535171943689
-0.26805385047996
0.37684436911047
0.27051550220756
-0.58776020564825
-0.18075632418805
-1.96033668613495
-2.61903296085495
-2.95714545840823
-2.09634257243749
-0.83783598637946
-0.71291281249599
0.25805995187629
1.23303030184074
0.11848300005425
-1.14601304603268
-1.28108147677671
-2.24606956316916
-3.22494372572508
0.92811841803423
0.60486759418684
0.76601767754826
0.08386072118973
-0.16483731133430
-0.11630511909128
-0.51550833357952
0.18920246608500
0.02535071293638
0.69966917518519
0.91191316766994
3.09820764548655
2.92804904847081
3.24569981934598
2.37383536503928
1.95989322544099
1.49041878196041
2.11973873884216
1.78168226676452

-1.99074064007066
0.25302384229692
0.55468770105485

2.27875716728885
2.13774141233729
2.90975859024004
3.65748716830348
2.73887793873879
3.38095864745393
1.77671984730274
1.00764059534234
0.23664140192632
1.18757756756771
0.57346376760251
-1.14435151297273
-1.32408392501407
-0.89810473034938
-0.38526907810306
-1.12618717455043
-0.78066202366713
-1.78832400009129
-2.21789970101467
-2.73715904469657
-1.98400481286412
-2.32433706893053
-3.24421385543259
-2.76951688936536
-1.73151672877849
-3.62168698974437
-3.23495840781023
-4.96253486950568
-5.63088934584344
-5.44244195292770
-6.48597735387809
-4.58957123817924
-4.99127590977165
5.65487563737754
4.37633425324427
4.18632154581655
3.36741388698254
3.67742346412000
2.91246593519925
4.95375194342781
5.18225231458763
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-4.42230761702164
-4.02422587264799
-6.33777509163393
-6.03750593923301
-5.60672972296713
-4.56432862597741
-6.36525656567961
-7.75132240531194
-7.87970250773703
-8.23710133038714
-8.27257530655117
-7.90095048277641
-7.09731368694076
-8.82299457604507
-8.17203865090952
-8.68146218666456
-7.08673118139648
-7.71202204312294
-6.31651391627986
-7.83691742499310
-6.71396324329782
-8.42302049551804
-8.31169339838887
-6.07125585940574
-7.25567710913040
-3.68720356100495
-3.35153815535037
-3.35619147978324
-4.35983218021453
-2.92504367244743
-2.75209858332830
-1.55545098362535
-1.27729298260380
-1.01856352763649
-1.26425582488867
-2.08661144769171
-1.41831486686645
-2.26963396169923
-1.61447191914245
-4.50872554516531
-5.44818927665925
-3.84850767456659
-4.70431045912619
-3.71113587421370
-4.18591345780953
-4.43528952023833
-2.78542786282497
-3.29781648223018
-3.34849531600462
-2.25643107140141
-5.67695514839105
-6.28196824887330

2.70303394994940
2.83399833869431
3.53827957602065
2.08019992801514
1.59717966718270
2.94279735346837
4.80161682136784
2.71856953823488
4.23954926061069
2.28257266622508
2.30497621874127
4.87654156832761
4.68192157262478
4.49612021116494
5.93448306830863
4.40200498522843
4.82335530709216
3.50490720882680
5.12452448860981
5.62077627431689
2.49351023818142
3.71570427018786
3.07496043954083
2.97863388111126
1.70540628607714
4.79633945299553
4.22957383656737
3.92552782522534
3.97288293743758
2.95353016468203
4.70387012457645
4.11706235302993
4.50353794829896
4.67524900817462
3.06686614787645
4.32302660584606
3.90784319967835
3.57682289901203
5.19339392067607
5.47292081802218
5.96080039670723
6.22019730249644
4.69304722155812
6.03745321104187
6.75292926520183
6.19168810642375
6.50892565260267
6.37133748825367
7.15845261819973
6.33767719704115
6.50382661324668
7.12044744500046

5.94554060325168
6.94420683238585
6.42679555410785
1.66099786114708
-2.11429016115325
-0.19201076710801
-0.64984487487712
1.70716199019126
1.73268877102210
2.58088957791039
0.84289561763675
0.35390793158262
2.35096306139575
2.22212054979281
0.42360690259446
-0.24734509785702
-2.32910345694727
-2.75719189686704
-3.04233649376132
-2.32380669285813
-3.29301069686889
-3.56008418047572
-1.95017686893260
-4.02870586423216
-3.81865284347018
1.27051100939035
-1.99823143589010
-3.79755652529189
-4.21481068425610
-4.02673446193288
-4.26967894693823
-1.70822350891113
-0.73149535949387
-2.47782309563546
-1.76554475723915
1.99664348998939
1.24475467754604
2.77022537177901
2.45648092407760
2.75191348311219
2.49565248286042
3.19709460887873
3.48283974910240
-2.05469772694204
-0.78865193829543
-2.85947577751060
-2.40165293194641
0.40108405472161
1.15839084887691
0.07175421430061
-0.49571593869734
-1.16918034599792
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-5.90570050129491
-4.02505819316659
-2.97057902945778
-4.43438278086187
-4.54275403036947
-3.29248025860450
-2.34844451026759
-1.57128491858506
-2.67932040257316
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Supplementary Material to:

Molybdenum tricarbonyl complexes supported by linear PNP
ligands: Influence of P- and N-substituents on relative stability,
stereocisomerism and on the activation of small molecules
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1. IR and NMR spectra of the ligands

1.1. Spectra of PNP"PP" (1a)
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Figure S1: 'H NMR of 1a measured in CDCls.
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Figure S2: 3'P NMR of 1a measured in CDCls.
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Figure S3: *C NMR of 1a measured in CDCls.
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Figure S4: Solid state IR of 1a.
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1.2. Spectra of PNP"PMe (1b)
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Figure S5: *H NMR of 1b measured in CD,Cl..
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Figure S6: 3'P NMR of 1b measured in CD,Cl..
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Figure S7: *C NMR of 1b measured in CDCls.
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Figure S8: Solid state IR of 1b.
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1.3. Spectra of PNP"PEt (1d)
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Figure S9: *H NMR of 1¢c measured in CD,Cl,.
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Figure S10: 3P NMR of 1¢ measured in CD,Cl..
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Figure S11: 3C NMR of 1¢c measured in CD.Cl,.

PNF’hPEt

T T T T T T T T T
4000 3500 3000 2500 2000

—
1500

Wavenumber / cm™’

Figure S12: Solid state IR of 1c.
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1.4. Spectra of PNP'PPI" (1d)
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Figure S13: *H NMR of 1d measured in CDCls.
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Figure S14: 3P NMR of 1d measured in CDCl;
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Figure S15: 3C NMR of 1d measured in CDCls.
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Figure S16: Solid state IR of 1d.
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1.5. Spectra of PNP"PSYP (1e)
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Figure S17: *H NMR of 1e measured in CDCls.
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Figure S18: 3P NMR of 1e measured in CDCls.
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Figure S19: *3C NMR of 1e measured in CDCls.
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1.6. Spectra of PNP'PPr (1f)
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Figure S21: *H NMR of 1f measured in CD,Cl..
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Figure S22: 3P NMR of 1f measured in CD,Cl,
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Figure S23: 3C NMR of 1f measured in CD,Cl..
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Figure S24: Solid state IR of 1f.
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1.7. Spectra of PNP'PY (1g)
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Figure S25: 'H NMR of 1g measured in CD2Cl>.
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Figure S26: 3'P NMR of 1g measured in CD2Cl>.
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Figure S27: 3C NMR of 1g measured in CD,Cls.
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Figure S28: Solid state IR spectrum of 1g.
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1.8. Spectra of PNP'P®BU (1h)
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Figure S29: *H NMR of 1h measured in CDCls.
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Figure S30: 3P NMR of 1h measured in CDCls.
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Figure S31: *3C NMR of 1h measured in CDCls.
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Figure S32: Solid state IR spectrum of 1g.
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2. IR, Raman and NMR spectra of the complexes

2.1. Spectra of [Mo(CO)s(PNP"PPM)] (2a)
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Figure S33: *H NMR of [Mo(CO)3(PNP"PPM)] (2a) measured in CD,Cl,.
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Figure S34: 3'P NMR of [Mo(CO)s(PNP"PPM] (2a) measured in CD2Cl..
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Figure S35: *C NMR of [Mo(CO)s(PNP"PP")] (2a) measured in CD,Cl,. The signals of the

CO ligands are enlarged.
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Figure S36: Solid state IR and Raman spectra of [Mo(CO)s(PNP"PP")] (2a).
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2.2. Spectra of [Mo(CO)s(PNP"PEY)] (2c)
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Figure S37: *H NMR of [Mo(CO)3(PNP"PEY)] (2¢c) measured in CD,Cl,.
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Figure S38: 3'P NMR of [Mo(CO)3(PNP"PEY)] (2c) measured in CD,Cl,.
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Figure S39: *C NMR of [Mo(CO)s(PNP"PEY] (2c) measured in CD,Cl,. The signals of the CO

ligands are enlarged.
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Figure S40: Solid state IR and Raman spectra of [Mo(CO)s(PNP"PEY)] (2c).
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2.3. Spectra of [Mo(CO)s(PNP"PSP)] (2e)
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Figure S41: *H NMR of [Mo(CO)3(PNF"PP)] (2e) measured in CD,Cl,.
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Figure S42: 3P NMR of [Mo(CO)s(PNP"P®P)] (2e) measured in CD,Cls.
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Figure S43: *C NMR of [Mo(CO)3(PNP"P®P)] (2e) measured in CD,Cl,. The signals of the

CO ligands are enlarged.
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Figure S44: Solid state IR and Raman spectra of [Mo(CO)3(PNP"P®P)] (2e).
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2.4. Spectra of [Mo(CO)3(PNP"PPN] (2f)
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Figure S45: *H NMR of [Mo(CO)s(PNP"PP")] (2f) measured in CD,Cls.
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Figure S46: 3'P NMR of [Mo(CO)s(PNP"PP"] (2f) measured in CD.Cl..
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Figure S47: *C NMR of [Mo(CO)3(PNP"P*")] (2f) measured in CD,Cl,. The signals of the CO

ligands are enlarged.
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Figure S48: Solid state IR and Raman spectra of [Mo(CO)3(PNF"PP")] (2f).
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2.5. Spectra of [Mo(CO)3(PNP"P™)] (29)
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Figure S49: *H NMR of [Mo(CO)3(PNP"P™)] (2g) measured in CD,Cl..
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Figure S50: 3*P NMR of [Mo(CO)3(PNP"P™)] (2g) measured in CD,Cl..
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Figure S51: **C NMR of [Mo(CO)3(PNP"P®)] (2g) measured in CD.Cl,. The signals of the
CO ligands are enlarged.
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Figure S52: Solid state IR and Raman spectra of [Mo(CO)3(PNF'PY)] (2g).
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2.6. ABX Spin Systems of the Complexes

o]
-0 l
PhP .+
Mo
PhR= | ek
RN 5
¥ . DeM
IN
: | z
5
o
| l | :
) L l 1L l I |
200 150 100 50 0
ppm
MM,\/\AMJ\N‘VVW Pphz
MM PPh,  meta
para
231.8 231.6 231.4 231 220.0 2194 2188
ppm ppm
395 1390 1385 1380 1375 1370 1365 l L
ppm
130.5 130.0 129.5 129.0 128.5 128.0
ppm
133.0 132.5 132.0 131.5 131.0 58.2 58.0 57.8 57204 290 286 28.2
ppm ppm ppm

Figure S53: Complete assignment of the ABX and false AA’X patterns of the

[Mo(CO)3(PNP"PP")] complex (2a).
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Figure S54: Measured and simulated ABX pattern of the equatorial CO ligands of the

[Mo(CO)3(PNP"PPM)] complex (2a).
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Figure S55: Measured and simulated ABX pattern of the equatorial CO ligands of the
[Mo(CO)3s(PNP"PEY)] complex (2c).
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Figure S56: Measured and simulated ABX pattern of the equatorial CO ligands of the
[Mo(CO)3(PNP"PSP)] complex (2e).
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Figure S57: Measured and simulated ABX pattern of the equatorial CO ligands of the
[Mo(CO)3(PNP"PP1)] complex (2g).
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2.7. fac-mer-ratios of the complexes

Table S1: Ratio (%) of facial and meridional isomers of the complexes as determined from
3P NMR spectra.

Complex facial meridional
[Mo(CO)s(PNP'PPM] (2a) 99.6 0.4
[Mo(CO)s(PNP"PEY] (2c) 99.9 0.1
[Mo(CO)3(PNP"PEYP)] (2€) 99.2 0.1
[Mo(CO)3(PNP"P)] (2f) 99.2 0.8
[Mo(CO)s(PN™"P*™)] (29) 99.8 0.2
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3. Calculations

All following calculations were performed on PBEQOW/def2-TZVPP? level with Grimmes
dispersion correction,®! Becke-Johnson damping (D3BJ), density fitting approximation

(RIJCOSX),B! and with solvation correction (CPCM),! if values in solution are shown.

3.1. Optimized Structures of the Complexes

Figure S58: Optimized structures of facial (top) and meridional (bottom) [Mo(CO)3s(PNF'PPM)]
(2a). H atoms are omitted for clarity.
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”

Figure S59: Optimized structures of facial (top) and meridional (bottom) [Mo(CO)s(PNP"PEY)]
(2¢). H atoms are omitted for clarity.
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Figure S60: Optimized structures of facial (top) and meridional (bottom) [Mo(CO)s(PNP"PC¥P)]
(2e). H atoms are omitted for clarity.
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Figure S61: Optimized structures of facial (top) and meridional (bottom) [Mo(CO)3(PNP"PP")]
(2f). H atoms are omitted for clarity.
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Figure S62: Optimized structures of facial (top) and meridional (bottom) [Mo(CO)3(PNP"P™)]
(29). H atoms are omitted for clarity.
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Figure S63: Optimized structures of facial (top) and meridional (bottom) [Mo(CO)3(PNP"P®BY)]
(2h). H atoms are omitted for clarity.
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3.2. Metal-ligand bond

lengths of

the calculated

[Mo(CO)s(PNP"PR)] complexes (R = Ph, Et, 'Pr, Cy, 'Bu).

facial

and meridional

Table S2: Calculated metal-ligand bond lengths [A] of fac-[Mo(CO)s(PNP"PR)] complexes.

facial geometry

Complexes

Mo-N Mo-P; Mo-P> Mo-Cax Mo-C1 Mo-C»
[Mo(CO)s(PNP"PPM)] 2.51679 | 2.46766 | 2.46203 | 1.92362 | 1.97220 | 1.97115
[Mo(CO)3(PNP"PEY)] 2.47939 | 2.46676 | 2.47175 | 1.93056 | 1,97026 | 1,96195
[Mo(CO)s(PNP"PP1)] 2.50413 2.5127 251788 | 1.92641 1.9501 1.95966
[Mo(CO)s(PNPPY)] 2.48319 | 2.50420 | 2.51880 | 1.92799 | 1.95038 | 1.95851
[Mo(CO)3(PNP"P®BUY)] 2.6233 2.57207 | 2.61424 | 1.91583 | 1.94421 | 1.94357

Table S3: Calculated metal-ligand bond lengths [A] of mer-[Mo(CO)s(PNP'PR)] complexes.

meridional geometry

Complexes

Mo-N Mo-P1 Mo-P» Mo-Cax Mo-C; Mo-C,
[Mo(CO)3(PNP"PPM)] 2.48178 | 2.42192 | 2.41209 | 1.92562 | 2.01583 | 1.99903
[Mo(CO)3(PNP"PEY] 2.49136 | 2.41263 | 2.41210 | 1.92528 | 2.00727 | 1.99528
[Mo(CO)3(PNP"PP1)] 2.48644 | 2.42995 | 2.43096 | 1.92158 | 2.00453 | 1.99303
[Mo(CO)3(PNP"P)] 2.46430 | 2.43989 | 2.42000 | 1.92894 | 1.99728 | 1.99897
[Mo(CO)s(PNPP®BUY)] 2.49885 | 2.50332 | 2.49402 | 1.91854 | 1.99670 | 1.98558
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188

3.3. Energy calculations for fac- and mer-[Mo(CO)3(PNRPR’)] complexes

Table S4: Calculated Gibbs free energies of [Mo(CO)s(PNP"PR)] (R = Ph, Et, Cyp, Pr,
Cy, 'Bu) in the gas phase and solution (DCM, ¢ = 8.93).

Ggas AGsoly Gsolv

Complex [kcal/mol] [kcal/mol] [kcal/mol]
facial
[Mo(CO)3(PNP"PPM] -1543200.24 -31.05532127 -1543231.296

o] 3 - . -19. - .
Mo(CO)3(PNPhPE 1160969.975 19.85477584 1160989.83
[Mo(CO)3(PNPhPCyP)] -1453575.927 -24.22986778 -1453600.157
Mo 3(PNPP! -1259487.1 -20.5704 4 -1259507.7

CO PhpiPr 259487.163 20.5704998 259507.733

[Mo(CO)s(PNPPY)] -1552121.922 -27.29679252 -1552149.219
[Mo(CO)3(PNP"P®BUY)] -1357988.486 -21.41915313 -1358009.905
meridional
[Mo(CO)s(PNPhPP)] -1543197.817 -30.10114635 -1543227.919
[Mo(CO)s(PNP"PEY)] -1160970.206 -17.97303801 -1160988.179
[Mo(CO)3(PNPPC)] -1453581.476 -23.40582641 -1453604.882
[Mo(CO)3(PNP"PP1)] -1259496.428 -18.99073408 -1259515.419
[Mo(CO)3(PNP"P)] -1552125.816 -25.38548414 -1552151.202
[Mo(CO)3(PNP"P®BUY)] -1358003.72 -19.21321983 -1358022.933




Table S5: Calculated Gibbs free energies of [Mo(CO)s(PN"PR)] (R = Ph, Et, Cyp, 'Pr,
Cy, 'Bu) in the gas phase and solution (DCM, ¢ = 8.93).

Complex [kcglﬁou [kéglmol] [kcgls/orlrv\ol]

facial

[Mo(CO)(PN"P™)] | -1398383.759 -27.32576674 -1398411.085
[Mo(CO)s(PNHPE)] -1016147.537 -16.96869788 -1016164.506
[Mo(CO)s(PNHP™7] -1114671.64 -17.60969886 -1114689.249
[Mo(CO)(PN"P®)] | -1407307.438 -24.06628807 -1407331.505
[Mo(CO)(PN#PEY] | -1213179.254 -19.06922805 -1213198.323
meridional

[Mo(CO)(PN"PPhY] | -1398379.578 -28.82606656 -1398408.405
[Mo(CO)3(PNHPEY)] -1016155.684 -15.808218 -1016171.492
[Mo(CO)(PN"PPY)] | -1114681.412 -16.9093487 -1114698.322
[Mo(CO)s(PN"P®)] |  -1407310.917 -23.68817216 -1407334.605
[Mo(CO)s(PN"PEY] | -1213193.618 -18.33416055 11213211952

Table S6: Calculated Gibbs free energies of PNP"PR ligands (R = Ph, Et, Cyp, Pr, Cy,

'Bu) in the gas phase and solution (DCM, ¢ = 8.93).

Ligand [kcglﬁou [kﬁﬁﬁ?ol] [kcgls/ﬂf.ol]

N -1287095.097 -28.83574663 -1287123.932
PNPIpE -904857.6438 -16.40151038 -904874.0453
PNPhpCe -1197469.31 -22.84596516 -1197492.156
PNPIPPr -1003386.14 -18.29073567 -1003404.43
PNPIPCY -1296011.52 -24.72663781 -1296036.246
PNPIpiEy -1101910.385 -18.8994559 -1101929.284
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Table S7: Calculated Gibbs free energies of PNHPR ligands (R = Ph, Et, Cyp, Pr,
Cy, 'Bu) in the gas phase and solution (DCM, ¢ = 8.93).

. Ggas AGsoIv Gsolv
Ligand [kcal/mol] [kcal/mol] [kcal/mol]
PNHPP -1142269.557 -25.68944953 -1142295.246
PNHPE -760035.9299 -13.23454541 -760049.1644
PNHPiPr -858561.8971 -14.78404314 -858576.6812
PNHPCY -1151194.779 -22.45315368 -1151217.233
PNHpBu -957085.4904 -15.49833628 -957100.9887

3.4. Relative free energies

Table S8: Calculated relative Gibbs energies for fac- and mer-[Mo(CO),(PN""PR)]
complexes (R = Et, Ph, Cyp, 'Pr, Cy, 'Bu) in solution (DCM, ¢ = 8.93), visualized in Figure 6.

Ph_Et,

The values are scaled to [Mo(CO),(PN P )] (1), which has the lowest energy.

fac isomer

AGs,) [kcal/mol]

mer isomer

AGsony [kcal/mol]

Ph_Et

[Mo(CO),(PN P )] (1)

[Mo(CO),(PN""P™)] (2)

Ph_ Cyp.

[Mo(CO),(PN"'P™")] (3)
[Mo(CO),(PN""P"™)] (4)
[Mo(CO),(PN""P)] (5)

Ph__tBu,

[Mo(CO),(PN P )] (6)

190

0

8.421110196

7.783844423

12.48140657

2.811709851

35.16368118

Ph _Et.

[Mo(CO),(PN "P)] (1)

Ph_ Ph

[Mo(CO),(PN" P )] (2)

Ph_ Cyp

[Mo(CO),(PN P )] (3)

iPr.

[Mo(CO),(PN""P™] (4)
[Mo(CO),(PN""P™)] (5)

Ph_tBu

[Mo(CO),(PN P )] (6)

1.650553182

11.79810557

3.058926964

4.79556343

0.82877226

22.13559238



Table S9: Relative Gibbs energies for fac- and mer-[Mo(CO)S(PNHPR)] complexes (R = Et,
Ph, Cyp, 'Pr, Cy, 'Bu) in solution (DCM, ¢ = 8.93), visualized in Figure S60. The values are
scaled to mer-[Mo(CO)3(PNPhPE‘)] (1), which has the lowest energy.

fac isomer AGsoy [kcal/mol] mer isomer AGsoy [kcal/mol]

[Mo(CO),(PN'P™) (1) | 6.086006639 | MO(CO),(PN"P™)] (1) 0

[MO(CO)s(F’NHPPh)] 2 6.488786575 [MO(CO)a(PNHPPh)] 2 9.169350991

iPr. iPr.

[MO(CO)a(PNHF’ INE) 9.759243651 [MO(CO)g(PNHF’ E)] 0.687018967

[MO(CO)g(PNHPCV)] (4) 8.055601669 [MO(CO)3(PNHPCY)] (4) 4.954884871

[Mo(CO),(PN"P™) (5) | 24.00275655 | IMo(CO),(PN'P™)1(5) |  11.3645251
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— mer
20 - S
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5_ c— -
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\ N Yo PR, C\
H %
Figure S64: Calculated relative Gibbs energies of the facial and meridional
[Mo(CO)3(PNP"PR)] complexes in solution (DCM, & = 8.93) with different phosphine groups (R
= Et (2c), Ph (2a), Cyp (2e), 'Pr (2f), Cy (2g), ‘Bu (2h)), relative to the most stable complex
mer-2c. The complex bearing dicyclopentyl phosphine was not calculated because no
comparable system is reported in literature.
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3.5. Energy calculations of the relative Gibbs energies for the fac-mer-
transformations

AG(soIv)
[kcal/mol]

40

NH
TSISO [olex]

30 29

20

10

merhH
fachH

0 1

0

Figure S65: Calculated relative Gibbs energies in solution of the isomeric transformation of
fac- and mer-[Mo(CO)s(PN"P™¢)] model complexes via transition state TSisocos including
calculated structures with omitted H atoms for clarity.
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Figure S66: Calculated relative Gibbs energies in solution of the isomeric transformation of

fac- and mer-[Mo(CO)3(PNP"PM®)] model complexes via transition state TSiso"F"cos including
calculated structures with omitted H atoms for clarity.
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Figure S67: Calculated relative Gibbs energies in solution of the isomers of pentacoordinated
model complex [Mo(CO)2(PN"P®)], including the isomeric transformation via transition state
TSisoco2 and the conversion of the two possible meridional isomers via TSwerNco. and
calculated structures with omitted H atoms for clarity.
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Figure S68: Theoretical relative Gibbs energies in solution of the different isomers of
pentacoordinated model complex [Mo(CO)2(PNP"PM)], including isomeric transformation via
transition state (TSiso"""co2) calculated structures with omitted H atoms for clarity.
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Table S10: Calculated thermodynamic data of the different isomers of [Mo(CO)s(PNRPMe)]
and [Mo(CO)2(PNRPM)] complexes including transition states of the isomerization reactions
in solution (¢ = 8.93, DCM).

Complex Gibbs frC(;ee energy Total E'_rilthalpy Entgopy
[Mo] = [Mo(CO)n(PN"P*)] [kcal/mol] [kcal/mol] [kcal/mol]
n=3;R=H
fac-[Mo] (facNH) -917655,153 -917608,918 -46,235
mer-[Mo] (mer'H) -917653,736 -917607,412 -46,324
TSisocos -917626,020 -917580,634 -45,386
n=3;R=Ph
fac-[Mo] (facN"") -1062472,482 -1062420,488 -51,994
mer-[Mo] (mer"P") -1062469,760 -1062417,303 -52,457
TSiso™cos -1062436,971 -1062387,021 -49,950
n=2;R=H
fac-[Mo] (fac1NH) -846549,789 -846506,229 -43,560
fac-[Mo] (fac2"") -846536,643 -846493,315 -43,329
TSisocoz -846546,561 -846503,636 -42,926
mer-[Mo] (mer1\H) -846557,820 -846514,045 -43,775
mer-[Mo] (mer2\H) -846557,772 -846514,262 -43,510
mer-[Mo] (mer3\t) -846529,811 -846486,239 -43,572
TSwer"coz -846554,912 -846511,956 -42,955
n=2;R=Ph
fac-[Mo] (fac1P") -991372,107 -991323,559 -48,548
fac-[Mo] (fac2"") -991350,594 -991303,036 -47,558
mer-[Mo] (mer1\P) -991381,733 -991332,674 -49,059
mer-[Mo] (mer2\Fh -991343,014 -991294,725 -48,288
TSiso™"coz -991363,947 -991316,686 -47,261
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4. Crystal structure determination of [Mo(CO)3(PNP"PEY)] (2¢)

Table S11. Selected crystal data and details of the single crystal structure refinements
for compound 2c.

compound 2c
formula C21H33MoNO3P,
MW / g mol™ 505.36
crystal system Monoclinic
space group C2/c
alA 33.1642(2)
b/A 7.44970(3)
clA 19.1693(1)
al® 90
ple 99.524(1)
yl® 90
VIA 4670.75(4)
T/K 100.0(2)
z 8
Decac / g cm™ 1.437
p/ mm™ 6.055
Crystal size  0.07x0.07x0.07
/mm3

Gmax | deg 74.487
measured refl. 40366
Rint 0.0152
unique refl. 4772
refl. Fo>40(Fo) 4769
parameter 257

R1 [Fo > 40f0)] 0.0159
WR: [all data] 0.0403
GOF 1.072

ApPmaximin /e A3 0.342/ -0.408
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Figure S69: ORTEP plot of compound 2c with labelling and displacement ellipsoids drawn
at the 50% probability level.

Table S12. Selected bond lengths [A] and angles [°] for compound 2c.

Mol N1  2.4417(11) Mol C21 1.9781(14)
Mol P1  2.5136(3) Mol C31 1.9729(14)
Mol P2  2.5075(3) Mol C41 1.9378(14)
N1 Mol P1  76.85(3) C31 Mol P2 87.22(4)
N1 Mol P2  79.09(3) C31 Mol C21 87.97(5)
P2 Mol P1  99.130(11) C41 Mol Ni  173.50(5)
C21 Mol N1 97.36(5) C41 Mol P1  99.13(4)
C21 Mol P1 85.07(4) C41 Mol P2  96.69(4)
C21 Mol P2  173.64(4) C41 Mol C21 87.29(5)
C31 Mol N1 96.77(4) C41 Mol C31 87.90(5)
C31 Mol P1  169.85(4)

197



Chapter 9 Appendix

198

5. References

(1]
(2]

(3]

(4]
(5]

(6]

J. P. Perdew, K. Burke, M. Emzerhof, Phys. Rev. Lett. 1996, 3865-3686.

a) F. Weigend, Phys. Chem. Chem. Phys. 2006, 8, 1057; b) A. Hellweg, C. Hattig, S.
Hofener, W. Klopper, Theor. Chem. Acc. 2007, 117, 587.

S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132, 154104.

S. Grimme, S. Ehrlich, L. Goerigk, J. Comput. Chem. 2011, 32, 1456.

a) K. Eichkorn, O. Treutler, H. Ohm, M. Haser, Ahlrichs R., Chem. Phys. Lett. 1995,
283; b) K. Eichkorn, O. Treutler, F. Weigend, Theor. Chem. Acc., 1997, 119; c) F.
Neese, J. Comput. Chem. 2003, 24, 1740; d) F. Neese, F. Wennmohs, A. Hansen, U.
Becker, J. Chem. Phys. 2009, 356, 98.

V. Barone, M. Cossi, J. Phys. Chem. A 1998, 102, 1995.



Declaration

Hereby I, Sven Froitzheim, declare that this thesis consists only of my own work, except for
the advice of my supervisor Prof. Dr. Felix Tuczek and in accordance with the guidelines of
good scientific practice of the german research foundation. Furthermore i declare that this
dissertation has not been submitted, in whole or in parts, for publication or has been used
previously for the application for a degree. Finally i declare that none of my academic degrees

have been revoked.

Hiermit erkldre ich, Sven Froitzheim, an Eides statt, dass ich die vorliegende Dissertation,
abgesehen von der Beratung durch meinen Doktorvater, allein angefertigt habe und diese
nach den Richtlinien guter wissenschaftlicher Praxis der deutschen Forschungsgemeinschaft
entstanden ist. Dariiberhinaus erklére ich, dass der Inhalt dieser Arbeit weder ganz, noch in
Teilen zuvor veréffentlicht oder zur Verdffentlichung eingereicht wurde. Auch wurde der Inhalt
dieser Dissertation nicht im Rahmen eines Priifungsverfahrens an anderer Stelle eingereicht.

AbschlieBend erklére ich, dass mir bisher kein akademischer Grad entzogen wurde.

Ort, Datum Sven Froitzheim

199






List of Figures

2.1 Energy diagram of the conversion from Ny and Hs to NHs. The blue reaction
pathway describes the reaction on the catalysts surface, the red path the direct

reaction in the gaseous phase. Adapted from.3637 0. 4
2.2 Simple illustration of the nitrogen cycle. The three main stages of the nitrogen

cycle are the Fixation, Nitrification, and Denitrification. Adapted from3 . | 6
2.3 Ribbon diagram of the Nitrogenase enzyme complex. Located within the MoFe-

protein (light blue & purple) are two units of the FeMoco and the P-cluster.

On both ends of the MoFe protein binds the dinitrogenase reductase also called

Fe-protein (gold & silver). The active components within the Fe-protein are

the F-cluster as well as 2 MgATP. This image was created using PDB entry

IN2C and ChimeraX.™731 .o 8

2.4 Structure of the active site of the Nitrogenase - the iron-molybdenum cofactor

(A), the P-cluster with surrounding aminoacids (B) and the F-Cluster (C) of

the dinitrogenase reductase. Iron is shown in orange, sulfur in yellow, carbon

in gray, nitrogen in blue, oxygen in red and the molybdenum in light blue.

This image was created using PDB entries 1IN2C, 3U7Q and ChimeraX.[71-73:80] 9
2.5 Illustration of the THORNELEY-LOWE-model describing the catalytic cycle of the

biological nitrogen fixation. Each step of the cycle is represented by an E with

an index reflecting the number of electrons transferred. PDB entries 1N2C[71]
and 3U7TQ[Y were used for creating the MoFe-, Fe-protein and ferredoxine
(PDB 1FRI) images in the iron cycle. Adapted from EINSLE and REgs.®) . . 11

2.6 Schematic representation of the alternating and distal mechanism of nitroge-

nase L0718l 12
2.7 Left: Illustration of molecular orbital scheme starting from a single nitrogen

atom, to the dinitrogen molecule and finally to the bonding situation in a

terminal molybdenum complex. Right: Illustration of the interacting orbitals

in their respective orientation of the Mo-Ny fragment.!!26-1300 14
2.8 Coordination modes of dinitrogen molecule to transition metal centers.'23 . . 15
2.9 Tllustration of the CHATT cycle, in which dinitrogen is converted to ammonia

by a sequence of protonating and reducing steps.[2-154155) 16

2.10 Ilustration of the SCHROCK cycle, in which dinitrogen is converted to ammonia
by a strictly alternating sequence of protonating and reducing steps. The blue
intermediates have been isolated.!581621 000 18

2.11 The pincer based system by SCHROCK et al.'6° . . . . . ... ... .. ... 19

201



List of Figures

202

2.12

2.13

2.14

2.15

2.16

2.17

3.1

3.2

3.3

4.1

5.1

5.2

Iron dinitrogen complexes bearing the variations of the ligand for synthetic

nitrogen fixation developed by PETERS et al.l'66:167]

Illustration of the PCET mediated electrochemical Nao-to-NHg reduction by
PETERS et al., exemplified with a tungsten bisdinitrogen complex. Edited
after.1T31

Selection of complexes used for synthetic nitrogen fixation by NISHIBAYASHI et

].[186,190-192]

Examples of different nitrogen complexes synthesized by the TUCZEK group

for synthetic nitrogen fixation.214:215:218-223]

The pentaPod concept arose from combination of the tridentate PPP and
tripodal PPP ligands.[222227) L.

[MoCl3(PN3P)] complex synthesized by STUCKE capable of ammonia generation
(3.12 equiv.) upon addition of [Cpy Cr] and [ColH]|[OTf]. This is the first

system of the TUCZEK group which exhibited catalytic activity.?2? . . . . ..

Inert gas cell designed for electrochemical analytics and use in electrocatalytical

experiments . . . . ... L L. e e e e e

The cyclic voltammograms of the [W(Ny)(P2MePP,P1)] complex (c = 0.06
mmol/L) measured with the cells build for the electrochemical investigations
(thf, 0.1 mol/L. TBAPFg). Display is the overview voltammogram (left) and a
measurement of the redox events of the complex (right). Two redox systems are
associated with the complex. The first reversible redox system can be assigned
to the oxidation/reduction of W0=W! and the second, quasi-reversible system
tothe WieWIL 0000

Setup for investigations towards electrocatalytic activity of the complex using

a mercury pool electrode. . . . . . ... Lo

Mlustration of o-donation from a PRg ligand to a metal center (left) and the
m-backdonation from the d-orbital of the metal to free 7 -orbitals of the ligand
(right). Edited based on OrRPENI*®! and CraBTREE.?36] . . . . . . ..

Illustration of different methods of deposition of complexes on a surface: direct
deposition (top left), self-assembled monolayers (top right) and the platform
approach (bottom). It is worth noting that the uniform orientation of the

complexes does not represent an experimental case. . . . . . .. .. ... ...

Ilustration of the molybdenum tricarbonyl complex bearing a modified PN3P
pincer ligand on an Au(111) surface. The complex is attached to an octyl-TATA

platform which is used to vertically deposit the headgroup on the surface.[261]

67



List of Figures

5.3

5.4

9.5

5.6

2.7

5.8

5.9

5.10

5.11

5.12

Tlustration of the molybdenum tricarbonyl complex bearing a modified tripodal
P3 ligand on a Au(111) surface. The complex is attached to a TATA-platform
which is used to vertically deposit the system on the surface.262l . . . . . ..
Ilustration of the approaches for depositing a Mo(0) tricarbonyl complex
bearing tridentate PNP ligand on gold surface targeted in this project. . . . .

31p{IH} NMR spectrum of ligand 4. The successful substitution of the terminal

chlorides by diphenyl phosphine can be seen from the product signal at -21.1 ppm. 72

Comparison of the infrared spectra of the [Mo(CO)3(PNFRPPM)] complex (top,
red) to the attempted coordination of the surface modified PNP ligand 4
(bottom, black). . . . . ...
31p{IH} NMR spectrum of the attempted coordination of the surface modified
PNPEPPI Jigand 4 using [Mo(CO)sz(cht)]. . . . . . ... ... ... ... ...
XPS spectra of the first attempt to deposit the dummy molecule 5 in a monolayer
on a gold surface without prior reductive conversion of the thiocyanate to a
thiol. The deposition was attempted directly starting from the thiocyanate
upon cyanide release. The spectra show the presence of multiple species on the
surface especially in the sulfur 2p-spectrum (bottom right). The other element
spectra (carbon 1s, top left; chlorine 2p, top right; nitrogen 1s, bottom left)
show that the substance used was pure. . . . . ... ... ... .. ......
Top: Aromatic region of the ¥C{*H} NMR spectrum of the inverse attempt
shows the successful introduction of the SCN group in the 4-position of the
aniline group in every variant of the ligand. Middle: structures of the three
ligands obtained in the reaction. Bottom: 3'P{'H} NMR spectrum of the
inverse attempt revealed the formation of three main products. The integrals
show the percentage quantities of the products. . . . . .. ... ... ... ..
Comparison of the aromatic region of the 3C{'H} NMR spectra of the PNPhpFh
ligand (top) and the borane protected PNPEPPM after the introduction of the
thiocyanate group (bottom). The introduction of the SCN group leads to a
shift of the two meta carbons (blue arrow) and the para-carbon (red arrow) of
the aniline ring. . . . . . . . . ..o
Comparison of the 3'P{'H} NMR spectra of the PNP"PP! ligand (9, top),
the borane protected PNPPPP! ligand (10, middle) and the borane protected
PNPhPPh after the introduction of the thiocyanate group (11, bottom). The
borane groups successfully withstood the reaction conditions during the intro-
duction of the SCN group. . . . . . . . . . ...
3Ip{1H} NMR spectrum of the attempted removal of the borane groups on
SCN modified PNPRPP! ligand (11). Besides the formation of the product and
the halogenated phosphines from the prior step mainly phosphine oxides were

formed. . . . . ..

78

81

84

85

203



List of Figures

5.13 Comparison of the 3'P{!H} NMR spectrum of the prPPHP ligand (top) and
the modified ligand 13 (bottom). The enlarged regions show several byproducts
and oxidized species. The large signal at -17.0 ppm can be assigned to the
PPhsy groups and the signal at -26.1 ppm to the central phosphine after the

substitution of the proton by the aromatic residue. . . . . . . ... ... ... 88

204



List of Tables

7.1 Frequencies and references of the measured nuclei. . . . . ... ... ... .. 97

205



