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Abstract

Chapter 1 describes an efficient multi-step synthesis of emulotopic but sterically un-
hindered biisoquinoline decorated with long alkybgps for better solubility. This chelate is
ideally suited for macrocycle formation around siéion metal ions and therefore a valuable
new building block for topological chemistry.

Sokolov’s concept to use an octahedral metal teifta the syntheses of macrocycles and
molecular knots is discussed @hapter 2. The concept was successfully realised for the
synthesis of a macrocyclic, hexadentate ligand ith@drporates three bipyridine units. One-
to-one complexes with this ligand and zing(iron(l) and ruthenium() were prepared and a
crystal structure of the latter was obtained.

Three novel oligonuclear, macrocyclic rutheniuinéomplexes are presented@mapter 3.
The complexes are mononuclear, dinuclear and teau@nd were prepared from bidentate,
tetradentate or hexadentate macrocyclic ligandspedively. The compounds were
extensively characterised and their physical priggehave been investigated.

Chapter 4 describes the diversification of ligand familiesto neocuproin (suited for
coordination to coppen), ferroin (suited for coordination to iran) and heteroditopic
structure type. Proof-of-principle conversion ip@ladium() and copperf complexes were
prepared and their structures are discussed.

The synthesis of a symmetric bipyridine ligand vihpossesses pyrene domains is shown in
Chapter 5. Homoleptic and heteroleptic irorj(and ruthenium() complexes with this ligand
are presented and their solid state structurephatbphysical properties are examined.
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1 A Biisoquinoline Chelate

Biological motor§! are proteins (for example, myosins, kinesins agdeths) and are
important in biological processes including musctetraction, intracellular transport and
signal transduction. The ATP synth&s® is an enzyme that is another genuine example for a
molecular motor able to synthesise adenosine tgphate (ATP) from adenosine
diphosphate (ADP) using energy usually in the foah protons moving down an
electrochemical gradient. ATP is the common imnteddaergy source of cells.

Nature has had roughly 4.5 billion years time tovelep molecular machines whereas
mankind has only been working for several decadessynthetic molecular machines.
Clearly, the natural molecular machines are supeimterms of complexity and functionality
to their artificial analogues.

Synthetic molecular motors are often based on eetes or rotaxanes in which motion can
be triggered and controlled at will; hence act asletular machines or at least like their

prototypes.

1.1 Introduction

Interlocked molecules are built from two or more dules that are mechanically linked
together. Figure 1.1-1 illustrates a [2]cateffaaned a [2]rotaxane — two of the simplest and
most common compounds that are intertwined. Theeneatenane is derived from the Latin
word catena which means “chain”. The interlocked rings cana separated without
breaking a covalent bond. A [2]rotaxane is comprisEa linear, dumbbell-shaped fragment
that is threaded through a cyclic component. Bigligups (stoppers) trap the two components

such that they are not free to separate unlessalestd bond is broken.

& The number in brackets designates the numbermpoaents.



1 A BIISOQUINOLINE CHELATE

[2]catenane [2]rotaxane

Figure 1.1-1. Schematic representation of a [2]catenane and a [2]rotaxane.

R. M. Willstadter discussed the possibility of mbeked rings in a talk in Zurich almost a
century agd? He could not conjecture that his early “visionasgieculations would become
true and that today’s chemists are not only abkeytdhesise catenanes in high yields but also
geometrical structures of much higher topologi@ahplexity. In 1960, Wasserman published
for the first time the synthesis of a catenane bgtatistical threading approath.The
intramolecular acyloin condensation of a diestefoiton a macrocycle in the presence of a
large alkane ring should deliver a statistical amtoof a catenated species supposing that
during the reaction some molecules of the diesteetbeen threaded in the ring. With this
very intuitive, though not efficient, method, ordype percent of the species with interlocked

rings could be isolated after extensive chromatagapurification (see Scheme 1.1-1).

O oH
I/

Ca4Hes + CaoHes — C34m CaoHes
\\-COOEt \\-/

Scheme 1.1-1. Wasserman’s statistical synthesis[s] via intramolecular acyloin condensation in the

presence of a cyclic alkane yielded approximately one percent of the catenane.

The directed synthesis of catenanes has been mpedoby Schill et al. and published in
197167
With the appearance of various templated approasheéke 1980’'s, the research area of

topologically unusual but doubtlessly beautiful smlles and their applications literally
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exploded. Since 1983, a copper-metal templateestyantroduced by Sauvage etaf! that
allowed catenanes, rotaxanes and knots to be ebtam reasonable to excellent yields.
Figure 1.1-2 shows the first example of an extrgmsbbrt and convenient synthetic route to a
catenane, that is based on a generalized temgfat¢ @round a metal ioh% In the first step
the complex2” is formed quantitatively with ligand and Cu(MeCN)". This very stable,
deep red complex was reacted further under hightioil conditions with a diiodo chain,

derived from pentaethylene glycol, in the presesfc@sCO; affording3” in 27% yield.

Cs,CO3

Figure 1.1-2. Synthesis of a catenand (metalated catenane) around a copper(l) ion in 27% yield.

Adapted from reference.™

In 2006, Beer et atY reported the synthesis of a [2]catenane that emplated by a chloride
anion (see Figure 1.1-3). Equimolar solutions4af (chloride salt) and4b (hexafluoro-
phosphate salt) were mixed and subjected to adlimgjng metathesis (RCM) affording the
catenane in 78% yield. Interestingly, analogous Rf&gctions with purela or 4b gave
significantly lower yields, 34% and 16% respectyvelhe lower yield of catenane is
explained by a favoured formation of a macrocyulease of the pure chloride and the lack of
anion templation from chloride in case of the piexafluorophosphate salt. However,
catenane formation in the latter shows timat stacking and pyridinium CHO hydrogen

bonds participate in the formation process.
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a) b)
O M\ NN
s SOO O O

N
® /
N Y x

— H
N o@o O O
d N 4

4a: X =Cl
4b: X = PFg
Figure 1.1-3. a) Structure of the catenane precursor; b) Crystal structure of the [2]catenane with a

chloride ion in the binding cavity. Other counterions, hydrogen atoms and solvent molecules have

been omitted for clarity. Adapted from reference.™"

In order to achieve good yields, the building bkdkave to be pre-organised. Such pre-
organisation has been very successfully demondtratmany syntheses with the interactions
including coordination to a metal idh,'* ' hydrophobic effects”’, hydrogen bond
formation™ ! charge-transfer interactidfs *” and covalent bond formatidf!! In
particular, Stoddart and his group have workedhenstynthesis of interlocked systems based
on secondary dialkylammonium salts and crown etffefd and on systems based on
electron-richfrelectron-deficient aromatic systef8.HunteP, Vogtld®* 2 and Leigi*
worked on catenane systems with hydrogen-bonderaplates, and cyclodextrin systems
have been presented by Harada, Wenz and &irfd. > Furthermore, one can also find
rotaxanes based on crown ether frameworks repbyt&ibson?”’

All these molecules display interesting physicabgarties such as photoinduced intra-
molecular electron transf&f electrochemically triggered molecular motion anioto-
chemical dethreading processes. This leads us tiicoraponent systems which can act as
molecular machines, molecular devices or moleadanputerd?®=?

One appealing example for a molecular machinedshtiirogen-bonded molecular shiitfe
developed by Leigh’s group (see Scheme 1.1-2). Azyle amide macrocycle is
mechanically locked onto a thread bearing two paki-bonding stations. In the ground
state the ring is predominantly bound around thezisamide site (green). After irradiation
and photoreduction of the naphtalamide site (rém) reduced naphtalamide (blue) is now the
stronger H-bond acceptor, and the equilibrium shifi the second station. After charge
recombination, the macrocycle shuttles back toritginal position. This process is reversible

and has properties that are characteristic of anggrdriven piston.
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4 -1
I((()I(l\ ~1x107 s
\hu!llmg (MCCN)
Kny-inducedl.35x10% 571

shuttling (MeCN)

t-Bu

Scheme 1.1-2. A photoresponsive, H-bond-assembled, molecular shuttle.From reference.*!

Another example from Sauvage and co-worR&r! of a molecular machine that is based on
redox processes of the @MCu() couple is depicted in Figure 1.1-4. The rotax&e
consists of dumbbell-shaped axis incorporatingtmpgridine binding side and a ring that has
a bidentate phenanthroline moiety and a tridentefjgyridine moiety. Coppéa)( prefers to
form tetrahedral complexes with coordination nunmfber and coppen() preferentially forms
5-coordinate species. The interconversion betwéeset two states is performed electro-
chemically. The complex undergoes an electrochdiyic@iven pirouetting motion of the
ring around the axis that occurs on the millisecomescale. This system exhibits enhanced
rate constants compared to a similar system froenstme grouff® The rate of motion
depends strongly on the oxidation state of the hmmatre. In addition, the metal centre
which is as accessible as possible has the masinateasing effects. Hence, ligands which
have little steric hinderance are chosen. Steyiaatin-hindering endocyclic ligands of the
biisochinoline famil{*’**! have been developed in the Sauvage group forathis other
purposes. A [2]rotaxane with a ring incorporatinge tbiisoquinoline showed indeed
remarkably faster motion than the analogous [2kane with a phenanthroline moiét{.
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-7, motion
+e”, motion
]
N
= Cu(l)
= CU(”) >(©\\ .,
|
PR
5+ 52+

Figure 1.1-4. Electrochemically induced motion of the ring in rotaxane 5. The bidentate chelate (red)

and the tridentate fragment (green) are alternatively coordinated to the copper centre. Adapted from

reference.™

The 2,9-diphenylphenanthroline is a sterically moemanding ligand compared to the
corresponding biisoquinoline system (see Schem&)1.The distances between the carbon
atoms in the phenyl rings that are linked to tiyarid moiety are 700 pm and 11004
respectively. The complexed metal centre will bemgte from any organic group of the

biisoquinoline ligand.
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>

1100 pm

700 pm

B ———

Scheme 1.1-3. Pronounced steric hindrance will occur once the dpp-fragment is coordinated to a
metal (left). Substituted biisoquinoline fragments allow endocyclic and sterically non-hindered

coordination (right).

The homoleptic iron()-complex of ligand6 illustrates the endotopic but sterically non-

hindering fashion of coordination (see Figure 1) %!

6 [Fe(6)l”"
Figure 1.1-5. Reagents and conditions: a) Fe(BF,;),, CH,Cl,. The crystallographic structure of the
cation [Fe(6)s]** is shown on the right. Counterions, solvent molecules and hydrogen atoms have been

omitted for clarity. Adapted from references. !
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1.2 Aims and Overview

Ligands of the biisoquinoline famiff**! are ideally suited for macrocycle formation around
transition metal ions and are promising novel boddblocks for topologically unusual
molecules. They feature two crucial properties sggm to be contradictory:
(1) they coordinate in an unhindered or only very slighindered fashion since they
have no substituents mposition.
(i) the binding site is inevitably arranged towardsehdo part of the crescent shaped
ligand that will lead unambiguously to an endocyaordination if the chelate is

subsequently included in a ring.

This chapter describes the synthesis of the naisdduinoline ligand7 (see Scheme 1.2-1).
Alkyl chains render this ligand soluble. Ethylencgl chains bearing terminal alkene
functionalities ready to undergo olefin metathesisl macrocycle formation are attached at

the termini of the aromatic system.

Scheme 1.2-1. Biisoquinoline ligand 7. Note the terminal alkene function ready for RCM and long alkyl

side chains that help to solubilise the ligand.

Grubbs’ catalysed ring closing metathesis (RCM) pesven to be very efficient in such

cyclisation reactions and, furthermore, featurey weild reaction condition§> *¢!

8
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This sterically unhindered endotopic ligaddpaves the way to molecules with unusual
chemical topologies. The synthesis of a cyclic §8aane has never been reported to date.
One possible route to this compound using ligantdshe biisoquinoline family and an

octahedral transition metal as templating ageatitined in Figure 1.2-1.

RCM

hydrogenation

demetalation

O = octahedral transition metal

Figure 1.2-1. Synthetic strategy towards a cyclic [3]catenane.

The synthesis of a [3]catenane has been attemgiad this strategy and the outcome and
insights are discussed in this chapter.



1.3RESULTS ANDDISCUSSION

1.3 Results and Discussion

The retrosynthetic route towards biisoquinolihis shown below. Ligand is accessible via a
homocoupling of the corresponding substituted (eX g OTf) isoquinolinel. The phenolic
functions can be deprotected in refluxing pyridmighloride, and a double Williamson ether
synthesis using a glycolic chain with a terminagfilic function will yield our target
molecule7. With the help of typical coupling reactions likee Stille (Y = SnR) or Suzuki

(Y = BORy) reaction between the brominated darnd the bipheny, compound can be
prepared. The reaction yielding isoquinollnefunctionalized at the 3 and 8 positions, can be
carried out following an existing literature proceel*”! 2,2-Diethoxyacetyl chlorideQ)
condensed with 2-bromobenzylaming) (results in amideK which can be cyclised in a
Pomeranz-Fritsch reaction to yield The biphenylM can be made via a statistical Suzuki
coupling of building blocksP and Q, which are prepared with relative ease or can be
purchased commercially.

10
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o X

N
CeH13z
, = g
<:l CeH13

Stille or Suzuki
O coupling
OMe % v

Homocoupling

J CeH13 g
H OEt X OR CeH13
NTH\OEt |:> _N + O
Br O Br
K Pomeranz-Fritsch reaction L OMe
M
ﬁ Suzuki coupling ﬁ
Br B(OH),
i OEt Caftis
NH2 + CI)KK +
Br OEt CeH13
Br OMe
N (o] P Q

Scheme 1.3-1. Proposed synthetic route to ligand 7.

It has been shown that the solubility of rigid asttier very poorly soluble species can be
greatly enhanced by attaching flexible side ch4fhs.

The 1,4-din-hexylbenzene was obtained by a method analogousthéo literature
procedurd?® Thus, n-hexylmagnesium bromide was coupled with 1,4-dicstbenzene §)
using nickel-catalysis to give the respective patdao almost quantitative yield (98%). In the
next step, 1,4-di-hexylbenzene was brominated as a neat liquid ungerous exclusion of
light. The crude product could easily be isolatedl avas recrystallized from ethanol.
Analytically pure9, made in excellent yield (82%), showed brominatxelusively at C-1
and C-4 (see Scheme 1.3-2).

11



1 A BIISOQUINOLINE CHELATE

X
n-CgHy3

Br O
CI\©\ - b) n-C6H13 C) n_C6H13
E— —_—
Cl n-C H13

6

Br O

8 9 OMe 10 X=Br ] 9
11 X =B(0OH),

Scheme 1.3-2. Preparation of the biphenyl part of the ligand. Reagents and conditions: a) n-
CesH1aMgBr, [(dppp)CLNI], Et,O, reflux (98%); b) Br, (2.1 eq), |, (0.01 eq), RT (82%); c) 4-
methoxyphenylboronic acid, [Pd(PPhz)4] (2 mol%), Na,COg, toluene/EtOH/H,O (80:15:5, viv, 79%);
d) n-BuLi, THF, =78 < then B(OMe) 3, THF, =78 T — RT then H'/H,O (80%-quant). dppp = 1,3-
bis(diphenylphosphino)propane.

The statistical Suzuki coupling between the dibromompound 9 and 4-methoxy-
phenylboronicacid turned out to be very successful. In the presef a catalytic amount of
[Pd(PPRh)4], with sodium carbonate as a base in a solventuraxof toluene, ethanol and
water, produclOwas synthesised in 79% yield. The Suzuki couplghgansidered as “green
chemistry” because water or mixtures of water arghiic solvents are used. Boronic acids
are harmless unlike the carcinogenic stannane comgsoused in Stille coupling®' The
boronic acid11l was formed in 80% to quantitative yield dependorgthe quality ofn-
butyllithium solution used. The crude product wafisiently pure to be used without further

purification.

Sodium diethoxyacetate2 was activated with thionyl chloride and subsediyectwndensed
with 2-bromobenzylamind 3 in 72% yield. The amidd4 can be cyclised in concentrated
sulfuric acid and forms 8-bromoisoquinoline-3-dl5Y in a so-called Pomeranz-Fritsch
reaction*” For the coupling reaction between the isoquinofiag and the biphenyl part, the
phenolic function needs to be protected as showmrbiiminary experiments. The TIPS-
protecting group (triisopropylsilyl) was introducading TIPSCI in the presence of imidazole
in DMF (see Scheme 1.3-3).
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1.3RESULTS ANDDISCUSSION

Q Ot R
®6 a) H b)
Na O)J\KOEt + NH2 — N\”)\OEt — N
OEt Br Br 0]

Br
12 13 14 15 R=H :| o
16 R=TIPS

Scheme 1.3-3. Preparation of the isoquinoline part of the ligand. Reagents and conditions: a) SOCI,,
Et,O, reflux then pyridine/toluene, reflux (72%); c) H,SO,, RT (30-40%); d) TIPSCI, imidazole, DMF,
RT (82%). TIPSCI = triisopropylsilyl chloride.

Although the TIPS-protecting group can be removeden basic aqueous conditions, the
Suzuki-coupling between the brominated isoquinolirte and the boronic acidl was
performed in excellent yield (65% over three steps 16 to 19). During the reaction, the
coupled product was partially deprotected. It wefgrable not to isolate the TIPS-protected
coupling product, so for simplicity the deproteatiwas completed with TBAF in THF. The
crude phenol8 was filtered to remove less polar side productswaas directly converted to
the triflate 19, which could be readily purified by chromatograpliyce the product is the
least polar component and there is a large difftaxdmetween the retention factors of the

product and the impurities (see Scheme 1.3-4).

N OR
N
n-CeHq3
a)
16 + 11 B 17 R=TIPS
n-CeHq3 b)

18 R=H  —
c)

19 R=Tf D
OMe

Scheme 1.3-4. Coupling between the isoquinoline part and the biphenyl part and subsequent
reactions: Reagents and conditions: a) [Pd(PPhs),] (4 mol%), Ba(OH),, DME/H,0 (5:1, v/v); b) TBAF,
THF, RT; c¢) Tf,0, EtzN, CH,Cl, (65%; 3 steps). TBAF = tetra-n-butylammonium fluoride.

Ligand 20 was obtained in 74% yield by a palladium-catalyzexmocoupling reaction
between two molecules a®B with triflate functionalities using elemental zias the electron
source. The use of high triflate concentrations1(>W) was of pivotal importance for
favouring bimolecular homocoupling over undesirediflate/hydrogen exchange.

Furthermore, the use of dN;N'-dimethylformamide was imperatiV&!

13



1 A BIISOQUINOLINE CHELATE

19

c)

7 R=H Y Y d N

Scheme 1.3-5. Homocoupling and subsequent reactions: a) [PdCl,dppf], Zn, KI, DMF (74%);
b) pyridinium chloride, reflux (92%); c) 3-(2-(2-(2-bromoethoxy)ethoxy)ethoxy)prop-1-ene (28),
Cs,CO3, DMF (74%). dppf = 1,1'-bis(diphenylphosphino)ferrocene.

The dimethoxy compoun®0 was deprotected in refluxing pyridinium chloridedive 21 in
92% vyield, which was converted via a double Willsom ether synthesis to ligaidn 74%
yield (Scheme 1.3-5).

a)
7 = [Fe(7)3](BF4),

22
Scheme 1.3-6. Synthesis of the homoleptic iron(ll) complex 22. Reagents and conditions: a) Fe(BF,),
- 6 H,0, reflux, CH,Cl,, MeOH.

The iron(l) complex [FeQ)s](BF4)2 (22) was obtained in very good yield (93%) by mixing

Fe(BR), - 610 (1.5 eq, in methanol) and ligadd(3 eq, in CHCI,). The reaction mixture

was heated at reflux overnight and purified viauooh chromatography to remove traces of

free ligand and excess iron tetrafluoroborate. EB&MS spectra exhibited one peak for the

22** cation atm/z=1938.2 (calc. 1938.2). The measured isotopidepatmatches the
calculated pattern.

After complexation, comple22 was subjected to intramolecular threefold RCM v@ttubbs

catalyst I generation. ThéH-NMR showed the disappearance of the two typicaltiplets

for terminal alkenes a® 5.9 ppm and 5.2 ppm and the appearance of one new singlét at

5.88 ppm that can be assigned to the protons otlibseed double bonds in compl&8.

Reduction of the double bonds was carried out witllecular hydrogen in the presence of

palladium on charcoal. The singlet &5.88 ppm vanished in th#l-NMR spectrum. The

14



1.3RESULTS ANDDISCUSSION

removal of the metal was assumed to be benefiorahe purification process. All attempts to
remove the iron() ion in a reductive manner failed {6,/KOH). Refluxing complex24** in
1,2-dichloroethane in the presence of an excepbla (1,10-phenanthroline) (10 eq) resulted
in the formation of the more stable [Fe(phéfifomplex and vyielded free ligar2b (see
Scheme 1.3-7).

Kﬁ vl

\ /
222+ 232
b)
7
j [ Fe” > R=mCefa
242+

Scheme 1.3-7. Synthesis of 25. Reagents and conditions: a) Grubbs 1% generation catalyst, CH,Cl,
(80-90%); b) H,, Pd/C, CH,Cl, (90%); c) 1,10-phenanthroline (10 eq), DCE, chromatography. DCE =
1,2-dichloroethane.

A MALDI-TOF-MS spectrum of25 was measured. The suspected [3]caterzihdas a
calculated mass of m/z = 3742.4. A peak at m/z #413I7 (isomer with one unreacted double
bond plus one proton) and at m/z = 38029 t Mg®* + CI') with matching isotopic pattern

were observed.

Pleasingly, théH NMR spectrum o5 looked very similar to the spectrum of the ligahd
before RCM. Signals a-e (see Figure 1.3-1) are niuohder in the proposed [3]catenane,
which may be due to dynamic processes such asreimhdetation of one ring around the
others or partial protonation of nitrogen atomgseAty in the spectrum of ligandsignals a-e
are much broader than signals h-i, which are shmalth cases. The signals of the terminal

alkene functionality are no longer presen2
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®)

h|H9

flg i

b)

10.0 9.0 8.0 7.0 6.0 5.0

<+ Jdppm

Figure 1.3-1. 'H NMR spectra in CDCl; at 400 MHz of a) ligand 7 and b) proposed [3]catenane 25.

The solvent residual signal is marked with an asterisk (*). For labelling see Scheme 1.2-1.

No X-ray structure of25 was obtained, and therefore its structure remdesefore

unconfirmed.
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1.4SUMMARY

1.4 Summary

In summary, an efficient multi-step synthesis ofesalotopic biisoquinoline ligand has been
developed. This chelate is ideally suited for magete formation around transition metal
ions and is thus a valuable new building block tigological chemistry. In contrast to the
vast majority of previously reported endotopic dnm ligands, this 8,8'-diaryl-3,3’-biiso-
quinoline is sterically unhindered.

Long alkyl chains attached to extended aromati¢esys have the advantage of rendering
these molecules more soluble and to facilitater thnipulation. Otherwise, the synthetic
effort is usually considerably higher and the clesnto obtain crystals suitable for X-ray
analysis that might be necessary for unambiguaustste determination are smaller due to

an increased number of degrees of freedom.
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2 Macrocyclic Tris(bipyridine) — A Metal Templated

Synthesis for Trivial Knots

It is probably surprising that “simple” objects fro daily life like knots can become subject to
advanced scientific investigation. Mathematics tped knot theory more than a century
agd>? and insight into these systems is today of great for physicists, chemists and
molecular biologists working on fields that dealttwithis kind of topology. Chemists

synthesised molecular knots, at first for the sgtithchallenge, emphasizing the viability and
potential of their synthetic methods and tools, aadondly for possible future applications.
The demand for novel devices on the molecular semild various properties in

nanotechnology and information technology is chgaal motivation in addition to purely

fundamental viewpoints. Obviously, chirality is assential property in many areas of
chemistry, and the chirality arising from knotsmstefrom their topology and not from the
classical stereogenic units (points, axes, heliaed planes). This makes them especially

interesting for asymmetric induction, for instameeasymmetric catalysis.

2.1 Introduction

The discovery of natural knotted forms of DRIX® and proteins®®” verifies the captivating
beauty of nature that is able to produce such higbinplex three dimensional structures. But
the unusual geometry also has an impact on thedical properties. For example, the
activity for the transport of iron() ions is remarkably higher in the knotted form of
lactoferrin (see Figure 2.1-1a) than for its lineamlogué>® Enhanced chirality and rigidity
due to the knotted topology seem to play a critioé in the antiviral activities of proteins
circulin A and B, and make them promising anti-Hixugs!®® % with the development of
elaborate techniques like electron microscopys itoday possible to give an unambiguous
topological characterisation of catenated and kdo®NA. Figure 2.1-1b shows exquisite

electron micrographs of knotted DN®!
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2MAcCRoCYCLIC TRIS(BPY) — A METAL TEMPLATED SYNTHESIS

a) <t b)

T T T e P

Figure 2.1-1. a) Schematic representation of lactoferrin,®®

[53]

a naturally occurring knotted protein.

b) Electron micrographs of trefoil DNA molecules.

These findings initiated a new field of researchattthas been named “Biological
Topology”®® Besides the fascinating naturally occurring krbtnd catenated DNA,
Seeman and co-workers accomplished and reportesiytitbesis of artificial single-stranded

DNA knots and many intriguing topologies have bpesduced®**?

In knot theor{??, the simplest knot of all is the unknotted ciraidich is called the unknot or
the trivial knot. The next simplest knot is a tikfaot, its topological structure and its three
topological isomers are depicted in Figure 2.1-8e @ the planar cycldl() whose graph
contains no crossings in contrast to the two trefabts. In chemical topolody " the
molecule or the molecular assembly is schematicaflyesented on paper as a graph. The two
non-planar knotsli( Il) are enantiomers and topologically chiral. Themrality can be

evidenced by rationalising that their image andrtérror image are non-superposable.

Figure 2.1-2. a) Computed structure of a trefoil knot (MAPLE 10); b) Schematic representations of the

two enantiomers of the trefoil knot (1,II) and its planar isomer the cycle (ll1).
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2.1INTRODUCTION

After the isolation of the first [2]catenane by WesnaF! in 1960, a lively discussion about
the synthesis of a molecular knot emerged in thematal literature. Scientists suggested
using a Mobius strip as a precufédr, a covalent templafé " or metal coordinatioH* "
Sokolo¥™® proposed an octahedral tris(chelate) template.s T¢tapter describes the
realisation of his design with the help of rececttiavements in modern chemistry — at least
for the synthesis of a trivial knot. None of thesarly designs could be realised to date.
Reviews by Walb&® and Sauvage and Dietrich-Buchedlérdescribe the ideas and
prospects of these early attemps in more detarhoke recent review from Vogtle and co-
workers$®! gives a very good background on molecular knot$ Hreir assemblies and
provides an overview on molecular knots that haaenlprepared in the laboratory.

The first successful synthesis of a molecular kmas reported 20 years ago by Sauvage and
co-workerd’® They conceived a seminal method taking advantégeeatemplate effect of a

transition metal and the particular geometry ofdatldinuclear complexes (see Figure 2.1-3).

2 e YO - (e

Figure 2.1-3. Strategy used to make a trefoll knot."®! a) Two bis(chelate) molecular strands are
coordinated to a transition metal forming a helical complex; b) The ends of the double stranded helix

are cyclised leading to the knotted structure.

Two bis-chelating molecular threads were coordehatetwo copperj metal centres to form
a helical dinuclear complex. The helical geomesnyaiprerequisite, and the stability of the
copper complex is of utmost importance. The knos fe@amed after linking the ends with
oligoethyleneglycol chains. Variation of length andidity in the bridge that links the
chelating units and the chains used during cyaetisaled to a variety of knots and
improvement in yield”® 8! The best yield of this topologically non-trivialatecule (35%
over seven steps from commercially available stgrtimaterials) was achieved by
employment of the highly efficient ring-closing ratitesis (RCM) methodolol§} (see
Scheme 2.1-1, compoun29). The knots obtained by the concept of helical pewf)-
phenanthroline complexes were characterised by yXstaucture analysf&! and the

resolution into its enantiomers was also succe£&fuFurthermore, two knotted moieties
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were fused to a composite knot whose isomeric caitipo involves anesoform and a pair

of enantiomer€®

;Yo7\
0 (6]
IR
@N\ \_7 /,{l@
| I P \I
| P Oﬁ\o
CO Y, OO
0 =
‘\/o = |
B B NG
oN Né JQ/
s P
o)
K/OL/O\J
297 30%

Scheme 2.1-1. Molecular trefoil knots that have been synthesised from a helical precursor. The

dicopper complex 29%" was prepared in very good yields.m] The cation 30°* was synthesised in very
[84]

poor yield but does not need an external template.
The synthesis of the trefoil kn80 in extremely low yields was reported by Stoddad ao-
workers in 1994 Their design logic relied on the formation of aubfe stranded
supramolecular complex betweeamnelectron rich andr-electron deficient strands by
donorfracceptor interactions. Irreversible covalent bé@rdhation connecting the termini of
the precursers afforded both a trefoil knot and acnocycle. The compounds could be
purified by high performance liquid chromatograpfyPLC) and were characterised by
means of liquid secondary-ion mass spectrometryiiS3.

After the successful employment of a transition ah@ind r=donorftracceptor interactions,
another templating mode was introduced by Vogtld an-worker$® in 2000 for the
synthesis of trefoil knots. An intramolecular hygem-bonding pattern of oligoamides and the
folding of the loop provided conditions in whichoae-pot procedure afforded the desired
molecules in reasonable yields. Their concept pe@slly intriguing due to the simplicity of
the synthesis, unique possibilities of further datization and that the assembly of the amide-
knots has much in common with the formation ofideyt structural motifs found in natural
proteins’®! A huge variety of derivatized knots has been peghaincluding dendrimers,
rotaxanes with knots acting as stopper groups,ctimer assemblies that link knots in linear,

22



2.1INTRODUCTION

triangular or cyclic fashion8” Chiral resolution of the latter knot assembliet itheir
iIsomers could be performed in some cases by HPltiCanchiral stationary phase.

More recently, a trefoil knot was made from amimida and steroids as building blodi3.
The unexpected knotted geometry was observed ilicagiigoamides that were built from
alternating sequences of aminodeoxycholanic aaidsamatural amino acid. The authors state
that the knot was prepared only as one diastene@saue to asymmetric induction from
chiral optically pure building blocks. The topologwst have been preorganized prior to the
final ring-closure because an amide bond is forimedersibly. The chain of backbone atoms

is depicted in Figure 2.1-4b displaying the knqdiogy.

Figure 2.1-4. Two examples for molecular knots: a) Reversible folding of a tris(chelate) oligomer

around zinc(ll) into an open knot!®®; b) Chain of backbone atoms illustrating the non-trivial topology of

a knot that was prepared from amino acids and steroids.®”!

A linear tris(bipyridine) oligomer that folded ami an octahedral zinc metal centre
forming an open knot was reported by Hunter andvodkers®® The folding process was
found to be fully reversible. Addition of chloridpiantitatively yields the free oligomer and

addition of silver ions (which precipitate as Ag@jolds it (see Figure 2.1-4a).

23



2MAcCRoCYCLIC TRIS(BPY) — A METAL TEMPLATED SYNTHESIS

2.2 Aims and Overview

The Russian chemist Sokolov suggested a very sitege approach towards a molecular
trefoil knot in his review from 1978 Three bidentate ligands coordinated in a suitable
fashion around an octahedral transition metal @asea matrix might, after connection of their
ends, lead to a molecular knot. The ends have twoheected two by two in an appropriate
way. Clearly, there are many possibilities thatdlda different compounds with a low
probability for the desired knot.

Scheme 2.2-1 illustrates a possible realisatiorSokolov’'s application of an octahedral
tris(chelate) template for the synthesis of a itdfaot using olefin metathesis. Extended
bipyridine ligands bear chains that allow a certdegree of flexibility and have terminal
alkene functionalities. Olefin metathesis can befgomed under very mild conditions
(ambient temperature, neutral pH, compatibility hwivarious functional groups), is a
reversible reaction and the products are usuallynéd in high yields. Assuming that
intermolecular reactions can be excluded by usigh Hilution conditions and that the chains
have a length too short to allow reaction of twallole bonds stemming from the same ligand
and just long enough to react with the right eléntthere are only two possible outcomes

from such a threefold ring closing metathesis aftenplete conversion: a knot and a cycle.

hydrogenation
3 demetalation 3

knot cycle

O\—Q/O\)F// \\_4/0\9#0

>

Scheme 2.2-1. Synthetic pathway that will lead to a knotted and/or a cyclic molecule after ring closing

metathesis (RCM), hydrogenation and demetalation.

The reaction sequence was successfully perforneddiyg the macrocyclic molecuBd. No

knotted species was found.
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2.2 AIMS AND OVERVIEW

Compound3l is a large macrocycle with a ring size of 96 atothshe hexadentate cyclic
ligand is coordinated to an octahedral transitioataly there is the possibility for two
geometrical isomers (see Scheme 2.2-1b). One Hgdammal linkages whereas the other has
two meridional linkages and four facial linkage®aBe investigated isomers of cob@at(
complexes with the cyclic hexaazacyclen ligand proposed to describe the isomerdas
and mer, respectivel}*® No IUPAC-nomenclature for this type of isomerissnkhnown and
the proposed nomenclature from Searle was usedofal complexes in this chapter. Others

have suggested a presumably more accurate butalsintricate nomenclatuf&: °

A e,

c)

IMB1)]?* M =2n?* Fe?*, Ru?*

31

Scheme 2.2-1. a) Novel hexadentate and macrocyclic ligand 31 with ring and atom labelling for NMR

spectroscopic assignments; b) Two possible geometrical isomers of complexes with ligand 31 and an

octahedral transition metal; ¢) Novel zinc(ir), iron(i) and ruthenium(i)-complexes with 31.

One-to-one complexes of ligan8l with zinc(l), iron(l) and ruthenium() have been
prepared and will be presented in this chapterry&tal structure of themier’ isomer of the
latter was obtained and the influence of the redwsy@nmetry on the spectroscopic properties

is described.
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2.3 Synthesis

The preparation of extended bipyridine ligands iogarchains with terminal alkene
functionalities, their assembly around an octahemaasition metal and the metal templated
synthesis of macrocyclic ligan8l and complexes of the type [BI)]** (M = zZrn**, F&",
RU*") are described below.

The synthesis of 5,5'-dibromo-2,2'-bipyridirg2) can be realised via two synthetic pathways:
a palladiumg)-catalysed Stille reaction or the direct reactafnprotonated 2,2'-bipyridine
with molecular bromine under very harsh conditiogisee Scheme 2.3-1). Ziessel and
Romer&? reported for the latter synthesis a vyield of 42Ptowever, in our hands,
considerably smaller yields were obtained and otfieups also share this experiefide®”
The 2,2'-bipyridine was protonated with hydrobroraid and the precipitate dried under
vacuum. The salt and bromine were then heated@d’@8n a sealed tube for 72 hours. The
reaction is difficult to monitor and degradatiordahe formation of side-products is expected.

Ligand 32 was isolated in 21% yield after column chromatpgsa

— — N=
Br \ Br /
K Wan W
Path1: a) Path 2: b), c)

— N=
Br Br
\ ,\f \ 7/

32
Scheme 2.3-1. Reagents and conditions for compound 32. Path 1: a) n-BugSn, (0.5 eq), [Pd(PPhs),]
(2 mol%), toluene, reflux, 3 d, 79%. Path 2: b) HBr, 99%; c) Br, (2 eq), 180 T, 3 d, 21%.

A more efficient method was reported by Midhéland co-workers in 2002 using 50 mol%
of hexan-butylstannane and a catalytic amount of palladaynirst, approximately half of
the 2,5'-dibromopyridine are transformed to 2-tiyistannylpyridinein situ taking advantage
of the different reactivity of the two bromine stihgents. Secondly, the Stille cross coupling
reaction is performed in the presence of [PdgpPhielding ligand32in very good yield.
Boronic acid33 is commercially available but can also be prepaasily on a large scale.

Lithiation of 3-bromoanisole followed by treatmewtith trimethylborate led to a boronic

26



2.3SYNTHESIS

ester. The ester was hydrolysed in an agueous tlyldric acid solution yieldin@3. The
product can be conveniently purified via extraction

OMe OMe
f a), b), c) i
Br B(OH)2
33 (83 %)

Scheme 2.3-2. Reagents and conditions: a) n-BuLi (1.1 eq), =78 C, THF, 2 h; b) B(OMe) ; (1.1 eq),
-78 T — r.t.; ¢) H'/H,0, 83% (over three steps).

The bis(methoxy) compoun®4 was prepared according to a procedure published by
Constable and co-workefs! The ligand34 was synthesised by Suzuki coupling of 5,5
dibromo-2,2'-bipyridine32) with 3-methoxyphenylboronic aci®3) in biphasic conditions in

the presence of [Pd(PRJ] and was isolated after column chromatographyG#eYield as a

white crystalline solid (see Scheme 2.3-3).

— N= a) — N=
) OO0

RO

32 34: R = Me (90%) :|
b)

35: R = H (98%)

OR

Scheme 2.3-3. Reagents and conditions: a) 3-methoxyphenylboronic acid (33, 2.5 eq), [Pd(PPh3),]
(4.5 mol%), Na,COs (5 eq), toluene/H,0, reflux, 20 h, 90%; b) pyridinium chloride, reflux, 4 h, 98%.

Deprotection o84 is conveniently achieved by heating the compounegiluxing pyridinium
chloride at 210 °C and the bis(phenol) derivaB&was obtained in almost quantitative yield

despite the harsh reaction conditions.

A modular approach appeared to be advantageoudefigning ligands that can assemble
around a single octahedral metal centre into aitr&hot after a ring closing reaction on
terminal alkene functionalities. The outcome of timg closing reaction will most likely also
depend on the length of the chains that are attathdéhe bis(phenol) ligan85. Thus, a
series of chains with varying lengths bearing teahialkene functionalities and a bromo
group to function as leaving group have been pezpgsee Scheme 2.3-4). Commercially
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available diols were reacted with allyl bromidedes to mono-allyl compound36, 37 or 26

in moderate yields. The latter were transformeth&ocorresponding mesylatg8, 39 and27
which can then be converted to the bromo-derivatd@ 41 and 28 in very good yields.
Mesylate is expected to be a poorer leaving growam tromide. Little synthetic effort was
required to prepare the bromo-derivatives sincg ttan be prepared in large-scale and are
easily purified. It was assumed that it would bedjiial to have a good leaving group for
the subsequent Williamson ether synthesis andftreréo synthesise the bromo-compounds

instead of using the mesylates.

HO/_<\O/)n__1\OH a—)> HO/_(\O/X\\ L MSO/_(\O/X\\ i’ Br/_<_\0/>n_\\

36 (35%): n =1 38 (95%): n =1 40 (53%): n =1
37 (42%):n =2 39 (96%): n = 2 41 (66%): n =2
26 (37%):n =3 27 (35%): n = 3 28 (92%):n =3

Scheme 2.3-4. Reagents and conditions: a) KOH (1 eq), allyl bromide (0.5 eq), 80 C, 2 h; b) Mesyl
chloride (1.6 eq), NEt; (20 eq), CH,Cl,, =78 T — r.t.; c) LiBr (5 eq), acetone, reflux, 12 h.

The Williamson ether synthesis was developed byaieer Williamson in the 1856¥! It is

the most common synthetic method to prepare synom@trasymmetric ethers. Ligandg,

43 and44 were prepared in the presence of caesium carbandt¢he corresponding bromo-
compounds in very good yields (see Scheme 2.:18)edd of caesium carbonate the cheaper
potassium carbonate was also employed succesgfitliya negligible drop in yields. A wide
range of solvents was tested (acetone, acetonteti@hydrofuran) but only DMF and heating
to 120 °C over several days showed satisfying c@mwes probably due to the poor solubility
of bis(phenol)35.
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OH
O~ 0O —° 0~
/
\ N \ 7/ \N/ N\ /
HO RO
35 42 (89%): R = ”}{<_\O/ )1\\
43 (79%): R = }[(TO/ 12\\
44 (90%): R = ”}{<_\O/ )3\\

Scheme 2.3-5. Reagents and conditions: a) Cs,CO; (4 eq), 40 or 41 or 28 (2.2 eq), DMF, 120 C, 4 d.

OR

Iron(i1) is a & metal and has a preference for octahedral georietposed by crystal field
stabilisation energy) with chelating bipyridinediads.
Scheme 2.3-6 shows the synthesis of the homolepti@l) complex45 with ligand34.

OMe
— N= a), b)
O \ N/ \ / [Fe(34)3](PFe)2

MeO

34 45 (35%)
Scheme 2.3-6. Reagents and conditions: a) [FeCl,] - 4 H,O, CH3;CN/H,0, reflux, 16 h; b) NH,PFs.

Iron(i) complexes o#2, 43 and 44 were prepared in excellent yields by treatmenthef
ligand with the required iron salt [Fe(BE- 6 HO in acetonitrile. The typically deep-red
colour emerged instantaneously. Full conversion suaprisingly only achieved after heating
the reaction mixture for several days at refluxe Térmation of complexes of the [Fe(bglf)
motif usually happens within minutes and no therexaitation is needed. The iron salt was

used in excess and the products were purifiedxtra&tion or filtration.
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42:R= ?((To/j:\\ 46 (99%): R = 7{<_\O/_>:\\
43:R = %*t\o/j;\\ 47 (93%): R = }[(_\O/');\\
44:R = ?((To/j;\\ 48 (92%): R = ?d_\o/_);\\

Scheme 2.3-7. Reagents and conditions: a) [Fe(BF,),]- 6 H,O, CH3CN, reflux, 3 d.

Rutheniumi(f) also has the “delectronic configuration and the complexes formveith
chelating polypyridyl-ligands display an octahedyabmetry. The formation requires thermal
excitation. In a microwave reactor, the reactiorxtores can be heated beyond the boiling
point of the solvent and shorter reaction times mared to reactions under conventional
conditions are mainly due to thermal effects butilsitity issues may also play an important
role.

Rutheniumii) complexes49 and 50 could be obtained in excellent yields abd was
synthesised in good vyield. Their synthesis is dedidn Scheme 2.3-8. The ruthenium(
complexes with the ligand84 and 44 were prepared by heating a mixture of the
corresponding ligand and 0.33 equivalents of [Ru@D}Cl;] in a microwave reactor to
140 °C in ethanol for 25 min or 1 h, respectivdlize synthesis of compleéd0 with the very
poorly soluble ligan®5 was not successful under these reaction conditibmsas necessary
to heat the reaction mixture in ethylene glycoP89 °C in a microwave reactor in order to
achieve complete conversion. The counterion washanged for all the rutheniumy
complexes by adding an aqueous solution of ammomtiexafluorophosphate to the reaction
mixture and the precipitates were collected. Purapounds49 and 50 could be obtained
after a simple filtration over aluminium oxide. Cplex 51 needed to be purified via column

chromatography.
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OR
(O~ =
/
\ N /
RO
34:R = Me 49 (91%): R = Me
35:R=H 50 (98%): R = H

44:R = *;{(_\0/7;\\ 51 (46%): R = ?((_\o/_);\\

Scheme 2.3-8. Reagents and conditions: a) for 49: 34, [Ru(DMSQO),Cl,], yW, EtOH, 140 <, 1h; for 50:
35, [Ru(DMS0),Cly], uW, ethylene glycol, 230 €, 30 min; for 51: 44, [Ru(DMSO),Cl,], pW, EtOH,
140 <C, 25 min; b) all compounds: NH 4PF.

If a ring closing metathesis (RCM) is carried onteng. iron compleX6 (see Scheme 2.3-9)
the formation of a trefoil knot is possible. Thésiuie was already discussed in chapter 2.2. For
a proof-of-principle, ruthenium{ complex 51 was subjected to a RCM reaction. The
formation of three new double bonds could be cardnl via NMR- and ESI-MS techniques
but it was soon apparent that several isomers kad lbbrmed and an efficient purification
method was needed. Chromatography is usually etsiperform on an organic molecule
than on a complex, and so it was decided to us&aHile iron complexes rather than the very
stable rutheniumi() complexes. Iron can be removed with various nashobut for
ruthenium, no demetalation procedure is known &onglexes presented in this chapter.

The RCM was tried on the three iroj(complexesi6, 47 and48. They all possess six oligo
ethylene glycol chains with terminal alkene funotbties and differ in their chain lengths. In
the presence of Hoyveda-Grubbs cataly® generation %3, see Scheme 2.3-11) the
complexes (1 m) were stirred for 30 days in dichloromethane. Tdoenplex with the
medium length chaid7 was successfully converted to the intermediate ptexn54. The
reaction could easily be monitored via ESI-MS (Ségure 2.4-7). ThéH-NMR spectrum
clearly showed the disappearance of the termiredlmoprotons aid 5.2 ppm and 5.8 ppm

and the appearance of two new sets of signalss® ppm andd 5.7 ppm for the newly
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formed double bondc{s- andtransisomers). Scheme 2.3-9 illustrates the reactiah @iy
one of the isomers dd4 is shown. Each double bond can be oriented aisaor trans
configuration and there are other optical and gd¢noaisomers. The complex is drawn such
that a macrocycle was formed. It was shown latat the cyclic molecule was the main
product and no proof for the other isomer, theoiténot, was found.

Even though the threefold olefin metathesis wadopmed successfully od8, its chains
seem to be too long because not only was the desaection between two double bonds of
different ligands observed, but the unwanted metashbetween two double bonds stemming
from the same ligand was also possible. Attemptgudfy the organic products after
hydrogenation and demetalation did not succeed.

Molecular models confirmed that the compound wite short chaing6 should be able to
assemble into a knot or a macrocycle. The RCM sHaalmost full conversion of precursor
to product but only the smaller [2+2]-macrocyble(see Scheme 2.3-11) could be identified
after hydrogenation and demetalation.

a)
46: n="1; 54:n=2 -Z-=
47:n=2;
48 n=3;

Scheme 2.3-9. Reagents and conditions: a) Hoyveda-Grubbs catalyst 2" generation (20 mol%),

CH,ClI,, r.t., 30 d. Only one isomer is shown.

There are two complementary synthetic paths tchth@dentate, macrocyclic ligadd (see
Scheme 2.3-10). First, the three double bondsenrtn complexs4 can be hydrogenated in
the presence of palladium on charcoal in an ethdicbloromethane mixture. In the second
step the iron can be removed with the disodium e&lethylenediaminetetraacetic acid
(HoNaxEdta) in the presence of sodium carbonate in arveatetonitrile mixture. The order of
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the steps can also be reversed. Ligah@vas obtained in 26% vyield over three steps (fdam
to 31). The hydrogenation and the removal of the metabably occur in an almost
quantitative manner. If the threefold RCM is couhés three synthetic steps then the average

yield for each of the five steps is 76%.

57 31

Scheme 2.3-10. Reagents and conditions: a) H, (1 atm), Pd/C (25 mol%), CH,CI/EtOH (1:1), 12 h;
b) H,Na,EDTA (5 eq), Na,CO3 (10 eq), CHsCN, 50 C, 3 h, 26% (over three steps).

Attempts to remove the iron with cyanide, or witixtares of hydrogen peroxide and sodium
hydroxide, caused decomposition of the ligand. Stability constant for [Fe(terpyf” is
several orders of magnitudes higher than that Fe(tpy}]*. Iron could also be removed
with an excess of a terpyridine ligand. The disadage is that the terpyridine ligand has to
be removed chromatographically, too. The methodgu$kbNaEdta/NaCO; proved to be

superior.
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Mes™ N‘Mes
CI“'V.
Ru—=
c1” 4
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~

55 53

Scheme 2.3-11. Tetradentate macrocycle 55 and Hoyveda-Grubbs catalyst 2nd generation.

Iron complex56 was obtained as an intermediate on the synthatit fpwards macrocyclic
hexadentate compourgl (see Scheme 2.3-10). It can also be obtained duting pure31
with one equivalent of an iron salt (see Schemel2)3and could be unambiguously
identified by ESI-MS (see Figure 2.4-9b). T&NMR spectrum exhibited many signals and
broad peaks assumed to be due to the possible tiormaf different geometrical isomers
causing the loss of symmetry. Traces of paramagmem(ii) might also have contributed of
the complex nature of the spectrum. A separatioth@fisomers was not attempted because
the iron complex is kinetically labile and the cdexgs will most likely return to their initial

equilibrium, once separated.

Y [Fe(31)(BF.)

31 56 (quant.)
Scheme 2.3-12. Reagents and conditions: a) [Fe(BF,),] - 6 H,O (1 eq), CH3CN, reflux, 4 d.

Clear ESI-MS evidence (see Figure 2.4-9a) was falsnd for the zinc [1+1]-comple%8.
The'H-NMR spectrum showed typically shifted signalshitite expected relative integrals.

31 3) [Zn(31))(CI0,);

58 (99%)
Scheme 2.3-13. Reagents and conditions: a) [Zn(CIO,4)] - 6 H,O (1 eq), CH,CIL,/CH;CN, r.t., 16 h.

In contrast to iron() and zinc(), rutheniumij) usually forms kinetically inert complexes
with polypyridyl ligands. Ruthenium{ complex 59 was obtained in moderate yield by
heating 31 and [Ru(DMSO)CI;] in a microwave reactor in ethanol. lon exchange a
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chromatography yielded the pure [1+1]-compl&x The molecule was characterised via one
and two-dimensional NMR techniques (see Figure62,£&SI-MS (see Figure 2.4-9c¢), X-ray
crystallography (see Figure 2.4-1) and elementalyars.

a), b)
3 [Ru(31)1(PFe),

59 (19%)
Scheme 2.3-14. Reagents and conditions: a) [Ru(DMSO),Cl,] (1 eq), EtOH, pW, 1 h; b) NH,PFs.

Other kinetic products including oligo and polyneestructures can also be envisaged if one
ruthenium metal centre is bound to more than ayenti. That is presumably one reason for

the moderate yield.
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2.4 Characterisation

Ruthenium compleXs9 was synthesised as described above and was athahaeNMR-
spectroscopy, ESI mass spectrometry, elementalysigaland single crystal X-ray
crystallography. The latter could answer the cHugizestion as to whether the complexed

ligand is in the form of a cycle or a knot.

Figure 2.4-1. a) Molecular structure of the cation [Ru(31)]2+ (592+) depicted as capped stick
representation; b) Space-filling representation of 59%*. The ligand 31 is macrocyclic and hexadentate.

Solvent molecules, counterions and hydrogen atoms have been omitted for clarity.

Despite the structure’s poor quality, connectivitlgd the overall geometry were clearly
established (see Figure 2.4%}.The organic molecule is macrocyclic and not krebtfEhe
molecular skeleton is made up of a single 96-meatbenolecular chain that is assembled
around the octahedral ruthenium core such thatbthgridine units can coordinate to the
metal. The cation has effective; Gymmetry and is therefore chiral. It contains oahe
trivial symmetry operation: the identity. Furthenmap careful analyses revealed that the
molecules that crystallized havenér’-configuration. It should be pointed out that from
solution studies themerfac”-ratio was deduced to be 2:1 (see later). The langles and
lengths appeared to be in the expected range. Ruthe- nitrogen bond distances vary from
206.4(9) pm to 215.6(9) pm.

Single crystals suitable for X-ray crystallograpigre obtained for the homoleptic complexes
45 and49. Their molecular composition differs only in thentral metal that is ironj and
ruthenium(l), respectively. Their molecular structures arenshn Figure 2.4-2.
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Figure 2.4-2. Molecular structures depicted as capped stick representations as they were found in
single crystals of homoleptic iron and ruthenium complex cations: a) [Fe(34)s]* (45>); b) [Ru(34)s]**

(492+). Solvent molecules, counterions and hydrogen atoms have been omitted for clarity.

The ionic radius of low spin ironj in octahedral complexes is with 61 Bthsmaller than the
ionic radius of rutheniunn(. That is also mirrored in the nitrogen-metal bdedgth in the
solid state of complexetb and49. The values are listed in Table 2.4-1 and theayeN-Fe
bond length was calculated as 196.3(7) pm andweege N-Ru bond length was found to be
roughly 5% longer with 206.5(1) pm.

Table 2.4-1. Bond lengths between nitrogen atoms and central metal atoms that were found in crystal
structures of [Fe(34)3]*" and [Ru(34)s]*".

N1-X/pm  N2-X/pm  N3-X/pm  N4-X/jpm  N5-X/pm  N6-X/pm  N-X/pm™

X=Fe(l) 196.2(2) 196.3(2) 196.7(3) 195.3(2) 197.4(2) 196.2(2)  196.3(7)

X=Ru(l) 206.4(3) 206.6(3) 206.4(3) 206.6(3) 206.4(4) 206.6(4)  206.5(1)

laverage bond length with standard deviation in brackets.

Single crystals of protonated ligad suitable for X-ray analysis were found as a miogr
product while setting up crystallisation trials filve iron complexd5. The unit cell contains
the protonated ligand, one hexafluorophosphate nariod one water molecule that is
hydrogen bonded to H1 (203 pm). The bond distaeteden H1 and N1 is 85.0 pm and H1
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and N2 are separated by 226 pm through space. &agsbon bond lengths were found in
the range of 137.5(4) pm (C13-C14) and 148.3(4) @8 C21) and all bond angles appeared
to be in the expected range. The bipyridine unittaiming N1 and N2 is essentially planar,
with an angle between the least-square planes eftwlo pyridine rings of 3.7(1)°. The
conformation of the protonated ligand with respcthe nitrogen atoms isis. The angle
between the least-square planes from the aromage containing N2 and C22 is 38.6(1)°
and for the two planes containing N1 and C15 areanig27.1(1)° was measured.

Figure 2.4-3. The molecular structure of [34H]" with atom labelling of selected atoms. Ellipsoids are
drawn at the 50% probability level and protons are shown as small spheres of arbitrary radii. The
hydrogen bond between H1 and O3 is show as a green line. Hydrogen atoms have been omitted for

clarity (except for H1-H3).

All ligands and complexes have been extensivelglistlvia NMR spectroscopy. Most of the
signals could be assigned. One example is presémtijure 2.4-4: ThéH-NMR and the
13C-NMR spectrum of the macrocyclic ligaBd that incorporates three bipyridine units. All
'H and**C-NMR signals could be assigned with two dimensididR techniques (COSY,
HMBC, HMQC, and NOESY). The symmetry of the molecid reflected in the spectra and
there are 13 distinguishablld-NMR resonances and 17 peaks in'tf@NMR spectrum. The
connectivity between the atoms was established l\RNspectroscopy, the molecular size
was determined by ESI-MS and the molecular comiposiivas determined by elemental
analysis. The remaining question whether a knot anacrocycle was formed could be
answered with the help of crystal structure analybigure 2.4-1). The chemical shifts are
very similar and the relative peak positions aedhme compared to the ligands bearing one
bipyridine moiety (e.g34, 42).
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Figure 2.4-4. NMR-spectra of hexadentate, macrocyclic ligand 31 in CD,Cl,: a) ‘H-NMR with
assignments; b) BC-NMR with assignments. The insets show zooms in parts of the spectrum of

interest. The solvent residual signal is marked with an asterisk (*). Labelling is given in Figure 2.2-1a.

Correlation spectroscopy in NMR is very useful ioncedating structural data that are not
satisfactorily represented in a one dimensionaktspe. The most common is a COSY
experiment whose spectrum displays diagonal peakks caoss peaks that result from a
phenomenon called magnetisation transfer. If ascpgsak appears in the spectrum between
two resonances then the two atoms are spin-spipledwver chemical bonds. The COSY
spectrum for the aromatic and the aliphatic regboompound3l is illustrated in Figure 2.4-
5. For instance, a cross peak between the aromations A3/A4 and A4/A6 was observed.
That means that these atoms are magnetically cdupleton A3 couples over three bonds to
A4 with J = 8.3 Hz and A4 and A6 (separated by four bondsgha coupling constant df

2 Hz. The absolute value of the coupling constamt lse compared to the intensity of the
cross peak.
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Figure 2.4-5. COSY spectra of 31 recorded in CD,Cl, at 298 K and 500 MHz: a) Aromatic region

displaying the typical coupling pattern; b) Aliphatic region showing coupling between protons.

In the aliphatic region (Figure 2.4-5b) a crosskpbatween protons E5 and D is detected
indicating that they are adjacent to each other.

The 'H-NMR spectra of the ruthenium complexs® and49 are compared in Figure 2.4-6.
The complexd9 with three bis(methoxyphenyl)-bipyridin84) ligands has a high symmetry.

This symmetry is lost if the ligands are connedtedne cyclic hexadentate ligand like58.

Furthermore, two geometrical isomers are expecegending on how the connections were
made. From the spectrum the ratio of the two isemexs found to be 2:1. Integration gives
the expected values. The assignments for the alopratons in59 were made by analysing

COSY-NMR, peak position and shape compared%aintegrations and HMQC cross peaks

of expected®C correlations.
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Figure 2.4-6. "H-NMR spectra at 298 K and 500 MHz of ruthenium complexes [RU(31)](PFe)2 (59)
(TOP) and [Ru(34)3](PFs)2 (49) (BOTTOM). The asterisk (*) marks the solvent residual signal.

ESI-MS was a very versatile and valuable tool iflofeing the ring closing metathesis
(RCM) and characterizing metal complexes. The dpghlrged cation of iron complek’
with m/z=923.3 was easily detected. Threefold RCM redulte a loss of three ethene
molecules and gave rise to a single peakné# = 881.1: the double charged catib#’".
Hydrogenation of three double bonds brought abomiaas peak of three atomic mass units

higher 66°). The mass spectra are shown in Figure 2.4-7.
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Figure 2.4-7. a) Iron(il) complex [Fe(43)s]*" (47*") before threefold olefin metathesis; b) Iron(i)
complex [Fe(57)]*" (54°") after olefin metathesis; c) Iron() complex [Fe(31)]** (56°%) after
hydrogenation.

Only charged species can be analysed via ESI-M®aplxes usually lose one or more
counterions if present and the cations are detectethe positive mode. For neutral
molecules, the ions observed are created by thi@ddf a proton, another cation such as a
sodium ion, or the removal of a proton (e.g. phencdrboxylic acids).

The highest mass peak in the ESI mass spectrurheoheéutral, hexadentate macrocyclic
ligand 57 and 31 were observed asM[+Na]’. The measured isotopic patterns matched the

calculated patterns (see Figure 2.4-8).
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Figure 2.4-8. ESI-MS spectra of hexadentate, macrocyclic ligands: a) [57+Na]” with three double

bonds; b) [31+Na]" after saturation of double bonds. The insets show the measured and calculated
isotopic patterns.

Figure 2.4-9 displays the ESI-MS mass spectra efimc(l), iron(1), and rutheniumy)
complexes with macrocyclic ligargll. As already observed, the doubly charged catiare w

much more likely to be detected than singly chargpécies coming from the parent
complexes.
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Figure 2.4-9. ESI-MS spectra of mononuclear complexes of macrocyclic 31: a) [Zn(31)]2+ (582+); b)

[Fe(BL)J* (56°"); c) [Ru(3L)** (59%).
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2.5SUMMARY AND OUTLOOK

2.5 Summary and Outlook

Sokolov's concept” to use an octahedral metal core as template frsymthesis of a
macrocycle (trivial knot) was for the first timecaessfully employed.

Three novel extended bipyridine ligands with chaaving terminal alkene groups were
prepared for this purpose. The chelating ligandeweaapped around irom) or rutheniumif)
and a threefold ring-closing metathesis (RCM) wadgymed that linked the termini two by
two. In the case of iron complé¥ the RCM followed by hydrogenation and demetalatexh
to the isolation of a unique, macrocyclic, hexadantligand31 that incorporates three
bipyridine units. One-to-one complexes with thiggahd and zina(), iron(l) and
ruthenium(l) were synthesised and a crystal structure ofédtierlwas obtained.

The use of a single octahedral metal centre torobtite assembly of ligand threads into a
macrocycle was accomplished, it is apparent thahges in the ligand architecture that will

fulfil geometrical prerequisites might lead to fhreparation of a trefoil knot.
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3 Oligonuclear Ruthenium(l) Complexes with

Macrocyclic Ligands

This chapter will deal with complexes that are fethbetween ruthenium (a rare transition
metal of the platinum group from the periodic tglded several organic ligands. One of the
ligands is a macrocycle: a ring architecture of radhan nine atoms that usually enables
molecules to achieve a certain degree of pre-orgmion but no rigidity. Not only chemists
but everybody encounters macrocycles each day innanoidable way since they occur in
many natural products. The active site in haemagloba protein in our blood that
transports oxygen— contains a macrocyclic moietye (fporphyrin). Other examples are
vancomycin (an antibiotic) or chlorophyll (a phogyoghetic pigment in plants). On the other
hand, ruthenium is widely used in alloys, as a ates catalyst, in mixed-metal oxides for
cathodic protection and in dye sensitized solatsctlat are potentially cheaper to produce
than conventional silicon based solar célfs’°” The combination of both, ruthenium, being
the central atom in its oxidation state two, arghhds that have donor atoms that can bind or
form coordinate bonds is a complex. The metal isiciered as a Lewis acid (electron pair
acceptor) and the ligands are Lewis bases (elegi@ndonors).

3.1 Introduction

The prototype for ruthenium polypyridyl complexes is [Ru(bpyjf* which has become one
of the most investigated compounds in the past efrsydue to its particularly interesting
combination of chemical stability, redox propertiexcited state reactivity, luminescence
emission and excited state lifetimes. Rutheniynpossesses & dystem and the bipyridine
ligands coordinated to it have@donor orbitals localized on the nitrogen atoms arabnor
andrt* acceptor orbitals localized on aromatic ringssifplified orbital diagram showing the
possible transitions during irradiation is depicted-igure 3.1-1a. Transition of an electron
from a metalm, orbital to the ligandt orbitals leads to a metal to ligand charge transfe
(MLCT) excited state — the transition with the lst@&nergy. Promotion of an electron from
Ty to ou* orbitals and fromrg to 1. * orbitals give rise to metal centred (MC) and hga
centred (LC) excited states, respectively. If atphas absorbed from the singlet ground state

(*GS), the!MCLT or higher singlet states are populated folldvby an intersystem crossing
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to the MCLT state (with®sc = 1). The system can return to the ground stateeeiby
emission (with®emission= 0.06) or radiationless decay. Schematic poteeti@rgy curves are

represented in Figure 3.1-1b.

a) b) singlets
"""" SMLCT
oum’ N 3MC
empty 2
- ] orbitals /
N = ‘
O
| o
S| 5| 9 GS
™™
©) Absorption
filled (2 Radiationless decay
orbitals
Tmn—1 @ Intersystem crossing (ISC)
p @ Radiationless decay
L (B Emission

"M-L
Figure 3.1-1. a) Simplified molecular orbital diagram for ruthenium(i) polypyridine complexes that
show the three types of electronic transitions occurring at low energies. b) Schematic representation

for the relative positions of *MC and *MLCT excited states that are found in [Ru(bpy)s]°* and transitions

that take place. Adapted from references.'**'%

The area of research for this compound and itsvaiives exploded in the 1970’s with the
awareness that it might be used to split water mtwecular hydrogen and oxygen using
sunlight!*®* %! The chemistry of ruthenium polypyridyl complexeashbeen reviewed
extensivel{*" % covering initial findings, applications and possifuture uses. Polynuclear
complexe&®”! of this type and photochemical, photophysical aedox dat&®? have also
been reviewed in detail.

Fossil energy carriers such as oil and gas ardgednon Earth. It thus became a major
challenge to convert solar energy to electric engrg solar cells. In the early 1990’s, Gratzel
and co-workers developed photovoltaic cells basethe principle of sensitization of wide-
bandgap mesoporus semiconductors like nanocrysalliO, surfaces that are modified with
monolayers of ruthenium complex¢¥: 1% Dye-sensitized photoelectrochemical solar cells
are a promising alternative to conventional junttimased photovoltaic devices. Molecular
sensitization is one of two general approaches hiaat been developed in order to use
sunlight. The other approach doping is found inveoional photovoltaic devices. The
operating principle of a dye-sensitized solar etiepicted in Scheme 3.1-1b. A photoanode
and a counter electrode are facing each other lemdap is filled with an electrolyte. The
sensitizer (S) is converted to its excited stat@ I8 light and is able to inject an electron into
the conduction band (CB) of the semiconductor. $esitizer in its one-electron oxidized

form (S) is rapidly reduced by-ions in solution. Photoinjected electrons flowtlire circuit
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and can perform electric work. They are also abelaat the counter electrode for the
reduction of the electron mediator acceptdr The system is then back at its initial point,

ready for another catalytic cycle.

a) b)

CB e’

e
band- m
gap

N -

60
Scheme 3.1-1. a) Simplified operation principle of a dye sensitized solar cell. b) [Ru(dcbpy),(NCS),]

(dcbpy = 4,4'-carboxylbipyridine), also known as “red dye”.

Sensitizers usually have functional groups such@S0OH, -PO(OH) or -B(OH), to ensure
stable adsorption onto the semiconductor substRaghenium complexes such @8 (“red
dye”) are typically used but recently also coppemplexes showed promising resuitg!
Several review articles describe past and recemgress in this area that often combines
nanotechnology, material science, interfacial etect transfer and supramolecular
photochemistry in a very multidisciplinary w&§°® !

Ruthenium polypyridyl complexes were also utilised mimic the photosystem 2!
Artificial light harvesting antenna systefit8*'*! can be constructed from mixed ruthenium-
manganese complexes that are able to store phatmddholes. The natural excited
chlorophyll donor in the photosystem Il can extrapt to four electrons in a consecutive
manner from the so-called manganese cluster. Oxggarbe produced from the four-times
oxidized manganese cluster recycling the initiatesthat can undergo another photoinduced
cyclet*?

Topological objects can be built using the speaj@ometry imposed by the ligand and the
octahedral metal core of the ruthenium(The thermodynamic and kinetic stability of the
resulting complexes is in general beneficial. Ragle complexes are linearly arranged
species and grid-type complexes are arranged speniea plané*® 7 Ruthenium

polypyridyl complexes have been examined photocbalhgiand the emission in a rack could
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be moved to the near-f&¥ or was totally quenched in a tetranuclear mixetienium-iron
grid **! These classes of compounds are usually construdtiederpyridine ligands but also
pyrimidine-containing complexes have been repdifé.

Dendrimers are repeatedly branched molecules a tbontaining ruthenium) have been
studied and the results have been revie#éd®! In one example the three chromophoric
units, namely [Ru(bpy)’*, naphthyl and 1,3-dimethoxybenzene were combinad a
properties of a light-harvesting antenna system anglossible frequency converter were
investigated™®! The [Ru(tpy}]>* motif was utilized to construct multinuclear am@ments
and recently for a dye sensitized photoelectrochahaiell™®® The heteronuclear compléd
illustrates an approach to build up polypyridylretiium systems relying upon coordination to
a tetracarboxylato metal diméf® Compounds2 is the first trinuclear ruthenium polypyridyl
complex which was characterised by X-ray diffractand was reported along with evidence
of stereospecific complexation during its formatitd There are a few examples of
metallomacrocyclic multinuclear ruthenium compldX&23! such a$3**? whose extraction

properties for alkali metal picrates have beenstigated.

61 62 63

Scheme 3.1-2. Examples of multinuclear ruthenium(il) complexes. The mixed rhodium(i)-ruthenium(ir)
complex 61, the trinuclear complex 62 and the metallomacrocyclic complex 63. Charges are omitted

for simplicity.

Metallomacrocycles can also be prepared with noeali ditopic bis(terperidine) ligants®
134 preorganisation and design of the ligand allow domtrol of dimensionality and
nuclearity up to a certain degree. These complahkdgve in common that the macrocycle is
formed by coordinative bonds - they are metallomeygeles. In these cases, kinetic or
thermodynamic factors favour the formation of a leyavith precise size over linear,
oligomeric or polymeric species. It has been shothvat with labile metal ions

metallopolymers or metallocycles are formed depemdi the reaction conditioHg®
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3.2 Aims and Overview

Is it possible to start with a macrocyclic ligandabng multitopic binding sides and to
coordinate several kinetically inert metals likehenium() to it? Multinuclear complexes

displaying this particular kind of topology havet t@en reported yet, neither with ruthenium
or other transition metals. This was one motivatiorsynthesise oligonuclear, macrocyclic
complexes64 (one metal centref5 (two metal centres) angb (three metal centres) along
with their particularly appealing photophysical petties. Their molecular structures are
represented in Scheme 3.2-1 together WRt(34)(bpy)](PFs). (67) which can be regarded

as a reference compound displaying the properfiemme complex subunit. The synthesis,
characterisation, crystal structures6af 64 and65, photophysical properties and the ability

of 64 to act as a sodium receptor will be discussetisahapter.

_‘ 2m®

- - ] - - S]
N_ N N_ N

64 m=1,n=3 67
65 m=2,n=1
66:m=3,n=2

Scheme 3.2-1. Novel multinuclear complexes 64, 65, 66 and mononuclear reference complex 67.
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3.3 Synthesis

The synthesis of the open form ligan@4, 42 and 43 is described in Chapter 2.
Rutheniumif)-complexes of the type [RuL(bpyj* are available with relative ease in very
good yields and short reaction times thanks teethployment of microwave technology. In a
typical reaction, one equivalent of the ligand arsmall excess afis-[Ru(bpyyCl,]**® were
heated in a microwave reactor in ethanol at 12@0tG0 minutes. The reaction mixture was
added to an aqueous solution containing an exdeammonium hexafluorophosphate, the
precipitate was collected and washed with water diathyl ether (see Scheme 3.3-1). The
crude products exhibited clean NMR spectra, butrecbrmicro analysis necessitated a

filtration over aluminium oxide.

OR
— N= a), b) — — —|2®
-0 22 OO0
OG-0 OG0 0
N

RG RG Ra.

34:R = Me 67 (93%): R = Me

2r- xR o8 0% k= {\J\
43:R = ?(<_\O/7;\\ 69 (93%): R = %T\o/_)g\\

Scheme 3.3-1. Reagents and conditions: a) cis-[Ru(bpy).Cl,] (1.01 eq), EtOH, 120 <, microwave; b)
NH4PFe.

These mononuclear complexes can be made in higtisyand are purified via filtration. In
particular, no chromatography is needed. Once familith them, the synthetic protocol was
used in similar reactions on multitopic macrocydigands. Complex [R&4)(bpyk](PFs)2
(67) will serve later as a reference compound, besgduo help to interpret NMR spectra,
photophysical properties, electrochemical properéied stereochemical considerations of the
more intricate multinuclear ruthenium)( complexes. The moleculé9 which has two
terminal double bonds on the ethylene glycol chaithe starting material for the smallest
macrocyclic rutheniumi() complex presented in this chapter.
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Mes/N N‘Mes

Tcy3 Mes—N~_N~Mes T
CI/’I:, CI/H.

Ru:\ CII/,,'T RU—
c” t  ph SRu=\ cli 4
PCy, CI” }  Pn o)
PCY3 \(

70 71 53

Scheme 3.3-2. Grubbs’ catalyst 1* generation 70, Grubbs’ catalyst 2 generation 71 and Hoyveda-
Grubbs’ catalyst 2" generation 53. Cy = cyclohexyl, Mes = 2,4,6-trimethylphenyl.

Ring closing metathesis (RCM) has been establigedan efficient tool to synthesise
macrocyclic molecules via intramolecular formatioha carbon-carbon double bofid 24
As a first test, we tried the RCM in the presenc&bbs’ catalyst30 of the first generation
and71 of the second generation. The reactions turnedodog very slow at room temperature
and the purification of the product was demandisgaaresult of decomposition from the
parent catalyst complexes. The di&®avas then subjected to the air-stable and mordiveac
Hoyveda-Grubbs' catalyst of the second genera@h*'?*®! (see Scheme 3.3-2). After
hydrogenation with molecular hydrogen catalysedplajladium on charcoal, the desired
macrocyclic complexX4 was obtained (see Scheme 3.3-3). The crystaltsteucevealed that
one sodium cation coordinated to the ethylene ¢lghain. This behaviour will be discussed
in more detail in chapter 3.5.
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Scheme 3.3-3. Reagents and conditions: a) Hoyveda-Grubbs’ catalyst 2" generation (20 mol%),
CH,Cl,, r.t.; b) H, (1 atm), Pd/C (11 mol%), EtOH/CH,CI, (1:1).

The RCM reaction cannot be performed on the frgankl. The ligand is not innocent and
binds to the catalyst which is then blocked andisipoed” for further conversion. The
[Ru(bpy)]?* moiety can, in this respect, be regarded as @@ing group even if its cleavage
is not possible.

This example shows that it is possible to make aratgyclic complex by carrying out the
olefin metathesis on the complex. It is also fdasib synthesise first the macrocyclic ligand
and then coordinate a transition metal to it.

Chapter 2 described how the macrocyclic liga®&sand31, with two and three bpy units are
prepared. Our goal was to convert them into oligtear ruthenium() complexes. If the

synthetic protocol for ligands bearing one bpy usiadapted with a different stoichiometry,
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the formation 065 and66 can be expected. The desired compounds were sysekdan good

to very good yields (see Scheme 3.3-4).

Scheme 3.3-4. Reagents and conditions: a) cis-[Ru(bpy),Cl,] (2.01 eq for 65, 3.01 eq for 66), EtOH,
120 <C, microwave; b) NH 4PFs.

The dinuclear compound [R®5)(bpyk](PFs)s (65 was obtained pure as the homochiral
A4 NN-form after chromatography on aluminium oxide. Tdther diastereocisomer namely
the heterochira4-isomer could not be identified unambiguously andat considered here.
This explains the lower yield (46% compared to ukaal 90%). Unfortunately, we were not
able to separate the two diasterecisometdANNA and AANANAQ) arising from the
trinuclear complex66. Both complexes were comprehensively charactersedMR and

mass spectrometry. The purity@® and65 was confirmed by microanalysis.
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3.4 Characterisation and Crystal Structures

The molecular structures fd7, 64, 65 and a general labelling scheme are shown in
Figure 3.4-1 and structural parameters are foundahble 3.4-1. As expected, the ligands
coordinate in a propeller-like arrangement aroureldentral metal atoms and the complexes
are chiral. Only one of the two enantiomers preserihe crystal is shown. All complexes
exhibit distorted octahedral geometry with bondtatises varying from 205.2(3) pm to
207.0(4) pm around the ruthenium(centres. Despite distortions, the Ru-N bond dista
are similar to those in the molecular structurgRai(bpy)]** which was solved using X-ray
crystallography in 1979 by Rillemf#* The Ru-N bond length (205.6 pm) in thzy
symmetric [Ru(bpy][PFs] complex is to some extent shorter than in Ruﬂzﬁq
(210.4 pmy***! This indicates a notable backbonding betweentiferbitals of the metal
core and ther-orbitals of the ligand.

The dihedral angles describing the twist betweem o aromatic rings A und B in
[Ru(34)(bpy)](PFs). (67), 64 and 65 are different on the two sides of the bis(methoxy-
phenyl)bipyridine moiety and vary between 11.2(@)°64) and 42.3(2)° (ir67). Distortions
from the ideal octahedral geometry can also beuatadl by the angles of coordinating atoms
(not discussed here) and ascertained by anglesast square-planes calculated from the
aromatic rings around the coordination environm&he values span from 1.0(3)° to 9.8(2)°
(see Table 3.4-1).

For comparison, [Ru(bpyf* displays a dihedral angle based on the twist atmipyridine
rings in bipyridine of 9.9784°!

Table 3.4-1. Angles between least-square planes of aromatic rings. Values are given in [].

least-square

planes of [Ru(bpy)s]** 67 64 65
aromatic rings
AA' n.a. 7.8(2) 2.9(2), 5.0(2) 7.3(2), 10.1(2)
co 0971 2.82), 9.8(2) 1.9(2), 5.5(2), 1.0(3), 2.8(3),
5.7(2), 7.9(2) 6.5(3), 6.8(3)

11.2(2), 24.1(5),  21.5(3), 24.9(2),

AB, AB' n-a. 34.1(2), 42.3(2) 31.0(3),31.2(2)  32.0(2), 32.3(3)

B from reference™
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S0t

Ex Ex+1

Figure 3.4-1. Molecular structures of a) 67>, b) 64 (two molecules per unit cell, one has a sodium
cation coordinated to its ether chain) and c) 65", depicted as stick representations as they were found
in the single crystal. Hydrogen atoms, solvent molecules and counterions have been omitted for
clarity. The colour coding is: ruthenium = violet, nitrogen = blue, carbon = black and oxygen = red. A

general labelling mode is presented in d).

Figure 3.4-2. Molecular structures of the coordination environment of the sodium cation in 64 with
ellipsoids plotted at 20% probability level. The colour coding is: carbon = black, oxygen = red,

phosphorus = orange, fluorine = yellow, sodium = violet.

57



3 OLIGONUCLEAR RuU(II) COMPLEXES WITHMACROCYCLIC LIGANDS

Table 3.4-2. Crystal structure data collection information.

67-CH;CN 64 (squeeze) 65-C,H,Cl,-2.5C,Hs0,
Empirical formula CasHzgN;O5PoF15RU - CsgHgoNagsNgOsgPosFisRu CrioH116ClN1,013P4F24RUS
Formula weight [g 1112.85 1446.13 2691.12
mol™]
Temperature [K] 446 173 123
Wavelength [A] 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Triclinic
Space group P-1 P-1 P-1
a=12.44(3) a = 15.154(3) a=14.1156(13)
b = 13.75(3) b = 17.614(4) b = 20.075(2)
Unit cell dimensions € = 14.219(3) € =126.892(5) ¢ =23.409(2)
A 9 o = 76.49(3) o = 86.54(3) o = 77.354(5)
B =74.54(3) B =82.28(3) B =73.193(5)
y = 83.29(3) y=84.31(3) y=85.179(11)
Volume [A%] 2278.23 7070, 6194.7(11)
4 2 4 2
Absorption coefficient
4 0.512 0.372 0.437
[mm™]
F(000) 1118 2952 2748
Crystal size [mm] 0.30 x 0.27 x 0.07 0.45x 0.28 x 0.16 0.05x 0.13x0.29
Reflections collected 8048 89634 48405
Independent
T 7300 21321 18510
Goodness-of-fit on F?
1.096 1.054 1.0375
(all data)
Final R indices R1=0.0572, R1 = 0.0658, R1=0.0679,
wR2 =0.1435 wR2 =0.1683 wR2 =0.0723
R indices (all data) R1 =0.0629, R1=0.0763, R1 =0.1455,
wR2 =0.1493 wR2 =0.1755 wR2 =0.1851

Interestingly, the comple®4 crystallizes in two forms per unit cell: the compland the
complex which has one sodium cation coordinatedsteether chain. In this macrocyclic
complex, the chain goes around the side that isped by the bipyridine ligands. In the unit
cell, the two metal cores are separated by 1.4Gndithe bond length between the oxygen
atoms and the sodium cation are 230.4(5) pm, 24680 and 261.8(5) pm.
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There are five more short contacts to the sodiutiorcegrom the fluorine atoms of two
hexafluorophosphate counterions (242.9(5) pm, 428y 8m, 248.8(5) pm, 250.7(6) pm and
253.2(6) pm, see Figure 3.4-1c and Figure 3.4.Bat Tesults in a coordination number of
eight for the singly charged alkali metal. The ektsdistances between a carbon atom in the
chain and a carbon atom in bipyridine ligand arentbbetween E7 and C5 with 380 pm.
Chiral dinuclear macrocyclic compl@b was synthesised as a racemate and turned out to be
homochiral, therefore the stereochemical descspiar the two enantiomers a1 and /A,
respectively. Both enantiomers are found in the celi. The two ruthenium metal atoms are
separated by 1.00 nm. The closest distance betweeriwo complex entities is found
between carbon atoms A3 and C4 witl360 pm. In the solid state, the same couple on the
other side of the complex is separated:440 pm, therefore the two complex entities are not
completely symmetric in the crystal structure.
a) b) QL

\ WarTE

f ~L ":\ —¢ /51,: U (-
S\ | A
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Figure 3.4-3. Packing in solid state structures of a) 67 and b) 65. Hydrogen atoms, solvent molecules

and counterions have been omitted for clarity.

The analysis of short contacts reveals a closeimpitx of a methoxyphenyl ring (B) to a
pyridine ring (A) of an adjacent molecule in thdidatate packing. The distance between the
centroid of the aromatic B-ring and the carbon at#nwas calculated as 341 pm (see Figure
3.4-3).

No particular packing effects were observed forabeplexe$4 and65.

The ruthenium() complexes were studied extensively via NMR smsctopy. All proton and
carbon nuclei could be assigned with the help af dimensional COSY, HMBC, HMQC,
NOESY and DEPT experiments (for all data see Expamial part). For a labelling scheme
see Figure 3.4-1d. The protons of the free ligajxttiis(3-methoxyphenyl)-2,2'-bipyridine

(34) are shifted distinctively in the ruthenium(complexes. The A6-proton ia-position to
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the nitrogen is the only signal that is shiftecatbigher field fromd 8.9 ppm tod7.8 ppm in
the complex. The protons A4, B2, and B6 exhibibresices at lower fieldA¢~ 0.3 ppm)
and the other signals are hardly affected. By amady the molecular structure of
[Ru(34)(bpy)](PFs)2 (67), it is apparent that the symmetric bipyridine noas two different
moieties in the complex. By considering, for exagpphe neighbouring proton to the N-atom
(C6 and C'6), one can see that the C6-proton ptomtards the aromatic A-ring from ligand
34 and the C'6-proton points towards the aromaticinG-from the other bipyridine.
Therefore, the two bipyridine units are diasterpa@nd chemically non-equivalent.

Figure 3.4-4 shows the proton spectra of the angcmegion of the mononuclear compound
[Ru(34)(bpy)](PFs)2 (67) (top) and the dinuclear compouréd (bottom). The dinuclear
compound65 seems to be composed of two sets of signals #matrcparticular be observed
for protons A3, C6 and A4. Furthermore, protonsah8 A4 are shifted to lower frequencies
by aboutAd = 0.2 ppm andAd = 0.1 ppm, respectively. The reason may be a gémon
shielding due to the close proximity of the secanthplex entity (for visualisation compare
crystal structure Figure 3.4-1c).

B2+B6
A6+C'6

Cc3+C3 85
ce ‘
A4 Ca+C4 C5M B4

B4+B6

C3+C'3

A6
A3 carca B5 B2
A4 C6 C'6 C5+C5
b)
8.7 8.5 8.3 8.1 7.9 7.7 7.5 7.3 7.1 6.9

6.7
<+—— dJdppm
Figure 3.4-4. 'H-NMR spectra in ds-acetonitrile of a) dinuclear complex 65 and b) mononuclear

reference complex 67.

The mononuclear, macrocyclic compour@d exhibits downfield shifted nucleus B6
(AS=0.27 ppm) and upfield shifted nucleus BB 0.2 ppm) compared t67. A different
dihedral angle between the aromatic rings A andaBj therefore different degrees of
shielding or deshielding, rationalizes this outcorfike trinuclear macrocyclic comple6
60
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and 67 have very similar chemical shifts. The moleculamptex moieties are separated far
enough from each other in space by the ethylenepbbbhain to not influence each other (see
Table 3.4-3).

Table 3.4-3. 'H NMR spectroscopic shift data (500 MHz and 600 MHz, 298 K, CD3;CN) for the

aromatic region.

proton 67 64 65 66
3 8.58 8.56 8.41 8.55
A 4 8.33 8.35 8.19-8.14 8.29
6 7.80 7.82 7.81-7.75 7.79
2 6.92 6.75 - 6.70 6.91 6.99 - 6.90
B 4 7.00 6.96 6.98 6.99 - 6.90
5 7.36 7.38 7.32 7.30
6 7.00 7.27 6.91 6.99 - 6.90

The*J coupling constant for aromatic protons is obselvetiveen 7.9 Hz and 8.6 Hz except
for the protons iny -positions to the nitrogen atoms (A6, C6 and @i %J~ 5.5 Hz.

In the aliphatic region, the signals for the metim@d protons adjacent to an oxygen atom (E)
are found betweed 4.1 ppm and 3.3 ppm and the signals for methylene protons dhat
neighboured by other methylene groups (D) are fatrdd 1.6 ppm. An unusual feature was
observed for the E7 proton from mononuclear maaiocyomplex64. Its resonance is at
very high field © 2.3 ppm). This might stem from an anisotropy dffét the solid state (see
crystal structure Figure 3.4-1b) the chain readresind the side of the complex which is
occupied by the bipyridine ligands. If we assume structure to be similar in solution then
the protons might lie in the zone where the magnééld By is reduced (shielding is
increased above and below the ring) by the ringeouirof the electrons from the aromatic
bipyridine. This is opposite to the effect that @& aromatic protons outside the ring (e.g. in
benzene) to be shifted to low fieldd’!

The®C spectrum ranges in the aromatic region fd&61 ppm (B3) tay113 ppm (B2). The
nuclei from the methylene groups adjacent to argeryatom (E) are usually found between
068 ppm and 72 ppm and the nuclei from the methylene groughi®ured by other groups
(D) appear around 27 ppm. Again, the nucleus E7 64 exhibits an unusual upfield shifted
signal ato 35 ppm.
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Electrospray ionisation (ESI) was the technique liagpto produce ions for mass
spectrometry (MS). It is a very mild method that viery useful for complexes and
macromolecules because the ionisation energy iloywgh that usually no fragmentation is
observed (except for the fragmentation of a sath ications and anions as in the case of
complexes presented in this chapter). In 2002déwelopment of ESI-MS was rewarded with
the Nobel Prize in Chemistry to John Bennet F&fth.

All compounds presented in this chapter could lbelistl via ESI-MS and showed correct
spectra with expected masses. One typical exanglélustrated in Figure 3.4-5. The
trinuclear ruthenium() complex66 deconvolutes into its +6, +5, +4, +3, +2 and +t(n
shown) cations which are detected in the positivedenof the mass spectrometer. The

isotopic pattern can the examined by recordingaarzecan on these cations.

x10
[M](PFq)>*
619.8
100
80 - [M]6*
] 492.4
s [M](PFg),*
60 811.1
Irel :
40
] [M](PFg),%
. 1765.7
. [M](PFg)33
20 | 1128.5
0 ] o M\I\huh‘.‘mmwwmuw | “MMM . | A N L
et pperseibisgdil iselssepedeelllnesadenepapomppeneplbspspes el —
400 800 m/ 1200 1600 2000

Figure 3.4-5. ESI-MS spectrum of trinuclear complex 66 showing its deconvolution in +2, +3, +4, +5

and +6 charged cations.

The measured isotopic pattern can be compared dimnalated pattern. The line spacing
reflects the ratio mass over charge’z) of the fragment in question, that will for exampl
lead to a difference of/s atomic mass units between two adjacent isotopea b charged

cation (see Figure 3.4-6).
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810.2
811.2
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Figure 3.4-6. a) Measured isotopic pattern of +6, +5 and +4 charged cations from 66. The m/z ratio is

also reflected in the line spacing. b) Simulated isotopic pattern of the same cations.

Infrared spectra and melting points have been chetexd for all compounds and the data is
documented the Experimental part of this thesis.

For compound$§7, 68, 69, 65 and66 correct micro analysis could be obtained.
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3.5 Photophysical Properties and Redox Potentials

Absorption spectroscopy is an easy method to getesoursory information about the
electronic structure and electronic transitions thke place in a molecular species.

The absorption spectra of macrocyclic comple&4s65 and 66 are shown in Figure 3.5-1.
The band around 290 nm is probably a spin-allow€di— 1 transition. The two bands at
240 nm and 460 nm can be assigned to spin-allowe€™d — 1 transitions. The

shoulders at 320 nm and 355 nm might be MC tramsti Assignments have been made by
referring to the properties of [Ru(bg}f’, the prototype of rutheniumy) polypyridine
complexe8® which has an MLCT band af,.= 452 nm ¢ = 14600m ™ cm™).

200
| ----3xRu
. 2x Ru
1x Ru
150

e/ (210° Miem™)

T T T I I
600 700

T
500

Alnm —

Figure 3.5-1. Absorption spectra of complexes 64 (black, solid line), 65 (blue, dotted line) and 66 (red,

dashed line).

It is noteworthy to mention that the extinction ffmgents are almost increased by a factor of
two for the dinuclear compourtb and by a factor of three for the trinuclear conmb@6
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compared to the mononuclear compow®l These molecules contain one, two or three

chromophoric groups, respectively.

In 1959 Paris and Brartff” first reported the luminescence of [Ru(b¥) whose intensity,
lifetime and energy position are more or less taatpee dependent. At room temperature the
maximum lies at 615 nnr& 1 us) in acetonitrile. The ruthenium)(compounds introduced
in this chapter exhibit an emission=a620 nm except fo84 which has its emission band at

lower energy (641 nm).

Table 3.5-1. Absorption data (10° ™ in dichloromethane) and emission data (10* m in dichloro-

methane or acetonitrile) of ruthenium complexes.

Absorption Emission
N L Aexe = 355 nm
Amax [nM] M~ cm7]
Amax [nm]

457 15 000

67 318 (shoulder) 46 500 616
289 85 900
457 14 700
354 (shoulder) 39 200

64 641
321 (shoulder) 45 700
290 86 800
457 19 700

65 316 (shoulder) 61 800 617
290 114 300
457 31200
355 (shoulder) 77 000

66 621
318 (shoulder) 100100
290 181000
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The redox properties of the rutheniurp(complexes have been investigated by means of
cyclic voltammetry (CV). One typical example is shmoin Figure 3.5-2 for the cyclic
voltammogram o064 in degassed acetonitrile.

40

20 H

-20 H

I/ pyA ——

-40 4

-60 H

-80 4

— 1 *+ T 1T " T r T ~ T * T " T * 1
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 15

E/V vs Fc/[Fct —

Figure 3.5-2. Cyclic voltammogram of 64 (1 mMm) in degassed acetonitrile containing 0.1 ™
[NNBu4]PFs, v = 100 mV s™.

Usually, the oxidation of ruthenium) in the complexes introduced in this chapter happe
between 900 — 930 mV and there are four reductiroggsses which are reversible for the
mononuclear complexe®&/ and 64, but not for the multinuclear complex65 and66. The
potentials have been measured versus Ferrd&emmceniuri (Fc/Fd). The cyclic
voltammogram of [Ru(bpy)** in degassed acetonitrile was measured for congram@sid
exhibits one oxidation process (890 mV) and fowdurion processes (-1.73V, -1.93V, -
2.17V), all are monoelectronic and reversibi®.Many references are found in the literature
for [Ru(bpy)l]®* and oxidation of rutheniumj to ruthenium(l) is usually reported at
1260 mV versus the NHE (Normal Hydrogen Electrddejcetonitrile or wateff>* %%
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Table 3.5-2. Redox potentials measured for complexes 64-67 in argon-purged solutions of acetonitrile.
Ei, values are given for reversible processes from the cyclovotammetry and are peak potentials for

irreversible processes from square wave.

Potential [V] versus Fc/Fc”

oxidation reduction
[Ru(bpy)a]** 0.890 -1.73,-1.93, -2.17
67 0.903 -1.60,-1.87, -2.10, -2.41
64 0.904 -1.60®,-1.92, -2.12, -2.41
65 0.919 -1.48%9 -1.60, -1.85" 2,157 -2 44
66 0.927" 1,57 -1.97% 2217 -2 421

[a] irreversible process, peak potential from square wave. [b] reversible process, peak potential from

square wave.
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3.6 NMR Enantiodifferentiation of Chiral Ruthenium(11) Complexes

Chirality in coordination compounds will occur whehelating ligands are bonded to an
octahedral core. If the mirror image of a molecai&l the original molecule are non-super-
posable then the molecule is optically active @hif® Another more general definition says
that any object that does not have any symmetmeais of the second kind (mirror plane,
centre of inversion, rotation reflection axis) ik chiral!**! A demonstrative example is the
cation [Ru(bpyj]** which is optically active and can appear in themfof the 4- and /-

enantiomer.

Figure 3.6-1. Optical isomers of the coordination complex [Ru(bpy)3]2+. The A-isomer and the A-

isomer are non-superposable and they are mirror images of each other.

In an achiral environment, [Ru(bp}A" will be formed as a racemate (equal quantitieg-of
and/l-enantiomers).

Pentavalent hexacoordinated phosphorus of octahgdmmetry allows the formation of
chiral phosphate anions if three identical bidentegands are coordinated. In 1997, Lacour
and co-workers reported the synthesis and resalutb the configurationally stable
TRISPHAT-anion (tris(tetrachlorobenzenediolato)pitasey)-ion)**® (see Figure 3.6-2).
The non-substituted tris(benzenediolato)phosphiatafion is readily synthesised as an
ammonium salt from catechol, RGind an amine but it is unfortunately configuradiiy
labile and its enantioenriched form undergoes dagherisation in solutioH>” **®However,
the use of catechols substituted with electrondvalving groups as in the case of
TRISPHAT, prevents the epimerisation due to stencdrance and electronic effects.
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Cl
cl Cl
cl '0) Cl
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Cl 0~ >N
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A-TRISPHAT
Cl -
Cl

Figure 3.6-2. Hexacoordinated phosphate anion TRISPHAT (tris(tetrachlorobenzenediolato)-

phosphate(V)). The A-enantiomer is shown.

Both enantiomers of the TRISPHAT anion can be olkethion a multigram scale through a
reported resolution proced{r& and one isomer is also commercially availabléat found
many applications as a NMR chiral shift read&ht®” as a resolving auxiliafy>*°® as an
asymmetry-inducing ageétt *’? and solubilising reageht® >’ for organic, organometallic,
metallo-organic and polymeric substances.

The advantage of an NMR spectroscopic investigatianchiral shift reagents over chiro-
optical methods is that there is no need for patarmewhich characterise the pure
enantiomer$:™ In the case of a racemic rutheniuméomplex, one has to replace the achiral
counterions (e.g. Ry by enantiopure optically active counterions (IgIRISPHAT). The
racemic mixture of enantiomers will be convertea tmixture of diastereoisomers.

Since we prepared cyclic complexes with one, twa tanee chiral centres, the study of their
chirality appeared to be interesting.

For a first test, the racemic rutheniurpcomplex67 as its hexafluorophosphate salt was
dissolved in dichloromethane, two equivalentsdeFRISPHAT were added and the reaction
mixture was extracted with water. Figure 3.6-3 shiale’H NMR spectrum of the complex
with the achiral hexafluorophosphate counteriop)tand the spectrum of the complex with
the enantiopur&-TRISPHAT counterion (bottom). The signals for pmdg A3, C3+C'3 and
B5 clearly split into two sets of signals in rouglelqual intensities. This can be explained by
the formation of the two diastereocisomessq7]|[ 4-TRISPHAT] and N1-67][4-TRISPHAT]

that have different chemical shifts.
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3 OLIGONUCLEAR RuU(II) COMPLEXES WITHMACROCYCLIC LIGANDS

B4+B6
A6+C'6

a) A3 C3+C3 B2

Al C4+C'4

Cé6

b)

8.9 8.5 8.1 7.7 7.3 6.9 6.5 6.1
<« Jdppm

Figure 3.6-3. 'H NMR spectra of a) rac-67 as its hexafluorophosphate salt; b) rac-67 with
approximately two equivalents of [Et;N][4-TRISPHAT]. Both spectra are recorded at 500 MHz in
CD.,Cl, at 25 C.

The trinuclear compleX6 has three stereogenic metal centres, and for teake is the
possibility of /- or 4-configuration. Two racemic diastereoisomers wtaoh distinguishable
in an achiral environment are possible: the honmratMANAN/ AA4-stereocisomer-pair and the
heterochiral N4/ AAN-stereoisomer-pair. The situation is depicted imeBee 3.6-1. Any
compound withn-stereocentres will give rise td' Bsomers!’® Statistically, there are eight
isomers (2 = 8) expected for the complé6. The heterochiral formgIAAAAAN are triple
degenerated because a rotation of £120° arounaxisen the plane of paper will convert one
isomer into one of the others (e414 = NAN = ANA). In summary, there are two isomers
from the homochiral form and two threefold degeteeraomers from the heterochiral form.

Therefore, the ratio between these two diasteremismairs is expected to be 2:6.
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+ four isomers of the same kind
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Scheme 3.6-1. The four possible isomers of complex 66.

Figure 3.6-4 shows th#{-NMR spectra of the trinuclear complex as the flewaophosphate
salt (top) and wittd-TRISPHAT as counterion (bottom).

a) C3+C'3

AG+C'6 C5+C'5 B2+B4+B6

c4+C'4 C6

b)

8.9 8.5 8.1 7.7 7.3 6.9 6.5 6.1
<+—— Jdppm

Figure 3.6-4. 'H NMR spectra of a) rac-66 as hexafluorophosphate salt; b) rac-66 with approximately
six equivalents of [Et;N][4-TRISPHAT]. Both spectra are recorded at 500 MHz in CD,Cl, at 25 C.

The spectrum of the trinuclear compl&6 exhibits a similar pattern to that of the

mononuclear comple&7. Chemical shifts and coupling patterns are coniperdt seems to
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be composed of a major component and a minor coemtom a 5:1 ratio. Once the
counterion is replaced by enantiopuFd RISPHAT, the proton spectrum appears to be more
complex. Four different species are assumed to stinguishable: {INAN-66][4
TRISPHAT], [444-66][ 4-TRISPHAT], [AN4-66][ 4 TRISPHAT] and [44/-66][ 4-
TRISPHAT]). They will occur in different ratios. &m the spectrum one cannot tell
unambiguously how many compounds are present bug tire more than two.

The dinuclear rutheniumj complex65 has three isomers: The chigl-form andAA-form

and the achirali/A-form. The latter is anesecompound’”! The crucial property is that it
contains an inversion centre that makes it achdedpite the fact that it possesses two
asymmetric metal coré®! Furthermore, the molecule and its mirror imageicdeatical*"®

The situation is depicted in Scheme 3.6-2. Onlyntsaochiral form of the complex could be

isolated, no treatment with TRISPHAT has been dordate.

diastereoisomers

W W @ @
W@ = @ @

inversion centre

Scheme 3.6-2. The three possible isomers of complex 65.
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3.7 Determination of Coordinated Sodium in 64 via fomic Absorption
Spectroscopy

Atomic absorption spectroscopy (AAS) and atomics=moin spectroscopy (AES) are widely
used in micro analysé§” and elements such as sodium, potassium, lithiuncafcium, for
example in biological liquids and tissues, arelgakgtected.

Most of the sodium atoms are in the ground stateoam temperaturé®® The valence
electron occupies the 3s-orbital. Thermal excitafioeat of the flame) can cause a transition
from the ground state to a higher energy levelthstransition back to a ground state occurs
energy is emitted in form of a photon with the cuaeristic energy between the two energy
levels. In the case of sodium, the transition fritva 3p to the 3s-orbital can be detected at
589.0 nm and 589.6 nm. These wavelengths are esgpomnsible for the typical yellow colour
of sodium salts in a flame. The detection limit $mdium is lower in the case of flame atomic
emission spectroscopy (0.1 ng/mL) than for atonbisoaption spectroscopy (20 ng/nit5>

181 That is the reason why the AES (atomic emissiacspscopy) is usually preferred for

this element over AAS (atomic absorption spectrpgio

Table 3.7-1. Standards with known concentration of sodium and calculated concentration of the

sample.

colution Concentration absorption Relative
[pm] a. u. SD [%]

standard 1 2.0 0.0223 15

standard 2 3.0 0.034 13

standard 3 4.0 0.0481 0.54

standard 4 6.0 0.065 0.49

standard 5 10.0 0.1144 1.9

sample 4.46 0.0507 1.8

A calibration curve was obtained after measurenoérthree standard solutions containing
exactly known concentrations (see Table 3.6-1 agdré 3.6-1). For all measurements, the

typical yellow colour of the flame was observed efhindicated the presence of sodium.
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0-137] = standards
0.12 sample
0.11 — linear fit
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Figure 3.7-1. Linear calibration plot for standard solution and sample.

The sodium concentration was found to be#bin the sample solution. Deduced from the
weighed complex, the concentration compo@éddin the sample was 12)9v. Therefore,
roughly (35+£10)% of the molecules had a sodiumocatoordinated to the ether chain in
solution. This value is comparable to the reswtstl in the crystal structure with 50% of the
molecules containing sodium. The relative error veamated from the standard error
coming from the linear regression and the unknowatune of one third of the counterions
(chloride was assumed).

A few more comments have to be made. The main igmeist how the sodium came to be in
the complex if during its synthesis no sodium ie tbrm of salts or any other form has been
used. One explanation is that the aluminium oxisledufor chromatography usually contains
up to one gram sodium per kilogram. Another wasateonalize the appearance of the sodium
is that the counterion hexafluorophosphate migltoagose to fluoride and its conjugate
acid, hydrofluoric acid, which is well known forsitability to dissolve glass. Common
laboratory glassware such as borosilicate contéangxample, around 4% sodium oxide.
Trials to synthesis&4 without any extra coordinating sodium were unsastid. Either it
was impossible to purify the compound solely ovisrapure silica gel or sodium, which is
difficult to exclude completely, found its way tioet molecule.

No matrix effects were considered, especially thogming from the ruthenium complex
might interfere with the analyte. This can be aedidy utilizing the Standard Addition
Method or the Internal Standard Meth8t! Those methods have not been applied because of
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the more demanding employment and only the natéréhe coordinated species and the

approximate amount of analyte were of interest.
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3.8 Summary and Outlook

Three novel oligonuclear, macrocyclic rutheniuln¢omplexes have been presented in this
chapter. In contrast to well-known metallomacroeg¢lthe cycle is not formed by co-
ordinative bonds but by covalent bonds. The conmgdeconsist of bipyridine ligands and one
ligand that is either a bidentate, tetradentatdneradentate macrocycle leading to mono-
nuclear 64), dinuclear §5) or trinuclear §6) complexes, respectively. The macrocyclic
complex can be synthesised in two ways: reactianmiltitopic macrocyclic ligand witbis-
[Ru(bpy)xCl;] or direct ring-closing metathesis (RCM). The campds could be
comprehensively characterised and single crystatalde for X-ray crystallography analysis
were obtained fo67, 64 and65. Cyclic voltammetry, absorption and emission ssciopy
revealed that the particular macrocyclic topolo@yhese compounds hardly influence their
physical properties. Molecules with more than owméaloedral metal centre and bidentate
ligands lead to a mixture of isomers. Diastereoms@can often be separated chromato-
graphically. It will be very interesting to syntl®s these multinuclear complexes in an
enantioselective synthesis providing only one @& plossible diastereoisomers. Enantiopure
A[Ru(bpy)k(py)z]** can be prepared by a known procefififeand could be used instead of
racemiccis-[Ru(bpy)Cl;] during the synthesis. The resulting complexes el homochiral

and optically puré&s!
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The crystal field theoR?! is a good model to describe colour, magnetism atfter
properties of transition metal complexes. The theshich was introduced by the physicists
Bethe and van VIeBRY in the 1930s considers ligands to be negative tpcirarges that
surround a positively charged metal ion. In octatasédomplexes, the negative charges are
located on the six vertices and the electrons endforbitals from the metal core experience
repulsion. This leads to a splitting of the origigadegenerate d-orbitals. Crystal field theory
does not attempt to describe bonding. Crystal fielsbry and molecular orbital theory were
then combined to ligand field theory which givesernasight into chemical bonding in metal
complexes.

The stability of complexes is not only governedelsctronic factors but also by steric

interactions.

4.1 Introduction

Diaryl-functionalized 2,2'-bipyridines (bpy), 1,Jhenanthrolines (phen) and 2,2":6',2"-ter-
pyridines (tpy) are commonly utilized scaffoldsmetallosupramolecular chemistry. The aryl
groups bear substituents which can be further eddbd or which contain desired
functionalities and the metal-binding domain pr@adhe recognition features for interaction
with specific metal centres. The development of thetal-ion templated synthesis of
catenanes, knots and other topologically complestesyS” was predicted on the
organization of 6,6'-disubstituted bpy (or 2,9-@hstituted phen) ligands about tetrahedral
copper() or silver() centres. Although the substituents adjacent ¢onitrogen ieocuproin
structure type) are critical for the stability abpper() complexes®® formation of stable
complexes with octahedral metal centres requiras thie aryl substituents are attached to
other positionsférroin structure type). The synthesis of families of ligarwith neocuproin
or ferroin metal-binding domains is time-consumaryl strategies have been developed for
the direct conversion of ferroin metal-binding dansato the neocuproin type.

Ligands35 and34 (Scheme 4.2-1) have been previously repdftédnd the complexation of
35 with silver().'®® Ligand 35 was also used as a building block for the fornmatid a
heterotopic ligand in which the central bpy dom@idinked by polyethyleneoxy spacers to
two 2,2"6',2" terpyridine (tpy) units. The flexiily of this ligand permits the binding of
iron() and formation of a [1+1] ferramacrocy&®” Apart from these studies, the

77



4 DIVERSIFICATION OFLIGAND FAMILIES

complexation of35 and 34 remains unexplored. Heteroditopic bpy-tpy ligatda® are
versatile building blocks in supramolecular chemgisas they can behave as switches or
tuners if one coordination site is transformed iatohromophore and the other coordination
side is free (e. g. for coordination to a metahd @hey can act as bridging ligands for
multinuclear assemblies with different metals irfedent coordination environments. A
convergent synthesis of a heptaruthenium metatlogtigh a heteroditopic ligand was
reported!®” Photophysical and electrochemical properties virerestigated on multinuclear
assemblid&®19 1%l pridged by heteroditopic ligands. Electronic conmication (energy

transfer) was observed in some examples.
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4.2 Aims and Overview

In this chapter, the formation of two ligand® and 42 (Scheme 4.2-1) is described. They
possess terminal alkene functionalities that aeallg suited to Grubbs' coupling and the
assembly of polymeric or macrocyclic species. Tiverdity in coordination space has been
extended beyond commonly studied 1 : 2 tetrahemindl 1 : 3 octahedral species to 1 : 2
square planar metal centres, and the preparati@h clvaracterisation of palladiumj(
complexes of ligand84, 72 and 42 is described. Proof-of-principle conversion 34 to
ligands containing substituents adjacent to theogén donors and the air-stable copper(
complexes of these new ligands is described. Tteeconversion to the heteroditopic ligand
73 that bears bipyridine and terpyridine binding sidepresented.

N
Br / \ 74 \ Br
—N _
: ferroin structure type / 32 : neocuproin structure type
MeO :
2 4 3 N '
O=O=S .
56 6N T o :
34 °
RO
N
O-0-0-Q
=N _ : .
OR : : Mé OMe
35:R=H : : 78
72R= W\ :
a2rR= ¥ Y\ i

...............................................

Scheme 4.2-1. Diversification of ligand families to ferroin structure type ligands, neocuproin structure

type ligands or ferroin structure type ditopic ligands.
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4.3 Results and Discussion

Ligands for palladium() complexes

Ligands 72 and 42 were prepared using caesium-directed Williamsonéhodology by
treating35 with allyl bromide or 3-(2-bromoethoxy)prop-1-emespectively, in the presence
of CsCQO; in DMF. For72, the reaction was carried out in a microwave @aat 100 °C and
was complete in less than an hour. B@y the reaction mixture was heated at 120 °C for 4
days. Both ligands were obtained in high yield. Hlemass spectrum of each compound
exhibited a parent ionn{/z = 421.2 for72 and 508.2 for42), and the appearance of the
solution *H and *C NMR spectra of72 and 42 confirmed the formation of symmetrical
ligands. The spectra have been assigned using COBRT, HMQC and HMBC techniques.
With the exception of the appearance of signalshferadditional methylene groups48, the

'H NMR spectra foi72 and42 are almost identical, as are th&i€ NMR spectra. However,
whereas ir72, the signals for protons® and H® (Scheme 4.2-1) appear&¥.14 and 7.18
ppm, in42, they overlap ad 7.29 ppm. Since thC NMR spectroscopic signatures for the
aromatic domain of the two ligands are virtuallypsumposable, the assignments of signals
for C®2 and C° in 42 have been made by comparison with thos@fassigned from the
HMQC spectrum.

Palladium(l) complexes: synthesis and solution characterigatio

The reaction of [Pd(CHCN)4][BF4]2 with two equivalents of ligan84 in CH3;CN produced
analytically pure [P&4),][BF4]. as a yellow solid. The highest mass peaks in &ki# fass
spectrum came ah/z =861.1 and 842.1, and were assigned to3BeF]" and [Pd84),]",
respectively. Fragmentation by ligand loss was albserved. The complex was poorly
soluble in most common solvents, and the NMR spetiere recorded in DMS@s
Compared to signals for the free ligand in DM8§-the most diagnostic indication of
complex formation is the large shift to higher fueqcy for the signal for bpy protonH
This presumably reflects the fact that in the squdanar Pd() environment, the presence of
the methoxy substituents restricts rotation able&tQ,—Cpn bond, and the aryl ring twists out
of the plane of the bpy unit (this is confirmedtive crystal structures of ligand and complex
described below). The bpy protons most affectethisywill be those facing the argtcloud,
i.e. H'* and H*® (Figure 4.3-1). As Figure 4.3-1 shows, the peakstie bpy unit are rather
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broad compared to those of the free ligand in #messolvent. Addition of free ligand to an
NMR sample of [Pd4),][BF4]. resulted in further broadening of the signal assiyto
H”3*% as well as broadening of the resonance fStahd loss of resolution for the signals for
HB2*B8MBS |n spectra recorded for [FR#),][BF 4], plus one and a half equivalents of ligand,
no signals arising from the free ligand were obsénf his observation is consistent with that
observed by Milankt al, in the DMSOds solution'H-NMR spectrum of [Pd(bpy)PFe]2,
indicating that exchange occurs between free andrdomated ligand on the NMR

spectroscopic timescafg®

B2+B6
A6 B5
B4
A3+A4
A6 A3 B2+B6
B5
Ad
B4
10.0 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0

<+—— Jdppm

Figure 4.3-1. 500 MHz NMR spectra of DMSO-dg solutions of [Pd(34),][BF4]. (TOP) and ligand 34
(BOTTOM).

Structural characterisation of [P84).][BF 4] 2 (74)

A solution of analytically pure [P88),][BF4]. (74) in a mixture of DMF and EO in a vial
surrounded by EO was left at 4 °C for several weeks after whicheti X-ray quality yellow
plates had grown. Interestingly, the complex cetalized with the free ligand (which must
have originated from the complex) and the singlgstad structure of [P@d),][BF4]>34
determined. Figures 4.3-2a and 4.3-2b show the@gmhmetric structures of the [Bdj,]**
cation and ligan®4, respectively. Bond distances and angles withenbiby and phenyl rings
are unexceptional. As expected, the free ligang&datransoid conformation, but flips to a
cisoid arrangement upon bindirig palladium(j). The C-O bond distances and C-O-C bond

angles in both ligand and complex (see figure captareconsistent with delocalization af
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character from phenyl rinp the oxygen atom. Two features of the struct@sedvenote: the
ligand distortion in [Pd&4)-]**, and the packing. In [M(bpy]J™ complexes and in the absence
of electronic factors (i.e. crystal field stabilissm energy), the metal ion is typically in a
tetrahedral environment. However, a square plansir@ment is preferred for & dnetal
centre such as palladium)(or platinum(l). In such a bis(bpy) complex, steric interactions
between the Piprotons on adjacent ligands lead to one of the types of distortion
illustrated in Scheme 4.3%7 A search of the Cambridge Structural Databas&.@0)'°®!
using Conquestf*f¥ revealed 24 structures containing either a [PdPyor [Pt(bpy}]**
motif, including substituted derivatives and [M(ph&>* (phen = 1,10-phenanthroliné§®-2"]
Excluded from this set are compounds in which adjacopy domains are connected
directly® '8 2%y indirectly through the 6-positions. Of the 2dustures, twelve distort at
the metal centre (distortion A in Scheme 4.3-1) amelve undergo ligand distortion (B in
Scheme 4.3-1, the so called 'bow-incline' distoitid hese distortions have been discussed in
detail by Marzilli®** but with a sample size of only six complexes. Ral@4),]**, HC... H°

repulsions are relieved by ligand distortion B lagven in Figure 4.3-2b.

Figure 4.3-2. a) Molecular structure of the [Pd(34),]*" cation in [Pd(34),][BF4],-34 with ellipsoids
plotted at 50% probability level; b) Distortions of the bpy units alleviates steric hindrance between H®

protons. Counterions and hydrogen atoms except for H® have been omitted for clarity.
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7 N
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Scheme 4.3-1. Modes of distortion in [Pd(bpy)2]2+, [Pt(bpy)2]2+ and related cations.

In ligand 34 (Figure 4.3-3), the bpy unit is planar, and the nyhesubstituent is twisted
23.44(9)° with respect to this plane. This compa@s32.2(6)° and 32.4(6)° in the two
independent molecules 8# in the previously determined structure of the lidaone. In
[Pd(34),][BF4]2-34 the MeO group is oriented on the side oppositeNtfaom of the adjacent
pyridine ring (Figure 4.3-3), whereas in the presistructure o84, it lies on the same side of
the molecule as the N atom. This difference propablginates from packing effects. 84,
molecules interact through weak GCwdiyi..O hydrogen bonds to form interconnected,
undulating chains; offset face-to-fagestacking occurs between adjacent bpy domains and
between adjacent phenyl rings. In [B4][BF.]>34, ligands and [P&4),]** cations are
interleaved to form stacks with the pyridine ringntaining atom N1 in [P&4),]*" is n-
stacked over the bpy unit of the free ligand aistadce of 333 pm. The stacks are connected
by non-classical hydrogen bonds between atom Ofheffree ligand and C24H241 of a
methyl group of the [P8@),]*" cation (C24H241...03i = 250 pm, C24...03i 3258{a,
C24-H241...03i = 135°, symmetry code i = -4, 4 +y, -1 +2) (Figure 4.3-4).
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Figure 4.3-3. a) Molecular structure of the 34 in [Pd(34),][BF4]»-34 with ellipsoids plotted at 50%

probability level. Counterions and hydrogen atoms have been omitted for clarity.

a)

Figure 4.3-4. a) Stacking of [Pd(34)2]2+ cations and ligand 34 in [Pd(34),][BF4],-34. b) Hydrogen

bonding between free ligands and cations (see text).

The reaction of [Pd(C¥CN)4][BF 4], with two equivalents of eithef2 or 42 resulted in the
formation of [Pd{2),][BF4]> (75) or [Pd@2),][BF,]. (76), respectively, each isolated as a
yellow solid. The two complexes were characteridggd NMR spectroscopic and mass

spectrometric methods, and by elemental analysimmparison of théH-NMR spectrum of
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acetoneds solutions of ligand72 and of the palladiunn) complex showed that the most
significant changes were in the chemical shifteh&f signals (assigned by 2D techniques)
arising from protons £f (5 9.00 to 9.33 ppm) and”® (5 8.21 to 8.86 ppm), consistent with
the formation of a square planar palladiuinfomplex (see earlier discussion). A comparison
of the'H-NMR spectra o2 and [Pd42),][BF 4], was made using GIBN/CDC} solutions of
the compounds, and the change in the chemical shiftoton H* (5 8.03 to 8.46 ppm) was
indicative of coordination. Attempts to grow X-rapality crystals of [Pd(2),][BF4]. and
[Pd(@2),][BF4], were unsuccessful. Our interest in these complexdle reactivity of the
terminal alkene functionalities. Applications of ubbs' catalysts to the formation of
macrocyclic species have included the formationnwcrocycles, catenanes and knots
templated within a metal coordination sphiéfe’® 22°-222\olecular modelling indicated that
in both [Pd72),]** and [Pd42),]**, the terminal alkene chains are long enough tmijteing-
closing metathesis with concomitant formation gfadladium(i)-bound macrocyclic ligand.
However, attempts at ring closure were unsuccessgtul either first generation Grubbs' or
Hoveyda-Grubbs' catalysts in @El, or CHNO, at room temperature or reflux, and also
under microwave heating conditions. In each case,'tl-NMR spectrum of the crude
mixture indicated no signs of the formation of avrdouble bond. Th&H-NMR spectrum of
the crude mixture showed the presence of the ute@g@lladiumi() complex. The problem
lies probably in the lability of the palladiun)(complexes which release free ligands capable
of poisoning the catalyst. Although ruthenium caecatalysts exhibit an exceptional
tolerance towards many functional groups, catalystibition by complex-formation
involving the reagents is known to be problemaff¢&1>*!

The ferroin-cuproin interconversion

In order to broaden the scope of our investigabbrl-coordinate complexes with ligands
related to34, the attention was turned to the preparation ppeo{) complexes. The crucial
factor for the isolation of air-stable complexesit@ining an [Cu(bpy]” core is the presence
of substituents in the 6- and 6'-positi¥s. The syntheses of ligand¥ and 78, and their
reactions with copper(are described below.

Ligand 77 was prepared by methylation & using MeLi adapting the procedure reported for
the methylation of 1,10-phenanthrolines and 2 gdines® 24 2> The optimum vyield of
77 (82%) was obtained when MeLi (one equivalent) waded at —78 °C, and the reaction
then carried out at room temperature followed kyyedod of heating. After quenching the

reaction with water, oxidation with MnQresulted in the formation of7. Ligand 78 was
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4 DIVERSIFICATION OFLIGAND FAMILIES

subsequently synthesised by methylation7@f Attempts to prepar&8 directly by the
reaction of34 with two or more equivalents of MeLi were unsucéalssThe highest mass
peak in the ESI MS of each ligand correspondedhi® parent ion. The symmetrical
appearance of thiéd and**C-NMR spectra o78 was consistent with methylation at both the
6- and 6'-positions, and this is confirmed by tisappearance of the signal assigned 6 H
on going from34 to 78 (Figures 4.3-5a and 4.3-5b). Figures 4.3-5c anebd.also illustrate
that the introduction of the methyl substituentsises the signals for the remaining bpy
protons and thertho-protons of the phenyl substituent®Hand H?®) to shift to a lower
frequency. This can be rationalized in terms ofhange in the relative orientations of
pyridine and aryl rings (see structural detailsolglwhich results in the ring protons lying
over ther-cloud of the adjacent ring. The resonances foatlgeprotons remote from the bpy
unit and for the methoxy protons are only slighaffected by methylation. Th&H-NMR
spectrum o180 (Figure 4.3-5c¢) is readily assigned by comparisati wthose of34 and 78
(Figures 4.3-5), and the assignments have beeirmaaf by 2D techniques.

*)
|

a)

A6 A3 B5 B6 B2
J M I UU M i
) c3 ca D5 D2
) M M (*) D4+DM
) B4+B4
A6 A3 C3 C4  pspsBbpy D6py
C) ] | I
E4
F5 Fa+
A6 A3 B2
d) n Ad BS () B6 F6 F2
9.0 8.6 8.2 7.8 7.4 7.0 6.6

<« Jdppm

Figure 4.3-5. Room temperature 500 MHz NMR spectra of CDCl; solutions of a) 34; b) 78; ¢) 77; d)
79. Asterisks mark the residual CHCIs. Proton labelling is given in Scheme 4.2-1 and Scheme 4.3-3.
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4 .3RESULTS ANDDISCUSSION

Single crystals o¥8 were grown by slow evaporation of a CRG&blution of the ligand. The
centrosymmetric molecular structure @ is shown in Figure 4.3-6. The plane of the aryl
substituent deviates 55.16(6)° from the plane @ lipy unit, and so, as expected, 6,6'-
dimethyl substitution results in a significantlyegter twist of the 3-anisyl groups than is
observed ir84 (Figure 4.3-3). This deviation affects the way ihigh the molecules are able
to pack. In34, n-stacking is important, whereas8, there is no analogous stacking, and the
molecules pack so that each 6-methyl or 6'-methjsstuent points obliquely towards a

pyridine ring on an adjacent molecule.

Figure 4.3-6. Molecular structure of 78 with ellipsoids plotted at 50% probability level. Hydrogen

atoms have been omitted for clarity.

In our initial attempts to synthesise the monomiletlerivative 77, one equivalent of MeLi
was added t@4 at room temperature. After quenching the reactiowater, and oxidation of
the intermediate using MnQspot thin layer chromatography showed the presefdwo
products. These colourless compounds were sepabgtedlumn chromatography, and the
first fraction was identified ag7. The highest mass peak in the ESI MS of the second
product,79, was observed am/z =763.4 (i.e. approximately twice the molecular maisg?).
The CDC} solution'H NMR spectrum o9 showed the presence of two MeO signal8.g1
and 3.72 ppm, relative integrals 1 : 1), both skiifto lower frequency with respect to those in
77 (0 3.88 and 3.84 ppm). A singlet@R.62 ppm (relative integral with respect to eadieO

= 1 : 1) replicated that if7. Figure 4.3-5d shows the aromatic region of tHeNMR
spectrum of79 (see Scheme 4.3-2 for atom labelling).

Crucial observations that aid identification#d are a similarity between the phenyl regions
of the spectra of 7 and 78, the appearance of a singletval.54 ppm, significant changes in
the chemical shifts of signals for the bpy protaansd] the loss of one bpy signal with respect
to the number of resonances7ii A comparison of th&’C and DEPT NMR spectra revealed

the presence of ten quaternaf¢ nuclei in79 compared to nine i@7. The NMR and ESI
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4 DIVERSIFICATION OFLIGAND FAMILIES

MS data areonsistent with C—C bond formation between two bpigs of 77 to producer9.

The equivalence of the bpy units deduced from 'tHeand **C NMR spectra gave two
possibilities: the formation of a tetramethoxypherderivative of 2,2:3',3":2",2"™- or
2,24' 42" 2"-quaterpyridine (Scheme 4.3-2heTsinglet in théH-NMR spectrum can be
assigned to either ¥ or H*, and the appearance in the NOESY spectrum of ssqueak
from this singlet to the signal forBconfirms an assignment of"H Single crystals o079

were not forthcoming. To date, attempts at metanmexation using79 have been

unsuccessful.

b)

79 2,2"3',3"2",2"-quaterpyridine 2,2":4'4"2" 2"-quaterpyridine

Scheme 4.3-2. a) Compound 79; b) structures of two isomers of quaterpyridine.

Treatment of [Cu(NCMe)[PFs] with either ligand77 or 78 led to the formation of red
[Cu(77),][PFe] (80) or [Cu(78);][PFe] (81), respectively. The highest mass peaks in the ESI
mass spectra of the products were assigned to [BJ~ARF each case, with isotope
distributions matching those calculated. The diagnahanges in thtH-NMR spectrum on
going from77 (in CDCk) to [Cu(77),]" (in CDsCN) involve the signals for protons*Hand
H*. Both signals are shifted to higher frequen&g .00 to 8.24 ppm for £, ands 7.66 to
7.83 ppm for K%, while the remaining signals are little affect&imilarly, on going fronv8

to [Cu(78),]*, the signal assigned to“HMis the only resonance to undergo significant
perturbation § 7.64 to 7.98 ppm). This mirrors the effects ddwamli earlier for coordination

of ligands34 and72to palladium().

Crystals of [Cu(7).][PFe]-0.1GH4Cl»-0.15CHCI, of X-ray quality were grown by slow
vapour diffusion of B to a mixture of CkCl, and GH4Cl, containing [Cul7);][PFg].
Figure 4.3-7 depicts the structure of the [CA]" cation. The structure suffers from
disorders in the cation, anion and solvent molecule the cation, the methyl group of one

ligand is disordered over two sites modelled wifl§o7(atom C50 in Figure 4.3-7) and 30%
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4 .3RESULTS ANDDISCUSSION

occupancies. In the other ligand, one methoxyphemy (the one containing atom O11,
Figure 4.3-7) is disordered and has been modeNed o sites with 70/30% occupancies.
Despite the problems associated with the structucenfirms that the coordination geometry
of the copper] centre approaches tetrahedral (angle betweele#isé squares planes of the
two bpy domains = 70.0(1)°). In the ligand contaghiatoms N1 and N2, the phenyl ring
containing atom C21 is approximately coplanar wité bpy rings (angles between the least
squares planes of the rings = 6.5(2) and 11.9(®)R)le the second phenyl ring is twisted
through 67.7(2)° with respect to the bpy unit. Toplanar rings are-stacked with those of
adjacent cations (alternating distances betweest krpuares planes = 349 pm and 366 pm).
Extensive C—lghenyt..O, C—Hhethyt..O and C—Igy...F hydrogen bonding contribute to the solid

state packing.

Figure 4.3-7. a) Molecular structure of the [Cu(77),]" (80") cation in
[Cu(77),][PFs]-0.1C,H4Cl,-0.15CH,Cl, with ellipsoids plotted at 30% probability level. Counterions and
hydrogen atoms have been omitted for clarity. For disordered sites (see text), only the major

occupancy atoms are shown.

The interconversion towards the heteroditopic mytigand73
5-Bromo-5'-(3-methoxyphenyl)-2,2'-bipyridine83) was prepared in a statistical Suzuki
coupling reaction by reacting the dibromo compo@&adwith roughly one equivalent of 3-
methoxyphenylboronic acid in the presence of aapalim catalyst under biphasic conditions.
Unreacted starting materiaB2) and the disubstituted compouBd were removed as side
products via column chromatography on silica gekaiment of82 with n-butyllithium

initiated halogen-metal exchange and addition eeeg DMF and aqueous work-up produced
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4 DIVERSIFICATION OFLIGAND FAMILIES

aldehyde83 in moderate yield. The bpy-tpy ligarit8 was synthesised following a known
procedurE® by reacting aldehyd83 with 2-acetyl pyridine in the presence of potassiu
hydroxide and ammonia in ethanol at 50 °C for 3@.ndihe ligand was obtained in 26%
yield. The EIl mass spectrum for each compound éelita parent ionnf/z= 340.0 for82,
290.1 for83, 493.2 for73) and*H and *C-NMR spectra confirmed the formation of the
compounds. The spectra have been assigned using’,CDBEPT, HMQC and HMBC

techniques.

MeQ MeO
N a N
=N _ =N _
83 R=CHO
Scheme 4.3-3. Reagents and conditions: a) 3-methoxyphenylboronic acid (0.93 eq), [Pd(PPhs)4] (2.7
mol%), Na,CO; (5 eq), toluene/H,O, reflux, 20h, 40%; b) n-butyllithium (1.05 eq), DMF (20 eq),

toluene, -78 T, then H,0, r.t., 29%; c) 2-acetyl pyridine (2.2 eq), KOH (2.2 eq), NH;, EtOH, 50 C,
26%.

Figure 4.3-8 shows théH-NMR spectrum of the heteroditopic ligariéB along with

assignments.

A'6

9.4 9.0 8.6 8.2 7.8 7.4 7.0 6.6

<+« Jdppm

Figure 4.3-8. Room temperature 500 MHz NMR spectrum of CDClI; solution of 73. The asterisk marks

the residual CHCIs. Proton labelling is given in Scheme 4.2-1.

Single crystals o¥3 were grown by slow evaporation of a CR&blution of the ligand. The
molecular structure withransoid conformation around the bipyridine and the termipe

units is shown in Figure 4.3-9.
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4 .3RESULTS ANDDISCUSSION

Figure 4.3-9. Molecular structure of 73. Hydrogen atoms have been omitted for clarity.

The arrangement of molecules @8 in the solid state is depicted in Figure 4.3-16eT

molecules exhibit parallel displacedstacking over tpy domains. Adjacent molecules with
the same spatial arrangement form stacks at andesiaf 329 pm and adjacent molecules with
opposite spatial arrangement stack at a distan88mpm (see Figure 4.3-10b). The distances

were determined from the parallel least squaregdlar the tpy units.

U NN
b NN
\\ J
FJH\’ 00
1 4
J g H J
A~

Figure 4.3-10. a) View in packing along the crystallographic a-axis; b) Testacking between adjacent

tpy domains.
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4 DIVERSIFICATION OFLIGAND FAMILIES

4.4 Summary
The preparation of two ligandg2 and42, which possess bpy domains terminated in alkene

functionalities and the syntheses and charactensat [Pd(72),][BF4]. and [Pd42),][BF 4]
have been described. For the related complex3@P4BF4]. in which 34 is 5,5'-bis(3-
methoxyphenyl)-2,2'-bipyridine, the labile naturetlee complex leads to co-crystallization
with free ligand to give [P&4),][BF4]»34. Rather than undergoing distortion the
coordination sphere towards a tetrahedral geometteytf ... H° repulsions between the two
bpy domains in [P&4),]** are alleviated by a “bow-incline” distortion, witheach ligand.
Compound34 has been converted to 5,5-bis(3-methoxyphenyheBayl-2,2'-bipyridine 77)
and 5,5'-bis(3-methoxyphenyl)-6,6'-dimethyl-2,20pidine (78) to produce ligands capable
of forming air-stable coppej( complexes. The syntheses of [COg][PFs and
[Cu(78),][PFg] and crystal structures a8 and [Cu{7),][PFe]-0.1GH4Cl,-0.15CHCI, have
been described. By altering the conditions undeichwi84 is methylated, competitive
formation of 5,5',5",5"-tetrakis(3-methoxyphenrg|2'.3',3":2",2"-quaterpyridin&’9) occurs.
The preparation of heteroditopic liga#d@and its crystal structure have been described.
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5 Complexes of [Ru(bpyi]**-type bearing Pyrene

Moieties

Photosynthesi€® is one the most crucial biological processes omtiEasince it provides

oxygen which is essential for most living creatutess a process used by plants, algae, and
many species of bacteria to reduce carbon dioxiatk fa it into biomass. The energy needed
for this process comes from sunlight that is abedrlby proteins called photosynthetic
reaction centres containing chlorophyll. Leaves egp green because they contain
chlorophyll, a green pigment common to all photdlsgtic cells. Chlorophyll molecules

absorb visible light of all wavelengths except greand this is responsible for the green
colour perception to our eyes. Photosynthesis carrdgarded as the opposite of cellular

respiration, where glucose is converted and carbimxide and water and energy is released.

5.1 Introduction

Excimers

An excimel?” (originally short forexcited dimeris a dimer formed from two molecular
species, at least one of which is in an electremigted state. The lifetime of an excimer is
usually very short. The aromatic excimer of pyréreggure 5.1-1) was first observed by
Forster and Kaspéf® in a concentrated solution of pyrene by fluoreseespectroscopy. In a
10° M solution of pyrene in hexane, the excited monoinéhe predominant species with a
violet fluorescence aln.x = 377 nm and the spectrum has vibronic structdmvever, at
higher concentrations, the blue fluorescentig.(= 480 nm) of the excimer becomes the
major emission feature in the spectrum. Figurels Ehows the proposed mechanism for the
photophysics of pyrené® The lowest lying singlet excited state 8 populated during
irradiation. The energy can dissipate via integmalversion or fluorescence occurs (with)h
and brings the molecule back to its ground stateCBher relaxation processes including
intersystem crossing and quenching also removexhied state S The aromatic molecule
in the § state undergoes a reaction of the excited singthta ground state molecule of the
same type at high concentrations, producing antrel@cally excited dimer (excimer). As
described for the monomeric species, fluorescermee the excimer (withV¥p) and relaxation

processes occur and yield the ground state S
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Figure 5.1-1. a) Pyrene emission spectra as a function of concentration: 10% M to 10”° M in hexane.

b) Molecular structure of pyrene. c) Proposed reaction scheme of pyrene photophysics and excimer

formation in solution. Adapted from reference.??"!

Excimers were investigated in seeded supersonieaulalr beam&® where their electronic
states and excited state dynamics can be chasezten detail. They play an important role in

several areas of photophysics, including photodsatord®" 2% and molecular probing®*
234]

Dual emission in transition metal complexes

Kasha's rul&®! says that photon emission (fluorescence or phasphence) occurs from the
lowest-energy excited state in a species and theseamn spectrum is therefore independent of
the excitation energy. More precis&y’ fluorescence (spin-allowed emission) typically
takes place from the lowest vibrational state ot tlowest excited singlet level,
phosphorescence (spin forbidden emission) usuatiyrs from the lowest vibrational state of
the lowest excited triplet state, and intersystewssing (ISC) happens usually from the
lowest singlet electronic state, because vibratioekaxation is exceedingly fast. These
descriptions are true for most luminescent orgaystems with only a few exceptions.
Phosphorescence is the predominant form of emisgsiafi (Cr(1)), and & (Ru(), Rh()

and Ir(i1)) transition metal complexé&s®!
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5.1INTRODUCTION

Dual emission defies Kasha's rule and was repoftedsmall moleculdé® % at low
temperature and in rigid media where thermal energyt sufficient to overcome even low-
energy barriers.

DeArmond®*Y classified multiple emissions of tris-chelated @temes with bidentate
diimine ligands into the “spatially isolated” andistinct orbital” type. Examples for the first
type are [Rh(bpylphen}.]*" (n = 1,2) complexds? wherertTe-emissions are determined
from the bpy and the phen moiety. These ligandssaparated in space. [Ir(phg@)] ***!
exhibits an emission coming fromrart*-transition and an emission from arg-transition.
They have different orbital origins and the phenoareis therefore called “distinct orbital”.
Nearly all heteroleptic ruthenium) complexes exhibit a single emissive state extepa

few isolated systems that possess two emissives§tat-*: 244 Tor et a4 24¢)

published
mononuclear and dinuclear rutheniummcomplexes with two simultaneous emissive states

that were controlled by structural features.

Enhanced lifetimes and “energy reservoir” effects

Transition metal complexes incorporating the mRiti(bpy)]** are particularly interesting
due to their exceptional combination of lumineseerend redox propertié$? Bi-
chromophoric systems containing a [Ru(bj?) group and covalently linked arenes have
been studiéd’” >*®'and pyrene was identified as having its lowestdytriplet state at similar
energy to the luminescent metal-based triplet leFerd and Rodgers noted first that the
luminescence lifetime of ruthenium( polypyridyl complexes can be prolonged by the
presence of a coupled aromatic chromopldte.Rutheniumif) and pyrene units were
tethered via saturatB®2°? or unsaturatét?® bonds. The excited state lifetime of the
[Ru(bpy)]®" unit can depend on the number of attached pyreremphore$®! and a linear
relationship between the number of pyrene chrommgsh@nd lifetime was found in a
particular systerff>® The basis of this behaviour is depicted in Schémiel. Light can be
absorbed by either the ruthenium or the pyrene amit the observetMLCT luminescence
can receive contributions from th&yrene level over different pathways. Thermal
redistribution between close lying ruthenium andepg centred triplet levels (path e) has a

lifetime increasing effect. The pyrene unit actshis respect as an “energy reservoir”.
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Scheme 5.1-1. Schematic representation of energy levels of relevant excited states. a) intersystem
crossing (ISC) with ®,sc=1; b) singlet-singlet energy transfer, ‘pyrene — *MLCT; c) direct ISC, *pyrene

— 3MLCT; d) ISC localized at pyrene followed by e) thermal redistribution between triplet levels.
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5.3SYNTHESIS

5.2 Aims and Overview

In this chapter, the syntheses and characterisafi@5'-di(pyren-1-yl)-2,2'-bipyridine8d),
homoleptic ironf) and ruthenium() complexes, [F&4)s](BF4). (85 and [RuB4)s](PFs):2
(86), and two heteroleptic ruthenium)(complexes, [R&4)(bpy)](PFs). (87, bpy = 2,2'-
bipyridine) and [RuW4)(bmpb}](PFs). (88 bmpb = 5,5 -bis(3-methoxyphenyl)-2,2'-bi-
pyridine), are described (see Scheme 5.2-1). Qrgstactures for compound®, 86, 87 and

88 were obtained and intramolecular and intermoledul#ractions were investigated in the
solid state. The [Ru(bpy]f* and the pyrene domain are prominent chromophares,ntra-
molecular interactions were studied via absorpéind emission spectroscopy and lifetimes of

the excited states were determined.

2®
2PFS
3
85 (M = Fe(l1))
86 (M = Ru(l)
2® 2®
2PF 2PFS

88

Scheme 5.2-1. Novel bipyridine ligand 84 bearing pyrene groups, homoleptic iron(i) (85) and
ruthenium(l) (86) complexes and heteroleptic ruthenium(i) complexes, 87 and 88, with that ligand.

bmpb = 5,5'-bis(3-methoxyphenyl)-2,2'-bipyridine.
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5.3 Synthesis

The preparation of 5,5-di(pyren-1-yl)-2,2'-bipynd @4), its homoleptic ruthenium]
complex86 and iron(l) complex85 and the heteroleptic ruthenium(complexes87 and88
with that ligand are described below.

The bis(pyrene) compour@t was synthesised with relative ease by Suzuki cogmf 5,5'-
dibromo-2,2'-bipyridine 32) with commercially available pyren-2-ylboronic @an biphasic
conditions in the presence of [Pd(BREhunder rigorous exclusion of light. The reaction
mixture was heated to reflux for three days andptieeipitate was collected and washed with
water and ether to yield spectroscopically pgdan excellent yield (see Scheme 5.3-1). The
ligand is very poorly soluble in GEl,, not soluble in most other common solvents
(including DMSQO) and very soluble in its protonatestm, for instance, in mixtures of

trifluoroacetic acid and Ci€l-.

prm— — a)

32 84

Scheme 5.3-1. Reagents and conditions: a) pyren-2-ylboronic acid (2.15 eq), [Pd(PPhs)4] (10 mol%),
Na,COs3 (4 eq), toluene/H,0, reflux, 3 d, 99%.

Complex89 was prepared according to the literature procéfftiéor its smaller analogue
cis-dichlorobis(bipyridine)ruthenium(. Commercial ruthenium trichloride trinydrate athe
ligand 34 were heated to reflux in DMF. Purification was fpemed by several steps of
filtration and crystallization producing the desireomplex in good yield. The compound is
poorly soluble in the most common solveritd-NMR spectroscopy showed the expected
number of signals with the expected relative irdéggrfor the molecule with theis
configuration. The highest mass peaks in the FABsvspectrum came at/z= 908.1, 873.3
and 838.2, and were assigned88]{, [89-Cl]" and B9-2CI]*, respectively.
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a)

MeO
34 89
Scheme 5.3-2. Reagents and conditions: a) RuClz-3 H,O (0.63 eq), DMF, reflux, 4 h, 44%.

The homoleptic ruthenium} complex86 and the homoleptic ruthenium)(complexesd7
and88 were prepared by heating ligad and the corresponding rutheniumrecursors in
a microwave reactor yielding the desired compleragod to very good yields.

The synthesis of comple86 required high thermal excitation and a mixturdigdnd 84 and
0.34 equivalents of [Ru(DMS@JI;] were therefore heated to 250 °C in ethylene dlyEbe
counterion was exchanged by adding an aqueousaohitammonium hexafluorophosphate
to the reaction mixture and the precipitate wadect#d. Filtration over AD; produced

analytically pureB6 (see Scheme 5.3-3).

a), b)

[Ru(84)3](PFe).

84 86
Scheme 5.3-3. Reagents and conditions: a) [Ru(DMS0),Cl,] (0.34 eq), uW, ethylene glycol, 250 C,

The iron(1) complex85 was made by heating liga8d with an excess of the required iron
salt in a microwave reactor. The resulting preaigitwas washed with water and ether. ESI-
MS showed the highest mass peaknat= 863.1 that was assigned &5[2BF,]**. Due to its
poor solubility, only a'H-NMR spectrum could be measured in DM8O-Furthermore,
decolouration of the initially red solution was ebsed after several hours along with the

disappearance of the resonances attributable todimpound in théH-NMR spectrum (the
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free ligand is not soluble in DMSO). The replacetmehligands by non-innocent solvent

molecules in the labile complex explains these nlad®ns.

a)

[Fe(84)3](BF4)2

84 85
Scheme 5.3-4. Reagents and conditions: a) [Fe(BF,),] - 6H,0 (1.0 eq), y4W, CH3CN, 110 <, 30 min,
21%.

The ruthenium() complexes87 and88 were made in an analogous manner as described for
86 (see Scheme 5.3-5 and Scheme 5.3-6). Equimolaturas< of ligand84 and cis-
[Ru(bpy)Cl;] or 89 were heated in a microwave reactor to 140 °C,eesgely. The work-up
procedure was as described f88. Purification of compoundB8 necessitated column

chromatography.
2®

2 PFg

a), b)
84

87
Scheme 5.3-5. Reagents and conditions: a) cis-[Ru(bpy).Cl,] (1.0 eq), uW, EtOH, 140 C, 1 h;
b) NH4PFg, 94%.
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2®

2PFS
a), b)

84

MeO OMe
5,5'-bis(3-methoxyphenyl)-2,2'-bipyridine

Scheme 5.3-6. Reagents and conditions: a) 89 (1.03 eq), pW, EtOH, 140 <, 1 h; b) NH 4,PFg, 62%.
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5.4 Crystal Structures and Characterisation

Single crystals 084 suitable for X-ray analysis were obtained by laygethyl acetate upon
a dichloromethane and trifluoroacetic acid solutd84. After several weeks, X-ray quality
pale yellow plates of the unprotonated ligand hadwg (the trifluoroacetic acid had
evaporated). The structure of the centrosymmaeagant is shown in Figure 5.4-1.

Bond distances and angles within the bpy and pyrielgs are unexceptional. As expected,
the ligand adopts @ansoid conformation but flips to aisoid arrangement upon binding to a
metal ion. There is a surprisingly highly orderezbigpetry in the solid state. The two least
squares planes of the two pyridine moieties pdifenterlap and are therefore in line. The
same planarity is noticed for the two pyrene megethaving perfectly parallel least square
planes. Moreover, the least square planes betweemyridine unit and one pyrene unit are
twisted 45.1(1)° with respect to each other. Figure1 illustrates the described geometrical

features.

a)

Figure 5.4-1. Molecular structure of 84 depicted in capped stick representation. Hydrogen atoms have
been omitted for clarity. a) Front view that displays the transoid arrangement of the nitrogen atoms; b)
View along the two parallel least square planes of the pyrene moieties; c) View along the two in line
least spare planes of the pyridine moieties. The angle between one pyrene least square plane and

one pyridine least square plane is 45.1(1)"

102
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The packing oB4 is shown in Figure 5.4-2 and Figure 5.4-3. Comttarexpectations, nt-
stacking was observed. A stacked formation in tiystal structure of pyrene was discovered
by Robertson and White in 1947 Simple aromatic residues often prefer to assoaitte
enthalpically favourable edge to face C-Hm interactions rather than to interact through
parallelTeTt stacking interaction$>>2°® Analysis of the close contacts in the packing34f
indicates that the stabilisation occurs over G-Hi interactions within a distance of 260 pm
between the hydrogen atom and the centre of maas afomatic ring from another molecule
in proximity (see Figure 5.4-2). The least squdsngs in which the hydrogen atom and the
centroid of the ring that form the non classicallfogen bond are inscribed, span an angle of
45°, The edge to face arrangements can also beasette origin of the known herringbone
structure of crystalline benzefe>®*Y Figure 5.4-3a displays the view along the
crystallographic a-axis, emphasising the herringbstructure of the packing pattern for

ligand84 similar to those found in the crystal structurdehzene.

Figure 5.4-2. Molecular structure of 84 displaying the C-H -+ 1t interactions between the individual
molecules in the packing. The distance between the hydrogen atoms (white dots) and the centroid
(red dots) of the aromatic ring is 260 pm. The planes of the aromatic ring in the pyrene unit and the

plane in which the hydrogen lies are tilted 45°
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Figure 5.4-3. Stacking of 84 in the solid state. a) View along the crystallographic a-axis with the
herringbone pattern; b) View along the crystallographic b-axis; c) View along the crystallographic c-

axis. Hydrogen atoms have been omitted for clarity.

Single crystals 087 and88 suitable for X-ray analysis were grown by slowlidiffusion at
room temperature of diethyl ether to a solutiontttd complex in dimethylformamide or
acetonitrile, respectively. The molecular strucsuref the heteroleptic ruthenium(
complexes are shown in Figure 5.4-4. Bond lengtiiskeond angles appeared in the expected
range. Both complexes exhibit distorted octahedesdimetry around the metal centre with
ruthenium-nitrogen bond lengths between 205.6(2)amich 206.2(2) pm fo87 and between
204.4(2) pm and 205.9(2) pm 88.
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b)

Figure 5.4-4. Molecular structures depicted as capped stick representations as they were found in the
single crystals of heteroleptic ruthenium(i) complex cations: a) 87%"; b) 88%*. Solvent molecules,

counterions and hydrogen atoms have been omitted for clarity.

Single crystals oB6 suitable for X-ray analysis were obtained by slayuid diffusion of
ethyl acetate into a solution containing the rutherfil) complex in dimethylformamide. The
molecular structure is depicted in Figure 5.4-5and lengths and bond angles are
unexceptional and ruthenium-nitrogen bond lengtlesewfound between 205.1(3) pm and
205.5(3) pm. The ligands wrap around the slightbtaiited octahedral metal centre such that
the pyrene moieties adopt andeconformation by pointing towards the metal centfiews
along the crystallographic axis of the spacefillingdel are shown in Figure 5.4-5. Two intra-
molecular C-H-- Ttinteractions between two ligands that have rougleispendicular pyrene
moieties were determined within a distance of 2&).Jom. The cation is chiral but the
complex crystallized in the non-chiral space gr@4g and so both enantiomers are present in
the unit cell.
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Figure 5.4-5. a) Molecular structure of 86 depicted as capped stick representations as it was found in
the single crystal. The fashion in which the ligands wrap around the metal centre is depicted by space-
filling representations and views along b) the crystallographic a-axis; c) the crystallographic b-axis; d)
the crystallographic c-axis. Solvent molecules, counterions and hydrogen atoms have been omitted for
clarity.

The bpy unit is planar in the free ligar8t and has atransoid conformation. Upon
coordination to rutheniumy, it flips to ancisoid conformation with distortion to planarity up
to 11.7(1)° allowing a chelating binding mode. Tlkast square planes of the two pyrene
moieties are parallel iB4 whereas in the ruthenium)(complexes angles from 18.92(9)° to
85.5(3)° were calculated. The results are summaiizdable 5.4-1.

Table 5.4-1. Angles between selected least squares planes as they were found in the crystal
structure. Values are given in [.

plane 84 87 88 86
-py in bpy- 0.8(1), 2.7(1), 3.1(1), 10.8(1),
i py. by 0.00 ) [a(] ) ) [a]( ) 1.6(2), 5.8(2) (2x)
moiety 7.22(8) 11.7(2)
rene-pyrene 27.8(1) (2x),
by .py 0.00 76.22(7) 18.92(9) (1) ()
moiety 85.1(3)

B angle in the coordinated ligand 84.

106



5.4CRYSTAL STRUCTURES ANDCHARACTERISATION

In contrast to the packing pattern of liga@d, Testacking plays an important role in the
packing of the ruthenium complex8g, 88 and86. In 87, one pyrene moiety participates in
Testacking to the adjacent pyrene group of anotberptex molecule at a distance of 353 pm
(distance of parallel least squares planes ofwlepyrene units). These pyrene units form a
stack of offset parallel planes with alternatingtdnces of 353 pm and 711 pm (see Figure
5.4-6a). The short contact analysis 88 reveals that both pyrene groups interact ma
stacking at a rough distance of 365 pm in a ngaahallel displaced manner to neighbouring
pyrene moieties, and also the bis(methoxyphenyjldme ligand exhibits stacking
interactions at a distance of ca. 380 pm (see Ei§ut-6b). There arg-stacking interactions
from all six pyrene groups of homoleptic comple& in a nearly parallel, but displaced,

manner at a distance of 344 pm (see Figure 5.4-6¢).

Figure 5.4-6. Intermolecular packing interactions as they were found in the crystal structures of a) 87;

b) 88; c) 86. Solvent molecules, counterions and hydrogen atoms have been omitted for clarity.

At room temperature th&H-NMR spectrum of86 exhibits the expected resonances with
appropriate integrals, but several peaks experiaramsiderable shift to lower frequency (up
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to 06.88 ppm) and are broadened. In the protonatee ligand B4+H]" and in the
heteroleptic ruthenium complexes37 and 88, all resonances have sharp peak shapes and
the protons from the pyrene moiety usually appediné range 068.5 ppm tod 7.7 ppm.

'H-NMR spectra 086 were recorded at variable temperatures and assigsnihave been
made with COSY and NOESY techniques (see Figur&db.At 295 K signals P9 and P8 are
very broad (200 Hz and 80 Hz line width at halfgm) and signal P7 and P6 are broad
(20 Hz line width at half height). Upon heatinge thignals sharpen and at 355 K the fine
structure of all peaks is resolved.

The strong shift to lower frequencies and the bnead of some resonances deserve further

note.
P3+P4
Apg
A3 P5 P7 P2
A4 pg P10

P9
JN Jb 355 K

o s
P R

938 94 90 86 82 78 74 70 66 62
<« dppm

Figure 5.4-7. Variable temperature 500 MHz NMR spectra in DMSO-dg solutions of homoleptic
ruthenium(i) complex 86. Proton labelling is given on the left and temperatures at which the spectra

were recorded are given on the right.

The crystal structure d86 reveals the very close proximity of protons P7,dP8 P9 to a

nearly perpendicular pyrene moiety. Facing the argloud, these protons experience a
strong shielding effect and are therefore shiftpfield. Moreover, the pyrene groups are not
equivalent by symmetry in the solid state and dakt rotation around the carbon-carbon
bond that bridges the pyrene to the bpy unit v@iider them chemically equivalent. A slow

rotation on the NMR time scale leading to coaleseeaf signals from conformationally
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different units explains the broadness of the pebk®n heating, the signals sharpen and
differences in the conformations are no longerimiysishable due to a fast rotation on the
NMR timescale.

The *H-NMR spectrum of the homoleptic irar)( complex [FeB4)s](BF4). (85) displays a
similar pattern most likely caused by the samectsfas described f&6.

More characterisation details (NMR, MS, IR, UV-VEnission, elemental analysis) for all
compounds presented in this chapter are descnb#teiexperimental part of this thesis and

are unexceptional.
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5.5 Photophysical Properties

The UV absorption and emission spectra of lig8ddand its protonated form84H") in
CH.ClI; are shown in Figure 5.5-1. Comparison of the giigmr and emission profiles with
the spectra of pyrene allows the following proposessignments. FoB4, the strong
absorption band at = 357 nm originates from &S~ S transition and the weak shoulder at
A= 420 nm might have its origin in @ S> S; transition. These transitions are red shifted by
22 nm and 30 nm with respect to transitions in pgrdue to the extended conjugation. The
emission atlmax = 444 nm is broad and was determined in"aMGolution in CHCl,. Due to
the poor solubility of84, it is not possible to prepare solutions of highencentration and
study potential excimer formation. The solubility ® can be considerably enhanced by
protonation and the intense bandiat 357 nm is red shifted into the visible regiontioé
spectrum with its maximum lying ad = 454 nm. The solution changes colour upon
protonation from pale yellow to intense red. Thessmon of the protonated form is orange

With Amax= 609 nm.

100+ N
— absorption ligand
— absorption protonated ligand
emission ligand
ood 1l , emission protonated ligand

60

40

£/ (10° cm™* M)

20

i I i T
200 300 400 500 600 700 800
Alnm ——
Figure 5.5-1. Absorption and emission spectra of ligand 84 (Absorption black solid line, emission

dotted black line) and the protonated ligand 84H" (Absorption red solid line, emission dashed red line).

The ruthenium() complexes86, 87, 88 are bichromophoric species composed of pyrene and
ruthenium(l) tris(diimine) domains. Table 5.5-1 summarizedrtsteady-state spectroscopic
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properties. The absorption and the emission spett8y are depicted in Figure 5.5-2. The
shoulder ai =~ 480 nm might be assigned as MLCT in nature, thellzd\ = 405 nm can be
a TeTr*-transition from the pyrene domain or a MLCT trdims. The emission profile 087
exhibits two emission peaks, Wwithem = 495 nm andAen = 645 nm, respectively.
Identification of species displaying authentic deshission can be difficult, as possible
contributions from luminescent impurities have ® déxcluded. Ruthenium) complex87
exhibits clean NMR and mass spectra and corregstazital analysis. There is no indication of
any impurities. The most likely impurities, liga®d and [Ru(bpy]**, have their emission

maxima at different wavelengths (see Table 5.5-1).

— absorption
""""""""" emission
288
2®
—_ 100 OO 2pE
< 7 N\ O
& N
" RN
N\ /
= \
o
A
~
W
67{15
0 ) I ! : — T
200 400 600 800

Alnm —

Figure 5.5-2. Absorption (black solid line) and emission (red dotted line) spectra of 87 in 10° ™

acetonitrile solutions. Agy. = 355 nm.

An excitation spectrum records the intensity of ¢ineission at a fixed wavelength while the
excitation monochromator is varied. In a “well-bedd” system, the absorption spectrum and
the excitation spectrum (corrected for instrumeatatfactors) are expected to match.
Excitation spectra 087 in acetonitrile were measured for the two emissidg, = 495 nm
andAem = 645 nm, and are displayed in Figure 5.5-3. Thesgion at higher energy exhibits a
maximum atA = 356 nm in the excitation spectrum and is asdrite the fluorescence
properties of the pyrene domain. The orange emmssgiows a maximum at= 484 nm in the

excitation spectrum and has its origin probablymfran emission of théMLCT state.
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Furthermore, it can be noticed that irradiation &t = 356 nm contributes mainly to emission
at Aem=495 nm and to a smaller extent to an emissioneat= 645 nm. Excitation at
Aexc = 484 nm populates only the emissiéLCT level. These conclusions were verified by

emission spectra wWithexc = 356 NM and e« = 484 nm, respectively.

1.0-
- /]em =495 nm
rrrrrrrrrrrrrrrr Aer = 645 N
0.8
= 0.67 *)
<
0.4
356 nm
()
0.2
0.0 ' ' : | I
300 400 500 600

Al nm——

Figure 5.5-3. Uncorrected excitation spectra of 87 in acetonitrile solution with Ae,, = 495 nm (black
solid line) and A, = 645 nm (red dotted line). Asterisks mark stray light

The photophysical properties of heteroleptic ruthweriil) complex88 are described in Table
5.5-1.

The complexes86 and 85 are isostructural and differ in the metal whichinsn(il) or
ruthenium(l). Another difference lies in their stability, dgetiron(l) complex85 decomposed
in a DMSO solution and no such lability is expe¢tedr was found, for the corresponding
ruthenium(l) complex86. For85, the optical properties are listed in Table 5541 should be
considered with caution due to its instability iMBO solutions and possible decomposition
that will cause absorption and emission from tigarid. The absorption spectrum of>10
solutions of85 in acetonitrile showed a band Jat= 544 nm ¢ = 8100M™ cm™) which is
responsible for the red colour of the compound endiagnostic of the formation of a
tris(bpy) iron(1) complex. The emission has its maximunmiat 479 nm which is about 35
nm red shifted compared to the free ligand, thession of which was not detected in the

solution.
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Emission and absorption spectra of an acetongolation of86 are shown in Figure 5.5-4.
The absorption pattern is comparable to thos8 Tand88 with a broad maximum at = 401
nm. In contrast t@7, no emission from th&MLCT occurs upon irradiation. The emission at

A = 476 nm most likely has its origin in fluorescerimm an excitedpyrene state.
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Figure 5.5-4. Absorption (black solid line) and emission (red dotted line) spectra of 86 in 10° ™

acetonitrile solutions. Agy. = 355 nm.

The luminescence decay times were detected aftadiation atA;, =467 nm of air-
equilibrated and degassed samples in acetoniffive. decay traces were mathematically
analyzed according to an exponential decay law,d( exp(-th1) + & exp(-thy) + ...
providing t = 5.0, 2.6, 4.1us for 87, 88 and86. The decay traces did not fit to a mono-
exponential curve, and so bi-or tri-exponentialrespgions have been used instead. Lifetimes
in Table 5.5-1 and Table 5.5-2 are listed for tlogvest decay rate. The luminescence lifetime

is roughly one order of magnitude longeBify 88 and86 than in [Ru(bpyj]**.

As in other examples in the literatlfé 249253 26226413 |ifetime increasing effect or “energy

reservoir effect” attributable to the pyrene donsaivas observed.
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Table 5.5-1. Parameters for photophysical properties in degassed acetonitrile solutions.

absorption emission
AmadNM dm*ecm™) AmaxdNM @ r
[Ru(bpy)]* 10 450 18000 608 0.086 900 ns
pyrene!®’! 355 47000 377 n.d. 328 ns
841 357 55500 444 0.24 n.d.
84H™ 432 14500 609 0.035 n.d.
[Fe(84)s]* (85" 544 8140 479 n.d. n.d.
[Ru(84)s]*" (86°") 401 43200 476 1.0-10° 4.1(2) ps
Ru(84)(bpy),|** 495 3.1-10"
[Ru¢ )(2+py)2] 405 47700 B 5.0(2) us
(877 645 3.0-10
Ru(84)(dmbp),]**
[Ru( ()8(82+) P)] 403 40200 646 45-10° 2.6(1) ps

®in degassed CH,Cl,.

In degassed acetonitrile solutions of rutheniungomplexesd7 and 88, the luminescence
quantum vyields obtained by usin = 450 nm gaved =3.0- 10° and 4.5- 10° for

emissions aroundl = 645 nm, respectively. Table 5.5-1 summarisegquahtum yields.

Table 5.5-2. Lifetime of the luminescence of selected ruthenium(i) complexes in degassed and air-

equilibrated acetonitrile solutions.

[Ru(bpy)s]” > 86 87 88
air-equilibrated 220 ns 160(10) ns 180(10) ns 200(10) ns
O,-free 900 ns 4.1(2) pus 5.0(2) us 2.6(1) ps
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5.6 Summary and Outlook

The preparation of symmetric ligar&#t which possesses a bpy domain and pyrene units
linked over one carbon bond in the 5 and 5'-pasétis described. The compound changes
colour upon protonation from pale yellow to red dhd maximum of the luminescence is
considerably shifted. The bpy domain can therefmreused for protonation and obviously
also for coordination to a metal ion. Particulatpat signals can be addressed by external
stimuli and this makes this compound a promisingdimg block for molecular logic
elementd?®

The coordination behaviour of ligan84 was initially demonstrated by two homoleptic
complexes, [F&4)s](BF4). (85) and [RuB4)s](PFs)2 (86), which are very similar in structure
but different in their stability and inertness. Tinen(il) complex85 was thermodynamically
unstable in solutions with non-innocent solvent esales contrary to the expected behaviour
of compounds of the [Fe(bp}j* type. The crystal structure of the isostructurahenium()
complex86 illustrated a sterically demanding environmentwihie three pyrene domains on
either side of the complex with exceptionally shiattamolecular C-H-- Tt interactions. In
order to broaden the scope of the investigated oomgs, two heteroleptic ruthenium
complexes, [RWB4)(bpyk](PFs)2 (87, bpy = 2,2"-bipyridine) and [R84)(bmpb}](PFs). (88,
bmpb = 5,5'-bis(3-methoxyphenyl)-2,2'-bipyridine)gre prepared and their crystal structures
were studied. The photophysical properties ofredlcompounds were examined. Heteroleptic
ruthenium(l) complex87 was found to be dual emitting with emissions frexcited pyrene
and®MLCT states upon irradiation At = 355 nm, whereas excitation)at. = 484 leads to
exclusive emission from th#LCT state. For86, only emission from a pyrene state was
observed. It is therefore desirable to synthegisertithenium() complex with two84 and
one bpy ligand, [R@4).(bpy)](PK)2, which is assumed to display properties lying
somewhere in between the two other complexes. €&wumtbre, advanced optical
measurements such as transient spectroscopy andelmperature luminescence should
reveal more features of these compounds.

Analysis of the time resolved emissions indicatedignificant increase in lifetimes for
ruthenium() complexes decorated with pyrene un@§, 87, 88) compared to [Ru(bpy]/".
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6 Experimental Part

6.1 General Experimental

Chemicals

The following chemicals were obtained commerciaflyd were used without further
purification: ammonium chloride (Aldrich), ammoniumexafluorophosphate (Alfa Aesar), 3-
bis(triphenylphosphino)propane nickel( chloride (Strem), barium hydroxide octahydrate
(Aldrich), 1,1'-bis(diphenylphosphanyl)ferrocenedichloropatlad(ii) (Aldrich), bromine
(Aldrich), 2-bromobenzylamine (Alfa Aesar), 1-brohexane (Aldrich),n-butyllithium in
hexanes (1.6v solution) (Aldrich), caesium carbonate (Lancast&;b-dibromopyridine
(Lancaster), 1,4-dichlorobenzene (Alfa Aesar), kicbbis(triphenylphosphane)palladiuim(
(Aldrich), 1,2-dimethoxyethane (Aldrich), ethyl thexyacetate (Aldrich),hexabutyldi-
stannane (Aldrich), first generation and secondegsion Grubbs’ and second generation
Hoyveda-Grubbs’ catalysts (Aldrichymidazole (Acros), iron() tetrafluoroborate hexa-
hydrate (Aldrich), lithium chloride (Merck), magnesy as ribbons (Riedel-de Haén),
methanesulfonyl chloride (Acros), 4-methoxyphenytimic acid (Aldrich), methyl lithium in
hexane (1.6M solution) (Acros), potassium carbonate (Prolabmtassium hydroxide
(Riedel-de Haén), potassium iodide (Prolabm),en-2-ylboronic acid (Aldrich)ietrabutyl-
ammonium fluoride trihydrate (Acros), tetrakis(trgnylphosphane)palladiun)((Aldrich),
tetrakis(acetonitrile)palladiumy tetrafluoroborate (Aldrich), thionyl chloride (@abo),
triethylamine (Riedel de Haén), trifluoromethanésnic anhydride (Alfa Aesar)
triisopropylsilyl chloride (Acros), trimethyl borat(Aldrich), tris(dibenzylideneacetone)di-
palladium() (Strem), potassium iodide (Prolabo), sulfuric dadiRiedel-de Haén)p-
toluenesulfonic acid monohydrate (Aldrich-TRISPHAT tetrabutylammonium salt
(Aldrich), zinc powder (Fluka).

Solvents

All solvents were commercially available. For chedography, technical grade solvents were
destilled prior to use. Reactions were performedoatvents ofreagents gradeguality or
better and in dry and oxygen free solvents if ne@mes Solvents were dried either by

distilling over sodium (THF and diethyl ether) adsum hydride (dichloromethane), or on a
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solvent purification system “Pure Solv MD-5" (usirgeveral columns) by Innovative
Technology inc.

For photophysical measurements, only HPLC quabityents were used.

Column chromatography, preparative layer chromaggdry and spot thin layer chromato-
graphy

All silica column chromatography was performed gsMerck silica gel 60 (0.063-0.200
mm). Fluka aluminium oxide 17994 and Merck alummioxide 90 standardized were used
in alumina columns and for filtrations. Preparatiager chromatography was performed on
silica gel (PLC plates 20 x 20 cm, silica gel 684F2 mm, Merck) and aluminium oxide
(PLC plates 20 x 20 cm, aluminium oxide 6@s4~ 1.5 mm, Merck). Spot thin layer
chromatography was performed on silica gel plaRBSLYGRAM® SILG/UV,s, and TLC
silica gel 60 Es4, Merck) and alumium oxide plates (TLC aluminiumidex 60 ks4 neutral,
Merck).

Microwave reactor
Microwave reactions were carried out in a Biotagéidtor 8 reactor with sealed tubes
allowing pressures of up to 20 bars.

NMR spectroscopy

NMR spectra were recorded on Bruker AM250 (250 MH2juker AVANCE 300 (300
MHz), Bruker DPX400 (400 MHz), Bruker DRX500 (500H9) and on Bruker DRX600
(600 MHz). For full assignments COSY, DEPT, HMBCVIRC and NOESY experiments
were recorded on the Bruker DRX500 by either Viidulor J. Beves or K. Harris or A.
Hernandez-Redondo. The measurements on the BruRet600 were conducted by D.
Haussinger. J. Beves performed measurements ableatemperatures.

'H and*®C spectra were recorded at 25 °C and chemicabkshié relative to residual solvent
peaks fH: CDCL 7.26 ppm, CBCl, 5.32 ppm, DMSQds 2.50 ppm, acetones 2.05 ppm,
acetonitrileds 1.94 ppm, methanal, 3.31 ppm:**C: CDCk 77.00 ppm, CBCl, 54.00 ppm,
DMSO-ds 39.51 ppm, acetonds 29.92 ppm, acetonitrilds 1.39 ppm, methanal; 49.15
ppm). An external reference was usedf6r(CF°Cl; in CDCE) and*'P (HsPQy) spectra.
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Mass spectrometry

FAB (NBA matrix) and electron impact (El) mass gpa&avere recorded by P. Nadig using
Finnigan MAT 312 and VG 70-250 instruments, respebtt. Electrospray ionisation (ESI)
mass spectra were measured using Finnigan MAT LCGQBmker esquire 3068°

instruments.

Infrared spectroscopy
IR spectra were recorded on a Shimadzu FTIR-84@@S8tphotometer with neat samples

using a golden gate attachment.

Melting points

Melting points were determined on a Stuart Scientifelting point apparatus SMP3.

UV-Vis spectroscopy
Electronic absorption spectra were recorded on avia@ary 5000 or on Agilent 8453

spectrophotometers.

Emission spectroscopy

Emission spectroscopy was performed on a Shimad#z631 PC spectrofluorophotometer.
The excitation and emission slits were kept as ecles possible and prior to the
measurements, blank samples of the solvent wersureghto assure that the solvent does not

emit as well.

Lifetime measurements

The lifetime of the fluorescence was measured veith Edinburgh Instruments mimi-
apparatus equipped with an Edinburgh Instruments-£/ picosecond pulsed diode laser
(Aexc = 467.0 nm, pulse width = 75.5 ps) with the appaip wavelength filter. The same

solutions as for the fluorescence measurements wseck

Microanalysis

The microanalyses were performed with a Leco CHR4®@croanalyser by W. Kirsch.

Electrochemistry
Electrochemical measurements were done on an Eemi€hAutolab PGSTAT 20 using a

glassy carbon working electrode, a platinum meshhe counter electrode, and a silver wire
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red

as the reference electrode. The redox potentialg (B2 [V]) were determined by cyclic
voltammetry (CV) and by square wave and differémgidse voltammetry. The compounds
were dissolved and measured in dry and degasseéohdde in the presence of 0.1 M|
BusN][PF¢] unless otherwise stated. The scanning rate O was 100 m\&™ in all cases

and ferrocene (Fc) was added as an internal stdaddine end of every experiment.

Atomic absorption spectroscopy and atomic emissp@ttroscopy

Measurements were performed on a Shimadzu AA-630Mia absorption spectrophoto-
meter using a flame (acetylene/air) to atomisestiimples. A sodium hallow cathode lamb
(lamb current 12 mA, wavelength 489 nm, slit wi@2 nm) was used as radiation source.

The fuel gas flow rate was kept at 1.8 L/min arelghpport gas rate was kept at 15.0 L/min.

X-ray diffraction

The determination of the cell parameters and thleatmn of the reflection intensities of the
single crystals were performed on an Enraf-Noniwppa CCD diffractometer (graphite
monochromated MoK radiation) by M. Neuburger or on $toe IPDS instrumenby J.
Zampese. For the data reduction, solution and esfemt, the programs COLLEC¥®
DENZO/SCALEPACK?®1 SIR921°®1 Stoe IPDS  softwar€®®  SHELXL972"”  and
CRYSTALS (version 123"Y were used by either M. Neuburger or S. Schaffner).o

ZampeseStructures have been analysed using Mercury \2 2%

Quantum yields
Luminescence quantum yieldswere obtained by using equation 1, [Ru(k}#y)as standard
(R, ®g = 0.028 in air-equilibrated wat&’¥ for emissions around 620 nm and coumarin 307

(R, ® = 0.95 in methandf® as standard for emissions around 470 nm.
® = Prx Int/Intg x A/A x IE/Ing? (1)
The area of the luminescence (Int) was calculateoh fspectra on an energy scale, n is the

refractive index for the solvent{fier= 1.333, fecn = 1.3442, Reon = 1.329, Bem = 1.4242)

and Ar and A are absorbance values for the referendeeccdmpound, respectively.
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6.2 Experimental for Compounds in Chapter 1

Sodium 2,2-diethoxyacetat#?)

0]
®0 OEt

Na O
OEt
12
Ethyl 2,2-diethoxyacetate (115 g, 650 mmol) and Ng@6.0 g, 650 mmol) were dissolved
in 150 mL HO and 250 mL EtOH. The suspension was heated toxrébr 5 hours.

Evaporation of solvents yielded put2 (110 g, 646 mmol, 99%) as a colourless solid.

'H-NMR (300 MHz, CDC}): dppm = 6.48 (s, 1H, B), 3.61-3.51 (m, 4H, B,), 1.18 (t,
3)=7.0 Hz, 6H, E).

N-(2-Bromobenzyl)-2,2-diethoxyacetamidid)

3
OEt
Br O
14
Sodium 2,2-diethoxyacetatéd) (22.8 g, 134 mmol) was dissolved in 100 mL drgthlyl
ether. To the ice-cooled suspension was added wisp SOC} (15.9 g, 134 mol) over
10 min. The reaction mixture was heated to reflux30 min. In the meantime a solution of
50 mL pyridine, 80 mL toluene and (2-bromophenylfm@amine (25 g, 134 mmol) was
prepared. The latter solution was then transfeoeel 30 min to than situformed acid
chloride and stirred for 1 h at 0 °C. Ice-cooledteng250 mL) was added and the organic
layer was separated. The aqueous phase was edtraittetoluene (2 x 100 mL) and the
combined organic phases were washed with 2% HQ (k) and water (150 mL). The
solvents were removad vacuoyielding14 (30.7 g, 97.1 mmol, 72 %) as a colourless oil.
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'H-NMR (300 MHz, CDC}): dppm = 7.55 (ddJ = 1.3, 7.9 Hz, 1H, B, 7.38 (dd,J = 1.8,
7.7 Hz, 1H, H), 7.29 (tdJ= 1.3, 8.0 Hz, 1H, B, 7.15 (td,J= 1.8, 7.7 Hz, 1H, B, 7.08 (s,
1H, NH), 4.83 (s, 1H, @), 4.55 (d,J = 6.2 Hz, 2H, El,NH), 3.75-3.56 (m, 4H, 0B,), 1.24
(t, J= 6.9 Hz, 6H, Els).

8-Bromo-isoquinoline-3-o0l1(5)

15
N-(2-Bromobenzyl)-2,2-diethoxyacetamidk4) (7.20 g, 22.7 mmol) was dissolved in 30 mL
concentrated SO, (95%) at 5 °C. The reaction mixture was stirredoatm temperature for
16 h. Water (350 mL) was added under ice-coolinigrcavn polymeric residue removed and
the solution was neutralized to pH 7 with NKhqg, 33%). The yellow precipitate was
recrystallized in 150 mL EtOH (dissolved EtOH, ditd hot to remove a colourless
impurity). The desired produd6 formed fine, yellow crystals (1.61 g, 7.19 mmA&9%4a).

'H-NMR (300 MHz, CDCJ): dppm = 9.08 (s, 1H, B, 7.63-7.54 (m, 2H, K", 7.37(t, 1 H,
H®), 6.99 (s, 1H, B).

8-Bromoisoquinoline-3-(trisisopropyl)silyl ethet)

5 4 o\V/
6 X \Si—<
7 N )\
Br 1
16

Imidazole (340 mg, 5.00 mmol) was added to a smiubf 8-bromo-isoquinoline-3-ollp)
(448 mg, 2.00 mmol) and trisisopropylchlorosilar®63 mg, 2.40 mmol) in dry DMF
(50 mL). The mixture was stirred for 3 h, diluteittw5% aqueous NaHCGQ200 mL) and
extracted twice with CpCl, (30 mL). The combined organic extracts were wastiéd water
and the solvents removad vacuo Filtration over SiQ (pentane : diethyl ether (10:1))
yielded 623 mg (1.64 mmol, 82%) of a colourlessdsol
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'H-NMR (300 MHz, CDCY): dppm = 9.20 (s, 1H, B, 7.65-7.55 (m, 2H), 7.37-7.32 (m, 1H),
6.96 (s, 1H, ¥), 1.50-1.40 (m, 3H, B), 1.13 (dJ = 7.3 Hz, 18 H, E5).

®C-NMR (75.5 MHz, CDGJ): dppm = 178.0, 160.0, 150.3, 141.0, 130.2, 127.%.4,2
122.5, 103.9, 18.00H5), 12.6 CH).

MS (ESI):m/z= 380.1 16 + H'] (calc. 380.1).

4-Methoxyphenylboronic acid
B(OH),

OMe

To a slight excess of Mg (3.60 g, 149 mmol) actdaivith a grain ofJin 50 mL dry THF
was added drop wise 4-bromoanisole (16.9 mL, 13%m 50 mL dry THF to maintain
slight reflux. The reflux was continued under argonadditional 45 min. The cooled solution
was transferred to a degassed solution of trimdibyate (30 mL, 264 mmol) in 250 mL of
dry THF at —78 °C. The reaction mixture was stirfed2 h and then allowed to warm at
room temperature before hydrolysis with 300 mL wfydrochloric acid. The solvents were
removed and the milky precipitate was taken in 8Q0water and 300 mL diethyl ether. The
organic phase was extracted twice with 200 mLNaOH. The combined aqueous extracts
were acidified to pH 1 with 37% HCI before extractiwith two portions of diethyl ether
(200 mL). The solvents were evaporated/acuoto yield a white solid (12.6 g 82.9 mmaol,
62%).

'H-NMR (300 MHz, acetone/fiD (~3:1)): dppm = 7.73 (dJ=8.5Hz, 2H, H), 6.84 (d,
J=8.6 Hz, 2H, H), 3.74 (s, 3H, E).

1,4-Dihexylbenzene
f/\d/\b/\@\/\/\/

N-Hexyl-1-bromide (70 mL, 500 mmol) in 50 mL dry thgl ether was added drop wise, over
30 min, to a suspension of Mg (13.4 g, 550 mmoll® mL dry diethyl ether to maintain

slight reflux. After complete addition, the solutiazvas refluxed for additional 30 min. The
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hexylmagnesium bromide, cooled to room temperatas transferred, over 30 min, to an
ice-cooled and stirred mixture of 1,4-dichlorobemz€29.4 g, 200 mmol) and [(dppp)NI]
(108 mg, 200umol) in dry diethyl ether (200 mL). The cooling bawas removed and the
solvent began to boil after an induction periodabbut 1 h. The mixture was then refluxed
over night, cooled to 0 °C and quenched carefultyh water (10 mL), followed by HCI
(100 mL). After separation of the layers, the agisephase was extracted with diethyl ether
(2 x 50 mL), and the combined organic phases werghed with water (50 mL) and dried
(MgSQy). The solvent was removed to yield the crude maldically pure title compound
151(48.2 g, 196 mmol, 98%) as a slightly yellow oil.

'H-NMR (300 MHz, CDC}): dppm = 7.09 (s, 4H, #™), 2.57 (t3 = 7.7 Hz, 4H, B), 1.65-
1.52 (m, 4H, H), 1.37-1.26 (m, 12H, #°*9, 0.89 (1,31 = 7.1 Hz, 6H, 1.

1,4-Dibromo-2,5-dihexylbenzen8)(

Bromine (67.1 g, 420 mmol) was added drop wisey @emin, to a stirred and ice-cooled
solution of 1,4-dihexylbenzer{@51) (49.3 g, 200 mmol) and iodine (~500 mg, 0.01egjer
rigorous exclusion of light. After 1 d at room teengture, 20% aqueous KOH solution (100
mL) was added and the mixture was shaken undehtskgarming until the colour
disappeared. The mixture was then cooled to roanpéeature, the aqueous solution was
decanted and the remaining residue was recrysdllicom EtOH to yield title compour@l

(65.9 g, 163 mmol, 82%) as colourless crystals.

'H-NMR (300 MHz, CDCY): dppm = 7.35 (s, 2H, #™), 2.64 (t,J = 7.7 Hz, 4H, 1), 1.60-
1.49 (m, 4H, H), 1.41-1.24 (m, 12H, #%*9, 0.90 (1,3 = 7.1 Hz, 6H, 1.

4-Bromo-2,5-dihexyl-4'-methoxybiphenyl )
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10
1,4-Dibromo-2,5-dihexylbenzene)( (23.9 g, 59.2 mmol), 4-methoxyphenylboronic acid
(4.50 g, 29.6 mmol) and NaO; (5.02 g, 47.4 mmol) were dissolved in 800 mL takiel50
mL EtOH and 50 mL k. The solution was degassed with argon (30 mifgrbeaddition of
[Pd(PPR)4] (867 mg, 75Qumol). The reaction mixture was heated to reflux¥6rh, extracted

twice with water (200 mL) and purified by columnraimatography (Si¢) 0.4% ethyl acetate
in pentane) to yield title compourdd (10.1 g, 23.4 mmol, 79%) as a colourless oil.

'H-NMR (300 MHz, CDC}): dppm = 7.41 (s, 1H, B, 7.19 (d,J = 8.8 Hz, 2H, H), 7.01 (s,
1H, H), 6.93 (dJ = 8.8 Hz, 2H, H), 3.85 (s, 3H, 0O83), 2.68 (t,J = 7.7 Hz, 2H, 1), 2.49 (t,
%)= 7.7 Hz, 2H, B), 1.65-1.52 (m, 2H, B,), 1.46-1.11 (m, 14H, B;), 0.88-0.75 (m, 6H,
CHs).

¥C-NMR (75.5 MHz, CDGCJ): dppm = 158.6, 140.7, 140.0, 139.1, 133.5, 133.0,.8,3
130.2, 123.0, 113.5, 55.3 @Bls), 35.8, 32.4, 31.7, 31.5, 31.1, 30.0, 20.2, 2026, 22.5,
14.1 (2CHs).

MS (El): m/z= 430.2 [LQ] (calc. 430.2).

Boronic acidll

11
Bromo compoundlO (4.28 g, 9.92 mmol) was dissolved in 500 mL anbydr THF and
cooled to —78 °CN-Buthyllithium (12.4 mL, 1.& solution in hexane, 19.8 mmol) was added

drop wise to this solution. The reaction mixtureswatirred over a period of 2 h at this
temperature whereby a slight yellow colouring wadsesved. Trimethyl borate (2.2 mL,
19.8 mmol) was added, and the reaction mixture (mmhourless) was stirred at room

temperature over night. Hydrochloric acid (200 mMM) was added and the solvents were
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removedin vacuo The white precipitate was dissolved in 150 mltldreether and 150 mL
water. The organic phase was separated and thensaolemoved to yield a white solid

(4.06 g, 10.3 mmol, quant.) which was used witHatther purification for the next step.

'H-NMR (300 MHz, acetone/fD (~6:1)): dppm = 7.47 (s, 1H, B, 7.17 (d3J = 8.8 Hz, 2H,
H%), 6.94 (d,°J = 8.8 Hz, 2H, H), 6.87 (s, 1H, B), 3.79 (s, 3H, O83), 2.79 (t,J = 7.7 Hz,
2H, H), 2.49 (t,J = 7.7 Hz, 2H, H), 1.58-1.46 (m, 2H, B,), 1.42-1.03 (m, 14H, B,), 0.83-
0.72 (m, 6H, El3).

MS (ESI):m/z= 509.3 L1+ CFCO,] (calc. 509.4).

Compoundl8

18
8-Bromo-isoquinoline-3-0l 15) (167 mg, 746umol), boronic acidll (340 mg, 859umol),
potassium tert-butoxide (209 mg, 1.87 mmol) dissolved in 150 minhydrous

dimethoxyethane. The solution was set under ar§06m(in) before addition of [Pd(PBH
(86.0 mg, 74.umol) and heated to reflux over night. The residwes washed with CiTl,
on SiQ in order to remove less polar impurities. The erpdoduct was used without further

purifications for triflation.

'H-NMR (300 MHz, CDC)): dppm = 8.20 (s, 1H, B, 7.50-7.48 (m, 2H), 7.35 (d,
3)=8.8Hz, 2 H, #)), 7.15 (s, 1 H), 7.05-6.99 (m, 4 H), 6.89 (s, )l 8186 (s, 3 H, OMe),
2.57-2.49 (m, 2H, B, 2.40-2.19 (m, 2H, §), 1.40-0.91 (m, 16H, ¥), 0.79 (t,J = 6.8 Hz,
3H, H), 0.72 (t,J = 7.1 Hz, 3H, H).

¥C-NMR (75.5 MHz, CDGJ): dppm = 162.0, 158.5, 142.7, 142.3, 141.4, 141.8.3.3
137.8, 135.8, 134.2, 131.5, 131.0, 130.9, 130.3\.52124.2, 120.6, 113.5, 106.5, 55.3
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(OCHs3), 32.8, 32.6, 31.5, 31.3, 31.2, 29.2, 29.0, 2235, 22.4, 14.0 (CCHs3), 13.0
(CH.CH3y).
MS(ESI):m/z= 496.3 L8+ H'] (calc. 496.3).

Trifluoro-methanesulfonic acid 8-(2,5-dihexyl-4'-thexy-biphenyl-4-yl)-isoquinolin-3-yl
ester 19

Three steps

Triisopropylsilyl etherl6 (6.77 g, 17.8 mmol) and boronic adid (8.72 g, 22.0 mmol) were
dissolved in 90 mL dimethoxyethane and 15 nyOHThe solution was degassed with argon
(30 min) before addition of [Pd(PBH (825 mg, 713umol) and Ba(OHy8 H,O (7.30 g,
23.2 mmol) and refluxed over night. The TIPS-pcttegy group was partially removed
during the reaction. In order to complete the degm