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Abstract

This thesis describes the preparation of various PYE- and triazolylidene-based ligands, their

coordination to transition metals and the application of those systems in challenging catalysis.

The Introduction outlines the general role of transitionmetal-catalysis in relation to sustainable
energy storage and fuel production. Tuning of homogeneous catalysts via specific ligand design
is discussed. Concepts of cooperative ligands, such as bifunctionality and redox non-

innoncence, as well as electronically flexible ligands are introduced.

A new new ruthenium complex containing a pyridylidene amine-based NNN ligand is explored.
It was applied as a catalyst precursor for formic acid dehydrogenation where it showed high
activity (TOF ~10,000 h'") even in the absence of basic additives. Mechanistic investigations
using correlation of UV-vis and NMR spectroscopic changes with gas evolution profiles indicate
rapid and reversible protonation of the central nitrogen of the NNN ligand as key step of catalyst

activation, followed by an associative step for formic acid dehydrogenation.

Based on a Ruthenium(ll)-arene complex, featuring a tridentate PYE-Amide-Quinoline ligand,
a series of derivative complexes, which were systematically modified, were explored in formic
acid dehydrogenation. The choice of ancillary arene was shown to be vital for catalyst longevity
under catalytic conditions. Furthermore, the essential role of the centrally coordinated amide
was demonstrated through substantially lower catalytic activity after protonation or methylation
of this position. The introduction of an electron withdrawing CF3 group on the ligand backbone
almost tripled the maximum TOF to 27000 h-' making it the most active ruthenium complex to

date in the absence of additives.

An iridium triazolylidene complex was heterogenized and applied in water oxidation. Rational
ligand design allowed postmodification of the complex and integration into a self-supporting
polymer. Preliminary catalytic runs showed equal activity of unsupported and heterogenized
complex. Analysis of the aqueous solution showed leaching of iridium into the reaction media,

which was attributed to instability of the polymeric backbone.

A phenoxy-substituted PYE ruthenium complex was investigated. In the solid state and in non-
coordination solvents (CD2Cl2) the complex is present as a phenolate-bridged dimer but
suitable ancillary ligands were shown to coordinate to the ruthenium centers and lead to
formation of monomeric complexes. The redox behaviour of the complex was investigated by
spectroelectrochemical techniques which showed two reversible redox events with distinct
color changes. EPR analysis indicates that the first oxidation event is mainly localized on the

ligand.
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CHAPTERI

The role of transition metal catalysis and ligand design in

moving towards a cyclic green energy economy

This chapter introduces the role of catalysis in moving towards a sustainable cyclic energy
economy. General concepts of green energy storage and the usage of renewable fuels are
described. Main focus will lay on water oxidation catalysis, a crucial halfreaction for the
production of dihydrogen, as well as on formic acid as a promising liquid organic hydrogen
carrier molecule. The important role of rational ligand design in homogeneous catalysis will
be discussed and the concept of ligand cooperativity introduced. Cooperativity can entail
bifunctional ligands that change their atomic composition during catalysis as well as redox
non-innocence. Electronically flexible ligands will also be discussed as a related tool for
advanced ligand design. Special attention is given to mesoionic carbenes (MICs) and
pyridylidene amines (PYEs) and amides (PYAs) which are introduced as attractive ligand
classes for redox catalysis with easy synthetic access, modularity and the ability to change

donor properties to suit the metal center.
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1.1 The cyclic energy economy

The extensive usage of fossil fuel sources comprised of oil, coal and natural gas has led to a
net warming of the planetary atmosphere leading to exacerbated weather and climate events.
This is driven by the release of several gases in the combustion process (e.g. COz) that drive
the so-called “greenhouse effect” where the amount of trapped heat, generated by sunlight
irradiation of the atmosphere, is increased.! In order to stave off global crisis it is deemed
necessary to cease usage of fossil fuels and invest in the development of renewable energy
sources.? This process is well underway and methods to harvest sunlight, wind and water
energy are beeing steadily improved. However, to be able to actually fully replace fossil fuels it
is essential to efficiently store renewable energy, foremost driven by the transient nature of
green energy production which peaks at times not necessarily correlated with peaks of energy
demand. Thus, large amounts of energy need to be stored in an easy and safe manner. This
has led to the concept of a circular energy economy where materials used for energy storage

are constantly recycled, lowering the storage cost and generation of waste.
1.1.1 Green energy storage

Most of the renewably produced energy at the moment is generated in the form of electricity.
There are various methods available to store it although no singular one is really adequate for
all use cases. Short term storage as it is needed to flatten energy spikes/dips experienced in
electrical grids is often done directly via charge separation in capacitors or supercapacitors, but
low energy density and quick discharge make the technique ill suited in terms of mid to long
term energy storage.® A more popular method is storage as kinetic energy, e.g. pumping up
water into hydroelectric dams. While the technique works great it requires large amounts of
space and is stationary by its very nature. This is contrasted by electrochemical storage e.g.,
batteries and accumulators which can be built in many sizes and made to fit a huge array of
potential applications. Main downside of batteries is slow self discharge even in non-use,
degradation over time, weight and slow recharging time. Ultimately, energy can also be stored
in chemical bonds.* This principle is of course the basis of our existence, as in nature plants
(and some bacteria) use solar energy to split water and form energy-rich biological reducing
agents that allow production of sugars and other necessary cell components.>6 Convergently
we can artificially store energy by forming various energy-rich organic moleculas that can then

be used as renewable fuels.”
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1.1.2 Hydrogen

While the photosynthetic pathways in plants are well understood, the complexity of the related
systems make direct translation into artificial systems difficult.”-'® To achieve artificial
photosynthesis two half reactions have to be performed which are water oxidation0-13
(providing electrons and protons) and reduction of a feedstock molecule to generate fuels.™
Dihydrogen has been proposed as one of the most promising alternative fuels. It can be
generated from only water as a feedstock and upon usage only benign water waste is again
released. The formation of dihydrogen by electrolysis of water has been known for a long time
and was already discoverd in the 1800s.'> However direct formation and usage of dihydrogen
has major drawbacks. Hz is explosive and and has a low volumetric energy density rendering
it inferior to traditional fuels in most applications. It has thus been proposed to instead use liquid
organic hydrogen carriers (LOHCs) as transient storage vectors. LOHCs constitute small
organic molecules than can undergo reversible hydrogenation and dehydrogenation cycles,
allowing safe use of thus stored dihydogen. 6 Various systems have been investigated for their

suitablility including quinolines'?, boranes®, formic acid (Fig. 1) and methanol.'®

Hydrogen Dehydrogenation and
consumption H, hydrogen release

+0,50, Dehydrogenation

HCOOH COy + Hy

CO; HCOOH
Dehydration

H,0
-0.50, HCOOH —> CO +Hy0
Water splitting Dihydrogen storage
H, in LOHC

Figure 1. Proposed hydrogen production cycle with intermediate storage as formic acid.

1.1.3 Formic acid

Formic acid (FA; HCOOH) is an outstanding candidate for hydrogen storage (Figure 1) as it
can be easily handled and provides sufficiently high energy densities for broadscale
application.20-22 Specifically FA has a volumetric energy density of 1.77 kWh/l, which is
significantly higher than what is obtainable from gaseous Hzeven when high pressure (700 bar)
gas tanks are used which reach 1.4 kWh/I.22 FA can be decomposed via two competing
pathways which are dehydrogenation (to H2 and COz2) and the undesirable dehydration (to H20
and CO) which necessitates development of suitable selective catalysts. While catalytic formic
acid dehydrogenation (FADH) is known since the 1960s the field has only picked up much
interest since the seminal work of Beller and Laurency in 2008 (Scheme 1) where they
proposed FA as an LOHC.24-26
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[Ru(H,0)¢l(tos), + TPPTS [RuCl,(PPh;)s]
H,O DMF
120°C 40°C
HCOOH/HCOONa HCOOH/NEt;
TOF: 460h™" TOF: 2688 h"
Laurenczy 2008 Beller 2008

Scheme 1: Seminal FADH systems of the groups of Laurenczy and Beller

I.2 Ligand design for efficient and selective homogeneous catalysis

Catalysis is a cornerstone of chemistry, allowing the lowering of activation barriers to increase
reaction rates. It allows synthesis of desirable components under less harsh conditions,
lowering energy consumption and lessens stochiometric production of waste. Thus, catalysts
will also play a central role in the production and usage of renewable fuels. For example, while
water splitting can be performed very easily by submerging two gold electrodes in water the
reaction is not energy efficient enough to allow broadscale production of dihydrogen. Suitable
catalysts are thus needed on the electrode surfaces to increase the efficiency of the overall
reaction. Furthermore, suitable catalysts need to be developed for the production and

subsequent dehydrogenation of LOHCs.

Transition metals play a vital role in many, if not most, catalytic reactions. Their properties and
reactivity are dependent both on the metal center as well as on potentially coordinated ligands
and must thus suitably be tuned toward the desired reaction outcome. Different metals often
have an intrinsic proclivity towards certain reactivities but by developing appropriate ligands
this reactivity can be massively enhanced or even subverted. Tuning of catalytic properties
through ligands, in well defined molecular complexes, is one of the big benefits homogenous
catalysts provide over heterogenous systems, where activity and selectivity are difficult to
control. Classical ligands such as phosphines amines and halides feature static donor
properties towards the metal, complemented by their individual steric characteristics. In
catalysts featuring such ligands reactivity is exclusively metal centered. However, ligands can
also play a more prominent role during a catalytic reaction.2’-2° Cooperative ligands for example
can actively participate during catalysis by undergoing reversible structural changes where
substrate-bonds can be split over a metal-ligand bond. Redox non-innocent ligands can go
through electronic changes, thus donating or storing electrons in place of the metal center,
allowing reactivity that a classical metal complex could never achieve. Functional ligands can
even be the exclusive active site of a complex, turning the metal into a stabilizing spectator.3°
Another way to improve catalytic activity can be the introduction of electronically flexible
ligands, that can adapt their donor properties to suit the needs of the metal center through

mesomeric charge distribution effects.
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1.2.1 Bifunctional substrate activation

In most classical catalytic scenarios bond activations take place exclusively on the metal center
while the ligand plays a spectator role. This accounts for reactions such as oxidative additions,
reductive eliminations or 3-hydride eliminations. However, bonds can also be heterolytically
split over a metal-ligand bond which retains the oxidation state of the metal center (Scheme
2). Such reactivity is actually often used in enzymes like hydrogenases. The direct involvement
of the ligand skeleton during catalysis can eliminate the need for additives and lower production
of waste. Various exemplary systems that operate in such a manner are described in this
section with a special focus on hydrogenation3! and dehydrogenation reactions as it critically

relates to the formation and decomposition of LOHCs.

* B

M—L

A__
M—L + A—B =——= |}
M_

—---m

Scheme 2. Metal ligand cooperation assisted bond activation.

An early example of metal ligand cooperativity was discovered and investigated by Shvo in the
mid 80s.323 The Shvo pre-catalyst consists of a dinuclar ruthenium complex with a
hydroxycyclopentadienyl ligand that has been applied for various hydrogen transfer reactions
involving carbonyls, iminies, amines and alcohols as substrates.® In solution the dimeric
species 1 dissociates into the monomeric catalytically active complexes 2 and and 3 (Scheme
3). Transfer hydrogenation reactions are proposed to take place through an outer sphere
mechanism where the hydride from the ruthenium center and the proton from the OH of the

hydroxycyclopentadienyl ligand are transferred concertedly onto the substrates.36-38
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Scheme 3. Shvos dimeric precatalyst 1 can dissociate in solution into catalytically active species 2 and
3. The proposed reaction mechanism in transfer hydrogenation reactions involves no substrate

coordination but takes exclusively place in the outer sphere.

Other early examples of bifunctional metal ligand cooperation3®4° were discovered by R. Noyori
who applied it to hydrogenation reactions.*! The bifunctionality was initially introduced via
simple diamine ligands that could reversibly store a proton on the ligand during hydrogenation
catalysis (“NH effect”). In tandem with the ruthenium center formal dihydrogen was transiently
stored on the complex, with the hydridic hydrogen coordinated to ruthenium. In an outer sphere
mechanism hydride and proton can then be concertedly transferred to a substrate. The general
design principle has been greatly expanded over the years with different ancillary ligands and
a vast library of possible ligand modifications on the amine.*2-#4 For example ruthenium arene
complexes were developed with outstanding performance in hydrogenation reactions (Scheme
4).4548 |n these systems various arenes and bidentate ligands were explored, main important
feature was the presence of at least one primary or secondary amine coordination site to enable
the transient proton storage on the ligand. The ruthenium chloride catalyst precursor 4 was
activated in the presence of base to active complex 5 which then catalyzes transfer
hydrogenation of alhohols via intermediate 6. Hydrogen transfer is supposed to take place in a

concerted fashion as shown in TS1.
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‘ KOH | \
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Scheme 4. Noyori type bifunctional ruthenium arene based catalysts and proposed mechanism for the

enantioselective transferhydrogenation of ketones.

Another milestone of cooperative catalysis are the pincer-type ligand systems initially
developed by Milstein.*?-%* The ligands are based on 2,6-lutidine with a central pyridine mojety
and two side arms with chelating groups. Over the years this type of system has been expanded
from the initial ruthenium complex and derivates of the ligand have been coordinated to various
transition metals (e.g. Ru, Ir, Fe, Mn, Co, Re, Mg).%® These lutidine-based ligands can act
cooperatively by reversible deprotonation of a CH: linker ortho to the central pyridine ring, which
leads to dearomatization of the heterocycle and exocyclic double bond formation (Scheme
5).%6-62 This renders the complex active and H-X bonds (X = H, O, N, B) can be heterolytically
split over the metal center and ligand. Notably the coordination mode of the central nitrogen
switches from L-type amine to X-type amide during this mechanism and the oxidation state of
the metal does not change in the catalytic cycle. Based on the aromatization/dearomatization
principle a ruthenium catalyst was developed that was active in the splitting of water via two
steps, one thermally driven, the other photocatalytic.83-65 In a first thermally induced step
complex 7 eliminates dihydrogen to give complex 8. Light irradiation (320 - 420 nm) then
promotes Oz elimination, likely through H202 as an intermediate, forming unsaturated complex
9. Through proton migration from a CHz linker to the ruthenium center complex 10 is formed,
which can react with water to regenerate 7. Related complexes are also active in various other
transformations e.g. alcohl dehydrogenation, ester hydrogenation®, alcohol and amine
couplings as well as the hydrogenation®” of carbamates carbonates and formates.57:68 The
groups of Nozaki and Pidko showed high activity of iridium8°70 and ruthenium?! systems in

formic acid dehydrogenation, although in the presence of exogenous base.
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Scheme 5. Left: General mechanism of heterolytic bond splitting with lutidine based systems. Right: Water

oxidation mechanism with the Milstein-type system

Based on the ligand aromatization methodology Milstein et. al. also developed acridine pincer
type systems where cooperativity can take place on the remote C9 position of the ligand
(Scheme 6.)7273 Complex 11 reacts with Hz in the presence of KOH to form reduced and
dearomatized complex 12. A ruthenium system? featuring such a ligand was recently applied
in the dehydrogenation of neat formic acid, although preliminary analysis indicates that

cooperativity might not be essential for this reaction.”

Hj (5 atm)
1eq KOH

135°C

Scheme 6. Acridine-type Milstein system and heterolytic dihydrogen splitting over ruthenium and ligand

skeleton.

Following the reactivity demonstrated by Milstein the group of Huang developed ligands based
on aminopyridine where the CH: linker of the lutidine systems is replaced with an NH motif.”®
The ligand systems have been coordinated to various transition metals”” (e.g. Ru, Ir, Cr, Fe,

Mo, Pd, Ni, Cu) and were applied in base free transfer hydrogenation,’®78 hydrogenation of
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esters’® and amine coupling reactions,?® among others®'. In 2016 they demonstrated the
application of a series of ruthenium complexes in formic acid dehydrogenation (Scheme 7).82
Dearomatized complex 13 can react with FA to form formate complex 14, which then eliminates
CO:2 to the dihydride complex 15. Dihydrogen liberation finally regenerates complex 13. During
the catalytic cycle the ruthenium center maintains its oxidation state of 2*. The catalyst was
active in the absence of additives with TOFs of 2,380 h-' and TONs of 93,000 but performance
was drastically improved in the presence of triethylamine which boosted TONs to 250,000. Best
performance was achieved at 90°C with TOFs of 7,000 h-' and a TON of 1,100,000.

H\
N-P'Bu,
—( H]
\ /N'RU—CO
: | S
N—PH'Bu,
H
H H
N—P'Bu, N—P'Bu,
— — H
\ N-Ru\—CO - \ /N'Rlu\_CO
\ H OCHO
N—P'Bu, HCOOH N—P'Bu,
H
13 14

Scheme 7. Proposed reaction mechanism for formic acid dehydrogenation with aminopyridine

based systems.

Aliphatic tridentate pincer ligands are another versatile platform extensively studied for metal
ligand cooperation. Initially investigated by Fryzuk83-86 et al. in the 80s a huge library of
derivative systems has been developed with different transition metals and various ligand
modifications. During catalysis the centrally coordinated amide can reversibly store a proton,
thereby allowing heterolytic bond cleavage over the nitrogen metal bond. The Schneider group
has also shown that the aliphatic ethyl backbone of this ligand class can potentially be reversibly
dehydrogenated as well, leading to two bifunctional MLC modes.87-88 Hydrogenation of various
substrates such as ketones, esters, azides,®® alcohols®® and amino borane adducts®!®? is
known. Furthermore, Beller et. al. demonstrated in 2013 the application of these systems in
methanol dehydrogenation (Scheme 8).93%4 The precatalyst 16 is activated by base, forming
complex 17 which reacts with alcoholates to complex 18. Via 19, hydride complex 20 is
generated. This species reacts with methanol either by direct deprotonation of the OH via the

ruthenium hydride, forming dihydrogen complex 23, or by first deprotonating an equivalent of
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methanol via the amide ligand (21) and then reacting with a second equivalent of methanol to

form dihydrogen complex 22. Dihydrogen release then regenerates the active species 17.

N /|\_PiPr2
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ipr H l‘OH
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Scheme 8. Proposed catalytic cycle for aquaeous methanol reforming by Beller et. al.

The group of Himeda has explored bifunctional ligands bearing 2-hydroxypyridine-based
skeletons.%5% Corresponding irdium complexes were applied in CO2 reduction to formic acid
where high catalytic activity is proposed to arise from the presence of the ortho pyridone groups
that can act as internal bases to promote heterolytic dihydrogen activation (Scheme 9).97-%° The
precatalyst 24 is activated by loss of H20, which frees up a coordination site in 25 for dihydrogen
coordination to form 26. Dihydrogen is then heterolytically split over the iridium center and the
pyridonate ligand (27). The proton on the ligand is highly labile (28), thus reaction with CO2
results in intermediate complex 29. Conversion to formate complex 30 and subsequent loss of

the formate regenerates 25. Best performance was achieved with a derivative complex

10
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featuring two iridium centers coordinated to a tetrahydroxybispyrimidine ligand and TOFs of
15,000 h' and TONs of 153,000 were reported. Yamaguchi has used the same ligands for
acceptorless alcohol dehydrogenation and proposed that the pyridine moiety again acts as an
internal base to promote OH bond activation.'® However, When applied in formic acid
dehydrogenation cooperativity appears to play no significant role compared to electronic ligand

influences.101.102

) HCOO -

O H A 0 S 0
| N \A\ ,_4 | N -H,0 | N
P N\ o 0 Z \I - Z \I ,OH;
I’ SN, /N
_ N/ \Cp* = IN Cp*  +HO Z>N Cp*
| N o-
25

2 o-

30 H>

S H
|/N H# 7 |r""\H
P "';C'p;'o S
U -

59 O 26

| e | ~OH

7 N>Ir’H ‘__i, 7 N>Ir’H
= IN Cr* +H ~ IN Cp*
N0 N0

28 27

Scheme 9. Proposed CO: hydrogenation mechanism with 2-hydroxypyridine based ligands.

1.2.2 Redox active ligands

With classical transition metal complexes redox events take exclusively place at the metal
center as ligand-cantered events are energetically disfavoured. In such systems the ligands
are deemed to be redox inactive. However, a broad field of redox active ligands has been
investigated. These ligands allow ligand-centred redox events to take place.'93.1%4 Depending
on ligand and metal centers these events can be well defined and highly localized or be
distributed between ligand an metal, making assignment of traditional oxidation states

hazardous. Redox active ligands can benefit catalytic systems in various ways. By acting as

11
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electron reservoirs otherwise inaccessible redox chemistry can occour even with redox inactive
metals such as Zn(ll) or Zr(IV). They can also impart nobility on early transition metals that
would normally favour one-electron processes but in conjunction with a redox active ligand can
now catalyze two electron transformations like oxidative additions. Redox-active ligands can
further directly transfer single electrons from ligand to a substrate or bifunctionally activate a
substrate. A majority of these systems are based on o-phenylene type structrues such as

catecholes, o-aminophenolates or o-diaminophenolates (Scheme 10).105.106

catecholoid semiquinonoid quinonoid
X, X X, L LL
L C 94
0- SN o
R
o -e” oN -e’” o]
cr, = O, = I
- S N
i +te i +te i
R R R
R R R
o4 o C
N N N
R R R

Scheme 10. o-phenylene ligands in different oxidation states (redox- isomers).

Heyduk et. al. have investigated the redox chemistry of aminophenolate type ligands in
conjunction with Zr(IV), a d° metal center that has no access to oxidative transformations. The
two redox active ligands in complex 31 (Scheme 11) can provide two electrons to allow
reductive elimination of the two phenyl ligands from 32. Solvento complex 33 is thus formed
which can oxidatively add Cl2 to the zirconium metal center (34).17 In these processes the
metal does not change oxidation state but both ligands undergo 1e- oxidation, allowing

oxidative additions and reductive eliminations from an otherwise redox inactive metal.

12
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Scheme 11. Reductive elimination and oxidative addition from a Zr(IV) complex facilitated by two

aminophenolate Ligands.

Soper et al. have applied the homoleptic Co(lll) complex 10 with aminophenolate ligands in a
Negishi-type cross coupling reaction (Scheme 12).1%8.109 The redox active ligands allow
oxidative addition of an alkyl fragment onto the metal center, which does not alter its oxidation

state. Instead, both ligands undergo one-electron oxidation to form stable iminosemiquinone

2e

Cl,

Ph /Ph
7r
o~/ o
tBUj;N‘gu EN\QF\U
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32
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radicals in complex 36. The R group can then be transferred to aryl zinc bromides.

tBu Ph
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tBu e
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Scheme 12. Reductive elimination and oxidative addition from a Zr(IV) complex facilitated by two

aminophenolate Ligands
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The group of Tanak has investigated dinuclear ruthenium catalyst 37 for electrocatalytic water
oxidation (Scheme 13).1"° The ruthenium centers are connected via an anthracene linker that
features two terpyridine moieties that coordinate to the metal. Both metals further complexate
redox active quinone ligands. The ground state bis(hydroxy) complex 37 undergoes double
deprotonation to form intermediate 38 with peroxobridged ruthenium centers. This reactivity is
facilitated by the quinone ligands undergoing one-electron reduction to the respective
semiguninones before releasing the stored electrons and returning to the quinone form while
the peroxo bridge remains in 39. O-O bond formation was initially proposed to involve formation
of Ru(lll) in complex 40, to allow reaction with H20 while releasing Oz and generating aqua
complex 41. However, follow up investigations indicate that this step can well take place without
formal oxidation change of ruthenium and instead may be solely dependent on ligand-centered

redox events.'"'-114 |n a final step the aqua ligands loose a proton each to form 37 again.

2H* / g

37

~
c’)‘{\iR‘u*N / \Ng:“u;N i N(;?fj\{ /O\NQDN
5// 0 \\2 -2e 5/0/ o/ 0 O?\z
40 39

Scheme 13. Proposed mechanism for electrocatalytic water oxidation with dimeric Ru(ll) catalyst
supported by o-quinone ligands. Putative mechanism shown here involves Ru(lll), but it is possible that

all redox events are ligand centered and the metal oxidation state does not change during the reaction.

14
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1.2.3 Electronically flexible Ligands

In the previous sections, basic principles and mechanisms of cooperative ligand-assisted
transition metal catalysis have been discussed. In these systems the ligands reversibly undergo
distinct structural or electrochemical transformations to facilitate the catalysis. Electronically
flexible ligands follow a different design principle where they can adapt their donor properties
and electronic structure without undergoing chemical transformations. This potentially allows
such ligands to better suit the needs of a metal center during catalytic transformations where
multiple oxidation states must be accessed or transient species with less suitable coordination

behaviour need to be activated.
N-heterocyclic carbenes

The most investigated ligand class in this context are N-heterocyclic carbenes (NHCs) with an
incredibly diverse spectrum of ligands and corresponding transition metal complexes. The first
stable NHC was an imidazolylidene isolated by Arduengo in 1991"'® which led to an explosion
of studies aiming to synthesize and analyse related compounds.''6."17 Imidazolylidene ligands
can be represented by two different canonical resonance structures’® j.e. a neutral and a
zwitterionic one (Scheme 14), which enables the electronic flexibility of these compounds. The
ligand class is most prominentely featuered in the 2nd generation Grubbs catalyst that
revolutionized the field of olefin methathesis, but there is little indication that electronic flexibility

plays a role in the high activity of this complex.'®

X ] bs
R~NyA—N-R NN T NS
\—/ \—/ \—/

Scheme 14. Limiting resonance structures of classical carbenes (2-imidazolidenes)

Properties of NHC transition metal complexes can be modulated by choosing different N-
heterocycles but are also greatly impacted by the position of the carbene site. Aside from the
“classic” NHCs such as 2-imidazolylidenes various mesoionic carbenes (MICs) have been
explored.' In these ligands the carbene is not flanked on both sites by heteroatoms, thereby
decreasing their stabilizing effects. However, the decreased proximity of heteroatoms generally
increases the o-donation strength of the carbene ligand which can be highly beneficial,
especially for oxidation catalysis where metals must reach high oxidations states during the
catalytic cycles. MICs can also not be represented by neutral canonical resonace structures

but always feature positive and negative charges.

1,2,3-triazolylidenes (Scheme 15) are an attractive class of MIC ligands that stand out through

easy synthetic routes that allow the introduction of a highly diverse range of substituents in 1,3
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and 4 positions. The broad functional group tolerance of the copper-catalyzed alkyne azide
cycloaddition reaction,?'-125 used to form the heterocycle, allows to easily finetune catalytic
systems and grants access to simple methods for anchoring complexes to solid supports, which
is important in the context of electrochemically driven water oxidation. Triazolylidene ligands
have been extensively exploited in coordination chemistry with 2nd and 3rd row transition
metals e.g. Ru, Ir, for which they are very well suited, but also many examples of 1st row
complexes are known.'26.127 Triazolylidene Ir'28-133 and Ru'* complexes have shown high
activity in water oxidation either with sacrificial oxidants or electrochemically driven. This is
facilitated by the high stability of the carbene metal bond in these complexes and the strong o-
donation which allows accessing of relevant high oxidation states in the catalytic cycles.
Furthermore Ir systems have shown high activity in acceptorless dehydrogenation reactions

with alcohols and amines as substrates.17:135.136

M : M M

M
. | . . - )S
NO E Ny o«=— N — N 7
N-N, ! N-N, N=N NN

R ) )

Scheme 15. Donor flexibility of triazolylidene ligands.

Electronically flexible N-donor ligands

The concept of electronic flexible ligands has also been expanded towards nitrogen donor
sites. 137 Ligands based on guanidine,138-140 2-imidazole-2-imine 4! and
bis[(dialkylamino)cyclopropenimine]'#2 have been investigated by the groups of Alcarazo and
others.'3 These types of ligands can be represented by two resonance structures with the
coordinating nitrogen adopting a neutral L-type coordination or an zwitterionic configuration
where the nitrogen becomes anionic and coordinates in an X-type fashion (Scheme 16).
Guanidine-based complexes have been applied in various transformations such as lactide

polymerisation, hydrofunctionalisation and oxidation reactions.4*
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Scheme 16. Resonance forms of various N-donor flexible ligands

In 2009 another family of electronically flexible ligands was investigated in the seminal works
of Douthwaite'#® and Johnson.'#® Analogous to the previously discussed systems, these ortho
and para pyridylidene amines (PYEs) feature two limiting resonance structures (Scheme 17).
Thus they can be represented as L-type 1r-acidic weak o-donors or adopt a 1-basic zwitterionic
form that coordinates as an X-type ligand with stronger o-donation based on their mesomeric
structures.’” Synthetic access to PYEs is generally straightforward and inexpensive, making
these ligands promising for cost-sensitive applications. A chelating phenoxy-PYE ligand
coordinated to iridium which was recently investigated by Lentz et. al., has shown state-of-the-
art performance in formic acid dehydrogenation catalysis.'*® The simple cost-efficient synthesis
of ligand and complex was shown to significantly reduce the overall cost of dihydrogen
production in such systems, even when compared to 1st row transition metal-based systems

that use Earth-abundant metals like iron.
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o-PYE N/ N- \ N-
N+ M N+ M
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strong donor weak donor
m-basic m-acidic

Scheme 17. Limiting resonance structures of ortho and para-PYEs

Wright et. al. expanded upon the PYE system by replacing the amine group with an amide
functionality, thus forming pyridylidene amides (PYAs). 149150 The amide can adopt an additional
mesomeric structure due to the possibility to form an negatively charged enolate (Scheme 18).
PYAs have been shown to adapt their donor properties to different solvent polarities with
predominatly neutral character in apolar solvents (CD2Cl2) and higher contributions of the
zwitterionic structure in polar solvents (MeOH, DMSO).'5! Furthermore it was demonstrated
that PYAs can significantly adopt their donor properties in response to the coordination of
different ancillary ligands.'2 PYAs are thus highly attractive ligands also due to their easy
synthesis from diverse, commercially available aminopyridines. Therefore, the library of PYAs
has been greatly enlarged, demonstrating easy access to a variety of ortho, para, and also
meta PYA complexes.'%3-1% Ruthenium complexes with pincer ligands were applied in the
transfer hydrogenation of ketones and were shown to be one of the most active systems for
this type of transformation.’>* A bidentate bis(PYA) complex was shown to be ultra efficient in
olefin oxidation catalysis demonstrating resilience towards oxidative conditions.'s” PYA-iridium

complexes have furthermore shown high performance in water oxidation catalysis.%8

(0] O O
TN\ >_ + /7 >_ + /7 />_
R—-N o N\ - R—N/\\:/>*N{ -— R—N/\\:/>*N\
M M M

Scheme 18. Limiting resonace structures of p-PYA ligands
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1.3 Aim and Scope of the Thesis

Rational ligand design of homogenous transition metal complexes plays a crucial part in
developing highly active and durable systems. Thus, bifunctional and electronically flexible
ligands provide fascinating opportunities to design new catalysts. This thesis aims to investigate
new ligand systems in the context of chemical energy storage, with the goal to improve
performance of key reactions such as water oxidation or the dehydrogenation of LOHCs,

especially formic acid.

Chapter Il presents the synthesis of a first generation of pyridylidene amine-based Ru-NNN
complexes for additive-free formic acid dehydrogenation catalysis. Conditions to achieve high

catalyst turnover frequencies are investigated, as well key steps in the catalytic mechanism.

Chaper 1ll describes a second generation of PYE-based Ru-NNN complexes where
modifications on the main ligand and the ancillary arene mojety were introduced and their
catalytic impact assessed. With the most performant derivative complex the catalytic activity of

the system could be increased threefold.

Chapter IV focuses on the heterogenisation of a triazolylidene Ir complex for water oxidation
catalysis. Through distinct ligand design the complex was postmodified to allow its integreation

into a self-supported polymer with simple techniques.

Chapter V discloses the synthesis of a phenoxy PYE based ruthenium complex. Coordination
chemistry of the complex is discussed, and its redox behaviour was investigated by

spectroelectrochemical techniques.

19



CHAPTER |

.4 References

10

11
12
13

14

15

16

17

18

19

20

21

22

23

24
25

S. A. Montzka, E. J. Dlugokencky and J. H. Butler, Nature, 2011, 476, 43-50.

N. Armaroli and V. Balzani, Angew. Chem. Int. Ed., 2007, 46, 52—66.

Z.Yang, J. Zhang, M. C. W. Kintner-Meyer, X. Lu, D. Choi, J. P. Lemmon and J. Liu,
Chem. Rev., 2011, 111, 3577-3613.

N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U.S.A., 2006, 103, 15729-15735.
J. H. Alstrum-Acevedo, M. K. Brennaman and T. J. Meyer, Inorg. Chem., 2005, 44,
6802—-6827.

D. Gust, T. A. Moore and A. L. Moore, Acc. Chem. Res., 2001, 34, 40-48.

D. Gust, T. A. Moore and A. L. Moore, Acc. Chem. Res., 2009, 42, 1890—1898.

S. Berardi, S. Drouet, L. Francas, C. Gimbert-Surifiach, M. Guttentag, C. Richmond, T.
Stoll and A. Llobet, Chem. Soc. Rev., 2014, 43, 7501-7519.

J. J. Concepcion, R. L. House, J. M. Papanikolas and T. J. Meyer, Proc. Natl. Acad.
Sci. U.S.A., 2012, 109, 15560—-15564.

M. D. Karkas, E. V. Johnston, O. Verho and B. Akermark, Acc. Chem. Res., 2014, 47,
100-111.

W. Rittinger and G. C. Dismukes, Chem. Rev., 1997, 97, 1-24.

J. K. Hurst, Science, 2010, 328, 315-316.

K. J. Young, L. A. Martini, R. L. Milot, R. C. Snoeberger, V. S. Batista, C. A.
Schmuttenmaer, R. H. Crabtree and G. W. Brudvig, Coordination Chemistry Reviews,
2012, 256, 2503—-2520.

C. Herrero, A. Quaranta, W. Leibl, A. W. Rutherford and A. Aukauloo, Energy Environ.
Sci., 2011, 4, 2353.

R. de Levie, Journal of Electroanalytical Chemistry, 1999, 476, 92-93.

N. D. McDaniel and S. Bernhard, Dalton Trans., 2010, 39, 10021.

A. Vivancos, M. Beller and M. Albrecht, ACS Catal., 2018, 8, 17-21.

N. Blaquiere, S. Diallo-Garcia, S. |. Gorelsky, D. A. Black and K. Fagnou, J. Am. Chem.
Soc., 2008, 130, 14034—14035.

K. Sordakis, C. Tang, L. K. Vogt, H. Junge, P. J. Dyson, M. Beller and G. Laurenczy,
Chem. Rev., 2018, 118, 372—433.

D. Melimann, P. Sponholz, H. Junge and M. Beller, Chem. Soc. Rev., 2016, 45, 3954—
3988.

N. Onishi, G. Laurenczy, M. Beller and Y. Himeda, Coord. Chem. Rev., 2018, 373,
317-332.

F. Jo6, ChemSusChem, 2008, 1, 805-808.

J. Eppinger and K.-W. Huang, ACS Energy Lett., 2017, 2, 188—195.

R. S. Coffey, Chem. Commun. (London), 1967, 923b.

B. Loges, A. Boddien, H. Junge and M. Beller, Angew. Chem. Int. Ed., 2008, 47, 3962—
3965.

20



CHAPTER |

26
27
28
29
30

31
32

33
34
35

36
37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

C. Fellay, P. Dyson and G. Laurenczy, Angew. Chem. Int. Ed., 2008, 47, 3966—3968.
J. R. Khusnutdinova and D. Milstein, Angew. Chem. Int. Ed., 2015, 54, 12236-12273.
J. . van der Vlugt, Eur. J. Inorg. Chem., 2012, 2012, 363-375.

H. Grutzmacher, Angew. Chem., 2008, 120, 1838—1842.

Q. J. Bruch, A. Tanushi, P. Miller and A. T. Radosevich, J. Am. Chem. Soc., 2022,
144, 21443-21447.

C. Gunanathan and D. Milstein, Science, 2013, 341, 1229712.

Youval. Shvo, Dorotha. Czarkie, Yocheved. Rahamim and D. F. Chodosh, J. Am.
Chem. Soc., 1986, 108, 7400-7402.

Y. Blum and Y. Shvo, Isr. J. Chem., 1984, 24, 144—-148.

Y. Blum, D. Czarkie, Y. Rahamim and Y. Shvo, Organometallics, 1985, 4, 1459-1461.
R. Karvembu, R. Prabhakaran and K. Natarajan, Coordination Chemistry Reviews,
2005, 249, 911-918.

C. P. Casey and J. B. Johnson, Can. J. Chem., 2005, 83, 1339-1346.

C. P. Casey, S. W. Singer, D. R. Powell, R. K. Hayashi and M. Kavana, J. Am. Chem.
Soc., 2001, 123, 1090-1100.

J. B. Johnson and J.-E. Backvall, J. Org. Chem., 2003, 68, 7681—7684.

R. Noyori, M. Yamakawa and S. Hashiguchi, J. Org. Chem., 2001, 66, 7931-7944.

R. Noyori, M. Kitamura and T. Ohkuma, Proc. Natl. Acad. Sci. U.S.A., 2004, 101,
5356-5362.

R. Noyori and S. Hashiguchi, Acc. Chem. Res., 1997, 30, 97—102.

J. Canivet and G. Siiss-Fink, Green Chem., 2007, 9, 391-397.

T. Ohkuma, H. Ooka, S. Hashiguchi, T. lkariya and R. Noyori, J. Am. Chem. Soc.,
1995, 117, 2675-2676.

J. Takehara, S. Hashiguchi, A. Fujii, S. Inoue, T. Ikariya and R. Noyori, Chem.
Commun., 1996, 233.

S. Hashiguchi, A. Fuijii, J. Takehara, T. Ikariya and R. Noyori, J. Am. Chem. Soc., 1995,
117, 7562—7563.

T. Ikariya and A. J. Blacker, Acc. Chem. Res., 2007, 40, 1300-1308.
T. lkariya and I. D. Gridnev, Top Catal, 2010, 53, 894-901.

A. Fuijii, S. Hashiguchi, N. Uematsu, T. Ikariya and R. Noyori, J. Am. Chem. Soc., 1996,
118, 2521-2522.

J. Zhang, G. Leitus, Y. Ben-David and D. Milstein, J. Am. Chem. Soc., 2005, 127,
10840-10841.

C. Gunanathan, Y. Ben-David and D. Milstein, Science, 2007, 317, 790-792.

D. Milstein, Top Catal, 2010, 53, 915-923.

E. Ben-Ari, G. Leitus, L. J. W. Shimon and D. Milstein, J. Am. Chem. Soc., 2006, 128,
15390-15391.

M. Feller, A. Karton, G. Leitus, J. M. L. Martin and D. Milstein, J. Am. Chem. Soc.,
2006, 128, 12400-12401.

21



CHAPTER |

54

55

56

57

58

59

60

61

62

63

64

65
66

67

68

69

70
71

72

73

74
75

76

77

78

J. Zhang, G. Leitus, Y. Ben-David and D. Milstein, Angew. Chem., 2006, 118, 1131—
1133.

Y. Liang, U. K. Das, J. Luo, Y. Diskin-Posner, L. Avram and D. Milstein, J. Am. Chem.
Soc., 2022, jacs.2c08491.

H. Li and M. B. Hall, ACS Catal., 2015, 5, 1895-1913.

C. Gunanathan and D. Milstein, Acc. Chem. Res., 2011, 44, 588—-602.

L. Schwartsburd, M. A. lron, L. Konstantinovski, Y. Diskin-Posner, G. Leitus, L. J. W.
Shimon and D. Milstein, Organometallics, 2010, 29, 3817-3827.

M. A. Iron, E. Ben-Ari, R. Cohen and D. Milstein, Dalton Trans., 2009, 9433.

G. Zeng, Y. Guo and S. Li, Inorg. Chem., 2009, 48, 10257-10263.

C. Gunanathan and D. Milstein, Chem. Rev., 2014, 114, 12024-12087.

T. Zell and D. Milstein, Acc. Chem. Res., 2015, 48, 1979-1994.

X.Yang and M. B. Hall, J. Am. Chem. Soc., 2010, 132, 120-130.

S. W. Kohl, L. Weiner, L. Schwartsburd, L. Konstantinovski, L. J. W. Shimon, Y. Ben-
David, M. A. Iron and D. Milstein, Science, 2009, 324, 74-77.

J. Li, Y. Shiota and K. Yoshizawa, J. Am. Chem. Soc., 2009, 131, 13584—13585.

Y. Sun, C. Koehler, R. Tan, V. T. Annibale and D. Song, Chem. Commun., 2011, 47,
8349.

E. Balaraman, C. Gunanathan, J. Zhang, L. J. W. Shimon and D. Milstein, Nature
Chem, 2011, 3, 609-614.

D. Tocqueville, F. Crisanti, J. Guerrero, E. Nubret, M. Robert, D. Milstein and N. von
Wolff, Chem. Sci., 2022, 13, 13220-13224.

R. Tanaka, M. Yamashita, L. W. Chung, K. Morokuma and K. Nozaki, Organometallics,
2011, 30, 6742-6750.

R. Tanaka, M. Yamashita and K. Nozaki, J. Am. Chem. Soc., 2009, 131, 14168-14169.

G. A Filonenko, R. van Putten, E. N. Schulpen, E. J. M. Hensen and E. A. Pidko,
ChemCatChem, 2014, 6, 1526—1530.

C. Gunanathan, B. Gnanaprakasam, M. A. Iron, L. J. W. Shimon and D. Milstein, J.
Am. Chem. Soc., 2010, 132, 14763-14765.

C. Gunanathan, L. J. W. Shimon and D. Milstein, J. Am. Chem. Soc., 2009, 131, 3146—

3147.

S. Tang, Y. Ben-David and D. Milstein, J. Am. Chem. Soc., 2020, 142, 5980-5984.
S. Kar, M. Rauch, G. Leitus, Y. Ben-David and D. Milstein, Nat Catal, 2021, 4, 193—
201.

L.-P. He, T. Chen, D.-X. Xue, M. Eddaoudi and K.-W. Huang, Journal of
Organometallic Chemistry, 2012, 700, 202—206.

H. Li, B. Zheng and K.-W. Huang, Coordination Chemistry Reviews, 2015, 293-294,
116-138.

T. Chen, L.-P. He, D. Gong, L. Yang, X. Miao, J. Eppinger and K.-W. Huang,
Tetrahedron Letters, 2012, 53, 4409—-4412.

22



CHAPTER |

79

80

81

82

83

84

85

86
87

88

89

90

91
92

93

94

95

96

97

98

99

T. Chen, H. Li, S. Qu, B. Zheng, L. He, Z. Lai, Z.-X. Wang and K.-W. Huang,
Organometallics, 2014, 33, 4152—4155.

L.-P. He, T. Chen, D. Gong, Z. Lai and K.-W. Huang, Organometallics, 2012, 31, 5208—
5211.

S. Qu, Y. Dang, C. Song, M. Wen, K.-W. Huang and Z.-X. Wang, J. Am. Chem. Soc.,
2014, 136, 4974-4991.

Y. Pan, C. Pan, Y. Zhang, H. Li, S. Min, X. Guo, B. Zheng, H. Chen, A. Anders, Z. Lai,
J. Zheng and K. Huang, Chem. Asian J., 2016, 11, 1357-1360.

M. D. Fryzuk and P. A. MacNeil, Organometallics, 1983, 2, 682-684.

M. D. Fryzuk, P. A. MacNeil and S. J. Rettig, Organometallics, 1985, 4, 1145-1147.
M. D. Fryzuk, P. A. MacNeil and S. J. Rettig, J. Am. Chem. Soc., 1987, 109, 2803—
2812.

M. D. Fryzuk, C. D. Montgomery and S. J. Rettig, Organometallics, 1991, 10, 467-473.
A. Friedrich, M. Drees, M. Kass, E. Herdtweck and S. Schneider, Inorg. Chem., 2010,
49, 5482-5494.

M. KaR, A. Friedrich, M. Drees and S. Schneider, Angew. Chem. Int. Ed., 2009, 48,
905-907.

B. Askevold, J. T. Nieto, S. Tussupbayev, M. Diefenbach, E. Herdtweck, M. C.
Holthausen and S. Schneider, Nature Chem, 2011, 3, 532-537.

M. Bertoli, A. Choualeb, A. J. Lough, B. Moore, D. Spasyuk and D. G. Gusev,
Organometallics, 2011, 30, 3479-3482.

A. Friedrich, M. Drees and S. Schneider, Chem. Eur. J., 2009, 15, 10339-10342.

A. N. Marziale, A. Friedrich, I. Klopsch, M. Drees, V. R. Celinski, J. Schmedt auf der
Gilnne and S. Schneider, J. Am. Chem. Soc., 2013, 135, 13342—13355.

M. Nielsen, E. Alberico, W. Baumann, H.-J. Drexler, H. Junge, S. Gladiali and M.
Beller, Nature, 2013, 495, 85-89.

E. Alberico, A. J. J. Lennox, L. K. Vogt, H. Jiao, W. Baumann, H.-J. Drexler, M.
Nielsen, A. Spannenberg, M. P. Checinski, H. Junge and M. Beller, J. Am. Chem. Soc.,
2016, 138, 14890-14904.

Y. Suna, M. Z. Ertem, W.-H. Wang, H. Kambayashi, Y. Manaka, J. T. Muckerman, E.
Fujita and Y. Himeda, Organometallics, 2014, 33, 6519-6530.

W.-H. Wang, J. T. Muckerman, E. Fujita and Y. Himeda, New J. Chem., 2013, 37,
1860.

J. F. Hull, Y. Himeda, W.-H. Wang, B. Hashiguchi, R. Periana, D. J. Szalda, J. T.
Muckerman and E. Fujita, Nature Chem, 2012, 4, 383-388.

W.-H. Wang, J. T. Muckerman, E. Fujita and Y. Himeda, ACS Catal., 2013, 3, 856—
860.

W.-H. Wang, J. F. Hull, J. T. Muckerman, E. Fujita and Y. Himeda, Energy Environ.
Sci., 2012, 5, 7923.

23



CHAPTER |

100

101
102

103

104
105

106

107

108

109

110
111

112

113

114

115

116

117

118
119

120
121

122

123

124
125

G. Zeng, S. Sakaki, K. Fujita, H. Sano and R. Yamaguchi, ACS Catal., 2014, 4, 1010—
1020.

H. Kawanami, M. Iguchi and Y. Himeda, Inorg. Chem., 2020, 59, 4191-4199.

M. Iguchi, H. Zhong, Y. Himeda and H. Kawanami, Chem. Eur. J., 2017, 23, 17788—
17793.

N. P. van Leest, F. J. de Zwart, M. Zhou and B. de Bruin, JACS Au, 2021, 1, 1101-
1115.

O. R. Luca and R. H. Crabtree, Chem. Soc. Rev., 2013, 42, 1440-1459.

G. Skara, M. Gimferrer, F. De Proft, P. Salvador and B. Pinter, Inorg. Chem., 2016, 55,
2185-2199.

H. Masui, A. B. P. Lever and P. R. Auburn, Inorg. Chem., 1991, 30, 2402—-2410.

K. J. Blackmore, J. W. Ziller and A. F. Heyduk, Inorg. Chem., 2005, 44, 5559-5561.
A. L. Smith, K. I. Hardcastle and J. D. Soper, J. Am. Chem. Soc., 2010, 132, 14358-
14360.

W. I. Dzik, J. I. van der Vlugt, J. N. H. Reek and B. de Bruin, Angew. Chem. Int. Ed.,
2011, 50, 3356-3358.

T. Wada, K. Tsuge and K. Tanaka, /norg. Chem., 2001, 40, 329-337.

J. T. Muckerman, D. E. Polyansky, T. Wada, K. Tanaka and E. Fujita, Inorg. Chem.,
2008, 47, 1787-1802.

H. Isobe, K. Tanaka, J.-R. Shen and K. Yamaguchi, Inorg. Chem., 2014, 53, 3973—
3984.

M.-K. Tsai, J. Rochford, D. E. Polyansky, T. Wada, K. Tanaka, E. Fujita and J. T.
Muckerman, Inorg. Chem., 2009, 48, 4372—4383.

J. L. Boyer, J. Rochford, M.-K. Tsai, J. T. Muckerman and E. Fuijita, Coordination
Chemistry Reviews, 2010, 254, 309-330.

A. J. Arduengo, R. L. Harlow and M. Kline, J. Am. Chem. Soc., 1991, 113, 361-363.
M. N. Hopkinson, C. Richter, M. Schedler and F. Glorius, Nature, 2014, 510, 485-496.
D. Bourissou, O. Guerret, F. P. Gabbai and G. Bertrand, Chem. Rev., 2000, 100, 39—
92.

F. E. Hahn and M. C. Jahnke, Angew. Chem. Int. Ed., 2008, 47, 3122-3172.

M. Scholl, T. M. Trnka, J. P. Morgan and R. H. Grubbs, Tetrahedron Letters, 1999, 40,
2247-2250.

A. Vivancos, C. Segarra and M. Albrecht, Chem. Rev., 2018, 118, 9493-9586.

H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem. Int. Ed., 2001, 40, 2004—
2021.

V. V. Rostovtsev, L. G. Green, V. V. Fokin and K. B. Sharpless, Angew. Chem. Int. Ed.,
2002, 41, 2596-2599.

C. W. Tornge, C. Christensen and M. Meldal, J. Org. Chem., 2002, 67, 3057—3064.

J. A. Prescher, D. H. Dube and C. R. Bertozzi, Nature, 2004, 430, 873-877.

B. T. Worrell, J. A. Malik and V. V. Fokin, Science, 2013, 340, 457-460.

24



CHAPTER |

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144
145

P. V. S. Nylund, N. C. Ségaud and M. Albrecht, Organometallics, 2021, 40, 1538—
1550.

W. Stroek, M. Keilwerth, D. M. Pividori, K. Meyer and M. Albrecht, J. Am. Chem. Soc.,
2021, 143, 20157-20165.

R. Lalrempuia, N. D. McDaniel, H. Miller-Bunz, S. Bernhard and M. Albrecht, Angew.
Chem. Int. Ed., 2010, 49, 9765-9768.

M. Olivares, C. J. M. van der Ham, V. Mdluli, M. Schmidtendorf, H. Miller-Bunz, T. W.
G. M. Verhoeven, M. Li, J. W. (Hans) Niemantsverdriet, D. G. H. Hetterscheid, S.
Bernhard and M. Albrecht, Eur. J. Inorg. Chem., 2020, 2020, 801-812.

J. A. Woods, R. Lalrempuia, A. Petronilho, N. D. McDaniel, H. Miller-Bunz, M. Albrecht
and S. Bernhard, Energy Environ. Sci., 2014, 7, 2316-2328.

A. Petronilho, M. Rahman, J. A. Woods, H. Al-Sayyed, H. Miller-Bunz, J. M. Don
MacElroy, S. Bernhard and M. Albrecht, Dalton Trans., 2012, 41, 13074.

A. Petronilho, J. A. Woods, H. Mueller-Bunz, S. Bernhard and M. Albrecht, Chem. Eur.
J., 2014, 20, 15775-15784.

I. Corbucci, A. Petronilho, H. Miller-Bunz, L. Rocchigiani, M. Albrecht and A.
Macchioni, ACS Catal., 2015, 5, 2714-2718.

L. Bernet, R. Lalrempuia, W. Ghattas, H. Mueller-Bunz, L. Vigara, A. Llobet and M.
Albrecht, Chem. Commun., 2011, 47, 8058.

M. Valencia, H. Miller-Bunz, R. A. Gossage and M. Albrecht, Chem. Commun., 2016,
52, 3344-3347.

M. Valencia, A. Pereira, H. Miller-Bunz, T. R. Belderrain, P. J. Pérez and M. Albrecht,
Chem. Eur. J., 2017, 23, 8901-8911.

H. Bruns, M. Patil, J. Carreras, A. Vazquez, W. Thiel, R. Goddard and M. Alcarazo,
Angewandte Chemie International Edition, 2010, 49, 3680—3683.

C. Wirtele, E. Gaoutchenova, K. Harms, M. C. Holthausen, J. Sundermeyer and S.
Schindler, Angew. Chem. Int. Ed., 2006, 45, 3867—3869.

B. S. Khan, V. Flores-Romero, J. LeBlanc and G. G. Lavoie, Organometallics, 2022,
41, 2668-2677.

S. Herres-Pawlis, U. Florke and G. Henkel, Eur. J. Inorg. Chem., 2005, 2005, 3815—
3824.

D. Petrovic, C. G. Hrib, S. Randoll, P. G. Jones and M. Tamm, Organometallics, 2008,
27,778-783.

A. Kozma, J. Rust and M. Alcarazo, Chem. Eur. J., 2015, 21, 10829-10834.

J. Borner, U. Florke, T. Gloge, T. Bannenberg, M. Tamm, M. D. Jones, A. Déring, D.
Kuckling and S. Herres-Pawlis, Journal of Molecular Catalysis A: Chemical, 2010, 316,
139-145.

X.-Y. Cui, C.-H. Tan and D. Leow, Org. Biomol. Chem., 2019, 17, 4689—-4699.

Q. Shi, R. J. Thatcher, J. Slattery, P. S. Sauari, A. C. Whitwood, P. C. McGowan and
R. E. Douthwaite, Chem. Eur. J., 2009, 15, 11346-11360.

25



CHAPTER |

146
147

148

149

150

151

152

153

154

155

156

157

158

M. E. Doster and S. A. Johnson, Angew. Chem., 2009, 121, 2219-2221.

J. Slattery, R. J. Thatcher, Q. Shi and R. E. Douthwaite, Pure and Applied Chemistry,
2010, 82, 1663—-1671.

N. Lentz and M. Albrecht, ACS Catal., 2022, 12627-12631.

P. D. W. Boyd, L. J. Wright and M. N. Zafar, Inorg. Chem., 2011, 50, 10522—-10524.

C. M. A. Muller, M. V. Babak, M. Kubanik, M. Hanif, S. M. F. Jamieson, C. G. Hartinger
and L. J. Wright, Inorganica Chimica Acta, 2016, 450, 124—130.

V. Leigh, D. J. Carleton, J. Olguin, H. Mueller-Bunz, L. J. Wright and M. Albrecht, Inorg.
Chem., 2014, 53, 8054—-8060.

A. J. Bukvic, V. Kesselring, M. Aeschlimann and M. Albrecht, Inorg. Chem., 2023, 62,
2905-2912.

A. J. Bukvic and M. Albrecht, Inorg. Chem., 2022, 61, 14038-14045.

P. Melle, J. Thiede, D. A. Hey and M. Albrecht, Chem. Eur. J., 2020, 26, 13226—13234.
P. Melle, N. Ségaud and M. Albrecht, Dalfon Trans., 2020, 49, 12662—-12673.

M. Navarro, C. Segarra, T. Pfister and M. Albrecht, Organometallics, 2020, 39, 2383—
2391.

K. Salzmann, C. Segarra and M. Albrecht, Angew. Chem. Int. Ed., 2020, 59, 8932—
8936.

M. Navarro, M. Li, H. Miller-Bunz, S. Bernhard and M. Albrecht, Chem. Eur. J., 2016,
22, 6740-6745.

26



CHAPTER Il

CHAPTERII

Efficient additive-free formic acid dehydrogenation with a

NNN-ruthenium complex

A new ruthenium complex containing a pyridylidene amine-based NNN ligand was developed
as catalyst precursor for formic acid dehydrogenation, which, as a rare example, does not
require basic additives to display high activity (TOF ~10,000 h-"). Conveniently, the complex
is air-stable, but sensitive to light. Mechanistic investigations using correlation of UV-vis and
NMR spectroscopic modifications with gas evolution profiles indicate rapid and reversible
protonation of the central nitrogen of the NNN ligand as key step of catalyst activation,

followed by an associative step for formic acid dehydrogenation.

P. Knérr, N. Lentz, M. Albrecht, Manuscript in preparation
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1.1 Introduction

Storage of renewable energy is one of the key challenges to move towards a cyclic green
energy economy and therefore huge efforts are being devoted towards the development of
alternative fuels.'-3 In particular, dihydrogen has been proposed as an ideal energy carrier, as
it is accessible through water splitting and only yields benign products upon oxidation in a fuel
cell.* To avoid the significant downsides of gaseous dihydrogen such as explosivity and low
volumetric energy density, the usage of liquid organic hydrogen carriers (LOHCs) as a transient
storage vector is highly promising.® Small organic molecules can undergo reversible
hydrogenation and dehydrogenation cycles and thus allow hydrogen to be safely stored and

used.

Formic acid (HCOOH, FA) is one of the most promising liquid organic hydrogen carriers as it
features high volumetric energy density, low toxicity and is liquid at room temperature.6-8
Hence, the dehydrogenation of FA to selectively release dihydrogen has been intensely
investigated since the seminal work of Beller and Laurency in 2008.%-'" Impressive results have
been achieved with homogeneous systems, even though many are compromised by insufficient
productivity in the absence of basic additives.2-25 Notable exceptions include the systems of
Li%6 and Milstein?” which are active in aqueous solution and neat FA, respectively, and reach
turnover frequencies (TOFs) of 487,500 and 3000 h-" with turnover numbers (TONs) around
2,000,000.

The introduction of cooperative basic functionalities on the ligands has been proposed as an
approach to avoid basic additives and to increase catalytic efficiency.'?2-3! We hypothesized
that the presence of a basic amide site on a ligand system, in combination with an electronically
flexible pyridylidene (PYE) mojety, which has been shown to positively impact catalytic activity,

could access a complex active in additive free FADH. 13.32.33

Herein, we report a tridentate Ruthenium NNN complex featuring amide and PYE coordination
sites. The central amide moiety of the NNN ligand is demonstrated to act as an internal base

to ensue high catalytic activity.
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I1.2 Results and discussion

Reaction of the known,3* potentially N,N,N-tridentate ligand precursor 1 with [Ru(cym)Cl2]2 in
the presence of Na2COs afforded complex 2a (Scheme 1) as a red solid that was purified by
filtration over a short pad of basic Al203. Complex 2b with a PFs~ rather than an OTf~ anion was
prepared by first generating the neutral ligand from 1 in aqueous KOH solution and extraction
into CH2Clz, followed by metalation with [Ru(cym)Clz]2 in the presence of NaPFs and NazCOs.
Both complexes 2a and 2b are air- and moisture-stable, however they are sensitive to light.
Therefore, synthesis and purification were carried out under exclusion of light, and the

complexes were stored in the dark.

1 aX=0Tf 2

Scheme 1. Synthesis of the NNN Ru complexes 2a and 2b. i) [Ru(cym)Clz]z, Na2COs, CH3CN, r.t.; crystal
structure of complex 2a (ellipsoids at 50% probability level. hydrogen atoms and OTf~ anion omitted for
clarity). Selected bond lengths (A) and angles (deg): Ru—Nguin 2.089(6), Ru-Namia 2.068(5), Ru-Npve
2.123(6), C8-Namic—C10 115.7(6), Ru1—Nami¢c—C10 108.3(5), Ru—Namic—C8 114.4(5), Nquin—Ru—Namid
78.6(2), Namia—Ru—Npve 75.7(2), Nqun—Ru—Npye 93.3(2).

Complex formation was indicated in HR-MS analysis by the diagnostic m/z signals at 561.1575
(561.1587 calculated for [2a—-OTf]*). In '"H NMR spectroscopy, complexation led to the
disappearance of the two NH resonances of the ligand precursor 1 at 1 = 10.12 and 8.63, and
to desymmetrization of the /Pr group of the cymene ligand into two doublets at 61 = 0.89 and
0.86 for the CHs protons. Moreover, the quinoline CH resonances underwent significant
downfield shifts (e.g. CquinH from &1 =9.03 in 1 to &1 = 9.43 in 2a), in agreement with ruthenium
coordination of the quinoline nitrogen. Likewise, coordination of the PYE site was inferred from

the characteristic upfield shift of the Npy—CHs resonance from o1 = 3.86 to 3.48 upon
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ruthenation. Collectively, these data strongly support a tridentate coordination of the ligand to
ruthenium with all nitrogens deprotonated. The "H NMR spectrum of complex 2b is identical to
that of 2a, yet '°F NMR spectroscopy shows the diagnostic doublet at 6r = —72.94 for the PFe-
anion, while 2a features a singlet at & = —79.31 due to the OTf~ anion. The indistinguishable
"H NMR spectra of 2a and 2b indicate that the counterions are not strongly interacting with the

complex cation in CD3CN solution.

X-ray diffraction analysis of single crystals of 2a, grown by Et2O/CH2Cl2 vapor diffusion,
unambiguously confirmed the proposed N,N,N-tridentate coordination mode of the substituted
PYE ligand to the Ru(cym) fragment in a facial mode (Scheme 1.). The PYE heterocycle is
slightly twisted out of the plane of the central phenylene ring by 36.22°. The C—C and C—-N bond
distances in the PYE heterocycle are consistent with considerable double bond localization in
the Co—Cp bond (average 1.36(1) A), while the Cg—C, bonds are significantly longer (average
1.42(1) A, indicative of a predominantly quinoidal configuration of the PYE unit in the solid state
with a neutral Neve coordinated to ruthenium. The 360° sum of the bond angles around Neye
also suggest sp? hybridization, identical to Ngqun. In contrast, the central amide shows
considerable sp® character with bond angles adding up to just 338°, pointing to a lone pair at
Namia. Notably, the NNN-tridentate coordination imparts a three-legged piano-stool geometry
around Ru that is markedly distorted towards a four-legged geometry with a vacant site opposite
to Namia (Fig. 9).

When exposed to light, solutions of complex 2 gradually darkened, irrespective of the
counterion (PFs~ or OTf") or the solvent (DMSO, acetone, CH2Cl2, MeCN). When kept under
otherwise inert conditions, light-induced decomposition was indicated in "H NMR spectroscopy
by the appearance of resonances characteristic for free cymene, e.g., a doublet at &1 = 1.17 in
DMSO-ds (cf two doublets at &1 = 0.82 and 0.76 for 2a; Fig. 1). Simultaneously a new set of
signals emerged in the aromatic region for the N,N,N-tridentate ligand that are distinct from the
ligand precursor. We therefore tentatively attribute these signals to the formation of a solvento
complex [Ru(NNN)(DMSO)s]*. When complex 2 was exposed to light in the presence of
oxygen, again decoordination of cymene was inferred. In addition, a new species emerged with
broad and poorly resolved signals, suggesting metal oxidation and the formation of a
paramagnetic Ru(lll) species. The same behavior was observed when air was introduced into
a solution of the putative solvent complex [Ru(NNN)(DMSO)s]*. ESI mass spectroscopy of
solutions of complex 2a after exposure to light and air revealed an m/z signal at 459.0376
(459.0395 calculated for [2a+O2—-cym—-OTf]*) consistent with a higher-valent ruthenium dioxo
or oxyl species that preserves the NNN ligand. These data and the absence of any detectable
ligand precursor suggest that the NNN-ligand remains coordinated to the ruthenium during the
various ligand exchange and metal oxidation processes. In contrast, when complex 2 was
protected from light, no loss of cymene ligand was observed for weeks, even when the solutions

were aerated, indicating that cymene dissociation is key for metal oxidation processes. For
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application, any oxidized species is conveniently removed by filtration of the complex over a
short pad of basic Al203 (acetone/CH2Cl2 1:2).

o
A
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[ ]
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\N/R‘U\N/ = :
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10 9 8 7 5 5 4 3 2 1
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Figure 1: "H NMR spectra of 2a in DMSO-ds under N2 and exclusion of light (top), and after exposure to
sunlight for 1 h (bottom).

Complexes 2a and 2b are catalytically active in the dehydrogenation of FA. Initial reactions
were performed by adding FA to a solution of 2a at 80 °C and subsequent monitoring of the
amounts of evolved gas (Fig. 2). Several solvents were tested that were previously used in FA
dehydrogenation catalysis, including dioxane, DMSO, water, propylene carbonate, and a
mixture of tBuOH and toluene (1:1 v/v; Table 1).1226.31.3536 |n water the complex was completely
inactive (entry 1). Highest catalytic activities were observed in DMSO and in dioxane, with initial
turnover frequencies (TOFs) around 2,000 h-' (entries 2,3). A mixture of toluene and tBuOH
suppressed activity considerably (TOF = 710 h-'; entry 4). Interestingly, using propylene
carbonate as solvent completely changed the reaction profile (Fig. 2). While the initial activity
was low (TOF = 200 h-"), it gradually increased over the course of about one hour to reach an
appreciable TOFmax = 1300 h=' (entry 5). A similar unusual gas evolution profile has been
reported previously with carbonate solvents.3 It may be rationalized by either a slow catalyst
activation in propylene carbonate, by initial hydrogenation of the solvent and formation of
nPrOH as a co-solvent, or by a gradual pH increase upon formic acid consumption to an optimal
range with highest catalyst performance. To probe these scenarios, another batch of FA was
added after completion of the initial run. These experiments resulted in a similar gas evolution
profile with gradually increasing catalytic activity, albeit at lower overall rate. This behavior is
consistent with a pH-dependent catalyst performance rather than solvent hydrogenation or a
long induction due to catalyst activation. Irrespective of its exact role, propylenecarbonate

lowers the activity of 2a considerably when compared to dioxane or DMSO. The latter solvent
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is preferable over dioxane as it is non-toxic, more sustainable,3” features a low vapor pressure,

and a high boiling point.

40 { DMSO

30 A Dioxane Lot

”~
/‘ t-BuOH

20 1 ’ [Toluene

Volume [ml]

n""
10 - -
veot® ropylenecarbonate
0+ T T T )
0 20 40 60 80
t [min]

Figure 2: Time-dependent gas evolution profiles for FA dehydrogenation with 2a in different solvents.
Reaction conditions: FA (40ul), [Ru] (0.2 mol%), solvent (1.2 ml), 80°C under N2. Representative single
runs are shown but catalytic runs were performed at least twice to ensure reproducibility. H20 profile is

excluded as no activity was observed.

Table 1: FA dehydrogenation catalysis with 2a in different solvents 2

Entry Solvent mol%2a  TOFma® TONPb
1 H,O0 0.2 0
2 Dioxane 0.2 2,000 380
3 DMSO 0.2 2,000 420
4 t-BuOH/Toluene 0.2 710 310
5 Propylene carbonate 0.2 1,300 440
6 DMSO 0.02 9,200 1400
7 DMSO 0.002 1,300 2200

a) Reaction conditions: FA (40 ul), complex 2a, solvent (1.2 mL),
80 °C under Ny; b) TON and TOF determined based on evolved
gas volume, see ESI for details

Complexes 2a and 2b show identical conversion profiles and catalytic performance in DMSO,
indicating no significant influence of the counterion on the catalytic cycle. Performing FA
dehydrogenation at higher temperatures notably increases TOFs from 2,000 h-' at 80 °C to
3,200 h" at 90 °C and 7,000 h' at 100 °C (Fig. 3). Tenfold decrease in pre-catalyst loading to
0.02 mol% increased the TOF to 9,200 h-' (Table 1, entry 6), though a further lowering to 0.002
mol% significantly impeded catalyst turnover (TOF = 1,300 h-'; entry 7). Based on these
turnover frequencies, complex 2a is showing outstanding activity and outperforms other

ruthenium-based catalysts, e.g. Milstein’s system features a TOF around 3,000 h-'.27 While
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iridium catalysts show generally an even higher activity with TOFs that are up to 2 orders of
magnitude larger,?® ruthenium is about 100 timess less scarce and about 10 times cheaper.
Notably, under dilute catalyst conditions, the maximum turnover number (TON) of 2a was just

2200, which is a significant limitation in comparison to the Milstein catalyst with 1,7 M TON.

E g
‘© T[°C] TOF, ., [h]
5 70 2,000
4 80 2,000
90 3,200
100 7,000
40 60 80

t [min]

Figure 3: Time-gas evolution profiles for FA dehydrogenation with 2a at different temperatures. Reaction
conditions: FA (40ul, ), [Ru] (0.2 mol%), Solvent (1.2 ml), N2 atm.

Arrhenius and Eyring analyses of the initial rates of these temperature-dependent catalytic runs
revealed an activation energy Ea = 68 +1 kd mol-', an enthalpy of activation AH* = 65 +1 kJ
mol-' and an entropy of activation ASt = -177 +3 J (K mol)~' (Fig. 4, 5). The highly negative
AS* suggests an associative process in the turnover limiting step, which might entail, for
example, the interaction between a putative ruthenium hydride and FA, or adduct formation of

the ruthenium complex and in situ formed formate
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Figure 4: Top: Initial production of Hz at different temperatures. Hz production was measured with the
BlueV count volumetric gas counter. The volume was halved as the evolved gas consists of 1:1 CO2/H2
mixture; boftom: FA consumption at different temperatures. The FA concentrations were calculated based

on initially injected amount minus consumed amount based on evolved gas volume. Reaction condition:

2a (0.01 mol%), FA (1.06 mmol) and DMSO (1.2 mL) at indicated temperature.
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Figure 5. Arrhenius plot (top) and Eyring plot (bottom), form rates deduced from temperature dependent

catalysis (see slopes in Fig. 4)

Catalytic dehydrogenation with complex 2a is accompanied by distinct color changes of the
reaction solution. The initially red complex solution turns immediately purple upon addition of
FA at elevated temperatures and then gradually changes to orange. Monitoring the catalytic
reaction by in-situ UV-vis spectroscopy indicates that the color change from the red complex
solution (Amax = 500 nm) to the purple solution (Amax = 550 nm) is essentially instantaneous (<1
s) and coincides with the start of gas evolution, i.e. catalytic activity (Fig. 6, 7). After about 8
min, a new band starts to emerge (Amax = 445 nm). The gas evolution rate decreases as this

band is growing, and the corresponding species is persistent at the end of the reaction when

gas evolution ceased, indicating that the orange Ru species is catalytically inactive.
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Figure 6. Catalytic reaction at 80 °C followed by in situ UV-vis spectroscopy. Inital reaction (top panel),
later stages (bottom panel). Catalysis was carried out according to general procedure but upscaled to
accommodate the UV-probe. Reaction conditions: 2a (0.1 mol%, 7.53 mg, 10.6 pmol), FA (0.4 mL, 10.6
mmol) and DMSO (10 mL) at 80°C. Gas evolution was measured concomitantly and is shown in Fig. 7.
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Figure 7. Gas evolution vs absorption (absorption data measured in situ, see also Fig. 6).

Further details unveiled upon lowering the temperature of the catalytic reaction to 30 °C. At this
temperature, formation of the active purple species is not instantaneous anymore, and instead,
an immediate color change from red to yellow was noted upon formic acid addition, followed
by a gradual color change to purple. The yellow species is characterized by the disappearance
of the absorbance at 500 nm from complex 2a, with only intra-ligand charge transfer bands
present in the UV region (Fig. 8). No gas evolution was recorded at this stage. The evolution of
the yellow species, has been attributed to protonation of the N,N,N-ligand at its central nitrogen,
which is supported by reactions performed with catalytically innocent acids such as TFA or
HOTf (TFA = CFsCOOH, HOTf = CF3SOsH). Thus, when treating a DMSO solution of the
ruthenium complex 2a with TFA (1 eq) instead of formic acid induced the same instantaneous
color change from red to yellow and yielded [2a-H]* (Scheme 2). The '"H NMR spectrum of
[2a—H]* revealed a new resonance at &1 = 11.8, consistent with an acidic NH functionality.

Protonation of the central Ar—N-Ar nitrogen is deduced based on only relatively small chemical
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shifts of the heterocyclic protons. It agrees with the considerable pyramidalization and sp®
hybridization of the Namia as evidenced by the molecular structure of 2a, and was ultimately
confirmed by a single-crystal X-ray diffraction of the PFe~ salt of [2a—H]* (Scheme 2, Fig. 9).
While the global structure of [2a—H]* is almost identical to that of 2a, all bonds to Namid are
significantly elongated (e.g. Ru— Namia is 2.068(5) A in 2a vs. 2.132(3) A in [2a-H]*) and thus
corroborate protonation of this nitrogen. The marked deshielding of the NH resonance (cf. &1 =
8.4 in 1) suggests that also in solution, the nitrogen remains coordinated to ruthenium upon
protonation. The moderate downfield shift of the aromatic signals, e.g. the ortho CHquin from &u
= 9.64 to 9.96, is in agreement with increased Nquin-to-Ru charge transfer and points to some
compensation of the reduced amine basicity upon protonation. The same spectroscopic
changes were noted when treating 2a with 10 eq HOTT, indicating selective protonation of only
one nitrogen (Fig. 10). Addition of Na2COs fully reverses the color change back to red and

restores the "H NMR spectrum of 2a, identifying protonation as a completely reversible process.
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Figure 8. Catalytic reaction at 30 °C monitored by in situ UV-vis spectroscopy. Reaction condition: 2a
(0.1 mol%, 7.53 mg, 10.6 pmol), FA (40 pl, 10.6 mmol) and DMSO (10 mL) at 30 °C. Gas evolution was

measured concomitantly and is shown in Fig 11
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Figure 9. Crystal structure representations of 2a and [2a-H]*, perspective down the cymene centroid—Ru
axis. All ellipsoids at 50% probability level, PFs~ counteranions and most hydrogen atoms omitted for

clarity, p-cym depicted as wireframe for clarity.
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Figure 10. '"H NMR spectra of 2a (top), of 2a after addition of HOTf to form complex [2a-H]* (middle),

and restoring complex 2a upon adding Na2COs (bottom).

The subsequent appearance of the purple color features an isosbestic point at 440 nm and is
again accompanied by gas evolution, indicating a direct conversion of [2a-H]* into the
catalytically competent species. Within the inital 7 min Amax is located at 550 nm as observed at
80 °C, and gas evolution is linear. The absorption then slowly decreases and the maximum
shifts to 530 nm during the subsequent 60 min, and gas evolution gradually ceases (Fig. 11).
Hence the absorption shift relates to the formation of a catalytically inactive species. In
agreement, NMR signals due to free p-cymene became visible at this stage of gas evolution,

thus indicating a pathway for catalyst deactivation.
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Figure 11: Gas evolution profile vs changes in absorption. Full profile (top), expansion of the profile during

the inital 50 min (bottom; absorptions at 550 nm extracted from spectra, see Fig. 8).

Structural information about the purple catalytically active species has been gathered from the
reaction of complex 2a with 180 eq FA in DMSO-ds to mimic catalytic conditions (Fig. 12).
Addition of FA induces again an instantaneous color change to yellow and NMR spectroscopy
shows the formation of [2a-H]*. In addition, a new species starts to emerge which features
signals for the N,N,N-ligand and the cymene that are only slightly shifted with respect to [2a—
H]*, suggesting robust coordination of both ligands. The evolution of this component, tentatively
attributed to the formic acid complex 3 (Scheme 2), increases gradually and is persistent for
over 2 h, during which gas evolution is essentially linear under these conditions (Fig. 12, 13).
Of note, the NNN-ligand is likely protonated as indicated by a strongly deshielded singlet at 6n
= 10.28 ppm, which is absent when the reaction is performed with DCOOD instead of HCOOH.
Therefore, Namid is coordinating only weakly, if at all, to the ruthenium center in complex 3. While

the tridentate chelation of the NNN-ligand principally might provide space for a small ligand to
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bind to the ruthenium center in a distorted square-pyramidal geometry (Fig. 9), hemilability of

the central nitrogen is more likely to accommodate the formate and is not unprecedented.3*

2a+180eqFAr.t
3.5d
°

Ru-H Ru-H

*e
| '~'L“-—Jl‘

S

[2a-H]* o3 [Ru-H] e free p-cym

T

A

—————— T ———T T AT
105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00 55 -60 -65 -11.0-11.5  -14.5
f1 (ppm)

Figure 12. Stacked 'H NMR spectra after addition of 180 eq FA to 2a. Conditions: DMSO-ds (0.6 mL), 2a
(4 mg, 5.64 pmol), FA (40 pl, 1.06 mmol). Signals assigned to 3 (), [2a-H]* (¢) and the [Ru-H] (e) are

marked.

In the high-concentration regime of the NMR experiment, additionally, trace amounts of a
hydride species are present at the initial stages of the reaction, with a diagnostic signal at &1 =
—6.14 and corresponding resonances in the cymene and NNN ligand regions (Fig. 12). After
about 20 min, this hydride species is fully consumed, though gas evolution continues for
another two hours in an almost linear regime, suggesting that this hydride complex is not related
to the catalytically active species. This hydride side product is also visible in mixtures resulting
from stoichiometric reactions of 2a with 1 eq formic acid, or when treating [2a-H]" with

stoichiometric quantities of lithium formate .
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Figure 13. Gas evolution from NMR tube with deuterated FA. Usual preparation of NMR sample but the
tube was connected to a blueVcount volumetric gas measurement device. Conditions: DMSO-ds (0.6 mL),
2a (4 mg, 5.64 pmol), DCOOQOD (40 pL, 1.06 mmol), r.t.
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Scheme 2: Suggested pathway for the activation of complex 2 for catalytic FA dehydrogenation and
thermal ellipsoid plot of [2a-H]* (50% ellipsoids, the two PFs~ counteranions, all carbon-bound hydrogen

atoms, and co-crystallized CH2Cl> molecule omitted for clarity).
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The relevance of these room temperature studies was validated by performing a formic acid
dehydrogenation experiment at 80 °C for just 1 min followed by immediate cooling. The
corresponding '"H NMR spectrum is essentially identical to that from room temperature
reactions after 35 min, supports the variable temperature UV-vis data (vide supra). When FA
is almost fully consumed additional hydridic resonances at 61 =—-11.06 and —14.3 are observed,
indicating that upon consumption of all formic acid, either cymene is lost or the tridentate

coordination mode of the NNN ligand is altered.

Overall, these spectroscopic data suggest fast N-protonation as the initial catalyst activation
step. Proton transfer to the ruthenium-bound amide nitrogen is pH controlled and fast in the
presence of excess FA or a strong acid. This protonation is assumed to weaken the Ru—Namid
bond, and thus allow for formate coordination. This purple species 3 is considered the catalyst
resting state. While it is tempting to propose a p-hydrogen elimination from this resting state to
form a hydride species, such a turnover-limiting step would imply a highly positive entropy of
activation because of the concomitant release of CO:, which is incompatible with the large
negative value of AS* (vide supra). We therefore propose the formation of a highly ordered
adduct with a second equivalent of formic acid to facilitate the hydride formation (Scheme 2).
Note that due to the distal location of the acidic proton at Namia, from the putative ruthenium-
bound hydride, intramolecular elimination of H2 seems much less likely compared to protonation
of the hydride by extraneous formic acid. In this latter scenario, Namia protonation is essential
for opening up a coordination site at the ruthenium center during catalyst activation, but not for

cooperative formic acid activation or Hz release.

I1.3 Conclusion

We disclose here a ruthenium complex containing an easily accessible NNN ligand system for
efficient formic acid dehydrogenation. The catalytic system shows very high catalytic activity
with turnover frequencies that surpass other additive-free ruthenium catalyst for formic acid
dehydrogenation. Mechanistic investigations indicate a purple phase as catalytically active
species, which is defined by a ruthenium system that still comprises the cymene and the NNN
ligand, though the latter presumably only in bidentate coordination mode. While the system is
highly active, its longevity is mediocre. This limitation may be addressed by ligand
modifications, which are straightforward because of the convenient and modular ligand

synthesis.
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1.4 Experimental

General

Ruthenium complexes were synthesized under exclusion of light. Ligand precursor 1a was
synthesized according to a published procedure.3 All other reagents were commercially
available and used as received unless specified. NMR spectra were recorded at 25 °C on
Bruker spectrometers operating at 300 or 400 MHz ("H NMR), 282 or 376MHz ('°*F NMR), and
75 or 100 MHz ('3C{'H} NMR), respectively. Chemical shifts (d in ppm, coupling constants J in
Hz) were referenced to residual solvent signals ('H,'3C). Assignments are based on homo- and
hetero nuclear shift correlation spectroscopy. High resolution mass spectrometry was carried
out by the DCBP mass spectrometry group at the University of Bern with with a Thermo
Scientific LTQ Orbitrap XL (ESI-TOF). Elemental analyses were performed on a Thermo
Scientific Flash 2000 CHNS-O elemental analyzer by the DCBP Microanalytic Laboratory.

Complex 2a
“ors Under nitrogen atmosphere and under exclusion of light, [Ru(p-
>—’ cymene)Clz]2 (128.5 mg, 0.21 mmol), ligand precursor 1a (200 mg,
N/ 0.42 mmol) and Na2CO3 (444 mg, 4.2 mmol) were stirred in degassed
CH3CN (11 mL) for 16 h. The crude mixture was filtered, and all
volatiles were removed under reduced pressure. The residue was

dissolved in CH2Clz and filtered over a short pad of basic Al20s. The
complex was eluted with a mixture of CH2Cl2 and acetone (2:1; 60 mL) as a red solution. All
volatiles were evaporated under reduced pressure and the solid redissolved in a minimal
amount of CH2Clz. Et2O was then added until a red solid precipitated. The supernatant was
removed and the solid washed with Et20 (2 x 10 mL) and pentane (2 x 10 mL) to yield complex
2a as a red solid (190 mg, 64%). Slow diffusion of Et20 into a solution of complex 2a in CH2Clz
gave crystals suitable for X-ray diffraction analysis. '"H NMR (300 MHz, CD3sCN) & 9.44 (dd,
8Jun = 5.1, *Jnn = 1.3 Hz, 1H, Hauin), 8.14 (dd, 3JnH = 8.4, 4Jun = 1.3 Hz, 1H, Hauin), 7.48 (dd,
3Jnn = 7.6, “Jnn = 1.4 Hz, 1H, Har), 7.38 (dd, 3Jun = 8.4, 5.1 Hz, 1H, Hauin), 7.32-7.23 (m, 2H,
HpyE o, Hauin), 7.18 (dd, Jun = 3.5, 1.3 Hz, 1H, Har), 7.16 (dd, Jun = 3.3, 1.3 Hz, 1H, Har), 7.02
(dd, Jun = 7.6, 3.1 Hz, 1H, Har), 7.00-6.92 (m, 3H, Hpve o, 2 Har), 6.83 (td, Jun = 7.6, 1.4 Hz,
1H, Har), 6.78 (dd, Jun = 7.7, 3.1 Hz, 1H, Har), 5.78-5.71 (m, 2H, Heym), 5.69-5.62, 5.18-5.12
(2 x m, 1H, Heym), 3.48 (s, 3H, N-CHs), 2.37 (septet, 3Jun = 6.9 Hz, 1H, CHMez2), 1.91 (s, 3H,
cym—-CHs), 0.87, 0.83 (2 x d, 3Jun = 6.9 Hz, 3H, (CHs)2CH). 3C NMR (101 MHz, CDsCN) &
160.92, 160.25, 159.64 (3 x Car), 154.68, 154.62(1 xCHauin, 1 x Car), 148.23, 141.47, 140.86
(3 x Car), 138.24(CHauin), 131.01, 129.98, 125.52, 124.50 (4 x Car), 123.20 (CHauin), 122.78,
120.15, 119.17, 116.57, 114.62, 109.51 (6 x Car), 103.18, 102.58 ((Ceym—iPr, Ceym—Me), 88.16,
87.93, 86.54, 84.72 (4 x Ceym—H), 43.84 (N-CHs3), 31.31 (CHMe2)), 22.77, 21.73(2 x CH(CHz)2),
18.54 (cym—CHs). '°F NMR (376 MHz, CDsCN) & -79.31 (OTf). HR-MS (m/z): Calculated for
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[M-OTf] = 561.1587 found 561.1575. Anal. Calc. (%) for C3s2H31F3N4O3RuS: C 54.15, H 4.40,
N 7.89; found C 53.73, H 4.35, N 7.63.

Complex 2b
PFe Ligand precursor 1a (400 mg, 0.84 mmol), was stirred in a biphasic
: . mixture of aqueous KOH (1 M, 10 mL) and CH2Clz2 (20 mL) for 15 min.
. - The CH2Clz phase was separated and washed with 0.1 M KOH solution
/R“\N/ = (20 mL) followed by water (20 mL). The organic phase was dried over

Mg2SO., filtered, and all volatiles were removed under reduced

pressure. The resulting oil was layered with pentane for 1 h to afford a
solid, which was washed with pentane (2 x 20 mL) and dried in vacuo to yield a yellow waxy
solid (272 mg, 99%). This solid was directly used for further synthesis without full
characterisation. '"H NMR (300 MHz, CD3CN) & 8.81 — 8.71 (m, 2H), 8.20 (dd, 3JnH = 8.3, *JnH
= 1.7 Hz, 1H), 7.67 (dt, 3Jun = 7.7, *Jun = 1.0 Hz, 1H), 7.60 (dd, 3JnH = 7.8, 4Jun = 1.2 Hz, 1H),
7.54 — 7.40 (m, 2H), 7.25 (dd, 3Jun = 8.2, 4Jnun = 1.2 Hz, 1H), 7.10 — 6.88 (m, 4H), 6.45 — 6.00
(m, 2H), 3.40 (s, 3H).

Under nitrogen atmosphere and exclusion of light, the waxy solid (80 mg, 0.25 mmol), [Ru(p-
cymene)Clz]2 (75 mg, 0.13 mmol), NaPFs (41 mg, 0.25 mmol) and Na2COs (130 mg, 1.2 mmol)
were stirred in degassed CHsCN (5 mL) for 40 h. The crude mixture was filtered, and all volatiles
were removed under reduced pressure. The residue was dissolved in CH2Cl2 and filtered over
a short pad of basic Al20s. The complex was eluted with a mixture of CH2Clz and acetone (2:1;
60 mL) as a red solution. All volatiles were evaporated under reduced pressure and the solid
redissolved in a minimal amount of CH3CN. Et2O was then added until a red solid precipitated.
The supernatant was removed and the solid washed with Et20 (2 x 10 mL) and pentane (2 x
10 mL) to yield complex 2b as a red solid (135 mg, 78%). '"H NMR and *C NMR spectra are
identical to those of 2a. "°F NMR (376 MHz, CD3CN) & -72.94 (d, J = 706.5 Hz, PFs). HR-MS
(m/z): Calculated for [M—PFe]* = 561.1581 found 561.1579.Anal. Calc. (%) for Ca1H31FeN4PRu:
C52,77,H 4.43, N 7.94 found C 52.72, H 4.41, N 7.79.

Synthesis of complex [2a-H]*

2PF, 2a (297.9 mg, 0.42 pmol) was dissolved in CH3CN (10 mL).
HOTf (0.12 mL, 1.26 mmol) was added until colour changed

= -~
\N/R|u\ /N from inital red to yellow. Aqueous saturated NH4PFe solution (3
N/
,L mL) and water (40 mL) were added, leading to precipitation of
|
H a yellow solid. The solid was filtered of, washed with water (40

mL) and dried under reduced pressure. The solid was dissolved
in CH2CH2 (10 mL) and stirred for 10 min over an excess of NaPFs (400 mg). The solution was
filtered and concentrated under reduced pressure. Et2O was added (50 mL), leading to a yellow

precipitate which was washed with Et20 (2 x 20 mL). All volatiles were removed under reduced
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pressure to afford [2a-H][2PFe] as a yellow solid (215 mg, 60%). '"H NMR (400 MHz, CD3CN)
5 10.44 (s, 1H), 9.65 (dd, 3Jun = 5.2, *Jun = 1.4 Hz, 1H, NH), 8.53 (dd, 3Jun = 8.5, 4Jnn = 1.3 Hz,
1H, Hauin), 8.02 (dt, 3JnH = 7.6, “Jun = 1.0 Hz, 1H, Hauin), 7.96 (dd, 3Jun = 8.3, 3Jun = 1.1 Hz, 1H,
Hauin), 7.88 (dd, 3Jun = 7.8, 4Jnn = 1.5 Hz, 1H, Hpn), 7.73 (t, 3Jun = 7.9 Hz, 1H, Hauin), 7.66 (dd,
3Jun = 8.4, 3Jun = 5.2 Hz, 1H, Hauin), 7.35 (dd, 3Jun = 7.9, Jun = 1.4 Hz, 3H, Hen), 7.45 — 7.22
(broad m, 2H, Heve), 7.16 (td, 3Jun = 7.7, *Jun = 1.5 Hz, 1H, Hen), 7.09 (td, 3Jnn = 7.6, 3Jun = 1.4
Hz, 1H, Hen), 6.79 (s, 2H, Heye), 6.24 (dd, 3Jun = 6.1, *Jun = 1.3 Hz, 1H, Heym), 6.10 (dd, 3Jun =
6.1, “Jun = 1.3 Hz, 1H, Heym), 6.01 (dd, 3Jun = 6.6, 3Jnn = 1.0 Hz, 1H, Heym), 5.86 (dd, 3Jun = 6.1,
8JnH = 1.3 Hz, 1H, Heym), 3.60 (s, 3H), 2.48 (sept, 3Jun = 6.9 Hz, 1H, CHMez), 1.91 (s, 3H, cym—
CHs), 0.90 (d, 3Jun = 6.9 Hz, 3H, (CH3)2CH), 0.86 (d, 3Jun = 6.9 Hz, 3H, (CHs)2CH). 3C NMR
(101 MHz, CD3CN) 6 162.14 (Car), 158.84 (CHauin), 149.54, 147.51, 145.61, 142.93, 142.47 (5
x Car), 140.89 (CHaun), 130.32, 130.13, 129.84, 129.82, 129.01, 125.02, 123.45, 122.69 ,
106.96, 103.32 (10 x Car), 86.62, 85.65, 85.17, 84.73 (4 x Ceym—H), 44.60 (N-CHs), 31.37
(CHMey)), 22.20, 21.86 (2 x CH(CHz3)2), 18.14. Anal. Calc. (%) for Cs1Hs2F12N4P2Ru: C 43.72,
H 3.79, N 6.58; found C 43.69, H 3.93, N 6.32.

In situ protonation with excess OTf

Complex 2a (4 mg, 5.64 ymol) was dissolved in DMSO-ds and HOTf (ca. 5 yL, 56 ymol) was
added. Upon addition the red solution immediately turned yellow.

H NMR (300 MHz, DMSO-ds) & 12.04 (s, 1H), 9.98 (d, 3Jun = 5.1 Hz, 1H), 8.70 (d, 3Ju = 8.3
Hz, 1H), 8.20 (d, 3Jun = 7.6 Hz, 1H), 8.06 (d, 3Jun = 8.1 Hz, 1H), 7.96 (dd, 3Jin = 7.6, *Jkn = 1.6
Hz, 1H), 7.84 — 7.73 (m, 2H), 7.55 (s, 2H), 7.35 (dd, 3Jn = 7.9, *Jun = 1.6 Hz, 1H), 7.21 — 7.04
(m, 2H), 6.86 (s, 2H), 6.33 (t, 3Jkn = 6.5 Hz, 2H), 6.15 — 6.07 (m, 2H), 3.67 (s, 3H), 2.48 — 2.38
(m, 1H), 1.88 (s, 3H), 0.85 (d, 3Jn+ = 6.9 Hz, 3H), 0.81 (d, 3Jur = 6.8 Hz, 3H).

Reversible deprotonation

Na2COs (ca. 8 mg, 75 ymol) was added and the suspension mixed. The color of the solution

changed back from yellow to red. The "H NMR spectrum reverted to that of 2a.
Light sensitivity of complexes 2a and 2b

In an NMR tube DMSO-ds solutions of 2a/2b (4 mg in 0.6 mL) were kept in the dark and
respective "H NMR spectras were recorded. The tubes were then taped to a sunfacing window
and after regular time intervals "H NMR spectras were recorded to monitor the decomposition.

The experiments were performed both under inert atmosphere and in air.

Crystal structure determination
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Crystals of 2a and [2a-H]* were immersed in parabar oil, mounted at ambient conditions and
transferred into the stream of nitrogen (173 K). A crystal of 2a was measured on a RIGAKU
Synergy S area-detector diffractometer®® using mirror optics monochromated Cu Ka radiation
(A=1.54184 A), while [2a-H]* was measured on an Oxford Diffraction SuperNova area-detector
diffractometer3® using mirror optics monochromated Mo Ka radiation (A = 0.71073 A) and Al
filtered.®® The unit cell constants and an orientation matrix for data collection were obtained
from a least-squares refinement of the setting angles of reflections in the range 2.382° < 6 <
77.289° for 2a and 2.023° < 6 < 27.844° for [2a-H]*. For 2a a total of 4112 frames were collected
using w scans, with 3.2 second exposure time (10 s for high-angle reflections), a rotation angle
of 0.5° per frame, a crystal-detector distance of 40.0 mm, at T = 173(2) K. For [2a-H]* a total of
834 frames were collected using w scans, with 2.5+25 seconds exposure time, a rotation angle

of 1.0° per frame, a crystal-detector distance of 65.0 mm, at T = 173(2) K.

Data reduction was performed using the CrysAlisPro%8 program. The intensities were corrected
for Lorentz and polarization effects, and an absorption correction based on the multi-scan
method using SCALE3 ABSPACK in CrysAlisPro% was applied. Data collection and refinement
parameters are given in Table S2. The structures were solved by intrinsic phasing using
SHELXT*, which revealed the positions of all non-hydrogen atoms. All non-hydrogen atoms
were refined anisotropically. H-atoms were assigned in geometrically calculated positions and
refined using a riding model where each H-atom was assigned a fixed isotropic displacement
parameter with a value equal to 1.2Ueq of its parent atom (1.5Ueq for methyl groups).
Refinement of the structures was carried out on F2 using full-matrix least-squares procedures,
which minimized the function Zw(F.%2— Fc?)?. The weighting schemes were based on counting
statistics and included a factor to downweight the intense reflections. All calculations were
performed using the SHELXL-2014/74' program in OLEX242. The structure of 2a was refined
as a two-component twin, where the twin law corresponds to a rotation of -180 degrees around
[-0.23 -0.00 0.97] (reciprocal) or [0.00 0.00 1.00] (direct). A disorder model was included for
triflate, where the occupancy of the disorder components is refined using a free variable. The

occupancies of both components together are restrained to 100%.

For [2a-H]*, a disorder model was used for one of the PFe units and for the CH2Clz. There is
another disordered CH2Cl> molecule, which could not be modeled and therefore a mask was
used to include the contribution of the electron density located in the void area into the

calculated structure factors.

Further crystallographic details are compiled in Table S2. Crystallographic data for both
structures reported in this paper have been deposited with the Cambridge Crystallographic
Data Centre (CCDC) as supplementary publication numbers 2251207 (2a), and 2251208 ([2a-
HI*).
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Table 4. Crystal data and structure refinement for 2a and 2a-HJ".

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

B/

e

Volume/A3

z

Pcalcg/cm3

p/mm-"

F(000)

Crystal size/mm3
Radiation

20 range for data
collection/®

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F2
Final R indexes [I>=20 (I)]
Final R indexes [all data]
Largest diff. peak/hole / e
A3

2a

2251207
Cs2H31F3N4OsRuS
709.74
173.01(10)
monoclinic

P2i/c

18.9076(3)
11.49805(18)
14.5081(2)

90

100.5586(15)

90

3100.67(9)

4

1.520

5.220

1448.0

0.22 x 0.154 x 0.049

Cu Ka (A = 1.54184)

4.754 to 155.63
-23<h=23,-14<k<14,-
16<1<18

12137

12137 [Rint = ?, Rsigma =
0.0132]

12137/6/458

1.203

R1=0.0766, wR2 = 0.2636

R1=0.0818, wR2=0.2785

[2a-H]*

2251208
Cs2H34Cl2F12N4P2Ru
936.54

173.00(10)
monoclinic

P21/c

20.26618(17)
10.02851(8)
20.44489(17)

90

101.7636(9)

90

4067.94(6)

4

1.529

0.679

1880.0

0.316 x 0.216 x 0.095
Mo Ka (A = 0.71073)

4.07 to 54.188
25<h<25-12<k<12, -
26<1<25

49828

8903 [Rint = 0.0286, Rsigma =
0.0202]

8903/12/533

1.036

R+ = 0.0334, wR> = 0.0836
R+ = 0.0397, wR; = 0.0874
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CHAPTERIII

Base-free formic acid dehydrogenation by ruthenium arene

complexes

Formic acid is a promising hydrogen carrier molecule. Based on a Ruthenium(ll)-arene
complex featuring a tridentate PYE-amide-quinoline NNN ligand (PYE = pyridylidene amine),
which is highly active in additive-free formic acid dehydrogenation, we present here a series
of derivatives with modifications on the major components of the system. The ancillary
cymene ligand of the parental complex was replaced with benzene and hexamethylbenzene.
A strong dependence on coordination strength was found, with weaker bound benzene
leading to quick deactivation under catalytic conditions and a drop in maximal turnovers by
75%. The NNN-ligand framework was modified by substituting the quinoline donor-site with a
second PYE unit (PYE-amide-PYE), as well as by exchanging the aromatic backbone of the
ligand for alkyl chains. The amide position in these complexes was much more basic and
respective complexes were only isolated with the central nitrogen protonated. Catalytic
activity of these complexes dropped by at least 80% compared to the parental system.
Furthermore, the role of the centrally coordinated amide in the PYE-amide-quinoline structure
was investigated by accessing protonated and methylated versions of the ruthenium complex.
The centrally coordinated nitrogen was shown to be crucial for high catalytic activity, with
methylation decreasing performance by three orders of magnitude. Simple electronic
modifications on the aromatic ligand backbone, introducing Me, OMe and CF3 substituents,
boosted catalytic performance up to three times compared to the unsubstitued ligand. The
most active complex, which was comprised of a CF3 substituted PYE-amide-quinoline and a
cymene ancillary ligand, reached turnover frequencies up to 27 000 h-', making it the most

active ruthenium complex to date in the absence of additives.

P. Knérr, N. Lentz, M. Albrecht, Manuscript in preparation
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1111 Introduction

Storage of renewable energy is one of the key challenges to move towards a cyclic green
energy economy and huge efforts are being devoted towards the development of alternative
fuels.'-3 Dihydrogen has been proposed as an almost ideal energy carrier which is accessible
by water splitting and only yields benign products upon oxidation in a fuel cell.* To avoid the
significant downsides of gaseous dihydrogen, such as explosivity and low volumetric energy
density, the usage of liquid organic hydrogen carriers (LOHCs) as a transient storage vector is
highly promising.> Small organic molecules can undergo reversible hydrogenation and
dehydrogenation cycles allowing safe usage of stored dihydrogen. Formic acid (FA; HCOOH)
is an outstanding candidate for this reaction as it can be easily handled and provides sufficiently
high energy densities for broadscale application.6-8 FA can be decomposed via two competing
pathways, namely dehydrogenation (to H2 and CO2) and, usually undesirable, dehydration (to
H20 and CO) which necessitates development of suitable selective catalysts. While catalytic
formic acid dehydrogenation (FADH) is known since the 1960s the field has only sparked more
interest with the seminal work of Beller and Laurency in 2008 where they proposed FA as an
LOHC.%-" Since then various competent systems have been developed with both Earth-
abundant and precious metal complexes. Most well-performing systems however still demand
additives in the form of bases or Lewis acids to reach maximal performance.'?'3 Notable
exceptions are catalysts |, developed by Milstein, and Il from Li and coworkers, which reach
turnover frequencies (TOFs) of 3,000 h-' and 487,000 h-', respectively, and turnover numbers
(TONSs) in the range of millions (Fig. 1).'*'> We have recently discovered a ruthenium complex
1 containing a tridentate pyridylidene amine (PYE) ligand,Charterll in which an intrinsic basic site
enables TOFs as high as 10,000 h-' even in the absence of additives. Here, we present the
effects of systematic modifications of the ligand framework of complex 1 to identify critical
factors that govern catalytic activity. Variations in the ancillary arene ligands and the main ligand
scaffold were easily introduced because of the high synthetic modularity of the complex,

affording improved catalytic FA dehydrogenation activity with TOFs up to 27,000 h-".

| | ZNT
NI~ Ru
| / Cl SN \ \N/ =
HN—N | |
HN\)
I I 1
Milstein 2021 Li 2015 Chapter Il
TOF [h] 3,100 487,000 10,000
TON 1,700,000 2,400,000 1,400

Figure 1: State of the art homogeneous catalysts for FA dehydrogenation catalysis
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111.2 Results and discussion

To investigate the importance of the intrinsic basic amide (Namid) site for FADH, derivatives of
complex 1 where synthesized, where the lone pair of the central nitrogen was not accessible.
The protonated complex 2 was prepared as described in chapter Il of this thesis (Fig. 2). The
methylated analog 3 was easily accessed by addition of MeOTf to a solution of complex 1 in
CH2Cl2 (Fig. 2). Passing the solution over a pad of basic Al203 followed by precipitation via
addition of Et20 yielded the pure product as a yellow solid. Successful methylation was
indicated by high-resolution mass spectrometry which showed the expected m/z at 288.0905
(288.0908 calculated for [3-20Tf]?*) and 725.1334 (725.1342 calculated for [3-OTf]*). '"H NMR
spectroscopy showed a new resonance at &u = 4.02 in agreement with central nitrogen
methylation. Crystals of 3 were grown by vapor diffusion of Et2O into a CH2Cl2 solution of 3 and
single crystal X-ray diffraction analysis unambiguously confirmed the proposed structure. We
note a significant lengthening of the Ru—Namid bonds by 0.12 A (3) and 0.06 A (2) due to
switching from amide to amine coordination modes (Table 1). It was noted that methylation of
the central nitrogen made the complex stable towards light irradiation which contrasts the

sensitivity of 1 and 2 where ancillary arene loss occurs.Chapter I

: T T

| SN i) HOTf

ii) NH,PFg Ru

MeOTf

Figure 2: Synthesis of Complexes 2 and 3, molecular structure of complex 3; all ellipsoids at 50%

probability level (hydrogen atoms and anions omitted for clarity).
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Table 1: Selected bond lengths [A] and angles [deg] of complexes 1-6.

1 2 3 4 5 6
RU-Namia 2.068(5) 2.132 (3) 2.191(3) 2.068(1) 2.073(3) 2.125(2)
Ru—Npye 2.123(6) 2.112(2) 2.120(3) 2.103(1) 2.118(2) g]fg%
Ru-Nauin 2.089(6) 2.002(2) 2.081(3) 2.083(1) 2.100(3) -

Ru— Namia ~Caun 114.4(5) 110.8(1) 107.8(2) 113.66(9) 115.0(2) -

Coun-Nama—Cen  115.7(6) 112.6(2) 108.2(3) 117.5(1) 116.5(3) -

Ce— Namia ~RU 108.3(5) 107.0(1) 105.0(2) 110.39(9) 108.6(2) -

When applied in FADH, under established conditions, complex 2 reaches TOFinitat of 1000 h-"
which is only 50% of the TOFinta Observed with the parent complex 1 (cf. 2000 h-'). With the
methylated variant 3, activity dropped drastically to a TOFinta of 13 h™', similar to the
performance level of the ruthenium precursor [RuClz(p-cym)]z (Fig. 3). While protonation only
lowers the activity of the system methylation is more impactful by three orders of magnitude,
basically shutting it down completely. These findings indicate an active participation of the
central nitrogen in the FADH cycle and run contrary to other groups’ observations with
complexes featuring similar nitrogen coordination modes. In these cases methylation of the
nitrogens were highly beneficial, likely due to a difference in the dominant FADH reaction
pathway.'316 The much lower performance of 3 compared to 2 implies that the central nitrogen
position impacts FADH catalysis beyond its ability to act as an internal base in complex 1. This
might come from the higher steric demand of the methylated site, hindering formation of the
active species or interfering more in the reaction mechanism, potentially also from the absence

of hydrogen bonding interactions.
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Figure 3: Time-gas evolution profiles for formic acid dehydrogenation with complexes 1-3 and [RuClz(p-
cym)]z. Reaction conditions: 80°C, Formic acid (40ul, ), [Ru] (0.2 mol%), DMSO (1.2 mL), N2 atm.

To probe the role of the arene moiety, analogs of complex 1 with different arenes were
synthesized (Fig. 4). They were prepared via the same route as complex 1 by reacting the
ligand precursor L1 with the corresponding [RuClz(arene)]z in the presence of Na2COs (Fig. 4).
Successful ruthenation was indicated by disappearance of the two NH protons of the ligand
precursor at o1 = 10.12 and 8.63 from '"H NMR spectra. The spectras of 4 and 5 are comparable
to those of 1 apart from the absence of p-cym resonances and the appearance of signals
corresponding to CHgenz for 4 at o1 = 5.66 and CH3 Hexamethibenzene for 5 at &n = 1.88. High-
resolution mass spectrometry showed the expected m/z at 505.0953 (505.0961 calculated for
[4-OTf]*) and 589.1894 (589.1900 calculated for [5-OTf]*). Crystals grown by vapor diffusion
of Et20 into CH2Cl2 were analyzed by single crystal XRD analysis which confirmed the
proposed structures. The Ru—N bond lengths of both 4 and 5 do not majorly differ from 1 (cf
Table 1). It was noted that the arene changes had major impacts on the stability of the
complexes, which turn darker upon degradation in solution. When exposed to sunlight,
solutions of complex 4 featuring a benzene ligand visibly decomposed after several seconds,
much faster than cymene containing complex 1 which visually darkens within ca. 30 s. Trace
amounts of decomposition products, in the form of free benzene (6w = 7.37 in '"H NMR
spectras), were always apparent in solution even when handled under minimal light. With
complex 5 comprised of a hexamethylbenzene ligand, visible decomposition took around two

minutes. This is indicative for a stronger bonding of more electron rich arenes to ruthenium.'”
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oTf~
SN Na,COs
| [Ru(benzene)Cly],

Na,CO3
[Ru(hexamethylbenzene)Cl,],

Figure 4: Synthesis of complexes 4 and 5, and their molecular X-ray structures (ellipsoids at 50%

probability level, hydrogen atoms, anions and co-crystallized solvent molecules omitted for clarity).

Applying complexes 4 and 5 in FADH catalysis showed notable differences to complex 1 (Fig.
5). 4 rapidly deactivated after a burst of initial activity where it showed equivalent activity to 1,
with a significant TOF decrease after a few seconds. The hexamethylbenzene complex 5 does
not show this rapid deactivation in FADH. However this complex was overall less active than 1
(TOFinitai(1) = 2000 h-'; TOFinitai(5) = 1300 h-'). Rapid deactivation of complex 4 suggests arene
decoordination as a major catalyst deactivation pathway, in agreement with previous
experimental observations with complex 1, where free cymene was detected by 'H NMR
spectroscopy when following FADH catalysis.Charterl Benzene is usually weaker coordinated to
ruthenium and dissociates easier than arenes with more donating substituents.!” This is
supported by results obtained from the presumably stronger coordinated hexamethylbenzene
which did not rapidly deactivate. In terms of TOFmax the hexamethylbenzene ligand was
however still outperformed by the cymene. The negative effect of the hexamethylbenzene could
arise from several parameters. The imposed sterics might have a detrimental effect on the
reaction rate by limiting access of the reactant during a key step of the reaction mechanism. In
addition to these steric effects potentially disfavoured n4 slippage during a transition state might

also play a role.
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Figure 5: Time-gas evolution profiles for formic acid dehydrogenation with 1,4 and 5. Reaction conditions:
80 °C, Formic acid (40ul, 1.06 mmol), [Ru] (0.2 mol%), DMSO (1.2 mL), N2 atm.

The influence of the NNN-tridentate chelating ligand framework was evaluated with two
analogous complexes 6 and 7, which feature instead of the aminoquinoline donor site an
additional PYE mojety (Fig. 6). The Alkyl-bisPYE ligand precursor was synthesized by reaction
of diethylenetriamine with 4-chloropyridinium triflate followed by anion metathesis with aqueous
KPFs. Coordination to ruthenium was accomplished by reaction of Alkyl-bisPYE with Ru[(p-
cym)Clz]z in the presence of Na2COs as a base. Complex formation was indicated by high
resolution mass spectrascopy with an m/z of 666.1743 (666.1734 calculated for [6-PFs]*). 'H
NMR spectroscopy showed the diagnostic disappearance of the ligand precursors NHpve
resonances at dn = 8.45 and appearance of a broad signal at &4 = 7.28 indicative for the
protonated central nitrogen of the ruthenium complex. The proposed connectivity is in line with
the other members of the series and was unambiguously confirmed by X-ray diffraction analysis
of a single crystal grown by slow diffusion of Et2O into a CH2Cl2 solution of 6. Complex 6 could
not be isolated with the central nitrogen deprotonated. Even when Na2COs was replaced in the
synthesis with strong bases, such as NaOtBu or BuLi the complex got protonated during
purification attempts and no clean product was isolated. Deprotonation of 6 and isolation of the
resulting complex was equally unsuccessful. The alkyl linkers are strongly donating which may
render the central nitrogen increasingly basic. The Ph-bisPYE ligand precursor was
synthesized according to a previously published procedure.'® Successful ruthenation was
indicated by high resolution mass spectrometry with an m/z of 762.1731 (762.1734 calculated
for [7- PFs]*). The protonated central nitrogen was observed in 'H NMR spectroscopy with a
resonance at &x = 6.32. The pure complex is highly air sensitive and decomposes within hours
of continuous exposure. Similar to 6, complex 7 was also only isolated in the protonated form.
This indicates that replacement of strongly donating alkyl linkers with electron poorer arenes is

not sufficient to lower the basicity of the central nitrogen enough to allow isolation of the
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deprotonated complex, but that the presence of the aminoquinoline sidearm is essential to the

lower basicity of Namia in complex 1.

- - Rt &7

¢l ~OTf i) EtgN 2PF N7 /@

HZN\/\N/\/NHQ i |\ ii) KPFg X NH " HNT X
H

- H H
_ A N\/\N/\/N A N
N ol H | +
| N~ 2N

Alkyl-bisPYE Ph-bisPYE
Na,COj3 t-BuOK
[Ru(p-cym)Cl], Ru(p-cym)Cl],

Figure 6: Synthesis of complexes 6 and 7 and their molecular X-ray structures (all ellipsoids at 50%

probability level; hydrogen atoms, anions and co-crystallized solvent molecules omitted for clarity).

In FADH both 6 and 7 exhibited decreased catalytic activity with much lower TOFs (6 = 40 h*';
7 =400 h'') compared to complex 1 (2000 h-'; Fig.6). The diminished performance is most likely
strongly correlated to the absence of a basic site on the complexes and thereby absent or
diminished ligand cooperativity. In protonated complex 2 activity was decreased to a lesser
extent which we tentatively attribute to increased acidity of the NH mojety. The higher acidity is
evident through the easy deprotonation 2 with weak basesCharter Il (e.g. Na2CQOs) which are
insufficient to deprotonate 6 or 7. The core design of the initially investigated complex 1,
consisting of cymene ancillary ligand and the dissymmetric PYE aminoquinoline, is thus the
most proficient combination with modifications targeting main features of the complex being

detrimental.
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Gas [ml]

Figure 7: Time-gas evolution profiles for formic acid dehydrogenation with 1,6 and 7. Reaction conditions:
80 °C, formic acid (40 pl, 1.06 mmol), [Ru] (0.2 mol%), DMSO (1.2 mL), N2 atm. Catalytic runs of 7 were

measured with an inverted burette setup.

Electronic modifications of the NNN ligand where thus undertaken (Fig. 8), aimed at changing
the basicity of the central nitrogen, which was presumed as a key parameter for high TOFs.
Installing electron withdrawing or donating groups in para position to the central nitrogen on the
phenyl ring were suggested to allow finetuning of the pKa of the conjugated acid complex.
Ligand precursors 8a and b were prepared through an Uliman coupling between the respective
iodonitroarenes and 8-aminoquinoline. 8c was synthesized similar to the unsubstitued ligand
precursor L1 by electrophilic aromatic substitution on the electron poor -CF3 substituted
nitrofluoroarene with 8-aminoquinoline. The nitro groups of all intermediates were reduced via
Pd/C to the corresponding amines, which were heated with 4-chloroaminopyridine under neat
conditions to yield the NNN-Ligand precursors 8a-c as friflate salts. The complexes were
obtained analogous to 1 by reacting the ligand precursors with [Ru(p-cym)Cl2]z in the presence
of Na2CQOs. Complex formation was indicated in '"H NMR spectroscopy by the disappearance
of the two NH proton resonances corresponding to the ligand precursors at &4 = 10.7 and 8.32
for 9c, o1 =9.57 and 8.95 — 8.84 for 9b and 6+ = 9.88 and 8.75 for 9a. The overall similarity of
the spectra with complex 1 strongly indicates that the general structures and coordination
modes are convergent. High-resolution mass spectrometry showed the expected m/z signals
at at 629.1485 (629.1461 calculated for [9c-OTf]*), 591.1714 (591.1692 calculated for
[9b-OTf]*) and 575.1763 (575.1743 calculated for [9a-OTf]*). X-Ray diffraction analysis of
single crystals of 9a-c, grown by Et2O/ CH2Cl2 vapour diffusion, unambiguously confirmed
coordination modes analogous to complex 1. None of the introduced functional groups had
pronounced impact on the solid state e.g. bond distances between the ligand and ruthenium
are all in the range of complex 1 (Ru—Namia 2.07 A, Ru—Npve 2.12 A, Ru-Nauin 2.09 A; Table 2.).

We note that complex 8b tended to reprotonate in the syntesis if during precipitations wet
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solvents were used. This indcates a slightly higher basicity of the methyl substituted complex

8b over the other complexes of this series.

N -
SN NO, SN NH l = * on J
| X | H 2 cl ‘ SN y HN
NH, o+ SE— N@ Sa— H
R
R R

R =H, CF3 OMe, Me
X=F,I 8a-c

Figure 8: Synthesis of ligand precursors 8a-c and complexes 9a-c; molecular X-ray structures of
complexes 9a-c; all ellipsoids at 50% probability level (hydrogen atoms, anions and co-crystallized solvent

molecules omitted for clarity).

Table 2: Selected bond lengths [A] and angles [deg] of complexes 9a-c.

9a 9b 9c
RU—N.mig 2.073(4) 2.074(1) 2.071(2)
Ru-Npye 2.118(5) 2.117(1) 2.121(2)
Ru-Naquin 2.096(5) 2.087(1) 2.094(2)
Ru— Namid =Cauin 114.5(3) 114.6(1) 115.3(2)
Cauin— Namia =Cpn 118.7(4) 117.5(1) 118.5(2)
Cph— Namia —Ru 108.3(3) 109.0(1) 109.6(2)

To determine if the modifications had the expected influence on the basicity of the central
nitrogen the pKa of the complexes was determined in DMSO by 'H NMR spectroscopy (Table
3).19.20 To solutions of complexes 1 and 9a-c known amounts of a weak acid (HNEt3Cl, pKaPMSO
= 9.00) were added. Based on the equilibria that established between protonated complex
[Ru(NN-HN)J*, deprotonated complex [Ru(NNN)], weak acid HNEtsCl and corresponding base
NEts the pKaPMSO of the protonated complexes [RuN-H]* were determined. The pKaPMSO of the
conjugated acid of complex 1 was determined at 8.57. The methyl substitution leads to the
most basic complex with a pKa of 9.22 whereas the OMe substituent barely influenced the
measured pKa (8.62). The CFs group slightly lowered the pKa to 8.41 but not as much as

expected, as based on o) the CF3 group should have the most pronounced impact, yet the pKa
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deviation from 1 is smaller (ApKa = 0.16) than that of the methyl substituted complex (ApKa =
0.65). The substituents apparently influence the basicity but not to the extent expected when

solely looking at para-Hammet parameters.

Table 3. pKa of the amine nitrogen in complexes 1 and 9, literature Hammet parameters?! and TOFmax
of complexes 1 and 9

€7 z % P * % “u dKy £€
i 1 yipT n n HINAN
o] as (OHH Mt mnenT HINAN
0 ha$s yiCH UIOHT NOMH HIHAN
o] /Co yonm nepn nno nunnn

When applied in FADH catalysis (Fig. 9), 9a with the electron donating methyl group performed
almost identical to the unsubstituted complex 1 with TOFmax of 2,000 h-'. The -OMe substitution
of 9b lead to a slightly increased TOFmax of 2,200 h-! while the -CF3 substitution of 9¢ showed
twice the activity of 1, reaching TOFmax of 4,000 h-'. Overalll the complexes showed modulated
activites compared to the unsubstituted complex but their performance did not follow a clear
trend. Based solely on the pKa, 9a should show distinctly different activity to 1 as its pKa
deviates the most, yet experimental results show no significant modulation of activity. Hence
electronic effects on Namid, as measured by pKa, do not correlate with activity of the substituted
complexes. The positive effect of both CF3 and OMe substituents may be explained by their
electron-withdrawing nature in meta position, thus influencing the electron density on the PYE
nitrogen. We suggest that the substituent effects arrise from their combined impact on ligand

electronics rather than from a localized effect on the pKa of the central nitrogen.
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