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Abstract i

Abstract

The unique photophysical properties together with the photo- and electrochemically 

readüy accessible Ru(II)/Ru(III) redox couple have led to many applications of 

polypyridine ruthenium(II)-complexes over the last three decades. For example, they 

have emerged as key players in the design of light harvesting devices, as photonic 

nanowires and as luminescent probes for the study of biomolecules such as DNA and 

lipid vesicles.

Over the last decade, the field of dehydroannulene chemistry has experienced a 

renaissance as a result of the interesting material properties as well as the feasibility 

with which electronic communication is established through the all-carbon fi-amework.

In this thesis an attempt has been made to combine the two fields of Ru(II)polypyridine 

and dehydroannulene chemistry by synthesising a rigid, planar phenanthrolino-fused 

benzodehydroannulene which is co-ordinated to (bpy)2Ru fi-agments.

The work presented herein describes the synthesis of a number of differentially 

terminated acetylenic pyrazino[2,5-/|[l,10]phenanthroline (pyzphen) heterocycles and 

their corresponding [(bpy)2Ru(pyzphen)]^^ and [(phen)2Ru(pyzphen)]^^ (bpy = 2,2’- 

bipyridine, phen = [1,1 Ojphenanthroline) complexes as precursors for the construction 

of Ru co-ordinated dehydroannulenes. It is shown that the photophysical and the 

electrochemical properties of both the free ligands and their Ru(ll) complexes are 

clearly modified by the presence of the alkynyl substituents.

In later parts of this thesis, several attempts to prepare a Ru co-ordinated 

phenanthrolino-fiised benzodehydroannulene are described, culminating in the synthesis 

of a (bpy)2 Ru co-ordinated, dppz-fiised (dppz = dipyrido[3,2-a:2’,3’-c]phenazine) 

dehydro[12]annulene. The electronic coupling between the two dppz chelates through 

the dehydroannulene scaffold could be established by spectroscopic and electrochemical 

techniques, whereas the Ru centres seem to be largely invariant to the presence of a 

second metal centre in close proximity.
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Introduction

A Introduction

The object of this work is the synthesis and the electronic evaluation of a number of 

novel acetylenic [l,10]phenanthroline analogues and their corresponding ruthenium 

poiypyridine co-ordination compounds. The ultimate synthetic goal lies in the 

preparation of a polynuclear ruthenium complex, chelated by a dehydroannuleno-fused 

poiypyridine ligand system such as 1.

(2n+2)+

& n = 1,2

X = CH, N

It is therefore essential in this introduction firstly to present the basic concepts of Ru 

poiypyridine chemistry together with examples fi"om the literature, and secondly, to 

illustrate some of the remarkable properties dehydroannulene-based structures have to 

offer.

1. Ru" Poiypyridine Complexes

Ruthenium, together with iron and osmium, form the transition metal group VIII of the 

periodic table. ̂ As the central metal in octahedral complexes, Ruthenium(II) has a filled 

electron shell with the electronic configuration d̂  which makes it relatively inert to 

substitutions in its co-ordination sphere.^ In contrast to other transition metal cations 

with the same electronic configuration such as Co™ or Pt^, Ru" can easily undergo a 

one-electron oxidation to form a stable Ru™ species. Co-ordinated to aliphatic amines.
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Ru" is a strong reducing agent (E® = 0.24 V), whereas, when chelated by polydentate 

imine ligands, the redox potential increases dramatically (E  ̂ = 1.26 V for 

[Ru(bpy)3 ]̂ ^̂ ^̂ , with bpy = 2,2’-bipyridine).^ Responsible for this shift are the 

accessible low-energy ti* orbitals of the imine ligands which can act as 7i-acceptors, 

thereby rendering the intermolecular electron transfer onto other substrates more 

difficult. One of the favourable features of Ru poiypyridine complexes is the 

remarkable stability of the reduced as well as the oxidised form of the complex."^

In Ru(polyimine)n complexes (n = 2,3) the lowest energy transitions are usually of 

metal-to-ligand charge transfer character (MLCT) and possess a considerable lifetime (t 

= 0.6 ps for [Ru(bpy)3]^^.^ In its excited state the Ru co-ordination compound is a high- 

energy, meta-stable species that can act as an oxidising and as a reducing agent,^ 

depending on the reaction partner. It is this photo-generated excited state species that is 

responsible for the broad utilisation of Ru-complexes in electron and energy transfer 

processes.

In summary, the easily accessible redox chemistry, the synthetic ease with which co

ordinating ligands can be varied, the interesting electronic properties, in particular, of 

the photoexcited state and the possibility to fine-tune the latter have engaged many 

researchers. For example, Ru co-ordination compounds have attracted attention as solar 

energy converters,^ as biological probes^’* and offer insights into energy transfer^ and 

charge separation processes,which play fundamental roles in nature.'* Examples for 

these applications together with a basic theoretical introduction to Ru poiypyridine 

chemistry will be discussed in the following chapter.



Introduction

1.1. Synthesis of Ru" Poiypyridine Complexes

Most of the synthetic effort in the construction of elaborate Ru"-polypyridine 

complexes lies in the synthesis of the organic ligands. Symmetric Ru co-ordination 

compounds with three identical bidentate ligands such as the parent [Ru(bpy)3 ]̂  ̂ (2) are 

usually synthesised directly from RuClg and three equivalents of the respective ligand in 

polar solvents. Depending on the steric demands of the chelating binding site and the 

nature of the ligands, the solvent can range from acetone, methanol or water to DMF or 

ethylene glycol.

2+

Ru

Ruthenium complexes chelated by different poiypyridine ligands are usually 

synthesised by refluxing an appropriate Ru-precursor, mostly [(bpy)2RuCl2] or 

[(phen)2RuCl2] (with phen = [1,1 Ojphenanthroline) and the second ligand in one of the 

solvents mentioned above. The use of a Ru fragment already co-ordinated to two 

bidentate ligands is quite common due to the synthetic ease with which they are 

prepared as well as due to the inertness with which the chelating ligands on Ru” are 

substituted. Examples of reactions being conducted with frilly chelated Ru species are 

rare,^  ̂primarily not because of their inferior stability, but mostly due to the complicated 

purification procedures involved.

Octahedral Ru co-ordination compounds bearing three bidentate poiypyridine ligands 

possess a stereogenic centre on the ruthenuim and can exist as two enantiomers due to 

their octahedral geometry. Each complex may possess left- or right-handed chirality and
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one therefore distinguishes between the A and the A enantiomer respectively, as 

illustrated in Scheme 1.

2+ 2+

Scheme 1 : A and the A enantiomers of octahedral Ru poiypyridine complexes

Unless the complex is enq)loyed in a chiral environment or the interest focuses on the 

optical rotation itself, the presence of two enantiomeric forms of mononuclear Ru 

complexes plays an insignificant role because their physical properties are identical. 

However, the situation changes in rigid polynuclear Ru complexes, where the existence 

of more than one stereogenic centre gives rise to stereoisomers, which may have 

different chemical and physical properties. In particular may the presence of 

diastereomers complicate the characterisation of polynuclear Ru complexes by NMR

spectroscopy. 14

1.2. Photophysical Characteristics of Ru" Poiypyridine Complexes

The first step in each photophysical or photochemical process is the absorption of a 

photon by a molecule. Thereby, one electron is promoted to a high-energy, meta-stable 

excited state, which will undergo some kind of deactivation. The energy relationship of 

the different states is illustrated by a Jablonski state diagram commonly used for 

luminescent inorganic complexes with metal ions having d̂  electronic configuration.*^ 

(Figure 1)
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isc

abs

isc

A(Ti)

Figure 1 ; Schematic Jablonski state diagram. Solid lines represent radiative, dashed 
lines non-radiative processes, kf, kjc, kisc, kp, k’isc are rate constants for fluorescence, 

internal conversion, Si-^Ti intersystem crossing, phosphorescence and Ti^So 
intersystem crossing, respectively.

The spin multiphcity of the ground state of d̂  complexes is usually a singlet (So) and, 

for simplicity, only two excited states, a singlet (Si) and a triplet (Ti) are considered. 

The selection rules for excitation require that only excited states with the same spin can 

be directly populated fi*om the ground state by light absorption. The degradation 

pathways have to be discussed fi’om two different viewpoints, firstly, whether the 

deactivation is radiative or radiationless, and secondly, whether the relaxation is spin- 

allowed or spin-forbidden. A conversion is called spin-allowed, when it occurs between 

states of identical spin multiplicity.

Once populated by the absorption of a photon, the singlet excited state can relax to the 

ground state either in a radiative manner, giving rise to fluorescence (f), or in a non- 

radiative fashion, called internal conversion (ic). As mentioned above, the triplet excited 

state Ti can not be populated directly fi*om the ground state, but it is accessible by 

intersystem crossing (isc) from the singlet excited state. In analogy to Si, the triplet 

excited state T% can relax back to the ground state radiatively, which is called 

phosphorescence (p), or in a non-radiative fashion (isc). In contrast to organic systems 

where fluorescence and phosphorescence can frequently be distinguished 

phenomenologically by their emission lifetimes the situation is much more blurred in 

inorganic systems. Intersystem crossing and phosphorescence are formally spin-

forbidden transitions, but nonetheless do occur in some orbital rich systems quite
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efficiently. Each deactivation step is characterised by its rate constant k and each 

excited state is characterised by its lifetime x. For each deactivation process, a quantum 

yield ^ can be determined. This is a measure of the efficiency of an emission process, 

defined by the ratio between the number of photons emitted and the number of photons 

that have initially been absorbed.

In Ru(II) complexes, promotion of an electron fi*om a filled orbital into an empty one 

can be classified into mainly three different categories depending on the localisation of 

the orbitals involved.'^ (Figure 2)

til*

TTl

Ü Ü Ü

empty orbitals

filled orbitals

Figure 2: Schematic molecular orbital diagram for octahedral Ru(II) complexes, 
showing three types of electron transitions: metal->ligand charge transfer (MLCT), 

metal centred (MC) and ligand centred (LC)

In Ru poiypyridine complexes, the relevant orbitals are localised either on the Ru centre 

(occupied ttm and empty Gm*) or on the poiypyridine ligands. The latter possess a- 

donor orbitals (gl) localised on the nitrogen atoms and 7t-donor (ttl) and 7i*-acceptor 

orbitals (tcl*) which are at least partially delocalised over the aromatic structure. 

Following a one-electron description of the excited state in octahedral symmetry, three 

different types of excitations can be described. Firstly, promotion of an electron fi"om a 

ttm metal orbital to the til* ligand orbital results in metal to ligand charge transfer 

(MLCT) excited states, whereas promotion fi-om the tim orbital to the gm* metal orbital 

gives rise to metal centred (MC) excited states. Ligand centred (LC) excited states can 

be obtained by promoting an electron fi-om a ttl orbital to the ttl* ligand orbital. AH
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these excited states may have singlet or triplet multiplicity, although spin-orbit coupling 

causes singlet-triplet mixing in the MC and MLCT excited states.'^

The high energy excited states of transition metal complexes undergo fast radiationless 

deactivation/^ Thus, only the lowest excited states may play a role in luminescence 

phenomena and in bimolecular processes such as electron- or energy transfer. The 

luminescence properties of any complex as well as its ability to play the role of an 

excited state reactant is related to the energy ordering of its low energy excited states, 

and particularly, to the orbital nature of its lowest excited states. The energy levels of 

the three different triplet excited states (MLCT, MC and LC) relative to each other and 

their position relative to the ground state geometry along the metal-ligand vibration co

ordinate is demonstrated in Figure 3.̂ ^

3MC

ground
state

3MC

ground
state

>-
M-L M-L

Figure 3: Schematic representation of two limiting cases for the relative position of the 
excited states; left: luminescence, right: radiationless decay

The position of the MC excited states of a d̂  octahedral complex are strongly displaced 

compared to the ground state geometry. When the lowest excited state is MC, it 

undergoes fast radiationless relaxation to the ground state (Fig. 3 right). In contrast, 

MLCT and LC excited states are usually only slightly displaced. Thus, when the lowest 

excited states are of this nature, luminescence can be observed (Fig. 3 left). In this case, 

the luminescence can be quenched and a radiationless decay can be observed by raising 

the temperature to enable the system to relax via the more energetic MC excited states.
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The decrease of the luminescence lifetime and the quantum yield with increasing 

temperature is a general effect since other radiationless deactivation pathways become 

more accessible/^

In conclusion, it is apparent that the nature of the favoured form of deactivation depends 

strongly on the position of the lowest excited state, which is influenced by the ligand 

field strength and by the redox properties of the metal and the ligands.

In most Ru(II) poiypyridine complexes the lowest excited state is a ^MLCT which gives 

rise to strong luminescence and which possesses a sufficiently long lifetime to facilitate 

electron- or energy transfer.

1.3. Ru Poiypyridine Complexes as Photosensitisers in Electron and 

Energy Transfer Processes

Over the last three decades Ru complexes have been extensively used as 

photosensitisers in electron and energy transfer processes. Being more reactive than in 

its ground state, a photo-excited Ru poiypyridine [(*Ru(PP)n)]^^ complex may 

participate in bimolecular processes, namely energy transfer (Eq. 1) and electron 

transfer. The latter process involves either the oxidation (Eq. 2) or the reduction (Eq. 3) 

of the excited Ru-species, whereas in the former energy is transferred to an acceptor 

(A), leaving behind the Ru-species in its ground state.

[*Ru(PP).]^+ + A -----------> [Ru(PP).]^+ + »A (Eq. 1)

[*Ru(PP).]^+ + X -----------> [Ru(PP)„]^^ + X (Eq. 2)

[*Ru(PP).]^+ + X -----------> [Ru(PP)„r + X+ (Eq. 3)
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1.3.1. Ru poiypyridine complexes in electron transfer processes

Historically, Ru poiypyridine complexes were among the first compounds to attract 

great attention as potential building blocks in solar energy converting devices^ or as 

photosensitisers in catalytic processes. For example, [Ru(bpy)3 ]̂  ̂ was utilised in 

aqueous solution to irreversibly reduce dimethyl viologen # -dimethyl-4,4-

bipyridinium^^ to the radical MV^ under illumination with visible light (Eq, 4).’* 

Subsequently, this species drives the platinum-catalysed reduction of water to molecular 

hydrogen (Eq. 5), a valuable source of regenerative energy. The photo-oxidised Ru 

species itself can be re-reduced by an external electron-donor (e. g. EDTA).*^ However, 

the overall efficiency of the system was determined to be only 0.13 ± 10 %.

[*Ru(bpy)3 ]̂  ̂ +  > [Ru(bpy)3 ]̂  ̂ + MV^ (Eq. 4)

Pt
2 MV”̂ + 2 H2 O ------> + H2 + 2 OH- (Eq. 5)

More recently, Ru co-ordination compounds found entry as photosensitisers in rather 

sophisticated artificial photosynthetic devices, mimicking the light harvesting site P680 

in Photo system The photo-excited Ru-species transfers one electron to an

external acceptor and is subsequently re-reduced by tyrosine^^ (as in 3) or a tyrosine- 

bound manganese cluster intramolecularly. The latter is then expected to oxidise water 

to molecular oxygen.^'
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3.)

1. )hv

2+

2.) e

Ru3.)e
external
acceptor

HO'
deprotonation

3

The most important feature in all systems described above is not only the charge 

separation but in particular the stabilisation of the generated, highly charged species 

such that a reaction can occur. Fast recombination of the photo-generated charges to the 

original state obviously reduces the potential of the complex to participate in light- 

induced redox reactions. Long-range electron transfer and charge separation are of 

fundamental interest for potential applications in molecular devices capable of storing 

information on a molecular scale.^^

1.3.2. Ru poiypyridine complexes in energy transfer processes

Over the last two decades, Ru poiypyridine co-ordination compounds have manifested 

their position as the photosensitiser of choice in many excited state energy transfer 

processes. Using Ru poiypyridine as donor and osmium poiypyridine complexes as the 

excited state acceptor sites, a large amount of research went into the construction of 

systems where the Ru centre is linked covalently to the Os fragment.^^ Non-radiative 

excited state energy transfer between covalently linked donors and acceptors can occur 

along two different principal pathways, the dipole -  dipole and the exchange 

mechanism.

In the dipole -  dipole mechanism, also known as the Forster mechanism,^"  ̂ the electric 

field near an electronically excited molecule is assumed to behave like a field generated
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by a classical oscillating dipole. In molecular terms this oscillating dipole moment can 

be characterised as being the result of the back and forth motion of the excited electron 

in the donor excited state (D*) along the molecular framework. The resulting electric 

charge oscillation causes electrostatic interactions with the electronic system of 

neighbouring molecules or molecular moieties. For an acceptor excited state A* to be 

produced, a resonance condition has to be met and electronic coupling has to occur. For 

this mechanism, the resonance condition is AE(D*->D) = AE(A*^A) and the coupling 

has to occur between the oscillating electron on D* and the electrons of A. In other 

words, the electrostatic forces caused by electric charge oscillation of an electron in D* 

are capable of promoting an electron of the acceptor to an excited state in the same way 

as the electric field of a light wave. Forster summarised this theory quantitatively 

leading to the following equation, the exact derivation of which will not be discussed 

here:̂ "̂  (Eq. 6)

kET(dipole-dipole) = k ko° J(eA) Rda"̂  (Eq. 6)

where k is a constant determined by experimental conditions, k  a factor dependent on 

the orientation of the dipoles in space, and J(eA) is a factor that takes into account the 

overlap between absorption and emission spectra, so called spectral overlap integral. It 

is noteworthy that the rate constant of energy transfer kni is proportional to the inverse 

sixth power of the distance R between D* and A.

A completely different mechanism to describe excitation energy transfer is the electron 

exchange mechanism, suggested by D. L. Dexter.^^ Here, energy transfer is regarded as 

a bimolecular interaction. By collision of two reacting partners the electron clouds 

overlap significantly in space. The argument is that not only chemical processes but also 

electron exchange might occur in these regions of overlap. Following this theory for 

energy transfer by electron exchange, Dexter proposed the following equation for the 

rate constant of energy transfer (again, the exact derivation will not be discussed 

here):^  ̂(Eq. 7)
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kET(exchange) = k J exp(-2RoA/L) (Eq. 7)

Here, k relates to specific orbital interactions, J is the normalised spectral overlap 

integral and Rda is the donor-acceptor separation relative to their van der Waals radii, 

L. It is noteworthy that the energy transfer rate formulated by the electron exchange 

mechanism decreases exponentially as the distance between D* and A increases. This 

relation is similar to the exponential decrease of electron density by increasing the 

electron - nucleus distance.

In principle, both mechanisms can operate in parallel, but it is often possible to 

distinguish between the two due to the nature of the transitions involved and the 

distance between the donor and the acceptor. In comparing the Forster and Dexter 

equations several differences become apparent:

1.) The rate of dipole-induced (Forster) energy transfer decreases with R^ whereas the 

rate of exchange-induced (Dexter) energy transfer decreases with exp(-2R/L). This 

means that kET(exchange) drops to negligibly small values as R increases more than 

one or two molecular diameters (5 -1 0  Â).

2.) In Dexter’s theory it is obvious that kEr(exchange) will be sensitive to the solvent 

viscosity since this mechanism requires difiusional encounters. In contrast, 

kET(dipole-dipole) in Forster’s theory is fairly independent to the solvent viscosity.

When the donor and acceptor units are located on the same molecule and are capable of 

communicating electronically with each other, the Dexter theory is used to describe 

through-bond excitation energy transfer, arising from orbital overlap. In contrast, 

Forster’s theory describes a through-space mechanism where no overlap of orbitals is 

necessary.



Introduction 13

As mentioned above, the combination of Ru as the light harvesting agent and Os as the 

energy acceptor site has been utilised in numerous polynuclear systems. For example, 

Ru and Os based dendrimers^^ such as 4 and related species with up to 21 Ru-centres^^ 

surrounding the Os-core were designed for the investigation of their light harvesting and 

energy transfer properties.

n 8+

For dendrimer 4 it was shown that energy transfer from the peripheral Ru-fragments to 

the Os-core proceeds with unitary efiBciency.̂ * For the more elaborate docosanuclear 

dendrimer the lowest energy excited states of the peripheral Ru centres are lower in 

energy than those of the inner sphere. Thus, energy transfer from the outer-sphere Ru- 

antennas to the central Os core is impeded and at least partly prevented.^^

Over the last 10 years, the interest in molecular electronics has led many researchers 

into the construction of molecular scale photo-active wires or rods.^  ̂ In these systems, 

two or more photo-active end groups, consisting frequently of polypyridyl complexes of 

Ru and Os, are linked covalently by a one-dimensional spacer unit.^  ̂The nature of the 

spacer units ranges from purely aliphatic over partially unsaturated to polyaromatic or 

all-carbon bridges. Especially bridges in which the polypyridyl moieties of the
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photo-active metal termini are linked by acetylenes have emerged as interesting 

candidates, since they fulfil many desirable advantages for the investigation of energy 

transfer processes. Due to their rigidity and their linearity they offer excellent control 

over the distance between the metal units, they are chemically inert and provide 

synthetic flexibility. Furthermore, due to their high degree of unsaturation these carbon 

bridges are excellent electronic conductors.

It was found that acetylenic substitution of a [Ru(terpy)2 ]̂  ̂ complex (with terpy = 

2,2’:6’,2” terpyridine) increases the fluorescence lifetime by a factor of 3000 compared 

to that of the non-acetylenic analogue, thereby transforming a poor photosensitiser into 

a potentially viable one.^’ Incorporation of this improved photosensitiser into the 

dinuclear complex 5, with [Os(terpy)2 ]̂  ̂being the acceptor site, was found to result in 

ultrafast excited-state energy transfer.

4 +

N— N=̂

Ru -O s-
/ \

The influence of the bridging ligand, of its conformation and hence of the distance 

between the photo-active units on the energy transfer rates between the Ru and Os 

centres was illustrated by the polyethylene glycol-linked dinuclear complex 6.̂ ^

no ^ o ^ o
4 +

(bpy)2Ru''*̂ >̂  // ^  'ps(bpy)2

By exploring the flexibility of compound 6 it was demonstrated that solvent dependent 

conformational changes of the polyether linkage influences the energy transfer rate 

between the Ru and the Os centre. By changing the solvent polarity fi'om methanol to 

CH2 CI2 it was found that the Ru based emission in 6 decreases steadily due to an
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increased coUing of the polyethylene glycol chain, a structural change which brings the 

two photo-active units into closer proximity and thereby enhances the energy transfer 

rate from the Ru to the Os fragment/^

Other Ru-polypyridine complexes have attracted attention as biological probes. Long 

luminescent lifetimes together with their large Stokes shifts often make Ru complexes 

competitive, sometimes even superior to other methods. For instance, a water soluble 

[(phen)3Ru]^^ analogue has been suggested as a luminescence oxygen sensor in aqueous 

medium. Furthermore, the 7i-system of the bidentate ligands can be extended by 

formal benzoannelation of additional aromatic units, resulting in the formation of a 

lipophilic site in the complex. This site facilitates the intercalation of the ligand into 

hydrophobic cavities of a given substrate. Perhaps the most prominent example of this 

strategy is [(bpy)2 Ru(dppz)]^^ 7 (with dppz = dipyrido[3,2-a:2‘,3‘-c]phenazine).^^

n -

rac-7

Whereas this compound shows no photoluminescence in aqueous solution at ambient 

temperature, it displays intense photoluminescence in the presence of double-helical 

DNA, to which it binds avidly. In strong contrast to [(bpy)]Ru]^^, which is 

photoluminescent in aqueous media but does not show any detectable spectroscopic 

perturbation by DNA, 7 binds to double-helical DNA by intercalation and emits when 

embedded in this hydrophobic environment. The luminescence caused by the 

intercalation of 7 into DNA thereby mimics the solvatochromie luminescence behaviour 

of 7 in ethanol or acetonitrile. Due to the intercalation non-radiative deactivation 

pathways, which are thought to proceed via protonation of the phenazine-nitrogens 

become unaccessible.^^ In addition, [(bpy)2Ru(dppz)]^^ responds sensitively to subtle 

changes in the structure of the helix, both in its luminescence intensity and in its
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emission maxima, making it a unique reporter of nucleic acid structures/ If employed 

in a chiral environment such as DNA, it becomes apparent that the two enantiomers of 7 

can exhibit a different behaviour. Separate preparations of the A and the A enantiomers 

of [(bpy)2 Ru(dppz)] '̂^ allow a deeper insight into this intercalation phenomenon. Even 

though the different enantiomers bind to DNA with comparable strength, the relative 

quantum yield of the bound A complex is 6-10 times higher than that of the bound A 

analogue, which therefore can be made responsible for only 15 % of the total emission 

of the bound racemic complex. This remarkable difference is rationalised by slightly 

different intercalation geometries, giving rise to diastereomeric structures with different 

photophysical properties.^^ In further developments of this system, a decreased 

dissociation of the DNA-bound Ru-complex was achieved by using the bis-intercalation 

of a dimeric form of [(phen)2Ru(dppz)]^^, linked by a flexible tether.^*
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2. Annulenes, Dehydroannulenes and Benzodehydroannuienes

Since the overall aim of the project is the preparation of dehydroannuleno-fused 

poiypyridine ligand systems, it is relevant to introduce the interesting class of the 

annulenes and discuss some of the approaches to their synthesis together with their 

remarkable properties. Annulenes are compounds, which possess a conjugated 

monocarbocyclic polyene core.^  ̂ The size of the polyene ring-system ranges from six 

carbon atoms as in benzene ([6]annulene) over 18 ([ISjannulene (8)) to 30 

([30]annulene). The number in brackets indicates the number of carbon atoms involved 

in the ring.

Formal dehydrogenation of annulenes furnishes another class of compounds called the 

dehydroannulenes, which are fuUy conjugated monocarbocyclic polyeneynes such as 9.

% #

9 10 11

Expansion of the Tc-system by formal annulation of benzene units results in 

benzodehydroannuienes such as 10̂  ̂and 11.̂  ̂Due to the linear geometry of acetylenes, 

(benzo)-dehydroannulenic systems are usually more rigid than their partially 

hydrogenated counterparts.

2.1. Common Features in the Preparation of Dehydroannulenes

Although it will not be possible to describe every known method to access 

dehydroannulenic structures in this short overview, a number of reactions which
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reappear frequently in the synthesis of these valuable compounds will be discussed 

(Scheme 2). The preparation of dehydroannulenic structures rests on the rich chemistry 

of the acetylenes'^  ̂ since the common structural motif in the compounds of interest is the 

butadiyne moiety. Butadiynes firstly became accessible in 1870 by the pioneering work 

of Glaser, who discovered that terminal acetylenes form butadiynes in the presence of 

copper salts/^ The oxidative coupling of acetylenes was fiirther developed by Hay who 

demonstrated that TMEDA (TMEDA = A,A,A’,A’-tetramethylethylenediamine) 

complexes of copper(I) salts function as catalysts in the formation of butadiynes in the 

presence of oxygen (entry 1).'^ Around at the same time, Eglinton and co-workers 

reported that utilisation of copper(II) acetate in pyridine and methanol has a similar 

effect (entry 2)^^ The controlled synthesis of unsymmetrical butadiynes was addressed 

by Cadiot and Chodkiewicz who reported the reaction of a bromoacetylene with a 

terminal acetylene under Cu-catalysis (entry 3).'̂  ̂ Even though only a catalytic amount 

of the copper catalyst is required theoretically, a large excess is usually used in practice. 

After completion of the reaction, the copper catalyst is found in the Cu(II) oxidation 

state.
CuCI, O2

1. 2 R ----------------------- R - s — R
TMEDA, acetone

Cu(OAc)2
2 2 R - s - H   ^ R —  - lE n- R

pyridine, methanol

CuCI, amine
3. R =  H + Br =  R' ---------------------^  R—^ — ^ - R ’

solvent

/ = \  [Pd(PPh3)2Cl2l, Cul
4. R * H  +

Hal = Cl, Br, I

Scheme 2: Prominent reactions in the formation of (benzo)dehydroannulenes

The synthetic flexibility in the construction of benzodehydroannulenes was greatly 

increased by Sonogashira’s group in the 1970s, when a wide range of arylacetylenes
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became easily accessible by palladium-mediated cross coupling reactions between aryl 

halides and terminal acetylenes (entry 4)/^ Already from the early reports of this 

method it became apparent that the electronic nature of the arylhalide plays an 

important role in the success of this coupling reaction. The reactivity of the arylhalide 

seems to increase dramatically from chlorides to iodides, with electron poor aryl 

systems being more reactive than electron rich ones."̂ ^

In the current hterature, most benzodehydroannulene systems are assembled firstly by 

Sonogashira-Hagihara coupling (entry 4) to afford the necessary arylacetylene 

precursors which are then cyclised by an oxidative acetylene coupling reaction (entries 

1-3).

2.2. Interesting Features of Selected Annulenes

Historically, annulenes have attracted a lot of interest in the 1960s and 70s due to their 

fuUy conjugated n system organised in a cyclic array. They were synthesised mainly to 

investigate the aromatic character of a given system as predicted by Hückel’s rule. Their 

synthesis contributed considerably to the understanding of the concept of aromaticity. 

As a consequence of their structural geometry, annulenes possess both, inner and outer 

ring protons, allowing an aromatic (or diatropic) ring current to be readily detected by 

*H-NMR spectroscopy, with the result that the inner protons are shielded (shifted 

upfield), whereas the outer protons are deshielded (shifted downfield). In contrast, 

molecules in which the outer protons are shielded and the inner ones are deshielded 

experience a paramagnetic ring current and are therefore called paratropic or anti- 

aromatic.'^*

In principle, it is possible to transform an anti-aromatic [4n]annulene into an aromatic 

(4n+2) n electron system by the preparation of the corresponding dianion. This type of 

species was firstly realised by Katz who reduced cyclooctatetraene with potassium in 

THF to afford 12.̂ ^̂  Similar experiments were carried out with the [16]annulene,
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resulting in the remarkably stable dianion 13 which was foimd to remain essentially 

unchanged after heating in THF-dg solution at 100 °C for two days/^

1312

The [16]annulenyl dianion 13 was proven to be diatropic by 'H-NMR spectroscopy. In 

the corresponding spectrum the 12 outer protons resonate at low field (ô = 8.83 (8 H) 

and 7.45 (4 H)) and the four inner protons at very high field (Ô = -8.17). Furthermore it 

was found that the delocalisation energy in 13 is about 40 kJ mof* higher than that of 

the iso electronic [18]armulene. This observation emphasises the greater resonance 

stabilisation experienced by charged molecules upon attaining a delocalised state 

compared to the corresponding isoelectronlc neutral systems.^^

After the interest in aromaticity had subsided the field of dehydroannulene chemistry 

laid somewhat barren until renewed interest was triggered by the finding that these 

compounds could serve as valuable starting points for the construction of carbon rich 

materials. Novel allotropes of carbon such as carbon nanotubes, “bucky balls” and 

“bucky onions” have attracted a great deal of attention due to their interesting new 

material properties.

For example, Vollhardt and co-workers reported that benzodehydroannulene 14 

transforms into highly ordered pure carbon in a violently exothermic reaction upon 

exposure to 245 °C under vacuum. The products were identified to be not only 

amorphous carbon and graphite, but also ordered carbon layers of tube and onion- 

type.^^
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14

In a synthetically more controlled approach, benzodehydroannulenes are considered to 

possess great potential in the construction of novel allotropes of carbon as elaborated by 

Haley and co-workers. Graphynes 15 or graphdiynes 16 are hypothetical structures '̂  ̂

formally derived from graphite by the introduction of one or two acetylene units 

between the benzene moieties. This procedure results in infinite sheets of 

polybenzodehydroannulenes.

15 16

It was foimd, however, that simple polymerisation of suitable acetylenic benzene 

monomers results in the formation of substances that are impossible to characterise due 

to a lack of solubility.^  ̂ For this reason the interest focused on the construction of 

defined model compounds featuring representative fragments of the infinite sheet. The 

most elaborate structure that has been synthesised to date consists of three fiised 

dehydroannulene moieties.^^ Further extension of the system is greatly hampered by 

solubility problems.

Delocalisation of electron density over the dehydroannulene backbone provides an 

efficient electronic pathway to facilitate electronic communication between different 

sites of the system. With this idea in mind, a few researchers have embarked in the 

synthesis of dehydroannulenic systems bearing photo- and/or electroactive subunits to



Introduction 22

investigate their interactions. For example, Haley and co-workers have designed 

benzodehydro [ 18] annulene 17 with peripheral electron-donating and -accepting

groups.57

17

NBu2 O2N—^  ^ — = — = — ^  NBU2

O2 N ^=NBU2

18

Compared to the unsubstituted benzodehydro[18]annulene 11, whose electronic 

absorption spectrum is dominated by transitions in the ultraviolet region, the

incorporation of photoactive units as in 17 leads to charge transfer transitions directed 

along the all-carbon core. The effect of the benzodehydroannulene core becomes 

apparent by comparing 17 to the linear donor-acceptor component 18, which has a 

longest wavelength absorption that is hypsochromically shifted by 50 nm compared to 

that of 17. Even though conjugation in the extended macrocycle might play a role, the 

shift was mainly attributed to the incorporation of the peripheral donor-acceptor unit 

into the dehydroannulene skeleton, a measure, which locks the system into planarity and 

enhances intramolecular Ti-conjugation.^*

CoCp cpCd

.CoCp CpCo. FeCp CpFe.

2019

Dehydroannulenes have also attracted researchers wishing to exploit their unique 

properties to study the communication between metal centres. Recently,
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benzodehydroannulene-fused phthalocyanine analogues have been reported^* and 

platinum fragments have been incorporated into the (benzo)dehydroannulene 

backbone/^ En route to the cyclic all-carbon compound Cig, a hexacobalt complex of 

Cl8 has been prepared.^^ Bunz and co-workers were the first to report that CpCo- 

cyclobutadiene and ferrocene units can be incorporated into dehydroannulene 

frameworks (compounds 19 and 20).^^

During the synthesis of 19 and 20, no control over the relative position of the metal 

fragments with respect to the dehydroannulene plane could be achieved. However, the 

different isomers could be separated by chromatographic techniques. The different 

isomers of 20 show virtually superimposable electronic absorption spectra, suggesting 

that their electronic ground states are quite similar. However, electrochemical 

investigations of the isomers of 20 showed some differences. Whereas syn-20 exhibits 

only two oxidations at 0.61 and 0.78 V, anti-20 shows three waves at 0.61, 0.74 and

0.83 V, with the oxidation of the monomeric 1,2-diethynylferrocene occuring at 0.60 V. 

The observed differences between the isomers of 20 are relatively small, suggesting that 

the interaction between the ferrocene centres in these cycles is rather weak.^^
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3. Aim of the Project

Over the last three years, the first few examples of benzodehydroannulene structures 

bearing polypyridine metal binding sites have emerged in the literature. Co-ordinated to 

a Ru fi^agment,^  ̂ compounds such as 21^  ̂ or 22̂ "̂  could potentially benefit fi*om the 

intriguing properties of both, benzodehydroannulenes and Ru polypyridine complexes.

N N

21 22

However, both approaches suffer fi-om a number of drawbacks. Firstly, due to the 

incorporation of benzene units, the acetylenic scaffold has lost some of its rigidity. 

Molecular modelling performed on macrocycle 22 showed the minimum energy 

conformation to be highly twisted bringing the bpy units to close proxim ity.The 

increased flexibility results in a diminished n delocalisation around the 

benzodehydroannulene core. Furthermore, structure 21 is reported to show poor 

solubility in organic solvents, "̂̂  rendering further functionalisation and the complexation 

to appropriate metal fi-agments a complicated manoeuvre. By selecting the p (as in 22) 

or the Y (as in 21) positions of the pyridine subunits as starting points for the 

construction of the macrocyclic framework, the incorporation of 1,2- (as in 22) or 1,3-
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(as in 21) fimctionalised benzene units becomes a necessity for simple geometric 

reasons.

Our idea was to erect the acetylenic scaffold from the 5 and 6 positions of a 

[l,10]phenanthroline (phen) moiety in order to provide an improved starting geometry 

for the formation of benzodehydroannulenes. In particular, there should be no need to 

incorporate benzene moieties with the associated loss of rigidity. Ultimately, upon 

complexation to Ru fragments such as (bpy)2Ru, this strategy was envisaged to lead to 

structures of type 1.

(2n+2)+

n = 1,2

1 X=CH, N

Unlike bpy, which prefers a s-trans conformation, the pyridine subunits in phen are 

locked into a cisoid conformation. The rigidity imposed by the central ring results in an 

entropie advantage towards metal complexation. Complexation to phen and related 

ligands occurs rapidly, leading to very stable complexes.^^

Having established the 5 and 6 position of phen as connecting points for further 

extension of the framework, reasonable synthetic procedures had to be considered. 

Direct fimctionalisation of phen at the targeted positions is known to be difficult.^  ̂Only 

a few reaction sequences leading to 5,6-dibromo-phen are known, but the protocols are 

tedious and require toxic reagents such as arsenic acid.^  ̂Direct methods to manipulate 

the 5 and 6 positions have been described that involve an oxidation procedure, leading 

to [l,10]phenanthroline-5,6-dione 23 (phen-dione),^* which itself can be further 

elaborated to the eorresponding diamine 24 (phen-diamine)^^. Especially the latter 

compound promises to be a good candidate for the construction of a dehydroannulene 

scaffold, since 24 was envisaged to condense smoothly with acetylenic vicinal diones
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25̂ ® to acetylenic pyrazino[2,i-/|[l,10]phenanthrolines (pyzphen) 26. The ortho- 

quinone functionality present in phen-dione 23 can also be exploited in condensation 

reactions. However, a hitherto unknown diaminodiethynylbenzene building block of 

type 27 as reaction partner would be required to generate the acetylenic dipyrido[3,2- 

a:2‘,3‘-c]phenazine (dppz) 28. (Scheme 3)

NH

24

Scheme 3: Proposed building blocks for the assembly of 
benzodehydroannulene-fused phen binding sites

The resulting novel acetylenic pyzphen 26 and dppz ligands 28 are envisaged to be the 

structural motives that could form the basis of dehydroannulene scaffolds with exotopic 

metal binding sites. Due to the fact that both, phen-diamine 24^  ̂ and acetylenic dione 

25̂ ® are reported in the literature, the route leading to pyzphen 26 was initially deemed 

to be the most promising. The function of the acetylene subunits in 26 is twofold. In 

addition to being the structural linker for the dehydroannulene assembly, computational 

studies using a semiempirical PM3 parameter set show that the acetylenes contribute 

considerably to the HOMO (highest occupied molecular orbital) and the LUMO (lowest
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unoccupied molecular orbital) of the whole pyzphen system (Figure 4). By providing 

electronic coupling, the acetylenes might be utilised to fine-tune the properties of the 

free ligand and the corresponding (BL)2Ru-complex (from here on, phen and bpy are 

referred to as BL = bidentate ligand) by variation of the termini R.

HOMO LUMO

Figure 4: HOMO and LUMO topologies of diethynylpyzphen 26 (R = H)

With this idea in mind we set out to synthesise a series of differentially terminated 

pyzphen ligands and their (BL)2 Ru complexes to investigate the degree to which their 

photophysical properties can be modified. In case of the free ligands a visible effect can 

be expected simply due to the enlarged n system of 26 when compared to a non- 

acetylenic analogue. However, the situation is different for the corresponding (BL)2 Ru 

complexes. As mentioned before, the longest wavelength absorption in octahedral Ru 

complexes is of MLCT charaeter.'^ If the MLCT is directed from the metal to the 

auxiliary BL co-ligand, the photophysical properties of the complex should be 

unaffected by the electronic nature of differentially substituted pyzphen ligands, 

whereas if they show some variation, at least partial participation of the pyzphen in 

these processes would be established. With the help of this initial study it will be 

possible to reveal the direction of the MLCT in [(BL)2 Ru(pyzphen)]^^ complexes.

After this initial study, the focus will be directed towards the realisation of 

dehydroannulene-linked polypyridine ligands and their corresponding (BL)2Ru 

complexes 1. Even though terminal acetylenic pyzphen or dppz seem to be viable 

starting points for the construction of 1, the synthetic difficulties that could be 

encountered should not be underestimated. Firstly, the construction of exclusively one
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dehydroannulene ring size in the oxidative coupling of 1,2-diacetylenes is doubtful. For 

example, recent work by Swager and co-workers has shown that the oxidative coupling 

of a substituted 1,2-diethynylbenzene derivative leads to a mixture of dimeric, trimeric 

and oligomic structures, which were difficult to separate.^^ This problem may become 

even more severe for compounds such as 1, since multinuclear metal complexes are 

known for their complicated purification p ro c e d u re s .F a c in g  these difficulties, 

Haley and co-workers developed an approach where the cyclising oxidative acetylene 

coupling step proceeds intramolecularly, leading exclusively to one product.^^ 

Secondly, solubility problems may become a severe problem during the construction of 

the dehydroannulene core. It is known that strong n stacking forces conspire to make 

unsubstituted planar aromatic compounds highly insoluble in many organic solvents.^^ 

To overcome this potential problem, two different strategies can be considered. Firstly, 

introduction of substituents into the phen moiety has been shown to result in greatly 

improved solubility of the com pounds.This strategy could also be applied to the 

pyzphen or the dppz subunits. The second option is to perform the complexation of a 

ligand precursor to a cationic Ru fi*agment at an early stage of the synthetic sequence 

thereby allowing the assembly of metal co-ordinated dehydroannulenes with soluble 

metal complexes.^^

In summary, the synthetic work was designed to proceed in two stages. Firstly, the 

synthesis of a small library of novel acetylenic pyzphen ligands was required for the 

investigation of their electronic properties by spectroscopic techniques. Complexation 

of the novel acetylenic ligands 26 to a (BL)2Ru-fi*agment will give new insights into the 

extent to which the pyzphen moiety is involved in the electronic interaction between 

metal and ligand. Furthermore, the potential of the acetylenic pyzphen as the structural 

motif in the assembly of (BL)2Ru co-ordinated dehydroannulene 1 will be investigated.

The second stage of the work is based on alkynyl dppz ligands and will be explored as 

an alternative approach to 1. To allow for a comparison with the pyzphen series, all 

dppz-based compounds are to be investigated spectroscopically for their photophysical 

as well a by cyclic voltammetry for their electrochemical properties.
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Once a Ru co-ordinated dehydroannulene-linked polypyridine binding site has been 

synthesised, more sophisticated physical studies have to be considered. Scheme 4, for 

instance, illustrates dehydro[12]annulene 1 (for n = 1), whose central all-carbon 

scaffold can potentially act as an electron trap. One could imagine that upon 

photoexcitation (step 1), each Ru centre transfers one electron to the dehydroannulene 

core (step 2), thereby transforming the anti-aromatic dehydro[12]annulene into a system 

with aromatic [4n+2]electron character.

1, n = 1 X= CH, N
Scheme 4: Hypothetical photo-induced electron transfer from each Ru centre 

to the anti-aromatic dehydro [12]annulene core

This phenomenon could be of particular interest, since the photophysically generated 

charges would presumably be stabilised by the formation of an aromatic 

dehydroannulene. As briefly elaborated in section 1.3.1., systems which are able to 

stabilise photophysically generated charges are of fimdamental interest for light-induced 

redox reactions as well as for molecular devices capable of storing information on a 

molecular scale.
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B Results and Discussion

1. Acetylenic Pyzphen Analogues and their (BL)2Ru Complexes

Prior to the research presented herein, it has been demonstrated that pyrazino[2,3- 

/|[l,10]phenanthroline (pyzphen) ligands form stable complexes with ruthenium and 

osmium fragments, "̂  ̂ as well as with a range of lanthanide ions/^ However, acetylene- 

substituted pyzphen analogues and their corresponding [(BL)2Ru(pyzphen)]^^ (BL = 

2,2’-bipyridine (bpy) or [l,10]phenanthroline (phen)) complexes remain elusive.

This chapter is devoted to the synthesis of a series of novel acetylenic pyzphen 

analogues and their corresponding [(BL)2Ru(pyzphen)]^‘̂ complexes. This is followed 

by a comparison of the electronic properties of the alkynylated ligands and their 

corresponding Ru complex with those of selected non-acetylenic model compounds. 

The modulating effects of differentially substituted acetylenic end groups will be 

evaluated by spectroscopic techniques and cyclic voltammetry.

1.1. Acetylenic Pyzphen Analogues

In most examples, the pyzphen ligand systems are assembled by condensation reactions 

between either phen-5,6-dione and an aliphatic 1,2-diamine^  ̂ or between phen-5,6- 

diamine and an aliphatic 1,2-dione. "̂  ̂ For the construction of acetylenic pyzphens, we 

envisaged a condensation between phen-5,6-diamine 24 and the l,2-dialkynyl-l,2- 

diones 25, a class of compounds that has recently been made available by our group. 

The synthesis of phen-5,6-diamine 24 proceeds in three steps starting from 

commercially available phen (Scheme 5). The oxidation of phen to phen-5,6-dione 23 

was realised with bromine generated in situ from potassium bromide in refluxing 

concentrated nitric and sulfuric acid. The yields were found to be reproducible, but 

more modest than those reported by Yamada et al.^  ̂ Conversion of 23 to the dioxime 

was achieved with hydroxylamine hydrochloride and barium carbonate in ethanol, and 

was followed by a reduction of the dioxime with hydrazine on palladium on carbon to
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afford phen-5,6-diamine 24.^  ̂ In our hands, both reactions were found to be somewhat 

unreliable with yields ranging from 30-70 % for each step, a finding which is in strong 

contrast to the yields of 95 % reported in the literature.^^ The solubility of the dioxime 

as well as of the diamine 24 m water was made responsible for the isolation and 

purification problems encountered during their preparation.

KBr, HNO3, H2SO4, 

reflux, 2 h, 50 %

NH2OH HCI, BaCOa, 
EtOH,
reflux, 16 h, 30-70 %

N-O H

N-O H

hydrazine, Pd/C, EtOH, 

reflux, 16 h, 30-70 %

Scheme 5: Conversion of phen to phen-5,6-diamine 24

The hexa-l,5-diyne-3,4-diones 25, the second component for the condensation reaction 

leading to alkynylated pyzphen, was synthesised applying the established procedure 

developed in our group.^^ The lithium acetylide, generated in situ from the respective 

acetylene by treatment with w-butyllithium, was converted to the corresponding copper 

acetylide. This species was then reacted with oxalyl chloride in the presence of lithium 

bromide, affording, after hydrolysis, the acetylenic diones in moderate to good yields 

(Scheme 6).
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1.) BuLi
2.) CuBr, 2 LiBr
3.) 0.5 (COCI)2 O .R

R—= —H
THF, 0 °C, 1 h

O 

25

25a: R = phenyl, 60
25b: R = Sl(/-Pr)3, 85
25c: R = 4-A/,A/-dimethylaminophenyl, 54 %
25d: R = Si(CH3)2Ph, 45 %

Scheme 6: Synthesis of acetylenic 1,2-diones 25

Whereas 25a and 25b are known/^ W-dimethylaminophenyl-terminated 25c and 

dimethylphenylsilyl-protected 25d are new members of this class of compounds and 

were obtained from 4-A ,̂A^-dimethylaminophenylacetylene^  ̂ and dimethylphenylsilyl- 

acetylene/^ respectively. Interesting features of the novel diones are the amino 

functionality present in 25c, that could act as an electronic modifier in this structural 

unit, and the dimethylphenylsilyl protecting group in 25d. This derivative represents the 

first example of an acetylenic 1,2-dione, in which a terminally free acetylene can be 

generated under mild basic conditions without employing fluoride.^®’̂  ̂ This aspect will 

play a crucial role in later stages of this project. 25d was found to be quite unstable and 

decomposed during storage under argon at -20 °C over a period of one month.

With both building blocks for the pyzphen construction now available, the condensation 

proceeded smoothly and in good yield by adding phen-5,6-diamine 24 to a solution of 

the respective dione 25 in acetic acid. All pyzphen heterocycles were found to be air- 

stable solids, but in the case of 26b and 26d proved to be considerably hygroscopic 

(Scheme 7).
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O

R

R
AcOH, r.t., 1 h

O

25 26

26a: R = phenyl, 79 %
26b: R = Si(/-Pr)3, 72 %
26c: R = 4-A/,A/-dimethyiaminophenyl, 87 %
26d: R = Si(CH3)2Ph, 57 %

Scheme 7: Synthesis of acetylenic pyzphens 26

For comparison, a non-acetylenic model compound was synthesised along the same 

route, starting from phen-diamine 24 and benzil (Scheme 8).

AcOH, r.t., 1 h

6 8 %

' U
24 29

Scheme 8: Synthesis of non-acetylenic pyzphen reference compound 29

The electronic absorption spectra of the acetylenic pyzphen ligands 26a-c and their non- 

acetylenic counterpart 29 are depicted in Figure 5. Not unexpectedly, the spectra of the 

two silyl-terminated acetylenic derivatives 26b and 26d are virtually superimposible 

and thus only that of 26b is shown.
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Figure 5: Electronic absorption spectra of non-acetylenic 29 (..........), phenyl-
terminated 26a (— —  -), (/-Pr)3 Si-terminated 26b (— —) and

dimethylaminophenyl-terminated 26c (---------) recorded in CH2 CI2 at 298 K

The absorption spectra presented in Figure 5 are dominated by n—>n* transitions in the 

ultraviolet region and by n—>71* transitions tailing into the visible. Upon closer 

inspection, a bathochromic shift of the longest wavelength absorptions of the acetylenic 

pyzphens 26a-c of up to 90 nm, relative to that of the non-acetylenic reference 

compound 29 is observed. This red shift can be clearly attributed to the presence of the 

acetylene moieties and the associated enlarged n system in 26a and 26b. For 26c, the 

situation is more complex since additional dimethylamino-induced charge-transfer 

transitions are operative. In the longest wavelength absorption of phenyl-terminated 

26a, a small, but non-negligible red shift can be detected relative to that of the silyl- 

terminated 26b, indicating a contribution of the distal phenyl groups to the electronic 

delocalisation of the main chromophore. This finding emphasises the possibility that 

fine-tuning of the ligands’ electronic properties by fiirther fimctionalisation on the 

acetylene termini may be possible.
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The luminescence spectra of the pyzphen ligands were recorded upon excitation at the 

respective absorption maxima around 320 nm in CH2 CI2 and are corrected for the non

linear response of the photomultiplier tube. (Figure 6).
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Figure 6: Normalised emission spectra of non-acetylenic pyzphen 29 (..........) and
of acetylenic 26a (—••••—  -), 26b (— — ), 26c (---------) in CH2 CI2

at 298 K; excitation at the respective absorption maximum around 320 nm

In analogy to the corresponding electronic absorption spectra in Figure 5, a 

bathochromic shift of 12 nm in the emission maximum of the acetylenic pyzphen 26a 

relative to that of the non-acetylenic reference compound 29 is observable and can be 

attributed to the enlarged n system present in the acetylenic heterocycle. Silyl- 

terminated 26b exhibits a more complex emission pattern reflecting the more structured 

UVA^is absorption spectrum. Pyzphen 26c, whose electronic properties are modified by 

the dimethylaminophenyl substituents, exhibits markedly different luminescence 

properties fi*om those of its counterparts. No emission around 400 nm can be detected, 

but the compound is strongly luminescent at 590 nm.
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The electronic properties of the novel pyzphen chromophores were also investigated by 

cyclic voltammetry. The redox potentials, recorded from a 2 mM solution of the 

respective heterocycle in deaerated CH2 CI2 with tetrabutylammonium tetrafluoroborate 

(0.1 M) as supporting electrolyte, are summarised in Table 1.

Table 1 : Electrochemical data for the pyzphen heterocycles

E r e d o x / V

Acetylenic Pyzphen

26a : R = phenyl -1.49

26b:R = Si(/-Pr) 3  -1.53

26c: R = 4-A,A-dimethylaminophenyl 0.83® -1.56

Non-acetylenic Pyzphen 29 -1.81

Potentials were determined by cyclic voltammetry with a scan rate of 50 mV/s on a Ft working electrode 
vs. Fc/Fc  ̂at r.t. in dearated CH2CI2 using 0.1 M NBU4BF4 as supporting electrolyte. “ Irreversible.

Due to their extended n system, the reduction of the acetylenic pyzphens is more facile 

and occurs at a potential that is up to 300 mV less negative than that of the non- 

acetylenic analogue 29. Phenyl-terminated 26a exhibits the highest reduction potential 

at -1.49 V, whereas the electron-rich derivative 26c is reduced at a potential that is 70 

mV more negative. Furthermore, A, A-dimethylamino-substituted 26c is the only 

pyzphen in this series that shows a non-reversible oxidation at 0.83 V. This is in good 

agreement with the reported oxidation of aniline at 0.85 V*® (observed in solution of 0.1 

M sulphuric acid vs. SCE) and hence this oxidative process observed in 26c can be 

assigned to an oxidation localised on the dimethylaminophenyl terminus.

In summary, it was shown that acetylene substitution does indeed modify the electronic 

properties of the free pyzphen ligands to a sizeable degree. This result is in good 

agreement with preliminary PM3-MO calculations on the electronic structure of these 

heterocycles, where an involvement of the alkyne moieties to the molecular orbitals of 

the heterocycles was predicted. The termini of the acetylene portion can be frirther 

utilised to fine-tune the electronic properties of the pyzphen core by additional
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fimctionalisation. Incorporation of strong electronically active groups at the acetylene 

termini are reflected in the photo-physical properties of the heterocycles.

1.2. Acetylenic [(BL)2Ru(pyzphen)] Complexes

Having established a series of differently terminated acetylenic pyzphen heterocycles 

together with a non-acetylenic reference compound, their complexation behaviour 

towards (BL)2Ru fragments (BL = bpy or phen) was investigated. In addition to the 

more common (bpy)2 Ru co-ordination compounds, we chose to prepare a second series 

of [(BL)2Ru(pyzphen)]^^ complexes where the ruthenium is chelated by two phen co

ligands. This strategy will allow a more detailed investigation of the interactions 

between the metal centre and the pyzphen ligands.

In accordance with numerous literature procedures,**  ̂ it was foimd that metal 

complexation of the acetylenic ligands 26a,b,d proceeded smoothly by refluxing 

equimolar amounts of the pyzphen ligand and [(bpy)2RuCl2 ]** or [(phen)2RuCl2]*̂  

respectively, in ethanol over night. Conveniently, analytically pure samples were 

obtained upon anion exchange with aqueous NH4PF6 , affording the Ru complexes as 

orange to red solids in good yield (Scheme 9).

.R 1.)(BL)2RuCl2 H2O 
BOH, reflux, 16 h

2 .) aq. NH4PF6

2+.."' 
(BL)2Ru> PFfi 2

26

bpy series:

phen series:

30a: R = phenyl,
30b: R = Si(/-Pr)3, 
30d: R = Si(Ch3)2Ph, 
31a: R = phenyl,
31b: R = Si(/-Pr)3,

30: BL = bpy 
31: BL = phen 

78%
81 %
85%
84%
73%

Scheme 9: Complexation of acetylenic pyzphen ligands to 
(BL)2Ru fragments (BL = bpy, phen)
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Despite many eflForts to prepare a (BL)2Ru complex of the dimethylaminophenyl- 

substituted 26c, these compounds remain elusive. None of the attempts, which included 

an increase of the reaction temperature by changing from ethanol to a higher-boiling 

solvent such as DMF or ethylene glycol were blessed with success. Although some Ru 

species could be isolated after anion exchange with aqueous NH4PF6 , the ^H-NMR 

spectrum of this product displayed a non-interpretable pattern in the aromatic region. 

Efforts to apply an alternative strategy*  ̂ and to remove the chloride ions on 

[(bpy)2 RuCl2] by the addition of Ag^ prior to the complexation with 26c did not result 

either in the preparation of complex 30c.

Mirroring the behaviour of the acetylenic pyzphens 26a,b,d, complexation of non- 

acetylenic 29 to the respective Ru fragments was achieved using the procedure 

discussed above in refluxing ethanol (Scheme 10).

1.) (B^zRuClg HzO 
EtOH, reflux, 16 h

2 .) aq. NH4PF6

2+.."'' 
(BL)2Ru;

29
32: BL = bpy 
33: BL = phen

71 % 
78%

Scheme 10: Complexation of the non-acetylenic reference compound 29
to (BL)2 Ru fragments

As their hexafluorophosphate salts, the Ru(pyzphen) co-ordination compounds 30-33 

show good solubility in polar, aprotic solvents such as dichloromethane, acetone, 

acetonitrile and DMSO. The *H-NMR spectra of these octahedral co-ordination 

compounds display a well-resolved pattern in the aromatic region, the signals of which 

could be unambiguously assigned with the aid of correlation spectroscopy

(COSY). This is demonstrated for phenyl-terminated [(bpy)2Ru(pyzphen)]^^ 30a in 

Figure 7.
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Figure 7: ‘H-’H COSY of phenyl-terminated [(bpy)2 Ru(pyzphen)] '̂  ̂30a, 
recorded in DMS0-d6 at 298 K (500 MHz)

The signals can be categorised into three different sets, two of which originate from 

protons on the bpy auxiliary ligands and one from the protons on the pyzphen core. 

With the help of its coupling constant, the signal furthest downfield around ô = 9.5 ppm 

was assigned to the protons in the y positions relative to the nitrogens of the phen 

moiety. The large downfield shift for the signal of these protons is provoked by the 

nitrogen lone pairs of the annelated pyrazine unit. Hence, the two other signals of this 

set around ô = 8.3 and 8.0 ppm originate from the resonances of the protons in the a  and 

p positions, respectively. The remaining resonances were assigned to the protons 

located on the two pyridine moieties of the bipyridine.
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A comparison of the *H-NMR spectra of compounds 30a,b and 32 reveals that the 

chemical shift of the y protons in the pyzphen ligands is diagnostic for the presence of 

acetylene substituents (Figure 8).

a LUuiiijL
Non-acetylenic reference compound 32

Phenyl-terminated 30a

((-Pr))Si-terminated 30b

9.5 9.0 8.5

5 [ppm]

8.0 7.5

Figure 8: *H-NMR spectra of acetylenic [(bpy)2 Ru(pyzphen)]^^ 30a,b and 
non-acetylenic 32, recorded in DMSO-d6 at 298 K (400 MHz)

Whereas the positions of the a  and p protons remain largely unaffected, that of the y 

protons experiences a shift of up to AÔ = 0.25 ppm upon substitution of the pyzphen 

chelate with acetylenes. The highest upfield shift is observed for derivative 30b, where 

voluminous tri-wo-propylsilyl groups provide additional shielding. Not surprisingly, the 

resonances of the bpy co-ligands are not affected by variations on the pyzphen 

substituents.

The electronic absorption spectra of the novel [(BL)2Ru(pyzphen)]^^ complexes are 

largely similar to one another and comparable to that of [Ru(bpy)3 ]̂  ̂ 2.*̂  The UV/Vis 

spectra of acetylenic [(bpy)2Ru(pyzphen)]^^ complexes 30a,b together with that of non- 

acetylenic 32 are illustrated in Figure 9.
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Figure 9: Electronic absorption spectra of [(bpy)2Ru(pyzphen)]^^ complexes 32 
(..........), 30a (— —  ) and 30b (--------- ), recorded in CH2 CI2  at 298 K

The electronic absorption spectra of the complexes are dominated by Hgand-centred 

(LC) 71^71* transitions in the UV region around 290 nm (265 nm for the phen series). 

This assignment is in agreement with the absorption maximum observed for protonated 

bipyridine (286 nm in 50 % sulphuric acid).*"̂  Comparison of the longer wavelength 

absorptions of the complexes in the near-UV region between 360 and 390 nm with the 

corresponding transitions in the spectra of the Jfree ligands (Figure 5) supports the 

assumption that these transition are of a n-^71* nature and are located on the respective 

ligands. The shoulder at 340 nm in the spectrum of complex 30a may be assigned to a 

metal-centred (MC) transition.*^ The absorptions beyond 450 nm are usually attributed 

to metal->ligand charge transfer (MLCT) transitions.*^ As can be seen in Figure 9, the 

MLCT bands are broad and featureless, rendering the observation of acetylene-induced 

shifts difficult. The situation is similar in the absorption spectra of the 

[(phen)2Ru(pyzphen)]^^ series 31a,b and 33.
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However, acetylene-induced shifts can be detected fi'om an inspection of the emission 

data of the different Ru complexes {cf. Table 2). Since the emissions arise fi'om the 

MLCT excited states, subtle changes in the spectra of acetylenic and non-acetylenic 

[(BL)2Ru(pyzphen)]^^ complexes indicate the participation of the acetylenes in the 

metal-ligand interaction. The luminescence spectra were recorded in solution of CH2 CI2  

at room temperature upon excitation at the longest wavelength absorption maximum of 

the respective complex and are corrected for the non-linear response of the red-sensitive 

R928 photomultiplier tube.

Table 2: Electronic emission data of [(BL)2Ru(pyzphen)]^^ complexes 30-33

X,em/nm“ x/ns'’ x/nŝ '̂ 4)'

Bpy series

Acetylenic Ru complexes 

30a: R = phenyl 602 350 570 0.041

30b:R=Si(/-Pr)3 604 320 490 0.036

30c:R = Si(CH3)2Ph 

Non-acetylenic 32

605

595 270 420 0.028

Phen series

Acetylenic Ru complexes 

31a: R = phenyl 598 250 330 0.029

31b:R = Si(/-Pr)3 598 240 300 0.022

Non-acetylenic 33 593 150 190 0.015

All measurements in CH2 CI2 at 298 K. “Emission upon excitation at 450 nm. ‘Luminescence lifetimes ± 
10 %. ‘Deaerated solution. ‘‘Luminescence quantum yields (±20 %) relative to [Ru(bpy)3]Cl2  in aerated 
H2 O { ^  0.028).

The Ru co-ordination compounds bearing acetylenic pyzphen ligands (series 30 and 31) 

show small, but noticeably bathochromically shifted emission maxima relative to those 

of the non-acetylenic reference compounds 32 and 33. The effect is most pronounced in 

the bpy series, where the emission maximum of 30c is shifted by 10 nm relative to that 

of non-acetylenic 32. A similar picture emerges fi'om an inspection of the emission 

lifetimes recorded in both, aerated and deaerated solutions. A clear trend towards longer 

emission lifetimes upon acetylene substitution of the chelating pyzphen ligands can be 

observed. Furthermore, the luminescence quantum yields recorded for the acetylenic Ru
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complexes are markedly increased relative to those of the non-acetylenic model 

compounds. In the most pronounced case, the quantum yield almost doubles going from 

33 to 31a.

These results indicate that the pyzphen ligands contribute significantly to the electronic 

properties of the complexes. However, as conveyed by the differences between the

[(bpy)2Ru(pyzphen)]^^ and the [(phen)2Ru(pyzphen)]^^ series of complexes, the 

bpy/phen ligands are similarly involved in MLCT interactions.

Having established at least a partial participation of the acetylenic pyzphen ligand in the 

photophysical processes of [(BL)2 Ru(pyzphen)]^^ complexes, its influence on the 

electrochemical behaviour was investigated. Cyclic voltammograms were recorded for a 

2 mM solution of the respective complex in deaerated acetonitrile with 

tetrabutylammonium tetrafluoroborate (0.1 M) as supporting electrolyte calibrated vs. 

the Fc/Fc'*’ couple. A representative cyclic voltammogram with reversible redox couples 

is shown in Figure 10 for the Si(/-Pr)3-terminated [(bpy)2Ru(pyzphen)]^^ 30b.

2+

§
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■2 01 1 2
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Figure 10: Representative cyclic voltammogram of a deaerated, 2 mM solution of 30b 
in acetonitrile with 0.1 M BU4BF4 as supporting electrolyte vs. Fc/Fc^
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The electrochemical data of the [(BL)2Ru(pyzphen)] '̂^ complexes 30-33 are summarised 

in Table 3.

Table 3: Electrochemical data of [(BL)2Ru(pyzphen)]^^ complexes 30-33

E i/2(Ru'^ “)/V EredÂ

Bpy series

Acetylenic Ru complexes 

30a: R = phenyl 1.24 -1.13^ -1.56"

30b:R = Si(j-Pr)3 1.25 -1.16 -1.53

Non-acetylenic 32 1.23 -1.36 -1.59

Phen series

Acetylenic Ru complexes 

31a: R = phenyl 1.25 -1.14" -1.50"

31b:R = Si(/-Pr)3 1.25 -1.17" -1.49"

Non-acetylenic 33 1.23 -1.38" -1.53"

Potentials were determined by cyclic voltammetry with a scan rate of 50 mV/s on a Ft working electrode 
V5 . Fc/Fc  ̂at 298 K in deaerated acetonitrile using 0.1 M NBU4BF4 as supporting electrolyte.
® Irreversible.

The redox potentials of the Ru"/Ru^^ couple are unaffected by the remotely differing 

chelating pyzphen ligands, as well as by the nature of the auxiliary co-ligands. 

However, by comparing the data collected for the free ligands (Table 1) with those of 

the complexes in Table 3, it emerges that co-ordination of the ligands to a cationic 

(BL)2Ru fragment leads to less negative first reduction potentials. This shift is a direct 

result of charge density being diverted towards the metal centre, thereby facilitating 

electron uptake by the pyzphen ligand. The Ru complexes bearing acetylenic pyzphen 

are reduced even more easily than the respective non-acetylenic derivatives by ca. 200 

mV due to the electron-withdrawing properties of the acetylene moiety. The difference 

in the reduction potentials between the free ligands 26 and 29 and their corresponding 

(BL)2 Ru complexes 30-33 (AE between 0.45 V for 29/32 and 0.36 V for 26a/30a) has 

the same magnitude as that reported for the dppz/[(bpy)2Ru(dppz)]^^ pair (AE = 0.32 V). 

This was interpreted as a reflection of the limited electronic coupling between the 

ligand and the Ru centre.^^
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In all the [(BL)2Ru(pyzphen)]^^ complexes investigated here, a second reduction wave 

is observed around -1.5 V, which is usually attributed to processes localised on the bpy 

or phen co-ligands. In agreement with this assignment is the fact that the second 

reduction occurs at slightly less negative potential in the phen series.

In summary, we have demonstrated that the electronic properties of the pyzphen 

heterocycle can be modulated by the introduction of differentially terminated 

acetylenes. In their corresponding [(BL)2 Ru(pyzphen)]^^ complexes, the photophysical 

properties were shown to be influenced by the acetylene termini, although their effect is 

somewhat subdued by the presence of the bidentate co-ligands and their participation in 

the photophysical processes.

In the electrochemical experiments, the acetylene termini on the pyzphen were found to 

have a marked influence on the redox potentials of the first reduction in the fi'ee ligands 

as well as in the [(BL)2Ru(pyzphen)]^^ complexes.



Results and Discussion 46

2. Exploration of Acetylenic Pyzphen Analogues in the Construction of 

Dehydroannulenes

After the electronic properties of acetylenic pyzphen analogues and their corresponding 

Ru complexes had been evaluated, their suitability as building blocks in the assembly of 

dehydroannulene-linked polypyridine ligand systems such as 1 was investigated. This 

chapter will discuss two different approaches to the construction of dehydroannulene- 

fused Ru polypyridine complexes. A common theme in both attempts is the 2,3- 

diacetylenic pyzphen chelate which was envisaged to be a viable starting point for 

fiirther elaboration by oxidative acetylene coupling. In the first approach, the suitability 

of the terminally fi'ee, diacetylenic pyzphen heterocycle 26e and its corresponding 

[(bpy)2 Ru(pyzphen)]^^ complex 30e for the preparation of dehydroannulenes is 

investigated. The second section is concerned with the synthesis of aryl and alkyl- 

substituted, 2,3-dialkynylated pyzphen heterocycles 26 and their potential in the 

assembly of dehydroannulenes.

26e

H

H

30e

X
X y k

(PF6‘)2 iT
N

X
X

26

X = aryl or alkyl substituents

The different strategies are summarised in two separate sub-chapters and do not 

describe the synthetic work in chronological order.
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2.1. Terminal Acetylenic [(bpy)2Ru(pyzphen)] Complexes in Oxidative 

Acetylene Coupling Reactions

The (/-Pr)3 Si- or (CH3)2PhSi-terminated dialkynyl pyzphen 26b or 26d were deemed to 

be convenient starting materials for the assembly of dehydroannulene-fiised 

polypyridine ligand systems. Hence, protodesilylation of a solution of the (/-Pr)3 Si- 

protected pyzphen 26b in THF was attempted using tetrabutylammonium fluoride 

(TBAF) as illustrated in Scheme 11.

Si(/-Pr)3

Si(/-Pr)3

TBAF, wet THF,

0 °C, 5 min, 72 %

26b 26e

Scheme 11 : Protodesilylation of (/-Pr)3 Si-terminated pyzphen 26b employing TBAF

After addition of the fluoride, tic control indicated complete consumption of the starting 

material and the formation of a grey precipitate was observed. The precipitate was 

isolated fi-om the reaction mixture by a simple filtration and was washed with CH2 CI2 . 

Despite its low solubility in common organic solvents, the grey solid could be identified 

as the terminally free dialkynyl pyzphen 26e by EI-MS. Furthermore, the ^H-NMR 

spectrum of 26e shows a signal at ô = 3.70 ppm, diagnostic for the ^H resonance of 

terminal acetylenes. The pyzphen system 26d, which is equipped with the more labile 

dimethylphenylsilyl protecting groups at the alkyne termini, led to the same compound 

when the former was protodesilylated with K2 CO3 in methanol at room temperature. In 

addition to its low solubility, pyzphen 26e was found to be hygroscopic, gaining 

considerable weight upon exposure to the atmosphere. The poor solubility of 26e is 

perhaps not surprising, since large, planar heterocycles are reported to be prone to n 

stacking, thereby hampering their solubility properties.^^ The low solubility in aU 

common organic solvents together with the observed hygroscopicity renders the 

terminal acetylenic pyzphen 26e an unsuitable substrate in acetylene coupling reactions.
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For this reason, the synthesis of the (bpy)2Ru-complexed terminal acetylenic pyzphen 

30e was explored, since attachment of a cationic Ru fragment should result in enhanced 

solubility/^ However, 30e is not accessible by direct metal complexation of the 

pyzphen 26e due to the low solubility of the latter compound in acetone, ethanol, 

ethylene glycol or in other solvents usually used for this process.*’̂  Hence, an 

alternative protocol describing the deprotection of (/-Pr)3 Si- or Ph(CH3)2 Si-terminated 

[(bpy)2 Ru(pyzphen)] '̂^ 30b or 30d had to be developed.

Unfortunately, (/-Pi)3 Si-protected Ru complex 30b did not prove to be a viable starting 

point for the generation of terminally free pyzphen complex 30e, since it decomposed 

readily upon the addition of fluoride at temperatures above -20 °C, presumably due to 

metal décomplexation and the formation of Rup2 . Monitoring the protodesilylation 

experiments of 30b by *H-NMR spectroscopy, no reaction could be observed at lower 

temperatures (Scheme 12).

Si(/-Pr) 3

(bpylzRu.
N

(PFelz

Si(/-Pr) 3

(bpylzRu
N

TBAF,
acetone

-78->0°C

30b

2+ . .
(bpy)2Ru^ I (PF6)2

30e H

Si(CH3)2Ph

(PF6 I 2

Si(CH3)2Ph

K2 CO3 ,
acetonitrile,

r.t., 15 min, 95 %

30d

Scheme 12: Protodesilylation reactions of silyl-terminated 
[(bpy)2 Ru(pyzphen)]^^ 30b and 30d
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Finally, our efforts to generate free terminal acetylene groups on the pyzphen chelate 

were met with success when a strategy was used that exploits both, the solubilising 

properties of an attached Ru fragment as well as the mild conditions to remove a more 

labile silyl protecting group. Hence, complex 30d was smoothly protodesilylated to 

form terminally free 30e by stirring the former compound together with K2 CO3 in 

acetonitrile at room temperature for 15 minutes. After recrystallisation from acetonitrile, 

CH2 CI2 and diethyl ether, complex 30e was obtained as an orange, air-stable solid, 

which was found to be soluble in polar, aprotic organic solvents as its 

hexafluorophosphate salt. The diagnostic signal for the terminal acetylenic proton in the 

^H-NMR spectrum was observed at 5.28 ppm (DMS0-d6, 298 K, 400 MHz), which is a 

remarkable downfield shift for an acetylenic proton. The strong deshielding suggests a 

considerable electronic influence of the remote Ru cation, which removes electron 

density from the acetylene termini.

With the terminally free acetylene 30e in hand, the focus was directed towards its 

utilisation in oxidative acetylene coupling reactions. Most gratifyingly it was found that 

acetylene 30e, in principle, is amenable to oxidative acetylene coupling reactions. Thus, 

a solution of 30e in acetone together with a large excess of either 4-tert- 

butylphenylacetylene*^ or 4-A^#-dimethylaminophenylacetylene,^^ respectively, in the 

presence of the pre-formed Hay catalyst,furnished the butadiynes 30f,g in yields over 

70 % (Scheme 13).
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(bpy)2Ru> (PF6)2 + 2 H

30e

30f.
30g:

R’ = ferf-butyl

R’ = A/,A/-dimethylamino

CuCl, TMEDA, 
acetone, O2,

25 °C,3h

Scheme 13: Oxidative acetylene /zetero-coupling between 30e and 
selected phenylacetylenes

The butadiynyl-substituted [(bpy)2Ru(pyzphen)]^^ complexes could be separated from 

the 1,4-diarylbutadiyne, concomitantly formed from the Aomo-coupling of excess 

arylacetylene, by filtration through a plug of AI2O3. Eluting the plug with 

dichloromethane afforded the 1,4-diarylbutadiyne, whereas the metal complex could be 

liberated by changing the eluent to a solution of ammonium hexafluorophosphate in 

acetonitrile. Compounds 30f,g were isolated as red, air-stable and, in the case of 30g, 

hygroscopic solids. They could be characterised, in particular, by their ^^C-NMR 

spectra that feature four acetylenic carbon resonances at ô = 87.5, 81.3, 77.2 and 72.0 

ppm for 30f and at ô = 90.7, 83.0, 77.9 and 71.8 ppm for 30g, respectively (DMSO-de, 

298 K, 400 MHz). The electronic absorption spectra of the novel butadiynyl-substituted 

[(bpy)2 Ru(pyzphen)]^^ complexes 30f and 30g, together with that of the phenyl- 

terminated acetylenic 30a are shown in Figure 11.
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Figure 11 : Electronic absorption spectra of (bpy)2 Ru-chelated alkynyl-substituted 30a
(..........), and butadiynyl-substituted 30f (— —  ) and 30g (---------),

recorded in CH2 CI2 at 298 K

The complexes show a comparable pattern in the UV region, where the strongest 

absorption is observed around 290 nm, assigned earlier as a LC transition located on the 

bipyridine units. In the visible region, however, a marked change in the electronic 

absorption spectra of the respective butadiynes compared to that of the ethynyl- 

substituted 30a is apparent. The longest wavelength absorptions of the former are not 

only bathochromically, but also hyperchromically shifted relative to that of the alkynyl 

derivative 30a. This is particularly so in case of the amino-functionalised 30g. Whereas 

the small red-shift observable for butadiyne 30f can be rationalised by the presence of 

the extended n system of the butadiynylated chromophore, the strong hyperchromie 

shift in the spectrum of 30g suggests the presence of additional transitions. Presumably, 

the MLCT is overlaid by a ligand-centred charge transfer transition from the N,N- 

dimethylaminophenyl ftmctionality to the pyzphen core, similar to the situation 

observed for the free ligand 26c (c/ section 1.2.).
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A further hint for the presence of additional transitions in 30g can be deduced from the

inspection of the emission characteristics (Table 4).

Table 4: Emission data of ethynylated 30a and butadiynes 30f and 30g

A<em/nm

Ethynyl [(bpy)2 Ru(pyzphen)]^^ complex

30a: R = phenyl 450 602

Phenylbutadiynyl [(bpy)2Ru(pyzphen)]^^ complexes

30f: R’ = tert-hvXy\ 465 606

30g: R’ = A-dimethylamino 450 612

489 featureless

Emission spectra were recorded for solutions in CH2CI2 at 298 K

The luminescence maxima for all [(BL)2Ru(pyzphen)]^^ complexes presented so far 

were found to be independent from the excitation wavelength. This observation also 

applies to the rgrr-butylphenylbutadiyne-containing Ru complex 30f where the emission 

maximum is found at shghtly longer wavelength at 606 nm relative to that of mono- 

acetylenic 30a, reflecting the enlarged n system of the former. In contrast to this 

behaviour, the luminescence of A/-dimethylamino-frmctionalised 30g is dependent on 

the excitation wavelength. Whereas excitation at 450 nm gives rise to an emission 

peaking at 612 nm, excitation at the longest wavelength absorption maximum of 489 

nm results in a featureless emission tailoring into the near infrared (observed up to 800 

nm). This finding may be an indication for additional CT transitions, directed from the 

amino-terminus towards the pyzphen core and perhaps extending to the metal centre.

Cyclic voltammograms for the novel butadiyne-containing [(bpy)2Ru(pyzphen)]^^ 

complexes 30f,g were recorded under conditions similar to those described above for 

the complexes 30-33. For comparison reasons, the data for the mono-acetylenic 

complex 30a are also included in Table 5.
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Table 5: Electrochemical data of ethynylated 

butadiynylated 30f,g

[(bpy)2Ru(pyzphen)]^^ 30a and

Ei/2 (Ru'^")/V Ered/V

Ethynyl [(bpy)2Ru(pyzphen)]^‘̂ complex

30a: R = phenyl 1.24 -1.13" -1.56"

Arylbutadiynyl [(bpy)2Ru(pyzphen)]^^ complexes

30f: R’ = tert-huty\ 1.24 -0.95" ^

30g: R’ = A^-dimethylamino 0.87" 1.24 - 1 .0 0 " ^

Potentials were determined by cyclic voltammetry with a scan rate of 50 mV/s on a Ft working electrode 
vs. Fc/Fc  ̂at 298 K in deaerated acetonitrile using 0.1 M NBU4BF4 as supporting electrolyte.
“ Irreversible. *Tslot observed.

In agreement with earlier results (see section 1.2), the redox potential for the Ru^/Ru™ 

couple is largely invariant to peripheral substituents on the pyzphen heterocycle. 

However, upon the introduction of a butadiynyl moiety the first reduction occurs at a 

potential that is up to 180 mV more positive compared to that of ethynyl-substituted 

30a. With the first reduction being centred on the pyzphen ligand, this finding can be 

rationalised by the extended n system of the butadiynes 30f,g. The radical anions of 

complexes 30f,g, generated by the first electrochemical reduction, were found to 

decompose readily and no second reduction could be detected even by increasing the 

scan rate fi-om 50 to 300 mV/s. Finally, a non-reversible oxidation at a potential of 0.87 

V was detected for the amino-substituted complex 30g. This value is typical for the 

electrochemical oxidation of aniline*® and in good agreement with the electrochemical 

behaviour observed for the fi'ee ligand 26c, which was oxidised at 0.83 V (see section

1. 1.).

Having established a successful procedure for the preparation of butadiynes 30g,f by 

oxidative acetylene Aergm-coupling, the feasibility to employ terminally fi'ee 30e for the 

assembly of cyclic polynuclear metal arrays such as 1  by a similar /zowo-coupling 

reaction of 30e was investigated. Hence, complex 30e was subjected to the Hay 

coupling conditions*^ as illustrated in Scheme 14.
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(bpy)2 Ru.

30e

CuCI, TMEDA, 
acetone, O2.

25°C, 3 h

Ru

1

Ru'

(2n+2)+

Scheme 14: Acetylenic /zo/wo-coupling of terminally free 30e

Within seconds of the addition of the Hay-catalyst/^ tlc-control on alumina indicated 

the complete consumption of the starting material. After removal of the copper catalyst 

by filtration through a plug of AI2O3, a non-emitting red material was obtained. In the 

*H-NMR spectrum of the product, a complicated pattern in the aromatic region was 

observed and no singlet characteristic for terminal acetylenes at ô = 5.28 ppm could be 

detected. The absence of the singlet indicates not only the consumption of the starting 

material but also the formation of a cyclic metal array, since a linear oligomer would 

still possess a terminal acetylenic proton. The highly complex pattern in the aromatic 

region was attributed to the existence of several oligomeric, cyclic structures which 

themselves may exist as mixtures of diastereomers.

A more detailed insight into the composition of the red material was expected from 

further studies by mass spectrometry. However, neither ionisation by fast atomic 

bombardment (FAB), nor by electrospray (ES) resulted in any distinct peaks. Finally,
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by employing MALDI TOF (matrix-assisted laser desorption ionisation time of flight) 

techniques using a-cyano-4-hydroxycinnamic acid together with trifluoroacetic acid 

(TFA) as a matrix, two distinct peaks were observed at m/z ratios of 3919 and 6012, 

corresponding roughly to the molecular masses of tetrameric dehydro[24]annulene 

(n=3) and hexameric dehydro [36]annulene (n=5), respectively. Unfortunately, all 

attempts to isolate individual (bpy)2Ru co-ordinated dehydroannulenes either by size 

exclusion chromatography on Sephadex® resin or by fi*actional recrystallisation failed. 

Furthermore, control over the composition of the product could not be achieved even by 

applying dififerent reaction conditions such as adding the acetylene and the Hay catalyst 

separately to the reaction vessel via syringe pump over a period of eight hours.

The problems encountered in the oxidative acetylene coupling of simple ortho- 

diacetylenic compounds prompted us to investigate a more controlled approach towards 

a dehydroannulene assembly, as offered under Cadiot-Chodkiewicz conditions,'*  ̂ in 

which a bromoacetylene is reacted with a terminally free acetylene under copper 

catalysis. The corresponding bromo-terminated [(bpy)2Ru(pyzphen)]^^ complex was 

obtained by stirring a solution of 30e, 7V-bromosuccinimide (NBS) and silver nitrate at 

room temperature in the dark for four hours (Scheme 15).*^

(bpylzRu"
NBS, AgNOs,

acetone, r.t., 4 h, 
8 8 %

(bpy)2 Ru2+ ." '''

r n
II

(PF6 l 2

30e

Scheme 15: Synthesis of bromoacetylene 30h

30h

The bromo-terminated Ru complex 30h was obtained as a red solid in good yield after 

precipitation from a solution in acetonitrile and CH2 CI2 by the addition of diethyl ether. 

Compound 30h could be unambiguously identified by FAB-MS as well as by *H-NMR 

spectroscopy, which testified to the absence of the characteristic singlet at 5.28 ppm 

from the starting terminal acetylene. It was found, however, that bromoacetylene



Results and Discussion 56

complex 30h decomposes readily within one day, even when stored at -20 °C under 

argon in the dark.

It is probably for this reason that no suitable reaction conditions could be found for the 

Cadiot-Chodkiewicz'*^ coupling between the bromoacetylene-substituted 

[(bpy)2Ru(pyzphen)]^^ complex 30h and an external acetylene such as 4-tert- 

butylphenylacetylene as depicted in Scheme 16.

CuCI, NHgOH HCI, 
PrNHz,

,Br
[ \

(bpy)2Ru. 1

T 1

+ 2 H-

'Br
(PFe‘ ) 2  ^

30h

/ = \  /  PrNH2 ,
2 H =  - C /)— T  30f

\  CH2CI2 , r.t.. 3h '

Scheme 16: Attempted Cadiot-Chodkiewicz coupling between bromoacetylene 30b
and 4-rgr/-butylphenylacetylene

The instability of Ru co-ordinated bromoacetylene is not entirely unexpected, since 

bromoacetylenes and haloacetylenes in general are known to be unstable, sometimes 

even explosive compounds.** Presumably, bromoacetylene 30h decomposes via a 

nucleophilic attack on the electron-deficient acetylene moiety.

Since our initial attempts to construct a Ru co-ordinated dehydroannulene-linked 

polypyridine ligand system such as 1 by simple oxidative acetylene coupling of a 1 ,2 - 

diacetylenic Ru pyzphen complex were hampered by the inability to control the 

composition of the product as well as by isolation and characterisation difiBculties, we 

decided to endeavour into the synthesis of linear dimeric model compounds such as 34. 

The retrosynthetic analysis for the assembly of these dinuclear (bpy)2Ru co-ordinated 

model compounds is depicted in Scheme 17.
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(bpy)2 Ru

2+

.Ru(bpy)2

(PF6')4

X  N̂ (/-Pr)3Si

Scheme 17: Retrosynthetic analysis for the assembly of linear dimeric 34

Our intention was to generate the linear dimeric species 34 from differentially 

substituted, 2,3-diacetylenic pyzphen precursors bearing one terminal acetylene moiety. 

These compounds, in turn, should be conveniently accessible by the condensation of 

phen-5,6 -diamine 24 with unsymmetrical diacetylenic diones 25 where one acetylene 

moiety is equipped with a removable silyl protecting group and the other one is 

terminated by an aryl substituent. It was envisaged that further alkyl substituents on the 

aryl terminus of the acetylene will result in an improved solubility of the pyzphen 

heterocycle. /er^-Butyl groups, either in the meta or in the para positions on the phenyl 

moiety have been used before in our group to prevent aggregation of large planar 

molecules*^ and were expected to act in a similar fashion in the pyzphen ligands. 

Unsymmetrical hexa-l,5-diyne-5,6-diones have been prepared before by a stepwise 

procedure applying an auxiliary strategy using benzotriazole.^^ For this work, however, 

an alternative approach was envisaged, in which two different acetyhdes are reacted 

simultaneously with oxalyl chloride using otherwise identical conditions as for the



Results and Discussion 58

preparation of the symmetrical analogues 25a-d/^ By applying this statistic approach, 

the unsymmetrical diethynyldiones could be realised in one step with overall yields that 

should be competitive to those reported in the literature^^ (Scheme 18).

H =  Si(/-Pr)3
1.) Bull
2.) CuBr, 2 LiBr
3.) 0.5 (COCI)2

THF, 0 °C, 1 h

(/-PrlaSi

25i: Ri = tert-Bu] R2 = H 
25j: Ri = H; R2 = ferf-Bu

25i j  + symmetrical diones

31 %
26%

Scheme 18: Synthesis of unsymmetrical hexa-1,5-diyne-5,6-diones 25i,j

This approach was successful and the unsymmetrical diones were obtained as yellow 

solids after separation from the symmetric analogues by careful column 

chromatography on silica. Their condensation to phen-5,6 -diamine 24^  ̂ proceeded 

smoothly by stirring equimolar amounts of both starting materials in acetic acid at room 

temperature, leading to the unsymmetrical pyzphen 26i and 26j in excellent yields 

(Scheme 19). The heterocycles could be purified conveniently by recrystallisation from 

7 5o-propanol to furnish tan-yellow solids.

r M
R2

^ N H z

.R i

"R2 24

AcOH, r.t, 1 h N
Si(/-Pr)3

26i: Ri = tert-Bu] R2 = H 91 %
26j: Ri = H; R2 = tert~Bu 89 %

Scheme 19: Synthesis of unsymmetrical pyzphen 26i,j
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The electronic absorption spectra of the unsymmetrical pyzphen heterocycles 26! and 

26j, which only differ at the aryl termini are virtually superimposible, featuring a 

combination of those of the respective symmetric analogues 26a and 26b as illustrated 

in Figure 12.
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Figure 12: Electronic absorption spectra of unsymmetrical 26j (---------) and the
symmetrical analogues 26a (— —  ) and 26b (..........), recorded in CH2 CI2 at 298 K

The longest wavelength absorption maximum of 26j is identical to that of the 

symmetrical, (/-Pr)3 Si-terminated pyzphen 26b whereas the absorption maximum of 

phenyl-substituted pyzphen 26a features as a shoulder in the spectrum of 26j.

The free terminal acetylene moiety, which is vital for further elaboration of 261,j by

oxidative acetylene coupling, could be realised by protodesilylating 26i,j with

tetrabutylammonium fluoride (TBAF) in wet THF at 0 (Scheme 20). After

purification of the crude product by column chromatography on silica, the

unsymmetrical pyzphen heterocycles, equipped with one terminal acetylene moiety, 

could be isolated in good to excellent yield.
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Ri

R2

TBAF, wet THF, 

0  °C, 5 min

R2

26iJ 26k,I

26k: Ri = fe/t-Bu; R2 = H
261: Ri = H; R2 = tert-Bu

81 % 
97%

Scheme 20: Protodesilylation of unsymmetrical pyzphen 261, j

The terminally free pyzphen systems 26k,l were found to be only marginally soluble in 

common organic solvents. Presumably, removal of the bulky Si(/-Pr) 3  substituent on 

one acetylene moiety allows the aryl terminus of the adjacent acetylene to adopt a co- 

planar conformation with the pyzphen core, thereby reducing its ability to prevent n 

stacking of the heterocycles. As 26k,1 are only sparingly soluble in ethanol the 

complexation to the (bpyjzRu fragment could not be achieved satisfactorily. Even 

though some desired complexes could be detected by FAB MS and *H-NMR, no pure 

metal complex could be isolated. A change to higher-boiling solvents or the activation 

of the Ru precursor by a preceding removal of the chlorides with AgBp4 did not result 

in any improvement.

Since the Ru co-ordinated pyzphen system remained elusive at this stage, it was 

envisaged to use the uncomplexed pyzphen ligands 26k,I in copper-mediated oxidative 

acetylene coupling reactions. It was hoped that the increased steric congestion of the 

coupling product would result in an improved solubility. This strategy requires a 

carefully planned experiment, since copper(I) and copper(II) have been reported to form 

strong complexes with compounds bearing phen binding sites.^  ̂ It is known, however, 

that copper(I) can be displaced from its phen complexes by treatment with excess 

potassium cyanide.̂ ® In contrast, copper(II) can not be expelled from the binding site 

even under sonication in the presence of cyanide. Hence, a procedure was developed, in 

which a deoxygenated solution of the unsymmetrical pyzphen in pyridine and methanol
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was &stly reacted with copper(I) chloride to form the copper(I) pyzphen complex. 

Thereafter, copper(II) acetate was added, in accordance to original Eglinton 

procedure."̂ ® It was hoped that the formation of copper(II) pyzphen complexes could be 

avoided by following this strategy. The acetylene-coupled, free pyzphen was expected 

to be liberated by sonication of the copper(I) co-ordinated product with potassium 

cyanide under exclusion of oxygen (Scheme 21).

R2

r u
I I

y
N

26k,1

p 1.) CuCI, pyridine, 
MeOH, 30 min

2 .) Cu(OAc)2,
40 °C, 3 h

3.) Aq. KCN, 
sonication

Scheme 21 : Attenq)ted oxidative acetylene coupling of 
unsymmetrical pyzphen 26k,1

Even though great care went into the design of this experiment, neither any coupling 

product nor any starting material could be detected by NMR or MS after the reaction. 

This finding can be rationalised in two ways. Either the displacement of copper from its 

pyzphen complexes was not effective, or the acetylene coupling was successfiiUy 

performed, but afforded an insoluble material. Since the pyzphen 26k,1 already exhibit 

very limited solubility, the second explanation is thought to more likely.

The solubility problems encountered in this approach urged us to change our strategy 

once more and to focus on an approach in which substituents on the pyzphen core are 

used to assist in the solubility of intermediates and products.
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2.2. Oxidative Acetylene Coupling Reactions of Substituted 2,3- 

Diacetylenic Pyzphen

In an effort to improve the solubility characteristics of the pyzphen ligands and to 

prevent them from n stacking, we decided to pursue a strategy in which solubilising 

alkyl or aryl substituents are to be introduced into the phen moiety of the pyzphen 

heterocycle. The substituents should be placed on equivalent positions around the phen 

core to avoid complex spectroscopic data. The introduction of substituents in the a  or 

the p positions relative to the phen nitrogens as illustrated in Scheme 22 was believed to 

be synthetically feasible. Furthermore, substituents in these positions would not 

sterically interfere with the subsequent construction of the pyzphen core due to their 

spatial distance from the 5 and 6  positions of the phen moiety.

r M

11

N

R4
26

^ 25b

R4
24 35

Scheme 22: Retrosynthetic analysis for the construction of a  or p substituted pyzphen

As illustrated in the retrosynthetic analysis (Scheme 22), the substituted pyzphen 

analogues should be accessible from (/-Pr)3 Si-protected diacetylenic dione 25b̂ ® and 

the phen-diamines 24 bearing the appropriate side groups. The intention was to derive 

the latter compounds in three steps from the solubilised phen analogues 35 by applying 

the known procedure of oxidation, conversion to the hydroxylamine and subsequent 

reduction, as presented for the parent phen in Scheme 5.̂  ̂ In order to retain some 

synthetic flexibility, should one of the candidates prove to be incompatible with the 

reaction conditions, we decided to introduce separately aryl and alkyl solubilising 

groups into the phen nucleus. With this approach in mind, the synthesis of appropriately 

substituted phen analogues 35 was addressed.
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An inspection of the relevant literature quickly revealed that a direct introduction of 

substituents in the a  positions of phen can be smoothly achieved in a Tschitschibabin- 

type reaction/^ The general protocol describes the addition of aryl- or alkyllithium to 

both pyridine subunits of phen. Subsequent hydrolysis and dehydrogenation by 

manganese(IV) oxide should afford the 2,9-disubstituted phen analogues. Following 

this procedure, dry phen^  ̂ was reacted separately with butyllithium and 

butylphenyllithium,^^ followed by hydrolysis and treatment of the intermediate with 

manganese(IV) oxide as depicted in Scheme 23.

R3 -U, toluene 

16 h, r. t.

35m: R3  = Bu 

35n: R3  = 4-fe/t-butyI phenyl

35
62

51 %

Scheme 23 : Introduction of substituents in the a  position of phen

2,9-Dibutyl-phen 35m is a known compound,^ ̂ whereas phen 35n, featuring two A-tert- 

butylphenyl solubilising groups, is new. The steric demand of the substituents in the a  

positions relative to the chelating nitrogen atoms became immediately apparent, when 

the behaviour of the substituted phen 35m,n towards complexation with the (bpy)2 Ru 

fragment was investigated in a control experiment. By applying the standard procedure 

of heating the [(bpy)2RuCl2 ] precursor together with the ligand in ethanol at reflux over 

night, no complexation could be detected. However, the steric hindrance imposed by the 

substituents flanking the binding site could be overcome by changing the solvent from 

ethanol to ethylene glycol and by increasing the reaction temperature to 196 °C 

(Scheme 24). The resulting [(bpy)2 Ru(2 ,9 -bis(4 -fgrr-butylphenyl)phen)]^^ 36 is a new 

compound, although it is not the first example of [(bpy)2Ru(phen)]^^ complexes bearing 

aryl substituents at the 2 and 9 positions of the phen chelate (Scheme 24).̂ *̂
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35n

1.) (bpy)2RuCl2 H2O 
(CI-4 oH)2, reflux, 5 h

2 .) aq. NH4PF6
63%

36

Scheme 24: Formation of complex 36

Interestingly, the ^H-NMR analysis of 36 shows the four protons on the phenyl groups 

to be non-equivalent, as they give rise to four broad signals between ô = 7.1 -  6.0 ppm. 

This finding clearly reflects the restricted rotation around the phen-aryl bond in this 

[(bpy)2 Ru(arylphen)]^^ co-ordination compound.

Substitution of phen in the p positions was found to be more difficult and required a 

multi-step sequence. Only a few examples in the literature address the synthesis of these 

compounds,^^ one of which describes the synthesis of 3,8-dibutyl-4,7-dichloro-phen 37, 

amongst others, in a four steps sequence as outlined briefly in Scheme 25 P
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73Scheme 25: Synthetic sequence leading to 3,8-dibutyl-4,7-dichloro-phen 37

The assembly of 3,8-dibutyl-4,7-dichloro-phen was realised by a twofold condensation 

of orfAo-diaminobenzene with a-formylhexanoic acid ester under Dean-Stark 

conditions, followed by thermal cyclisation and subsequent aromatisation with 

phosphorous oxychloride/^ The protocol was found to be reliable and could be 

reproduced without difficulties.

With 3,8-dibutyl-4,7-dichloro-phen in hand, a procedure for the removal of the chloride 

substituents had to be devised to liberate the non-halogenated phen. Removal of the 

chloro-functionality is necessary since orbital-rich atoms such as chlorine are known to 

quench any luminescence and would thus interfere with the photophysical properties of 

the pyzphen heterocycle. After some initial ill-fated attempts, which included efforts 

to hydrogenate the chloropyridine moiety of 37 with palladium on carbon in acetic 

acid,^  ̂ it was found that refiuxing 4,7-dichloro-phen 37 in acetic acid in the presence of 

zinc was a suitable method (Scheme 26).^^
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Zn, AcOH,

reflux, 3 d, 
quant.

Scheme 26: Dehalogenation of 3,8-dibutyl-4,7-dichloro-phen37

3,8-Dibutyl-phen was obtained in quantitative yield and was used for the subsequent 

reactions without further purification. Although some difiBculties involving the 

undesired formation of zinc complexes of 35o were expected, the NMR data for 35o 

isolated fi-om this experiment are identical to the reported values.^^

Having realised a number of substituted phen analogues, their suitability in the 

subsequent oxidation reaction was investigated. Hence, 2,9-dibutyl-phen 35m, 2,9-bis- 

(4-ferf-butylphenyl)-phen 35n and 3,8-dibutyl-phen 35o were subjected separately to 

the oxidation conditions of refiuxing concentrated sulfuric and nitric acids in the 

presence of potassium bromide for two hours (Scheme 27).^*

KBr, HNO3, H2SO4, 

reflux, 2  h

38m: R3 = Bu
38n: R3 = 4-ferf-buty I phenyl
38o: R3 = H

^ 0

^ 0

R4

38

R4 = H 95%
R4 = H 0 %
R4 = Bu 75%

Scheme 27: Oxidation of substituted phen derivatives

After neutralisation with solid sodium hydrogencarbonate, the butyl-substituted phen- 

diones 38m and 38o could be isolated as yellow solids in good yield. Both compounds 

were found to be considerably more soluble than the parent [l,10]phenanthroline-5,6- 

dione 23̂ * and could be characterised by NMR spectroscopy. In contrast to this, no
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oxidation product of the aryl-substituted phen 35n could be detected and dione 38ii 

remains elusive. The reason for the failure of this oxidation has remained unclear. 

Presumably, phen 35n decomposes in undesired electrophilic substitution side reactions 

on the aryl termini promoted by the rather harsh reaction conditions.

The two successfully prepared butyl-substituted phen-diones 38m and 38o could be 

further elaborated to the corresponding dioximes by separately refiuxing the diones 

together with hydroxylamine hydrochloride and barium carbonate in ethanol over night 

as depicted in Scheme 28. In analogy to the alkylated phen-5,6 -diones, the substituted 

dibutyl-phen-5,6 -dioximes 39 show an improved solubility compared to that of the non

substituted parent phen-5,6 -dioxime. This effect also facilitated the isolation procedure 

during which the barium salts could be easily removed by an aqueous work-up.

38

NHgOH HCI, BaCOa, 

EtOH, reflux, 16 h

39m: R3 = Bu 
39o: R3 = H

N-OH

N-OH

R4 = H

R4 = Bu

39

64%
72%

Scheme 28: Hydroxylamination of dibutyl-phen-5,6 -diones 38m,o

The NMR spectra obtained for the dibutyl-phen-5,6-dioximes could not be interpreted 

due to cis/trans isomérisation around the imine fimctionality and due to possible 

hydrogen bonding phenomena between the oxime groups. However, their constitutions 

could be unambiguously established by mass spectrometry and JR.

Reduction of the dibutyl-substituted dioximes 39m and 39o proceeded smoothly by 

separately refiuxing a solution of the dioximes in ethanol over night in the presence of 

hydrazine and 10 % palladium on carbon as illustrated in Scheme 29.
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Scheme 29: Reduction of dioximes 39m,o to the corresponding diamines 24m,o

After removal of the palladium catalyst by filtration through Celite, the phen-5,6- 

diamines 24m,o were isolated as dark brown solids. The solubilising effect of the two 

butyl-substituents became apparent again as the phen-5,6 -diamines 24m,o were found 

to dissolve readily in polar organic solvents. This fact not only facilitates the acquisition 

of NMR data, but is also an encouraging prospect with regards to the solubility 

behaviour of the targeted pyzphen heterocycles.

To elaborate 24m,o to terminally free acetylenic pyzphen ligands, they were separately 

condensed with the (z-Pr)3 Si-terminated hexa-1,5-diyne-3,4-dione 25b̂ ® in acetic acid to 

afford 26o and in refiuxing toluene in the presence of molecular sieves to obtain 26m. 

The pyzphen 26m,o were obtained in modest to good yields after chromatographic 

purification on silica (Scheme 30). Subsequent treatment of 26m,o with 

tetrabutylammonium fluoride (TBAF) in wet THF resulted in the removal of the silyl 

protecting groups, liberating the terminal 2,3-diacetylenic pyzphen 26p,q (Scheme 30).
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Scheme 30: Synthesis of butyl-substituted acetylenic pyzphen 26m,o and 
subsequent protodesilylation to 26p,q

Much to our satisfaction, dibutyl-substituted 26p and 26q, unlike their non-butylated 

counterpart 26e, were found to exhibit good solubility in most organic solvents. The 

butyl substituents, attached either in the a  (as in 26p) or in the (3 (as in 26q) positions to 

the phen nitrogens impose a sufficient steric bulk to prevent the pyzphen core fi-om n- 

stacking. By synthesising compounds 26p,q, we obtained for the first time a soluble 

pyzphen ligand with a terminally fi-ee diacetylene unit. This therefore sets the stage to 

explore the behaviour of these compounds in oxidative acetylene coupling reactions.

Prior to the coupling experiments, the complexation behaviour of 7,10-disubstituted 

pyzphen 26m towards the (bpy)2Ru fragment was investigated. Similar to the co

ordination experiments with 7,10-disubstituted phens 35m,n, refiuxing 26m with 

[(bpy)2 RuCl2 ]*̂  in a low-boiling solvent such as ethanol did not result in the formation 

of the desired [(bpy)2 Ru(pyzphen)]^^ complex and the fi’ee ligand could be recovered. 

Unfortunately, raising the temperature to refiuxing DMF or ethylene glycol as 

illustrated in Scheme 31 resulted in the decomposition of the acetylenic pyzphen 

starting material. The same observation was made for the terminally fi*ee acetylenic 

pyzphen 26p (Scheme 31).
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1.) (bpy)2RuCl2 H2O 
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2 .) aq. NH4PF6
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decomposition

Scheme 31: Attempted complexation of 7,10-dibutyl-substituted pyzphens 26m and 26p

These findings reflect earlier observations in our group that electron-poor 

pyridopyrazines decompose readily at 120-130 Furthermore, the high reaction 

temperatures, required to overcome the steric hindrance imposed by the congested 

binding site, are in a range where 1 ,2 -diacetylenes have been shown to undergo 

Bergman cycloaromatisation/^'^^ This finding renders the 7,10-pyzphen substitution 

pattern incompatible with metal complexation to a Ru Ifragment.

This somewhat discouraging finding left us with the 6 ,11-disubstituted pyzphen 26q as 

the last candidate for the construction of a soluble pyzpheno-fiised dehydroannulene 

such as 40. Again, copper-mediated oxidative acetylene coupling of a substrate bearing 

a phen binding pocket requires a carefully planned experimental procedure, as 

illustrated in chapter 2.1. for the unsymmetrical pyzphens 26k,I. Hence, 26q was firstly 

reacted with copper(I) chloride to afford a red copper(I) complex. Subsequently, 

copper(II) acetate was added to promote the oxidative coupling reaction. After three 

hours of stirring at slightly elevated temperature, a large excess of a deaerated aqueous 

solution of potassium cyanide was added to displace copper® fi*om the pyzphen 

binding site (Scheme 32).
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Scheme 32: Attempted oxidative acetylene coupling of 26q

After work-up, tic control indicated the consumption of the starting material as well as 

the formation of a new product, which could be purified by column chromatography. 

Much to our disappointment, the isolated product turned out to be the bis-enolether 41 

rather than the desired macrocycle 40. Apparently, the basic reaction conditions 

promote the nucleophilic addition of one equivalent of methanol across each triple 

bond, resulting in the formation of 41, which could be unambiguously identified by 

NMR and EI-MS. The unexpected outcome of this experiment confronted us with a 

completely new problem. One important structural feature of compound 26q which we 

had previously not considered is that the ynimine moiety of the ethynyl pyzphen 

constitutes a Michael acceptor and as such is prone to nucleophilic attack at the p 

carbon of the acetylene. Presumably, the temporary co-ordination of the copper cation 

further increases the electrophilicity of this carbon centre.
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Equipped with this knowledge it became clear to us that the construction of a 

dehydroannulene-tused Hgand system starting from a 2,3-dialkynylated pyzphen 

precursor presents synthetic challenges that are difficult to overcome.

We therefore embarked on an alternative strategy in which the alkynyl groups are 

removed from the pyrazine subunits. A description of these undertakings will be at the 

heart of the following chapter.
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3. Amino-Functionalised Benzodehydroannulenes and 

Condensation Reactions with Vicinal Diones

their

The approaches towards the construction of dehydroannulenes with exotopic metal 

binding sites discussed in the last chapter were based on oxidative acetylene coupling 

reactions of acetylenic pyzphen heterocycles. This strategy was hampered by solubility 

problems of the macrocycHc product, by undesired copper complexation of the pyzphen 

subunit as well as by the unwanted reactivity of the ynimine subunit. To circumvent 

these difficulties, it was decided to change the strategy and to focus on the synthesis of 

an amino-substituted benzodehydro [12] annulene 43 which can subsequently be 

condensed with vicinal diones such as phen-dione 38o (Scheme 33) to assemble two 

chelating dipyrido[3,2-a:2‘,3‘-c]phenazine (dppz) units fiised to the dehydroannulene 

core. From the experience gathered in the previous chapter, the necessity of substituents 

on the phen-dione analogue 38o was anticipated to promote solubility of the dppz-fiised 

dehydroannulene 42.
Bu Bu

O PHN

O PHN

NHP O

NHP O

43
P = protecting group

38o

Scheme 33: Retro synthesis of dppz-lused dehydro [12] annulene 42
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3.1. Preparation of Amino-Functionalised Benzodehydroannulenes

The design of amino-substituted benzodehydro[12]annulene 43 requires the 

consideration of a number of different aspects. In the literature procedure for the 

synthesis of related j?ara-ethynylaniline a gradual polymerisation was reported upon 

exposure of the product to ambient temperatures. This decomposition was not 

observed as long as either the amine- or the acetylene moiety was suitably protected. 

The instability of such a system with an electron-donating amino-fimctionality in the 

pûfra-position to an acetylene was deemed to be even more pronounced in 43 and its 

conceivable precursors. It was therefore required to develop a synthetic route where a 

terminal acetylene must never be present at the same time as an unprotected amine- 

tunctionality. The choice of the acetylene protecting group fell on tri-zjo-propylsilyl, 

since it is a robust acetylene protecting g ro u p /s tab le  to acidic and basic conditions 

and removable by the treatment with fluoride. The choice of an appropriate amine 

protecting group was somewhat more difficult.*®̂  The protecting group should be of an 

electron-withdrawing nature to decrease the electron density of the aminoarene. In 

addition, it should be sterically bulky to support the solubility of the otherwise planar 

benzodehydroannulene 43 and its precursors. Furthermore, the protecting group should 

be removable under conditions that are compatible with the condensation of the 

liberated 1,2-diamine with vicinal diones. By employing this strategy it was envisaged 

that the removal of the protecting group and the condensation could be conducted in one 

reaction, thereby avoiding the isolation of an electron-rich tetraaminobenzo- 

dehydro[12]annulene, which was expected to be unstable. Another beneficial aspect of 

this strategy is that the deprotected tetraamine-intermediate can be expected to be 

reasonably soluble in organic acids due to the protonation of the amine functionalities. 

Taking all these aspects into account, the /err-butoxycarbonyl (Boc) group seems to be 

appropriate for the protection of the amines, since it fulfils all the requirements 

mentioned above.

From the literature reports of substituted benzodehydro [12]annulenes^ ̂ it emerges that 

simple oxidative acetylene coupling of 1 ,2 -diacetylenic precursors usually results in a
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mixture of compounds with different ring sizes as well as in open chain oligomers. 

Overall, the reactions are usually accompanied by low yields and the mixtures are 

difficult to separate.^' To gain better control in the formation of the 

benzodehydroannulene, it was envisaged that a stepwise approach had to be pursued, in 

which the dehydroannulene 43 is assembled intramolecularly from an open chain 

butadiyne precursor 44. The retrosynthetic analysis of 43 is depicted in Scheme 34.

NHBocBocHN

BocHN NHBoc

43

BocHN

BocHN

46

47

Boc = W-butoxy carbonyl

BocHN

NHBocBocHN

NHBoc
44

BocHN

BocHN

45

48

0 2 N

49

Scheme 34: Retrosynthetic analysis for the assembly of amino-fimctionalised
benzodehydro [12]annulene 43

Butadiyne 44 was envisaged to arise from an unsymmetrical benzene precursor 45, 

which features the two Boc-protected amine-fimctionalities as well as the two acetylene
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moieties, one of which protected while the other is terminally free. The desymmetrised 

precursor 45 was hoped to be accessible from the frilly protected derivative 46 either by 

selective deprotection or by a double-deprotection/mono-protection sequence of the 

acetylene termini. Fully protected 46 in turn was thought to be generated from the 

highly substituted diamino-diethynyl-arene 47 which has not been described in the 

literature before. It was envisaged that the acetylene moieties could be introduced from 

suitable arylhalides by a double Sonogashira coupling. 4,5-Dibromo-1,2- 

diamino benzene and 4,5-diiodo-1,2-diaminobenzene^ '̂^ were briefly considered as 

candidates that contain the appropriate functionalities in the correct positions. However, 

amino-substituted, electron-rich arylhalides are known to be poor substrates in 

Sonogashira coupling reactions."^ ’̂"̂  ̂ Furthermore, both substrates contain an ortho- 

diamine metal binding-site, which was expected to interfere with the palladium- and 

copper-mediated coupling reaction through catalyst chelation. Thus, the amine 

functionalities, vital for the condensation to vicinal diones but unfavourable for the 

introduction of the acetylenes by Sonogashira coupling have to be implemented after 

the alkynylation step. It was therefore decided to start the sequence from l,2-diiodo-4,5- 

dinitrobenzene 49*®̂  which features electron-withdrawing nitro-groups as masked 

amine functionalities and, with the iodides, offers the most reactive halides for 

alkynylation reactions. Both of these factors were expected to be beneficial for high- 

yielding Sonogashira coupling reactions.



Results and Discussion 77

Equipped with this retrosynthetic plan towards amino-fimctionalised benzodehydro- 

[12]annulene 43, we set out to explore its synthetic practicality. l,2-Diiodo-4,5- 

dinitrobenzene 49 could be synthesised according to the literature procedure^®  ̂ by 

stirring commercially available 1 ,2 -dinitrobenzene and iodine in fimiing sulfuric acid 

(oleum) at 180 ®C for one hour as illustrated in Scheme 35.

1 .) I2, oleum,
180 °C. 1 h

2  ) H2 O, SO2  "
21 %

49

Scheme 35: lodination of 1,2-dinitrobenzene

After hydrolysis and subsequent treatment with suhur dioxide, the crude product was 

recrystallised from ethanol to afford 1,2-diiodo-4,5-dinitrobenzene 49 as yellow needles 

in modest yield. A comparison to the literature procedure is not possible since no yield 

is reported for the purified product. Despite the low yield, sufficient amounts of 49 

were readily available due to the fact that this reaction could be conducted on a multi

gram scale.

With 1,2-diiodo-4,5-dinitrobenzene 49 in hand, the focus was directed towards the 

introduction of the acetylene moieties by Sonogashira coupling reactions. Initially, the 

reaction was attempted in piperidine as described by Sonogashira for the preparation of 

the related para-ethynylnitrobenzene.'^^ It emerged, however, that the choice of the 

appropriate base is vital for the success of this reaction. Primary and secondary amines 

such as piperidine have been reported to undergo nucleophilic displacement reactions 

with 1 ,2 -dinitroarenes*®  ̂ which renders them unsuitable as solvents for this particular 

Sonogashira coupling. Hence, the acetylenes were successfully introduced by stirring 49 

and tri-/5 o-propylsilylacetylene in triethylamine at elevated temperature in the presence 

of catalytic amounts of bis(triphenylphosphine)palladium(II)dichloride and copper(I) 

iodide (Scheme 36).
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2 H Si(/-Pr) 3

O 2N  (P P h lsP d C lg , C ul,

Et3N . 8 0 ° C . 3 h, 
70 %

Si(/-Pr) 3

Si(/-Pr) 3

49 48

Scheme 36: Sonogashira coupling of l,2-diiodo-4,5-dinitrobenzene 49

After chromatographic purification on silica, l,2-bis(tri-wo-propylsilylethynyl)-4,5- 

dinitrobenzene 48 was isolated as a yellow solid in good yield. No mono-ethynylated 

arene could be observed. It was found that higher reaction temperatures, prolonged 

reaction times or a large excess of acetylene resulted in the decomposition of 48, 

presumably due to nucleophilic displacement reactions on the dinitroarene.

In a short excursion, a r ou t e towards  nitrogen-fimctionalised benzodehydroannulene 

52 was investigated. This compound should be accessible by a series of Sonogashira 

coupling reactions starting fi*om l,2-diethynyl-4,5-dinitrobenzene 50 as illustrated in 

Scheme 37. Hence, l,2-bis(tri-/50-propylsilylethynyl)-4,5-dinitrobenzene 48 was 

exposed to tetrabutylammonium fluoride (TBAF) at 0 °C for one minute to afford the 

protodesilylated or/Z/o-diethynylarene 50 in excellent yield (Scheme 37).
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48

Si(/-Pr)3

Si(/-Pr)3

TBAF, THF

1 min, 0 °C, 
90%

excess 49, 
(PPh)3PdCl2, Cul,

-Et3N, 70 °C, 30 min

Scheme 37: Deprotection of 48 and attempted Sonogashira coupling of 
l,2-diethynyl-4,5-dinitrobenzene 50

After chromatographic purification on silica, 1,2-diacetylene 50 was obtained as a 

yellow, air-stable solid. Subsequently, the 1,2-diethynyl-4,5-dinitrobenzene 50 was 

employed in a Sonogashira coupling reaction with a large excess of l,2-düodo-4,5- 

dinitrobenzene 49, catalysed by bis(triphenylphosphine)palladium(II)dichloride and 

copper(I) iodide. However, neither 51 nor any other product or starting material could 

be isolated fi'om the reaction mixture. We believe that 1,2-diethynyl-4,5-dinitrobenzene 

50 is not stable under the Sonogashira coupling conditions employed here and resumed 

the synthetic pathway outlined in Scheme 34.

Suitable conditions for the reduction of dinitroarene 48 to the corresponding amine were 

found when a solution of 48 in a mixture of ethanol and concentrated hydrochloric acid 

was treated with tin at elevated temperature (Scheme 38).̂ ®̂  Other procedures, 

particularly those conducted in basic media^^  ̂ were found to be inferior and led to the 

decomposition of the starting dinitroarene.
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Si(/-Pr) 3

Si(/-Pr> 3

Sn, HCI, EtOH,

15 min, 70 °C, 
57%

Si(/-Pr) 3

Si(/-Pr) 3

48 47

Scheme 38: Reduction of l,2-dinitro-4,5-bis(tri-wo-propylsilylethynyi)benzene 48

After purification by column chromatography on silica, or^/zo-diaminoarene 48 could be 

isolated as an initially colourless solid that turns gradually red upon exposure to the 

ambient atmosphere. While stirring a solution of fi*eshly prepared diamine 47 together 

with di-/er^-butyl dicarbonate and potassium hydroxide in dioxane alBForded largely a 

mono-protected intermediate, the double-protection proceeded smoothly by heating a 

solution of the diamine and di-fer^-butyl dicarbonate in THF in the presence of Hiinig’s 

base at reflux for three days (Scheme 39).

Si(/-Pr) 3

Si(/-Pr) 3

O

O '^O - 

(/-Pr)2 EtN, THF

3 d, reflux, 
94%

BocHN

BocHN

46

Si(/-Pr) 3

Si(/-Pr) 3

Boc = ferf-butoxycart)onyl

Scheme 39: Boc-protection of l,2-diamino-4,5- 
bis(tri-/5 'o-propylsilylethynyl)benzene 47

The arene 46 could be separated fi'om unreacted di-^er^-butyl dicarbonate by careful 

column chromatography on silica and was obtained as a white solid in excellent yield. 

Boc-amide 46 can be stored on the benchtop without any signs of decomposition over a 

period of months.

Having prepared the fully protected l,2-diethynyl-4,5-diaminoarene 46, the formal 

protodesilylation of one acetylene moiety of arene 46 was addressed. This 

desymmetrisation was regarded as the key step of the synthetic sequence since it was 

expected to allow the controlled assembly of benzodehydro [12]annulene 43 in a
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stepwise fashion. In an initial experiment, a solution of 46 in THF was treated with 

tetrabutylammonium fluoride at 0 °C (Scheme 40).

BocHN

BocHN

BocHN

BocHN

46

Si(/-Pr> 3

Si(/-Pr) 3

Si(/-Pr) 3

45, 50 %
TBAF, THF

30 min, 0 °C
BocHN

BocHN

53, 23 %

Scheme 40: Deprotection of 46 to mono and fully protodesilylated 
45 and 52, respectively

Much to our delight, tic control after a few minutes indicated only a partial consumption 

of the starting material and the appearance of two new products. This finding pointed 

towards a slow protodesilylation which offers the possibility to stop the reaction before 

its completion. After stirring at 0 for 30 minutes, the reaction was quenched by the 

addition of a saturated aqueous solution of ammonium chloride and the two products 

were separated fi'om unreacted starting material by careful column chromatography on 

silica. Desymmetrised acetylene 45 was obtained in a yield of 50 %, accompanied by 

unreacted 46 (24 %) and bis-deprotected 53 (23 %). The ratio of yields between starting 

material 46, desymmetrised 45 and bis-deprotected 53 is therefore roughly 1:2:1 as it 

can be expected for a statistical mixture. Based on recovered starting material, the yield 

of mono-protodesilylated 45 is 6 6  %.

The *H-NMR spectrum of 45 shows the characteristic acetylene singlet at 3.17 ppm and 

the *^C-NMR features four acetylene signals at 104.1, 95.0, 81.7 and 80.8 ppm. The 

remarkably low reaction rate for the protodesilylation of 46 is in strong contrast to the 

behaviour observed in related deprotection reactions performed during this project {i. e. 

in case of the pyzphen heterocycles 26b,iJ)in,o or for l,2-bis(tri-z50- 

propylsilylethynyl)-4,5-dinitrobenzene 48) which generally proceeded very rapidly.



Results and Discussion 82

Due to this unexpected circumstance, desymmetrised 45 could be obtained directly from 

46 without the need for a double-deprotection/mono-protection sequence which was 

originally anticipated to be necessary.

For the assembly of dimeric 44, a solution of acetylene 45 in pyridine and methanol was 

treated with copper(II) acetate under the oxidative acetylene coupling conditions 

described by Eglinton."^  ̂ Tic analysis of the reaction mixture indicated that no reaction 

had occurred, even at elevated temperature and after a considerable period of time. 

However, the acetylene coupling of 45 was found to proceed smoothly when copper(I) 

chloride was added to the reaction mixture as depicted in Scheme 41. The utilisation of 

a combination of copper(I) and copper(II) salts to promote acetylene coupling reactions 

is not completely unprecedented and has been reported before by Breslow and co- 

workers.*®^

2 BocHN

BocHN

Cu(ll)OAc, Cu(l)CI, 
pyridine, methanol,

BocHN

BocHN NHBoc
60 °C, 4 h, 80 %

NHBoc

45

Scheme 41: Oxidative acetylene coupling of desymmetrised 45

In contrast to the terminal acetylene 45, butadiyne 44 was found to display a blue 

luminescence on the tic plate, which was used to monitor the success of the acetylene 

coupling reaction. Acetylene 45 and dimeric 44 do not only differ in their luminescence 

characteristics, but are also markedly different in their solubility behaviour. Whereas 45 

could be readily dissolved in most organic solvents, the much larger compound 44 

exhibits a decreased solubility in organic solvents such as hexane, diethyl ether or ethyl 

acetate. For this reason, purification by simple column chromatography was no longer 

feasible for the butadiyne. Instead, butadiyne 44 was isolated in good yield as a white, 

slightly hygroscopic solid after trituration with a 1:5 mixture of EtOAc and hexane. 

Compound 44 showed a tendency for aggregation which was first noted during the 

acquisition of NMR data. The signals for the aromatic protons in the *H-NMR
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spectrum, as well as those for the aromatic carbons in the ^^C-NMR spectrum were 

found to be broad.

Protodesilylation of 44 proceeded smoothly by stirring a solution of the protected 

acetylene in THF in the presence of tetrabutylammonium fluoride at room temperature 

(Scheme 42). Again, the rate of the reaction was found to be rather low, mirroring the 

situation observed in the protodesilylation of 46, and a relatively long reaction time of 

90 minutes was required to guarantee complete deprotection of 44.
NHBoc

NHBoc

(/-PrlgSi

NHBoc

NHBoc
NHBoc

TBAF. THF,

Si(/-Pr)3
r. t., 1.5 h, 

96%

BocHN
NHBoc

BocHN

Scheme 42: Protodesilylation of acetylene 44

The successive loss of the two non-polar silyl groups could be easily followed by tic 

analysis. Due to the low solubility, butadiyne 54 was conveniently purified by 

precipitation from a solution of 54 in ethyl acetate upon the addition of hexane. In the 

absence of the two tri-wo-propylsilyl termini, the tendency of 54 to form aggregates is 

pronounced, which has the effect that the carbon signals in the ^^C-NMR spectrum are 

difficult to be observed.

With acetylene 54 in hand, the ring-closure to the amino-fimctionalised 

benzodehydro[12]annulene 43 was attempted. The outcome of this reaction was 

expected to be strongly dependent on the reaction conditions, in particular, on the 

concentration of the starting acetylene 54. Whereas conducting the experiment in high 

dilution was expected to promote intramolecular ring closure to form 43, higher 

concentrations were expected to favour intermolecular reactions, leading to
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benzodehydro[24]annulene and higher oligomeric species. Thus, a 0.4 mM solution of 

acetylene 54 in pyridine and methanol was subjected to oxidative acetylene coupling 

conditions similar to those described above for 45 (Scheme 43).

NHBoc
NHBoc

NHBoc

0.4 mM solution 
in pyridine, methanol, 
Cu(ll)OAc, Cu(l)CI,

60 °C, 4 h, 72 %

BocHN NHBoc

BocHN NHBoc

43

BocHN

Scheme 43: Oxidative acetylene coupling of 54 to form 
amino-fimctionalised benzodehydro[12]annulene 43

Tic analysis of the reaction mixture after a few hours indicated the consumption of the 

starting acetylene 54 and the appearance of a new product, exhibiting an intense blue 

luminescence on the tic plate which was different fi’om that observed for the open chain 

precursors. The copper salts could be removed by an aqueous work-up and crude 43 

was obtained as a yellow, hygroscopic solid after removal of the solvents. Once 

isolated, dehydroannulene 43 was diflBcult to re-dissolve in organic solvents such as 

DMSG, DMF, CH2 CI2 , CHCI3 , ethyl acetate, THF or diethyl ether. This behaviour was 

attributed to strong n stacking forces of the planar dehydroannulene core and the 

associated aggregation of 43. This fact rendered the acquisition of NMR data for 

benzodehydroannulene 43 difficult and a ’^C-NMR spectrum remains elusive. As a 

result of the anti-aromatic ring-current operating in 43, the resonance for the protons on 

the aryl unit (Ô = 7.16 ppm) are shifted upheld by 0.57 ppm and 0.51 ppm, respectively, 

compared to those of the open chain precursor 54 ( 8  = 7.73 and 7.67 ppm). Boc- 

protected amino-fimctionalised benzodehydro[12]annulene 43 could also be identified 

by FAB-MS, which showed the molecular ion at m/z = 708.
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Figure 13 illustrates a comparison between the electronic absorption spectra of a 

solution of 43 in CH2 CI2  and those of the linear butadiyne analogues 44 and 54.
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Figure 13: Electronic absorption spectra of benzodehydro [12]annulene 43 (— 

butadiyne 44 (— —) and butadiyne 54 (..........) in CH2 CI2  at 298 K.

The UV/Vis spectra of 44 and 54 are largely comparable, but markedly different from 

that of 43. The spectra of the 1,4-diaryl-butadiynes 44 and 54 are dominated by 

transitions in the ultraviolet around 265 nm arising from transitions centred on the 

benzene portion of the molecule. As they are linked by a conjugating butadiyne tether, 

contributions from both benzene units presumably give rise to the longer wavelength 

absorptions in the spectra of 44 and 54 at 375 and 367 nm respectively. In strong 

contrast, 43 exhibits its most intense absorption at higher energy at 322 nm. Similar 

observations have been made by Swager and co-workers who observed the longest 

wavelength absorption maximum of a l,4-bis[(2-ethynylphenyl)]butadiyne at 357 nm 

(chloroform), at lower energy than that of the corresponding ring-closed 

dehydro[12]annulene, whose absorption maximum was observed at 306 nm 

(chloroform).^*
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The luminescence spectrum of 43, together with those of the butadiyne precursors 44 

and 54 were recorded as solutions in dichloromethane and are shown in Figure 14. The 

position of the emission maxima were found to be independent from the excitation 

wavelength in aU cases. The emission spectra in Figure 14 were recorded upon 

excitation at the absorption maximum of the respective compound between 320 and 350 

nm and are corrected for the non-linear response of the photomultiplier.
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Figure 14: Emission spectra of benzodehydro [12]annulene 43 (---------
butadiyne 44 (— —) and butadiyne 54 (..........) in CH2 CI2 at 298 K

Excitation between 320 and 350 nm

Supporting the visual impression of the emissive behaviour of the compounds on the tic 

plates, the luminescence maximum of dehydroannulene 43 is bathochromically shifted 

by around 50 nm relative to the longest wavelength emission maxima of the linear 

butadiyne precursors. This shift is attributed to the enlarged jr-system present in the 

benzodehydro [1 2 ]annulene where the two benzene moieties are locked into a co-planar 

arrangement by the rigid dehydroannulene linkage, thereby providing an improved 

geometry for orbital overlap. The emission maximum of 43 at 464 nm is in good 

agreement with that reported for a related 1,4-methoxy-substituted
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naphtha[2,3]dehydro[12]annulene, whose emission is observed at 460 nm (recorded in 

chloroform).*^®

A complete control over the composition of the products obtained during the oxidative 

acetylene coupling of acetylene 54 was lost to some degree when the ring closure was 

attempted using more concentrated solutions (1.5 mM) of 54. Apparently, the higher 

concentration of 54 in these experiments lead to a mixture of 43 and the larger 

benzodehydro [24] annulene 55 as depicted in Scheme 44.

NHBoc
NHBoc

BocHN
NHBoc

BocHN NHBoc

BocHN NHBoc

43

54

1.5 mM solution 
in pyridine, methanol, 
Cu(ll)OAc, Cu(l)CI,

BocHN NHBoc

BocHN NHBoc
60 °C, 4 h.

60 % of a 2:1 mixture 
in favour of 43

BocHN NHBoc

BocHN NHBoc55

Scheme 44: Oxidative acetylene coupling of 54 to form amino-fimctionalised 
benzodehydro [12] annulene 43 and benzodehydro [24]annulene 55

Analysis of the reaction mixture obtained from these experiments however produced no 

evidence for the presence of benzodehydro[24]annulene 55. The FAB-MS spectra 

featured no signal higher than m/z = 708 which corresponds to the molecular ion of 

dehydro [12] annulene 43. Since NMR analysis was also found to be difficult to perform 

due to the aggregation behaviour of the dehydroannulenes, no direct evidence for 

dehydro [24] annulene 55 was found and its existence was not recognised immediately. 

However, the presence of substantial amounts of 55 in the product mixture could be 

established by deprotection/condensation reactions with 1 ,2 -diones, from which
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products were isolated that must clearly originate from Boc-protected 

aminobenzodehydro[24]annulene 55. From these experiments it could be concluded that 

the ratio of the two Boc-protected dehydroannulenes is roughly 2:1 in favour of the 

smaller dehydro [12] annulene 43. These results will be discussed in the following 

section. Due to the low solubility, the two Boc-protected dehydroannulenes 43 and 55 

could not be separated.

Initial deprotection/condensation reactions were conducted with a mixture of 

dehydroannulenes, whereas in later experiments, pure dehydroannulene 43 was 

employed. For this reason, a clear statement about the composition of the starting 

material wiU be made prior to the discussion of every experiment in the next section.

3.2. Quinoxalinodehydroannulenes

As outlined in the previous section, it was envisaged that the removal of the Boc 

protecting groups in 43 as well as the condensation of the resulting diaminoarene with 

ortho-dXonQs can be conducted in one pot, since both transformations are promoted by 

acids. Initial deprotection/condensation experiments were conducted with a mixture of 

benzodehydro[12]annulene 43 and benzodehydro[24]annulene 55 to develop suitable 

reaction conditions for this process. Thus, a mixture of 43 and 55 was added to a 

degassed solution of benzil in acetic acid. After the addition of trifluoroacetic acid 

(TFA), the initially yellow suspension turned into a red solution, possibly indicating the 

formation of the free amine. After a few hours, a yellow solid started to precipitate and 

stirring was continued for 24 hours (Scheme 45).
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Scheme 45: Deprotection/condensation reaction of 
dehydroannulenes 43 and 55 with benzil
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The product mixture, consisting of 56 and 57 could be isolated from the reaction 

mixture by simple filtration and was afforded in moderate yield. However, the yellow 

solid turned brown instantly upon exposure to the atmosphere, suggesting gradual
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degradation of the products. The instability of 56 and 57 is perhaps not surprising, since 

gradual decomposition has been reported for many benzodehydroannulenes in the 

literature."̂ ®’̂ ’̂̂ ^̂  ^H-NMR analysis of the sparingly soluble brown mixture of products 

in deuterated chloroform showed two singlets in the aromatic region at ô = 7.94 ppm 

and at Ô = 8.37 ppm, originating from the quinoxaline protons of 56 and 57, 

respectively. Integration of the aromatic singlets indicated that the ratio of products is 

roughly 2:1 in favour of the dehydro[12]annulene 56. In agreement with the NMR 

analysis, the FAB-MS spectra of the product mixture featured signals at m/z = 657 and 

m/z =1314 arising from the molecular ions of 56 and 57, respectively. Visually, the two 

differently sized dehydroannulenes could be distinguished on the tic plate by their 

slightly different luminescence colour with the deeper blue fluorescent 56 moving with 

the solvent front and the lighter blue fluorescent 57 remaining at the baseline when 

eluting with chloroform. After filtration through a short plug of silica and eluting with 

chloroform, 56 was separated from 57 and isolated as the sole product. During the 

purification process, it emerged that 56 and 57 are compounds which not are easy to 

handle. For example, removal of the chloroform from freshly chromatographed 56, 

resulted in a yellow material which instantly turned brown and could not be entirely re

dissolved in the same solvent. This behaviour can be rationalised either by gradual 

decomposition or by aggregation of the quinoxalinodehydro[ 12]annulene 56. 

Dehydro [12] annulenes annelated to large aromatic structures have been reported to 

possess poor solubility in common organic solvents. The low solubility of 

quinoxalinodehydro [12] annulene 56 is therefore rationalised by two different 

phenomena: the gradual decomposition as well as the strong aggregation. For this 

reason it was not possible to determine the purity of 56 and quantitative measurements 

were not performed.

Further insight into the aggregation phenomenon was hoped to be gained from an 

alternative route towards quinoxalinodehydro[ 12]annulene 56. This strategy suggested 

the stepwise construction of the dehydroannulene core with pre-assembled quinoxaline 

moieties. Thus, the deprotection/condensation reaction was carried out with the linear 

butadiyne precursor 44 in the presence of benzil to afford the butadiyne-linked bis- 

quinoxaline 58 (Scheme 46).
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Scheme 46: Alternative route to quinoxalinodehydro[12]annulene 56 by a 
deprotection/condensation reaction of butadiyne 43 with benzil, followed by 

protodesilylation and ring-closure

Applying the same reaction conditions as for the deprotection/condensation of 

dehydroannulenes 43 and 55 with benzil, the butadiyne-linked bisquinoxaline 58 could 

be isolated as a yellow solid in 62 % yield after chromatographic purification on silica. 

Compound 58, bearing two bulky, solubilising tri-wo-propylsilyl protecting groups 

could be handled on the benchtop without any difficulties. The chemical shift of the two 

quinoxaline protons in the ^H-NMR spectra of 58 at 5 = 8.30 and Ô = 8.28 are shifted 

downfield by up to Aô = 0.36 ppm compared to those in 56, which might be attributed 

to the paratropic ring-current operating in 56. Protodesilylation of 58 was achieved by 

adding tetrabutylammonium fluoride (TBAF) to a solution of the protected acetylene in 

THF in quantitative yield. The terminal acetylene, however, was found to possess 

similar solubility properties as the quinoxalinodehydro[12]annulene 56. For example 

after removal of the solvent in vacuo, 59 showed very poor solubility in common 

organic solvents and could be purified only by trituration with dichloromethane.



Results and Discussion 92

Whereas in 59 free rotation around the butadiyne is possible, the degree of flexibility in 

56 is dramatically decreased by the rigid dehydroannulene linkage. Since linear 59 

already exhibits a poor solubility, it is perhaps not surprising that cyclic 56 is even less 

soluble in organic solvents. With this knowledge, the synthesis of 56 by oxidative 

acetylene coupling of 59 was not pursued any further. Qualitative electronic absorption 

spectra were recorded of a solution of 56 in dichloromethane, obtained directly after 

filtration through a short plug of silica. The longest wavelength absorption maximum at 

442 nm is red-shifted by up to 37 nm compared to those of the linear butadiynes 58 

(410 nm) and 59 (405 nm) reflecting the enhanced 7i-orbital overlap in the rigid 

quinoxalinodehydro[12]annulene. A similar picture emerges from an inspection of the 

luminescence spectra, where the emission of 56 peaks at 452 nm, shifted 

bathochromically by up to 30 nm compared to those of the butadiynes 58 (426 nm) and 

59 (422 nm).

Although numerous difficulties were encountered in the isolation and the 

characterisation of quinoxalinodehydroannulene 56, the strategy to perform the Boc 

deprotection to generate the diamine and its subsequent condensation with a 1 ,2 - 

diketone in one pot was shown to be viable. This finding encouraged us to apply the 

same strategy to the synthesis of other quinoxalinodehydroannulenes, employing 

however sterically more demanding vicinal diones to prevent aggregation of the 

products. Tri-/50-propylsilyl-terminated 1,2-diethynyl-1,2-dione 25b̂ ® was thought to 

be a suitable candidate for this purpose. Hence, a mixture of the Boc-protected 

dehydroannulenes 43 and 55 was subjected to the deprotection/condensation conditions 

described above in the presence of bis(tri-/w-propylsilyl)hexa-l,5-diyne-3,4-dione 

25b̂ ® as the dione component (Scheme 47). Similar to the observations made during the 

synthesis of 56-58, the initially yellow suspension turned into a red solution upon the 

addition of trifluoroacetic acid (TFA), possibly indicating the liberation of the free 

tetraamine.
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Scheme 47: Synthesis of 60 and 61
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The mixture of the two tri-wo-propylsilylethynyl-substituted quinoxalino- 

dehydroannulenes 60 and 61 could be precipitated from the reaction mixture by the 

addition of methanol The initially yellow product mixture turned brown over a period 

of hours when it was exposed to the atmosphere, thereby mirroring the behaviour of 56 

and 57. In contrast to the phenyl-substituted quinoxalinodehydroannulenes, 60 and 61 

are readily soluble in most organic solvents including chloroform, diethyl ether, THF, 

ethyl acetate or hexane. ^H-NMR analysis of the product mixture showed two singlets 

in the aromatic region at 5 = 7.79 ppm and at ô = 8.20 ppm arising from the quinoxaline 

protons of 60 and 61, respectively. From the integration of the two signals, the ratio 

between the two products was established to be roughly 2 : 1  in favour of 

dehydro[12]annulene 60. Since the overall yield of the reaction is rather high, it can be 

concluded that the Boc-protected starting materials 43 and 55 must have been present in 

a similar proportion.

Compounds 60 and 61 possess similar Rf values on the tic plate, rendering them very 

difBcult to separate by column chromatography. However, owing to their different size, 

dehydroannulenes 60 and 61 could be separated by gel permeation chromatography on a 

polystyrene resin crosslinked with divinylbenzene. Employing THF as the eluent, 

tetrameric 61 eluted first, followed by the dimeric 60. The two dehydroannulenes could 

be easily detected and distinguished on the column by exploiting their visually different 

luminescence colours. The constitutions of 60 and 61 were supported by the results of a 

MALDI-TOF mass spectrometry analysis. Using a mixture of trans-?>-'mào\Q acrylic 

acid and trifluoroacetic acid as the matrix, the molecular ions of 60 and 61 featured as 

the base peaks at m/z = 1073.6 and m/z = 2148.4, respectively. The resonance of the 

quinoxaline proton in dehydro[12]annulene 60 ( 6  = 7.79 ppm) is shifted by Aô = 0.4 

ppm upfield compared to that of 61 (Ô = 8.20 ppm). This shift may be a result of the 

ring current caused by the anti-aromatic [4n] n electron system of the 

dehydro[12]annulene. Although the annnulenic core in 61 consists of 24 out-of-plane n- 

electrons and, as such, is formally also of anti-aromatic character, it has been calculated 

that tetrabenzodehydro[24]annulenes are not planar but prevail in a tub-like, twisted 

conformation. For this reason, the 7i-communication in these large butadiyne-linked
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systems is interrupted and the monomeric units are best looked at as if they were 

isolated.

Further evidence for the twisted conformation of 61 can be deducted from the electronic 

absorption spectra recorded for CH2CI2 solutions of the tri-wo-propylsilylethynyl- 

substituted quinoxalinodehydroannulenes 60 and 61 at room temperature (Figure 15).
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Figure 15: Electronic absorption spectra of quinoxalinodehydro[12]annulene 60 
(---------) and -[24]annulene 61 (..........) in CH2CI2 at 298 K

The longest wavelength absorption of quinoxalinodehydro[12]annulene 60 at 460 nm is 

shifted bathochromically by 35 nm compared to that of the [24]annulene 61 (425 nm). 

This shift can be rationalised by the interrupted 71-conjugation between the isolated 

diethynylquinoxaline units in 61. Whereas the quinoxaline moieties in 60 are locked 

into a co-planar arrangement by the rigid dehydro [ 12]annulene framework, the 

butadiyne linkage in tetrameric 61 allows a more flexible geometry, which results in a
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diminished 7r-delocalisation and hence, in a higher-energy longest wavelength 

absorption. The presence of four isolated quinoxaline units in 61 compared to only two 

in 60 is reflected by the extinction coefficients which are roughly twice as high in 61 

relative to 60.

Comparison of the electronic absorption spectra of the two quinoxalinodehydro- 

[12]annulenes 56 and 60 reveals that the electronic delocalisation in 60 is not restricted 

to the aromatic system. Whereas in 56 the phenyl moieties are twisted out of the 

dehydroannulene plane due to steric reasons, the acetylenes in 60 contribute 

considerably to the lowest energy transition. A bathochromic shift of 18 nm in the 

longest wavelength absorption maximum of 60 relative to that of 56 reflects the 

contribution of the four external acetylene substituents in 60. Assuming that the 

contribution is additive, each acetylene is therefore responsible for a shift of the longest 

wavelength absorption by roughly 5 nm. This value is in excellent agreement with other 

observations of this kind reported in the literature.*

Luminescence spectra were recorded for solutions of the tri-wo-propylsilylethynyl- 

substituted quinoxalinodehydroannulenes 60 and 61 in dichloromethane at room 

temperature (Figure 16). The emissions were stimulated by excitation at the respective 

absorption maxima of the compounds around 350 nm and are corrected for the non

linear response of the photomultiplier tube.
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Figure 16: Normalised emission spectra of quinoxalinodehydro[12]annulene 
60 (---------) and -[24]annulene 61 (..........) in CH2CI2 at 298 K.

Excitation at 365 nm and 321 nm, respectively

In agreement with the analysis of the electronic absorption spectra, the emission 

maximum of 60 at 467 nm is red-shifted by 31 nm relative to that of 61 (436 nm), re

emphasising the different geometries of the two quinoxalinodehydroannulenes and the 

different degree of Ti-delocalisation. Furthermore, the rigidity of the dehydro- 

[ 12]annulene framework in 60 is expressed by the more structured emission spectrum of 

60 compared to that of 61. The participation of the external acetylenes of 60 is reflected 

by a bathochromic shift of 15 nm when comparing the emission maximum of phenyl- 

substituted 56 (452 nm) to that of 60.

Summarising these initial experiments, it was established that the 

deprotection/condensation strategy can be used to assemble quinoxaline moieties fused 

to a dehydroannulene core. The benzo dehydro annulene portion of 43 appears to be 

stable under the reaction conditions. However, a number of unfavourable aspects were 

encountered. Firstly, the Boc-protected aminobenzodehydroannulene starting material 

was found to be a homogenous, inseparable mixture. Secondly, the dehydroannulene-
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fused quinoxalines were found to be prone to gradual deconq)osition and turned from 

yellow to brown once free of solvent and exposed to the ambient. Finally, the all-planar 

aromatic system in dehydro [1 2 ] annulenes requires bulky substituents to promote 

solubility. These aspects have to be kept in mind when embarking on the 

deprotection/condensation sequence involving the Boc-protected aminobenzo- 

dehydro [ 12]annulene 43 and phen-dione.

3.3. (bpy)2Ru Co-ordinated Phenanthrolino-Fused Benzodehydro- 

annulene

In the preceding section, the feasibility of using Boc-protected aminobenzodehydro- 

annulenes in one-pot deprotection/condensation reactions with 1 ,2 -diones has been 

demonstrated. It was envisaged that the dehydroannuleno-fiised dipyrido[3,2-a:2’,3'- 

c]phenazine (dppz) ligand system 42 should become accessible by reacting 43 with the 

substituted phen-dione 38o in a similar procedure. Due to the largely planar, aromatic 

structure of 42, the presence of substitutents on the dppz moieties was anticipated to be 

vital for solubility reasons. With this intention, Boc-protected aminobenzo- 

dehydro [ 12]annulene 43 was subjected to the deprotection/condensation conditions in 

the presence of a slight excess of 3,8-dibutyl-phen-5,6-dione 38o (Scheme 48). In 

analogy to previous observations, the reaction mixture turned from an initially yellow 

suspension to a red solution after the addition of trifluoroacetic acid (TFA), indicating 

the removal of the Boc protecting group and the formation of the free tetraamine.
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Scheme 48: Attempted assembly of dppz-fiised dehydroannulene 42

In contrast to the experiments presented in the previous section, no indication for the 

formation of a new product was found by tic analysis of the reaction mixture. This 

observation was supported by mass spectrometric analysis (FAB) of the crude product 

mixture left behind after removal of the organic acids. No distinct peaks could be 

identified. Different reaction conditions such as elevated temperatures or prolonged 

reaction times were investigated in further attempts to synthesise 42. However, none of 

these efforts was met with success and 42 remains elusive. The failure to isolate 42 may 

be either due to the deprotection/condensation sequence which may not be amenable for 

the assembly of the dppz heterocycles, or due to isolation problems arising fi*om the 

large planar structure of 42. The dione component used in the attempts to synthesise 42 

consists of a rigid orr/zo-quinone compared to the more flexible aliphatic 1 ,2 -diones 

used successfiilly in the assembly of the quinoxaline heterocycles. However, it is 

unclear why this diSerence should impose a greater synthetic challenge. Numerous 

examples for the condensation between a phen-dione and an or^/zo-diaminobenzene 

derivatives have been reported in the literature,^^ and we therefore set out to synthesise 

in a control experiment an acetylenic dppz model compound by the condensation 

reaction between diaminoarene 47 and phen-5,6-dione 23 ( Scheme 49).
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Scheme 49: Synthesis of acetylenic dppz 62

Acetylenic dppz 62 was isolated as a yellow, slightly hygroscopic solid in good yield 

after recrystallistion fi*om methanol. It is interesting to compare 62 with the 

corresponding tri-wo-propylsilylethynyl-substituted pyzphen 26b (section 1.1). In 

comparison, 62 bears an additional benzene unit and hence, the longest wavelength 

absorption maximum of 62 is bathochromically shifted by 35 nm corrç)ared to that of 

26b. Similarly, electrochemical reduction of the acetylenic dppz 62 proceeds at -1.22 V 

and therefore at a potential which is less negative by 310 mV in comparison to that of 

26b (Table 1). The reduction potential at -1.22 V is in good agreement with the 

reported value o f-1.18 V for the unsubstituted dppz heterocycle in DMF.^^

The synthesis of 62 emphasises the fact that acetylenic dppz heterocycles can be 

assembled by a condensation reaction between a phen-5,6-dione and an alkynylated 

diaminoarene. In light of the fact that the dehydro [12]annulene core is stable to the 

acidic deprotection/condensation conditions, we attribute the failure to isolate 42 to the 

formation of aggregates. The situation appears to be similar to that encountered in the 

isolation of the phenyl-substituted quinoxalinodehydroannulenes 56 and 57.

To corroborate this theory further, we embarked on an alternative route towards 42. In 

analogy to the attempts to synthesise tetraphenyl-substituted quinoxalinodehydro- 

[12]annulene 56 (Scheme 46) the sequence to 42 should follow a stepwise construction 

of the dehydroannulene core with pre-assembled dppz heterocycles. The butadiyne- 

linked dppz heterocycles were prepared by stirring the butyl-substituted phen-5,6-dione 

38o together with the Boc-protected diaminobenzene derivative 44 in a mixture of 

acetic acid and trifluoroacetic acid at elevated temperature for one day (Scheme 50). 

After purification by column chromatography on silica, 63 was isolated as a yellow-
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orange, hygroscopic solid in good yield. The synthesis of 63 is a further proof that the 

dppz heterocycle can be assembled by a TFA-induced, one-pot deprotection/ 

condensation sequence, thereby supporting the assumption that this reaction should, in 

theory, also be applicable to the formation of 42.
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Bu
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67%
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Scheme 50: Alternative route to dppz dehydroannulene 42

The acquisition of NMR data for 63 was initially found to be somewhat difficult as the 

aromatic protons only featured as broad signals. Addition of a little NaiCOg, however.
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resulted in a narrowing of the signals. We attribute this behaviour to the removal of 

water from the diimine binding pocket of the dppz moiety. From a comparison of the 

electronic absorption spectra of compounds 62 and 63 recorded at room temperature in 

CH2 CI2 , it emerges that the two dppz moieties in 63 are coupled electronically (Figure 

17).
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Figure 17: Electronic absorption spectra of acetylenic dppz 62 (.........)
and dimeric dppz 63 (---------) in CH2 CI2 at 298 K

The longest wavelength absorption maximum of 63 is bathochromically shifted by 18 

nm compared to that of monomeric 62. This shift can be rationalised by the enhanced 71- 

delocalisation operating to some degree through both dppz moieties despite the free 

rotation around the butadiyne linkage.

Protodesilylation of 63 proceeded smoothly by adding tetrabutylammonium fluoride 

(TBAF) to a solution of 63 in THF at 0 °C (Scheme 49). The low solubility of 64 

became apparent upon quenching the reaction mixture, when a yellow suspension was 

obtained after the addition of an aqueous saturated solution of ammonium chloride. This
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slurry could only be re-dissolved by the addition of CH2 CI2 . Acetylene 64 could only be 

purified by trituration with methanol and was isolated as a yellow-orange, hygroscopic 

solid in excellent yield. Similar to the situation in 63, NMR data for 64 could be 

acquired only when Na2 C0 3  was added to a CDCI3 solution in the NMR tube. Once fi-ee 

of solvent and dried under high vacuum for a few hours, 64 possessed very poor 

solubility in common organic solvents including pyridine, a solvent commonly used in 

oxidative acetylene coupling reactions. Extrapolation of the poor solubility of 64, where 

fi*ee rotation around the butadiyne linker is possible and a certain degree of flexibility is 

retained might explain the insolubility of the tetrabutyl dppz-flised 

dehydro[12]annulene 42, where the whole aromatic system is locked into planarity. 

With this insight, further efforts towards the realisation of 42 were suspended, also 

because the attachment of (bpy)2 Ru fi*agments to hypothetical 42 in the subsequent step 

would be hampered by the same solubility problems.

The breakthrough towards a Ru-complexed phenanthrolino-fused benzodehydro- 

annulene came when the deprotection/condensation sequence was attempted in the 

presence of (bpy)2Ru co-ordinated phen-5,6-dione 23. [(bpy)2 Ru(phen-dione)]^^ 65 has 

been reported in the literature^ and is conveniently accessible by heating a slight 

excess of phen-5,6-dione 23̂ * and [(bpy)2 RuCl2]*̂  in a 1:1 mixture of ethanol and water 

at reflux over a period of three hours (Scheme 51).

1.) (bpy)2RuCl2 H2O,
.0 Et0H/H20, 3 h, reflux,

 ►
O 2.) aq. NH^PFg 

71 %

23

(PF6 ) 2

Scheme 51: Synthesis of [(bpy)2 Ru(phen-dione)]^^ 65̂ "̂̂

After anion exchange by the addition of an aqueous solution of NH4PF6 , 65 was isolated 

as a brown solid in good yield. As its hexafluorophosphate salt, [(bpy)2Ru(phen-
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dione)]^^ 65 is not soluble in acetic acid so that the solvent for the subsequent 

deprotection/condensation reaction had to be changed to acetonitrile. Hence, Boc- 

protected 43 was added to a degassed solution of [(bpy)2Ru(phen-dione)]^^ 65 in dry 

acetonitrile. Trifluoroacetic acid (TFA) was added at elevated temperature and the 

resulting red solution was stirred for 24 hours (Scheme 52).
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+
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Scheme 52: Condensation of [(bpy)2Ru(phen-dione)]^^ 65 with 43

After aqueous work-up, a red solid was isolated whose *H-NMR spectrum featured, 

apart from signals attributed to unreacted [(bpy)2Ru(phen-dione)]^^ starting material, a 

doublet at Ô = 9.57 ppm and a singlet at Ô = 8 . 6  ppm. From the experience made during 

the syntheses of [(bpy)2 Ru(pyzphen)]^^ complexes (chapter 1.2.) we know that a 

doublet around Ô = 9.5 ppm is diagnostic for a proton in the y positions relative to the 

phen nitrogens, experiencing the influence of the nitrogen lone-pair of an annulated 

adjacent pyrazine moiety. Together with the observed singlet which can only originate 

from the proton located on the benzene portion of the benzodehydroannulene unit, the 

*H-NMR spectrum of the crude product strongly suggested that 6 6  had been formed.
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Filtration of the red solid through a plug of AI2O3 and eluting with a solution of NH4 PF6  

in acetonitrile, resulted in the removal of most of the unreaeted 65. The sample obtained 

by this procedure, however, was still contaminated with some 65 as well as with other 

side products as became apparent from the 'H-NMR spectrum. Final purification of 6 6  

could be achieved by gel permeation chromatography on Sephadex LH 20 eluting with 

15 % TFTF in acetonitrile."^ The first red fraction contained pure 6 6 . The remaining 

contaminated fractions were combined and re-subjected to chromatography on 

Sephadex. This procedure was repeated several times in order to isolate pure (bpy)2 Ru 

co-ordinated phenanthrolino-frised benzodehydroannulene 6 6  in a yield of 21 %. The 

signals in the ‘H-NMR spectrum of 6 6  could be unambiguously assigned to the 

respective protons with the aid of a 'H-*F1 COSY-NMR spectrum (Figure 18).

dppz
1 \  

M „.,JL _ J U j

9.5 9.0 8.5 8.0 7.5

7.5

8.0

8.5

9.0

9.5

0 0

TJXi
B

"--------------- ô[ppm]
Figure 18: COSY-NMR of 6 6  in DMSO-d^ at 303 K
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In analogy to the [(bpy)2 Ru(pyzphcn)]^^ series 30 (chapter 1.2), the signals in the 

COSY-NMR of 6 6  can be categorised into three different sets, two of which arise from 

the protons located on the bpy auxiliary ligands and the third set arising from the 

protons of the dppz moiety. The doublet at ô = 9.5 ppm and the singlet at ô = 8 . 6  ppm, 

originating respectively from the protons in the y positions relative to the phen nitrogens 

and the protons on the benzene unit in proximity to the dehydroannulene core, are 

diagnostic for the formation of the dppz moiety. Interestingly, although 6 6  presumably 

exists as a mixture of meso and rac diastereomers, the 'H-NMR does not appear to be 

influenced by the stereogenic Ru centres. The acquisition of '^C-NMR data was also 

found to be feasible. The acetylenic carbons of the dehydro[12]annulene core in 6 6  

appear at ô = 92.9 and 86.7 ppm and thereby have almost identical chemical shifts as 

the acetylenic carbons in quinoxalinodehydro[ 12]annulene 60 (ô = 91.7, 86.1 ppm, 

recorded in CDCI3). Further proof for the structure of 6 6  could be established by 

recording a MALDI-TOF mass spectrum, using 2-[(2£)-3-(4-/er/-butylphenyl)-2- 

methylprop-2-enyIidene] malononitrile"^ as the matrix (Figure 19).

[M-PFJ

[M+2matrix]
[M-2PF,] [M+matrix]
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Figure 19: MALDI-TOF mass spectrum of 6 6
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The highest intensity signal at m/z =1919 arises from the molecular ion after the loss of 

one PFe counter-anion. The loss of a second PFe anion can be detected in the spectrum 

{m/z = 1773), whereas the peaks at higher m/z can be attributed to product-matrix 

aggregates.

For comparison with 6 6 , the synthesis of two related (bpy)2 Ru co-ordination 

compounds was desired. On one hand, a mononuclear (bpy)2Ru complex co-ordinated 

to an acetylenic dppz ligand was targeted, on the other a dinuclear (bpy)2Ru compound 

attached to a butadiynyl-bridged bis-dppz system was to be prepared. Hence, heating 

equimolar amounts of 62 and [(bpy)2RuCl2 ]*̂  in ethanol to reflux over night afforded 67 

in analytically pure form as an orange solid in good yield, after anion exchange by the 

addition of an aqueous solution of NH4 PF6  (Scheme 53).

Si(/-Pr) 3
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Si(/-Pr) 3

EtOH, 16 h, reflux, 
81 %

Scheme 53: Synthesis of the [(bpy)2Ru(dppz)]^^ reference compound 67

The synthesis of a dinuclear, butadiynyl-linked Ru model compound could be realised 

by employing the Boc-protected l,4-bis-(diaminophenyl)butadiyne 44 in a 

deprotection/condensation sequence. Hence, a solution of [(bpy)2 Ru(phen-dione)]^^ 

6̂ 69,114 acetonitrile was reacted with butadiyne 44 in the presence of trifluoroacetic

acid (TFA) to furnish 6 8  in a yield of 33 % (Scheme 54).
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Scheme 54: Synthesis of the dimeric, butadiyne-linked 
[(bpy)2Ru(dppz)] model compound 6 8

The purification of 6 8  was achieved by filtration of the crude product through a plug of 

AI2O3, eluting with a solution of NH4PF6 in acetonitrile, followed by gel permeation 

chromatography on Sephadex LH 20 (15 % THF in acetonitrile). Due to the more 

unsymmetrical structure of 6 8 , its * H-NMR spectrum is more complicated than that of 

6 6 . Interestingly, the presence of the two rac and meso diastereomers, arising fi*om the 

stereogenic Ru centres, can be detected. The signals were assigned with the aid of *H- 

^H COSY-NMR (Figure 20).



Results and Discussion 109

dppz

7.5

. ©

8.5

9.0

9.5

9.5 9.0 8.5 8.0 7.5

5[ppm]

Figure 20: COSY-NMR of 6 8  in acetonitrile-d] at 298 K

The characteristic resonance around ô = 9.6 ppm, arising from the protons in the y 

positions relative to the phen nitrogens is clearly split into two separate signals, due to 

the different chemical environment of the protons, which either reside on the side of the 

butadiyne bridge or on the tri-/.so-propylsilylethynyl side of the molecule. As evidenced 

by the COSY-NMR spectrum, both signals couple to the protons in the p positions to 

the phen nitrogens, ruling out the possibility that one of the signals is an impurity. The 

singlets around ô = 8 . 6  ppm can be attributed to the protons located on the benzene 

portion of the dppz ligand which are in close proximity to the butadiyne linkage. The 

four singlets (see inset in Figure 20) are indicative for the presence of the rac and the 

meso diastereomer. This finding is in clear contrast to the spectroscopic behaviour of Ru
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co-ordinated dehydroannulene 6 6 , where no diastereomers could be detected in its *H- 

NMR spectrum.

The UV/Vis spectrum of (bpy)2 Ru co-ordinated dppz-fused dehydro [12]annulene 6 6  is 

shown in Figure 21 together with those of the mononuclear [(bpy)2 Ru(dppz)]^^ 67 and 

dinuclear 6 8 .
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Figure 21 : Electronic absorption spectra of 6 6  (---------), 67 (------- )
and 6 8  (..........) in acetonitrile at 298 K

Similar to the [(bpy)2Ru(pyzphen)]^^ complexes 30, the UV/Vis spectra of 6 6 - 6 8  are 

dominated by absorptions in the UV region, resulting from transitions located on

the bpy ligands.*  ̂ Dehydroannulene 6 6  exhibits a distinct absorption maximum at 369 

nm which is in a similar region as the most intense absorption band in the 

quinoxalinodehydro[12]annulene 60 observed at 365 nm. With the absence of this 

transition in the dehydro[24]annulene 61 as well as in the reference compounds 67 and 

6 8 , it is safe to assume that the transition at 369 nm in 6 6  is mainly located on the 

quinoxalinodehydro[ 12]annulene core. In agreement with this assignment, the most
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intense absorption maximum in 1,4-dimethoxynaphtho [2,3] dehydro [12] annulene has 

been reported to appear at 342 nm (chloroform).*^® The longest wavelength absorption 

band of mononuclear Ru complex 67 at 415 nm is comparable to that found at 420 nm 

for the free ligand 62 (Figure 15) and can therefore be assigned to an n->7T* transition 

located on the dppz ligand. The featureless tail in the UV/Vis spectrum of 67 beyond 

450 nm is usually credited to a MLCT transition.*^ The situation is similar for 6 8 , where 

the absorption at 426 nm is attributed to a n-^7c* transition on the dppz ligand by 

comparison with the spectrum of the free butadiyne-linked bis-dppz 63 (A,max = 438 nm). 

These assignments are further corroborated by the extinction coefficient of the 

absorption of 6 8  at 426 nm (e = 71000 NT* cm'*), which is roughly twice as high 

compared to that of 67 at 415 nm (e = 45000 Vf* cm'*) owing to the presence of two 

dppz units in the former. The spectrum of 6 6  exhibits two absorption maxima in the 

visible region at 433 nm and at 459 nm. Since the free ligand 43 remains elusive, the 

nature of these transitions is difficult to assign. However, it has been shown in the 

previous section for the phenyl-substituted quinoxalinodehydro [12]annulene 56 and its 

linear butadiyne precursor 58, that the longest wavelength absorption maximum of the 

former compound is bathochromically shifted by 32 nm compared to that of the latter. 

Extrapolation of this value onto the linear, butadiyne-linked bis-dppz precursor 63 (A,max 

= 438 nm), the longest wavelength absorption of 43 would be expected around 470 nm. 

This calculated value is in good agreement with the observed longest wavelength 

absorption maximum of 6 6  at 459 nm. On these grounds, the lowest-energy absorption 

of 6 6  is attributed to a transition located on the dppz-fused dehydro [1 2 ] annulene ligand.

The overlay of the absorption band arising from the MLCT by the ligand-centred 

transition alters the luminescence characteristics of 6 6  significantly. Figure 22 shows 

the corrected luminescence spectra of similarly concentrated solutions of 6 6 - 6 8  in 

acetonitrile at room termperature, obtained after excitation at the longest wavelength 

absorption maximum of the respective complex. The emissions around 860 nm are 

second order diffractions arising from the excitations around 430 nm.
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Figure 22: Emission spectra of 6 6  (- •) and 6 8  (---------)
in acetonitrile at 298 K (c = 7.3-8.0 10“̂ M). Excitation at the respective longest 

wavelength absorption maximum between 420-460 nm.

Although the emission spectra of 6 6 - 6 8  are not entirely quantitatively comparable, 

Figure 22 illustrates that excitation of a solution of 67 in acetonitrile at 420 nm results 

in an emission at 750 nm, whereas dehydroannulene 6 6  exhibits a more featureless 

luminescence upon excitation at 459 nm. This effect may be due to ligand-centred 

excited states, which are lower in energy than the MLCT excited states, thereby 

quenching the radiative deactivation pathway of 6 6  intramolecularly. The quenched 

emission can also be an indication of photo-induced electron transfer processes from the 

ruthenium centres into the dehydroannulene. The stimulated emission of 6 8  is peaking 

at 769 nm, and is bathochromically shifted by 19 nm compared to that of mononuclear 

67, reflecting the larger 7i-system present in 6 8 .

Apart from dominating the UVA îs spectra of 6 6 - 6 8  in the visible region, the extensive 

TT-systems of the dppz ligands were expected to have a marked influence on the 

electrochemical reduction potentials of the compounds. The dinuclear complexes 6 6
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and 67 were of particular interest, since communication between the metal centres or 

the two dppz units could presumably be detected by multiple oxidation and reduction 

waves. Hence, cyclic voltammograms were recorded for degassed solutions of the novel 

Ru complexes 6 6 - 6 8  in acetonitrile (Table 6 ).

Table 6 : Electrochemical data of 6 6 - 6 8

Ei/2 (Ru"^")/V EredÂ

Mononuclear Ru-complex 67 1.25 -0.89 -1.47

Butadiyne-linked, dinuclear Ru-complex 6 8 1.25 -079a,b -1.45^

-0.9H’*’

Dehydroannulenic, dinuclear Ru-complex 6 6 1.25 -0.72^’*’ -1.48"

-0.87^*’

Potentials were determined by cyclic voltammetry with a scan rate of 50 mV/s on a Ft working electrode 
V5 . Fc/Fc  ̂at r.t. in dearated MeCN using 0.1 M NBU4BF4 as supporting electrolyte. “ Irreversible, 

resolved by differential pulse techniques.

The redox potentials of the respective Ru"/Ru"^ couples in 6 6 - 6 8  are not affected by the 

distal acetylenic substituents on the dppz ligands. The electrochemical oxidation of the 

two ruthenium centres in 6 6  and 6 8  proceeds simultaneously as evidenced by the 

identical oxidation waves at 1.25 V. As a result of the presence of an additional benzene 

moiety, the first reduction of the acetylenic [(bpy)2 Ru(dppz)]^^ 67 proceeds at a 

potential that is 290 mV less negative than that of the corresponding 

[(bpy)2 Ru(pyzphen)]^^ analogue 30b (Ered = -1.16 V, Table 3). Furthermore, due to the 

acetylene moieties in 67, the first reduction is shifted by 130 mV towards a more 

positive potential compared to that of the unsubstituted [(bpy)2Ru(dppz)]^^ 7 whose 

reduction was observed at -1.02 V under similar conditions.^^’*̂  ̂ Electron uptake is 

further facilitated in the Ru complexes 6 6  and 6 8  due to the butadiyne-linked, bis-dppz 

ligand systems. In these co-ordination compounds, two reduction potentials above -1.00 

V can be detected in the respective cyclic voltammogram, albeit only poorly resolved. 

By applying differential pulse techniques, the two reductions resolved as two defined 

waves. The reduction of the first dppz causes an electrostatic repulsion which pushes 

the potential for the second reduction to a more negative value. Owing to the greater
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orbital overlap in the Ru co-ordinated dppz-tused dehydro [12]annulene 6 6  the first 

reduction proceeds at a less negative potential compared to that of 6 8 . The exact 

location of the orbitals involved in the electron uptake in 6 6  is difficult to determine, 

since the reduction of a tetra-alkynylated dehydro [1 2 ]annulene has been reported in a 

similar region at -0.99 Nevertheless, the presence of two reduction waves above -

1.00 V is a strong indication for the electrochemical coupling between the two dppz 

moieties. An additional reduction is observed around -1.5 V in 6 6 -6 8 , which is usually 

ascribed to the auxiliary bpy ligand.

In summary, it has been shown that the dppz-fiised dehydro [12] annulene ligand system 

influences the photophysical properties of 6 6  to a great extent. The absorption band 

arising fi*om MLCT is overlaid by a ligand-centred transition which presumably is 

lower in energy than the MLCT. The stimulated emission, usually ascribed to MLCT 

excited states, is quenched in 6 6 , presumably intramolecularly by lower-energy ligand- 

centred excited states. Clearly, a more detailed photophysical analysis of the unique 

structure of 6 6  is warranted, and these works are currently underway. In the 

electrochemical experiments, communication between the two dppz-moieties in 6 6  and 

6 8  could be clearly established by the presence of two reduction waves. However, it 

remained unclear if the reductions in 6 6  are mainly dppz-centred or located on the 

dehydro [ 1 2 ]annulene portion.

3.4. Preliminary Study towards an Os(II) Co-ordinated Dppz-Fused 

Dehydro[12]annulene

In a preliminary study, the feasibility of the Boc-protected tetraminodibenzo- 

dehydro [ 12]annulene 43 to participate in deprotection/condensation reactions with other 

metal co-ordinated phen-diones was investigated. The attachment of Os(II) fi*agments 

emerged as a particularly interesting target due to their broad utilisation as acceptor 

sites in excited state energy transfer processes.^ '̂^  ̂ In analogy to the Ru series, 

[(bpy)2 0 s(phen-dione)]^^ 69 had to be accessed as the starting material for the
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condensation reaction. By following the literature procedure for the preparation of 69  ̂̂  ̂

of refluxing [(bpy)2 0 sCl2 ]"^ and three equivalents of phen-5,6-dione 23̂ * in ethylene 

glycol for three hours, a green, hygroscopic solid could be isolated in good yield after 

anion exchange with hexafluorophosphate (Scheme 55).

1.) (bpy)20sCl2 H2O,
.0  (CH20H)2, 3 h, reflux,

 >
n  2.) aq. NH4PF6 

91 %

23 5

(PF6')2

69

Scheme 55: Synthesis of [(bpy)2 0 s(phen-dione)]^^ 69

In comparison to the Ru analogue, the ' H-NMR spectrum of the green product recorded 

in DMSO-dô or in CD3 CN did not feature the expected resonances, but a large number 

of poorly resolved signals in the aromatic region which were impossible to assign. In 

addition, a broad water resonance was observed. The identity of the green product was 

finally established when trifluoroacetic acid was added to the CD3 CN solution of 69. 

Upon this treatment, the broad water resonance disappeared and the signals in the 

aromatic region were resolved, revealing a pattern comparable to that of the Ru 

analogue 65. From this observation it appears that hydrates are temporarily formed at 

the ortho-qumone portion of 69, leading to a broadening of the proton resonances. 

Addition of TFA prevents the formation of hydrates, which has the effect that the ^H- 

NMR spectrum is more resolved.

Having established its identity, 69 was employed in the one-pot 

deprotection/condensation sequence with Boc-protected 43. The reaction was conducted 

in a similar fashion as described for the Ru analogue, and 69 and 43 were stirred in 

acetonitrile and trifluoroacetic acid at elevated temperature for one day (Scheme 56).
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Scheme 56: Preparation of (bpy)2 0 s co-ordinated dppz-fused 
dehydroannulene

In contrast to the Ru analogue 6 6 , which was obtained contaminated only with 

[(bpy)2Ru(phen-dione)]^^ 65 starting material, the Os co-ordination compound 70 was 

accompanied by large amounts of unidentifiable side products. After filtration of the 

crude product through a plug of AI2 O3 , eluting with a solution of ammonium 

hexafluorophosphate in acetonitrile and subsequent size exclusion chromatography on 

Sephadex LH 20 (15 % THF in acetonitrile), the (bpy)2 0 s co-ordinated dppz-fused 

dehydoannulene 70 was isolated in poor yield. The low yield may either be a result of 

the large amounts of water imported into the reaction by the hygroscopic 

[(bpy)2 0 s(phen-dione)] '̂^ 69 or due to the fact that 70 is prone to gradual 

decomposition. However, the composition of freshly prepared dehydroannulene 70 

could be unambiguously established by  ̂H-NMR which featured the characteristic 

singlet of the dppz chelate at 6  = 8.41 ppm (in CD3CN). The '^C-NMR spectrum (in 

CD3CN) displayed two signals in the region characteristic for acetylenes at exactly the 

same chemical shift as in the spectrum of the Ru analogue 6 6  at ô = 92.9 and 86.7 ppm.
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In analogy to the Ru reference compounds 67 and 6 8  two osmium model complexes 

were synthesised in this preliminary study. The (bpy)2 0 s co-ordination compound 

bearing an 11,12-dialkynyl dppz ligand was synthesised by heating a mixture of 63 and 

[(bpy)2 0 sCl2 ]̂ ^̂  in methoxyethanol^^ at reflux over night (Scheme 57).

Si(/-Pr) 3

Si(/-Pr) 3

1.) (bpy)20sCl2 H2O, 
Me0CH2CH20H. 
16 h, reflux,

 1
2 .) aq. NH4 PF6

70%

Si(/-Pr) 3

Si(/-Pr) 3

Scheme 57: Synthesis of 11,12-dialkynylated [(bpy)2 0 s(dppz)]^^ 71

After anion exchange with hexafluorophosphate, 71 was obtained as a dark green and 

hygroscopic solid in good yield.

The Os co-ordinated, butadiyne linked bis-dppz model compound 72 could be realised 

in analogy to the Ru analogue 6 8  fi*om the Boc-protected 1,4-bis(diaminophenyl)- 

butadiyne precursor 44 and [(bpy)2 0 s(phen-dione)] '̂^ 69̂ ^̂  (Scheme 58).
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Scheme 58: Preparation of (bpy)2 0 s co-ordinated, 
butadiyne-linked bis-dppz

Similar to the (bpy)2 0 s-containing dehydroannulene 70, the formation of 72 was 

accompanied by large amounts of unidentifiable side products. However, 72 was found 

to be stable at the ambient and purification was achieved by filtration through a plug of 

AI2O3 eluting with a solution of ammonium hexafluorophosphate in acetonitrile 

followed by size exclusion chromatography on Sephadex LH 20 (15 % THF in 

acetonitrile). Butadiyne 72 was identified by ^H-NMR spectroscopy which featured two 

doublets at Ô = 9.4 and 9.2 ppm arising from the protons in the y positions relative to the 

phenanthroline nitrogens on the dppz chelate as well as two singlets at ô = 8.58 and 8.50 

ppm originating from the benzene portion of the dppz ligand.
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Although the (bpy)2 0 s co-ordinated dppz-fused dehydroannulene was found to 

decomposed gradually over a period of weeks, this preliminary study shows that in 

principle, Boc-protected aminobenzodehydro [12] annulene 43 is amenable to 

deprotection/condensation reactions with phen-diones co-ordinated to a variety of 

different metal fragments. Future work could therefore evolve around a further 

exploration of the versatility of 43 and the preparation of other metal-complexed 

phenanthrolino-fused benzodehydroannulenes.
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C Summary and Outlook

The first chapter of this thesis delineates the synthesis of a number of aryl- and silyl- 

terminated 6,7-dialkynylpyrazino[2,5-/|[l,10]phenanthroline (pyzphen) heterocycles by 

the condensation of [l,10]phenanthroline-5,6-diamine 24^  ̂ with appropriately 

fimctionalised dialkynyl-1,2-diones 257® Complexation to the (BL)2Ru (BL = bpy or 

phen) fi-agment proceeds smoothly by heating equimolar amounts of the novel pyzphen 

ligands with [(B^zRuCb]^^ in ethanol at reflux over night. The [(BL)2Ru(pyzphen)]^^ 

complexes are obtained as orange to red solids in analytically pure form afl;er anion 

exchange with hexafluorophosphate (Scheme 59).

,NH2

1 «

II
NH2

24

O

(BL)2Ru\_
2+..'" '

R

25a-d

,R

(PFe')2u N
"R

30a-c: BL = bpy 
31a,c: BL = phen

AcOH, r.t, 1 h N - X

I* Î

26a-d

1 .) (BL)2RuCl2 HgO  
EtOH, reflux, 16 h

2 .) aq. NH4PF6

a: R = phenyl 
b: R = Si(/-Pr)3
c: R = 4-A/,A/-dimethylaminophenyl 
d: R = Si(CH3)2Ph

Scheme 59: Synthesis of pyzphen ligands and their 
corresponding [(BL)2Ru(pyzphen)]^^ complexes

The photophysical and electrochemical properties of both the fl-ee ligands and their 

corresponding [(BL)2Ru(pyzphen)]^^ complexes are clearly modified by the presence of 

the alkynyl substituents. In comparison with non-acetylenic reference compounds it was 

established that acetylene substitution induces bathochromically shifted absorptions and
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emissions to various degrees in the ligands and the complexes and leads to increased 

luminescence lifetimes and quantum yields of the [(BL)2Ru(pyzphen)]^‘̂ complexes. 

Furthermore, the acetylenic ligands and their Ru complexes are more susceptible to 

electrochemical reduction.

The second chapter describes the attempts to exploit the 2,3-diacetylene subunit of the 

pyzphen chelate in the construction of dehydroannulene scaffolds bearing annelated 

exotopic metal binding sites. The terminally free diethynyl [(bpy)2Ru(pyzphen)]^^ 30e, 

obtained by protodesilylation of a silyl-protected precursor, was shown to be amenable 

to oxidative acetylene Z/e/ero-coupling reactions*^ with external arylacetylenes, which 

allowed the preparation of the corresponding butadiyne-substituted derivatives. The 

analogous Aomo-coupling reaction to produce cyclic dehydroannulene arrays was 

successful, but produced an inseparable mixture of compounds of at least two different 

ring sizes (Scheme 60).

2+ .'" ' 
(bpy)2Ru> (PFe)2

+ 2

CuCl, TMEDA,

R'

30e

CuCI, TMEDA,

acetone, O2, 
25 °C, 3 h

(bpy)2Ru>

acetone, O2, 
25 °C, 3 h

1

Ru(bpy)2

(2n+2)+

(PF6‘)(2n+2)

Scheme 60: Oxidative acetylene couplings of terminally free, 
diacetylenic pyzphen chelate 30e
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On the other hand, the approaches towards a dehydroannulene-fused polypyridine 

ligand system based on free pyzphen heterocycles suffered from poor solubility of the 

substrates and possibly of the products as well as from undesired copper complexation 

in the phen binding site. Even though the solubility problems could be overcome by the 

introduction of butyl substituents, the reaction conditions in the oxidative acetylene 

coupling facilitated the nucleophilic attack on the activated ynimine moiety of the 

acetylenic pyzphen 26q (Scheme 61).

1.) CuCI, pyridine, MeOH,
30 min

2 . ) C u(OAc)2, 40°C, 3h N 
i_ l  3.) Aq. KCN, sonjcatlon

40%

,OMe

OMe

Scheme 61: Attempted oxidative acetylene coupling of26q

This finding prompted us to abandon the pyzphen-based approaches towards 

dehydroannulene-fused polypyridine ligand systems and to concentrate on an 

alternative strategy, in which an additional benzene moiety is introduced between the 

pyrazine portion of the pyzphen heterocycle and the acetylene substituents. Based on 

this reasoning, 11,12-diacetylenic dppz heterocycles emerged as the structural motif for 

the construction of the metal co-ordinated dehydroannulene arrays.

The third chapter describes the synthesis of Boc-protected aminobenzodehydro- 

[12]annulene 43, the corresponding [24]annulene 55 and their use in one-pot 

deprotection/condensation reactions with vicinal diones. Compounds 43 and 55 were 

obtained in seven steps starting from l,2-diiodo-4,5-dinitrobenzene*®^ as outlined in 

Scheme 62. The formation of the larger benzodehydroannulene 55 could be suppressed 

by increasing the dilution in the final ring-closing reaction.
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Scheme 62: Synthesis of Boc-protected aminobenzodehydroannulene 43 and 55

Compound 43 is only the second example of a benzodehydro[ 12]annulene that has been 

synthesised in a stepwise fashion from an open 1,4-bis(2-ethynylphenyl)butadiyne/ ̂

It was shown that the two (^eAt-butoxycarbonylamino)-substituted macrocycles are 

amenable to one-pot deprotection/condensation reactions with 1,2-diones to afford the 

corresponding quinoxalinodehydroannulenes 56, 57, 60 and 61. These new compounds 

were isolated as yellow solids that are prone to decomposition upon exposure to the 

ambient. Bulky substituents are essential to enhance the solubility of the planar 

aromatic macrocycles (Scheme 63).
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Scheme 63: Synthesis of quinoxalinodehydroannulenes

The acetylene substituted dehydroannulene 60 displays bathochromically shifted 

electronic absorption and emission maxima compared to those of the phenyl-substituted 

counterpart 56. The ^H-NMR spectroscopic data of the dehydro[12]annulenes suggest 

the influence of an anti-aromatic ring current on the protons on the benzene moiety. The 

more flexible structure of the larger dehydro [24]annulene 61 with the associated 

diminished 7i-delocalisation could be identified by blue-shifted absorption and emission 

maxima compared to those of 60.

The ultimate goal of this project, namely to synthesise a (bpyjzRu co-ordinated 

phenanthrolino-fused benzodehydroannulene, was finally achieved by exploring the
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versatility of the Boc-protected amine 43. Stirring a suspension of [(bpy)2Ru(phen- 

dione)]^^ 65̂ *"̂  and 43 in acetonitrile in the presence of trifluoroacetic acid at elevated 

temperatures for one day tumished the (bpy)2Ru co-ordinated dppz-fused 

dehydro[12]annulene in 21 % yield after purification on Sephadex LH 20 (Scheme 64).

(bpy)2Ru^

(PFelz

O BocHN 
+

O BocHN

NHBoc 0

NHBoc O
I  . R u ( b p y ) 2

(PFelz
65 65

acetonitrile, TFA, 
24 h, 70 °C,

(PF6')4

Scheme 64: Assembly of (bpy)2 Ru co-ordinated dppz-fused dehydro[12]annulene

Compound 66 represents the first example of a completely rigid, dehydroannulene- 

fused polypyridine ligand system with exotopic metal binding sites. Initial 

photophysical and electrochemical studies suggest that the two dppz moieties are 

electronically coupled to each other. The absence of a stimulated luminescence for a 

solution of 66 in acetonitrile points towards the quenching of the MLCT excited states 

by LC excited states, but clearly more detailed photophysical investigations are required 

to shed some light onto this phenomenon.

Future work on this subject will be centred around an exploration of the versatility of 

Boc-protected aminobenzodehydro [12]annulene 43 and the corresponding [24]annulene 

to participate in one-pot deprotection/condensation reactions with vicinal diones. As 

briefly addressed in the last section of chapter 3, different metal centres can be attached 

to the dppz-fused dehydroannulene scaffold. Furthermore, the synthesis of
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heterodinuclear complexes would allow the investigation of excited state energy 

transfer processes across the dehydroannulene core.

Apart from the attachment of different metal fragments onto the existing [12]- and 

[24]annulenes, the preparation of the Boc-protected aminobenzodehydro [18]annulene 

74 can be envisaged by applying a similar chemistry. Presumably, the [18]annulene is 

accessible by a Cadiot-Chodkiewicz reaction'*  ̂ between 54 and bromoacetylene 73 

which in turn should be accessible from 53 (Scheme 65).
NHBoc

NHBoc

BocHN

BocHN

BocHN

BocHN

BocHN

BocHN

NHBoc
NHBoc

NHBoc 
NHBoc

NHBoc 
NHBoc

54

Scheme 65: Hypothetical assembly of Boc-protected aminobenzodehydro [ 18]annulene

With the [18]annulene 74 in hand, the preparation of metal co-ordinated dppz-fused 

dehydro[ 18]annulene should be feasible. The investigation of their photophysical and 

electrochemical properties together with a comparison to the [12]annulene counterparts 

will give an interesting insight into the degree to which the anti-aromatic (in case of the 

[12]annulenes) or aromatic (in case of the [18]annulenes) character of the 

dehydroannulene core influences the communication between the metal centres.
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D. Experimental

1. General

All reactions were conducted in oven-dried glassware under an argon atmosphere. 

Unless otherwise indicated, all reagents were purchased from commercial suppliers and 

were used without fiirther purification. The following compounds were prepared 

according to literature procedures: 4-ethynyl-A)A-dimethylaniline,^^ dimethylphenyl- 

silylacetylene,^* 4-rgrr-butylphenylacetylene,^^ 3,5-di-/er/-butylphenylacetylene,*^® 3,8- 

dibutyl-4,7-dichloro[l,10]phenanthroline 37,^  ̂ 2,9-dibutyl[l,10]phenanthroline 35m,^* 

hexa-1,5-diyne-3,4-diones 25a,[l,10]phenanthroline-5,6-dione 23,̂ * [1,10]-

phenanthroline-5,6 -diamine 24,^  ̂ [(bpy)2RuCl2 ]- 2 H2 O,** [(phen)2RuCl2 ]* 2 H2 0 ,*̂  1,2- 

diiodo-4,5-dinitrobenzene 49,̂ ®̂  [(bpy)2Ru(phen-dione)] (Pp6 ) 2  65,̂ "̂̂  [(bpy)2 0 sCl2 ]' 2 

[(bpy)2 0 s(phen-dione)] (PF6 ) 2  69.^^̂  Water free phen was obtained by 

dissolving 1-15 grams of commercially available phen monohydrate in a 

toluene/ethanol mixture (50 ml : 35 ml) and by evaporating the solution to dryness on a 

rotary evaporator. This procedure was repeated twice and was followed by drying of the 

remaining solid under high vacuum at room temperature for a few hours to afford dry 

phen.^  ̂ Solvents were purified and dried according to customary procedures:*^* THF 

and diethylether were distilled from sodium/benzophenone; toluene was distilled from 

sodium under an argon atmosphere; dichloromethane and acetonitrile were distilled 

from calcium hydride and ethanol was refluxed with magnesium, activated by iodine, 

distilled and stored under argon over molecular sieves (4Â). Amines were freshly 

distilled from KOH prior to each reaction. Lithium bromide was dried at 160 °C at 0.1 

mm Hg for 2 h.

Analytical thin layer chromatography (tic) was carried out using either precoated, 

aluminium-backed silica 60 F2 5 4  plates (E. Merck) or neutral aluminium oxide 60 F2 5 4  

plates (E. Merck). The spots were visualised using a UV-lamp or basic permanganate 

solution. Flash column chromatography was performed under positive pressure from a 

compressed air line using either silica 60 (supplied by BDH: 230-400 mesh) or neutral
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aluminium oxide (Fluka). Gel permeation chromatography was performed using a 

polystyrene resin cross-linked with divinylbenzene (Bio-beads 1-SX®, Bio-Rad 

Munich), preswollen in THF. Dinuclear metal complexes were purified on Sephadex® 

LH 20 (Pharmacia, Sweden), eluted with 15 % THF in acetonitrile.

Cyclic voltammograms were obtained using a Autolab PGStat 100 (Ecochimie 

Netherlands), controlled by GPES software (version 4.8). A platinum disc electrode 

BAS (diameter 1.6 mm) was used as the working electrode and was polished prior to 

each experiment using an aqueous alumina powder slurry. A platinum wire (diameter 

0.5 mm) served as a counter and a silver wire (diameter 0.5 mm) was used as a quasi 

reference electrode. All potentials are given V5 . the Fc/Fc^ couple as an internal standard 

at 0.3 IV  vs. SCE.'^^

Melting points were determined on a Reichert hotstage and are uncorrected.

NMR-spectra were recorded on Bruker AMX300, Bruker AMX400 and Bruker 

DRX500 machines in CDCI3 , CD3 CN or DMSO-dô. The chemical shift of each signal is 

given in units of ô relative to the resonances of the residual protic solvent (for CHCI3 : 

’H-NMR: 7.24 ppm, *^C-NMR: 77.0 ppm; for CH3 CN: *H-NMR: 1.93 ppm, *^C-NMR:

1.3 ppm; for DMSG: ^H-NMR: 2.49 ppm, ^^C-NMR: 39.5 ppm).

IR-spectra were recorded on a Perkin Elmer 1600 FT-IR instrument either as KBr-discs, 

or in dichloromethane solution.

UV-spectra were taken on a Perkin Elmer Lambda 40 instrument. Extinction 

coefficients 8  are given in units of M*̂  cm'\ Fluorescence measurements were carried 

out on a Perkin Elmer LS50B luminescence spectrometer, fitted with a red sensitive 

R928 photomultiplier tube. The emission data are corrected for photomultiplier 

response using correction files supplied by the manufacturer.
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Luminescence quantum yields were determined on a SPEX Fluorolog 2 

spectrofluorimeter (equipped with an RCA C31034 Peltier-cooled GaAs 

photomultiplier) by excitation at 450 nm. The emission spectra are corrected for 

photomultiplier response. Luminescence quantum yields were calculated according to 

eq. 8, where s and r refer to the sample and reference standards, respectively, A is the 

absorbance adjusted to be less than 0.1 at the selected excitation wavelength and n is the 

refractive index of the solvent. [RuCbpyjaCb] was chosen as the reference standard ((|)s = 

0.028 in air-equilibrated water).

r = ArUŝ  (area)s / AsUr̂  (area)r (Eq. 8)

Time resolved emission experiments were performed using a 450 nm pump light 

delivered by a tunable nanosecond pulsed solid-state laser (Coherent Infinity XPO and 

frequeney doubling). The width of the pulse was approximately 2 ns (frvhm), and its 

energy was less than 2 mJ/pulse. The emission was recorded with a streak camera 

(Hamamatsu C5680-21) equipped with a M 5677 sweep unit.

Mass spectra were recorded on a VG ZAB SE machine (El and FAB ionisation) or a 

Micromass Quattro LC instrument (positive ES ionisation). MALDI-TOF mass 

spectrometry was carried out on a Fisons VG TOF using trans-3-mdo\Q acrylic acid and 

trifluoroacetic acid as a matrix. MALDI-TOF spectra of the dinuclear Ru complexes 

were determined by using 2-[(2E)-3-(4-/grr-butylphenyl)-2-methylprop-2-enylidene] 

malononitrile^*  ̂as matrix.

Microanalyses were carried out on a Perkin Elmer 2400 CHN machine.
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2. Hexa-l,5-diyne-3,4-diones 

Dimethylphenylsilylacetylene

-H

A solution of ethylbromide (32.7 g, 0.3 mol) in THF (150 ml) was added dropwise to 

magnesium turnings (7.3 g, 0.3 mol) under THF (180 ml) over 90 minutes. After the 

addition was complete, the reaction mixture was stirred for 30 minutes, before it was 

cooled to 0 °C. A stream of acetylene gas was bubbled through the solution at a rate so 

that the temperature did not exceed 20 °C. After the rise of the temperature had ceased, 

acetylene gas was continuously bubbled through the solution for 20 minutes, during 

which time the reaction was allowed to warm to room temperature. After cooling to -10 

°C, dimethylphenylsilylchloride was added dropwise over 30 minutes. After stirring for 

two hours at room temperature, the reaction was hydrolysed by the addition of an ice- 

cold aqueous ammonium choride solution (15 %, 100 ml). The layers were separated, 

the aqueous layer extracted with EtzO (3 x 100 ml) and the combined organic layers 

were dried over Na2 S0 4 . After filtration, the solvents were removed in vacuo and the 

remaining oil was distilled under high vacuum, yield 32.3 g (0.2 mol, 67 %), b.p. 70 °C 

(0.1 Torr)

'H-NMR (CDCk 400 MHz): S=  7.74 (m, 2 H, Ph), 7.47 (m, 3 H, Ph). 2.58 (s, 1 H, 

C ^ H ), 0.54 (s, 6 H, CHj)

"C-NMR (CDCh. 100 MHz'): S=  136.1, 133.6, 129.6, 127.9 (all aromatic C), 94.9, 

88.1 (CW:), -1.1 (CHa)

General procedure for the preparation of hexa-l,5-diyne-3,4-diones:

To a cooled (0 °C) solution of the respective acetylene (16.64 mmol) in THF (15 ml) 

was added BuLi (10.4 ml of a 1.6 M solution in hexane, 16.6 mmol). After stirring for 

15 min at 0 °C the solution was added to a solution of dried LiBr (2.89 g, 33.28 mmol) 

and CuBr (2.39 g, 16.64 mmol) in THF (100 ml) at 0 °C via canula. Stirring was 

continued for a further 15 min at 0 °C, before an ice-cold solution of oxalyl chloride
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(960 mg, 7.56 mmol) in THF (15 ml) was added via canula. After stirring for one hour, 

the reaction was quenched by the addition of a saturated aqueous ammonium chloride 

solution (80 ml) and IM HCl (20 ml), unless stated otherwise.

Unsymmetrical hexa-1,5-diyne-3,4-diones were prepared in accordance with the general 

procedure, using an equimolar mixture of the respective acetylenes. The unsymmetrical 

product was separated from the symmetrical hexa-1,5-diyne-3,4-diones by column 

chromatography.

l,6-Bis(4-7V,7V-dimethylaminophenyl)hexa-l,5-diyne-3,4-dione (25c)

. L

—N

The reaction was performed according to the general procedure, but on half the scale, 

starting from 4-ethynyl-A ,̂A-dimethylaniline.^  ̂ After quenching by the addition of a 

saturated aqueous ammonium chloride solution (50 ml), the organic layer was separated 

and the aqueous layer extracted with dichloromethane (3 x 50 ml). After removal of the 

solvents the black residue was dissolved in dichloromethane (200 ml), and the solution 

was washed with water (3 x 100 ml), brine (50 ml) and dried over NaiS0 4 . The crude 

product, afforded by evaporation of the solvent, was washed with boiling ethyl acetate 

to yield the title compound as a deep red solid, yield 703 mg (2.04 mmol, 54 %), m.p. 

221-223 °C (decomp.).

IRrKBrl: v = 2165 cm ’ (C=C), 1662 (C=0)

U Y iQ tC L ): {e) = 321 nm (36500), 457 (40000)

‘H-NMR (CDCk 400 MHzl: 0= 7.56 (d, J=  9.1 Hz, 4 H, Ph), 6.62 (d, / =  9.1 Hz, 4 H, 

Ph), 3.04 (s, 12 H, CH3)
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'^C-NMR fCDCh. 100 MHzl: <5= 172.9 (C=0), 152.3, 136.2, 111.5 (all aromatic C),

105.0 (O C ), 104.7 (aromatic C), 89.2 (CmC), 40.0 (CHj)

EX-MS (70eVl. m/z (%1: 344 (2) [M+], 172 (100) [M+/2]

Elemental analysis: calcd. (C2 2H2 0N2 O2): C 76.7, H 5.9, N 8.1; found C 76.8, H 5.9, N

8.0

l,6-Bis(dimethylphenylsilyl)hexa-l,5-diyne-3,4-dione (25d)

O

Si O

The reaction was performed according to the general procedure starting from 

dimethylphenylsilylacetylene.^* Quenching by the addition of a mixture of saturated 

aqueous ammonium chloride solution (80 ml) and IM HCl (20 ml) was followed by the 

addition of diethylether (150 ml). The organic layer was separated and the aqueous 

layer was extracted with diethylether (3 x 100 ml). The combined organic layers were 

washed with brine (100 ml) and dried over Na2 S0 4 . The resulting yellow-red oil was 

found to be unstable and was only purified by rapid filtration through a plug of silica 

(10 % EtOAc in hexane) to furnish an orange oil, yield 1.27 g (3.39 mmol, 45 %). The 

title compound was found to decompose during storage at -20 °C under argon.

IR (CH^CEX: v= 2965 cm ' (CH), 2150 (CsC), 1680 (C=0)

UV (CH^Cbh ylmax (^) = 260 nm (9000)

'H-NMR ICDCIi. 400 MHzl: 0=  7.60 (m, 4 H, Ph), 7.40 (m, 6 H, Ph), 0.51 (s, 12 H, 

CH;)

'^C-NMR rCDCh. 100.5 MHzl: S  = 171.6 (C=0), 133.9, 133.8, 130.2, 128.2 (aU 

aromatic C), 107.1, 99.8 (O C ), -  1.9 (CH;)

El-MS (70eV'l. m/z (%): 374 (11) [M^], 187 (36) [M*/2], 159 (100) [lvC/2 -  CO] 

Accurate mass (HR-MS (FABT m/z): calcd. (C22H2302Si2): 375.1237; found 375.1230
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l-Tri-/s<?-propylsiIyl-6-(4-/‘̂ rt-butylphenyI)-hexa-l,5-diyne-3,4-dione (25i)

Starting from tri-/5o-propylsilylacetylene (1.52 g, 8.32 mmol) and 4-tert- 

butylphenylacetylene*^ (1.31 g, 8.32 mmol). Purification was achieved by column 

chromatography (silica, 3 % EtOAc in hexane), affording the title compound as a 

yellow solid, yield 950 mg (2.41 mmol, 31 %), m.p. 57-59 °C.

IR rCH^CEE v= 2950 cm * (CH), 2868 (CH), 2194 (C=C), 2147 (C=C), 1674 (C=0)

UV (CH.Cbh >̂ ax {£) = 259 nm (16000), 339 (11000)

*H-NMR rCDCk 500 MHz): S= 7.59 (d, J=  8.5 Hz, 2 H, Ph), 7.41 (d, J  = 8.5 Hz, 2

H, Ph), 1.31 (s, 9 H, tert-Qu), 1.16-1.10 (m, 21 H, z-Pr)

*^C-NMR rCDCk 100 MHzE 5=  172.4, 172.2 (both C=0 ), 155.8, 133.7, 125.8, 116.0 

(all aromatic C), 107.1, 101.2, 100.6, 85.8 (aU C=C), 35.2 (ÇCH3), 31.0 (CÇH3), 18.4 

(CH(CH3)2), 11.0 (Si-CH)

El-MS r70eVE m/z (VoY 394 (2) pvT], 209 (32) [(z-Pr)3Si-prop-l-yne-3-one^], 185 

( 100) [(4-ferr-butylphenyl)prop-1 -yne-3-one^]

Elemental analysis: calcd. (C25H3402Si): C 76.1, H 8.7; found C 76.2, H 8.8 

l-Tri-£s<;-propylsilyl-6-(3,5-di-terr-butyIphenyI)-hexa-l,5-diyne-3,4-dione (25j)

O .Si(/-Pr)3

Starting from tri-zjo-propylsilylacetylene (1.52 g, 8.32 mmol) and 'i,5-di-tert- 

butylphenylacetylene*^® (1.78 mg, 8.32 mmol). Purification was achieved by column 

chromatography (silica, 3 % EtOAc in hexane), affording the title compound as a 

yellow solid, yield 970 mg (2.16 mmol, 26 %)  ̂m.p. 70-72 °C.

IR rCHiCM: v= 2966 cm * (CH), 2868 (CH), 2187 (C=C), 2148 (C^C), 1673 (C=0)



Experimental 134

UV rCHiCEE vLax (£) = 268 nm (12000), 284 (12500), 302 (12000), 335 (10000) 

'H-NMR rC D C h. 400 MHzV â= 7.56 ( t , / =  1.8 Hz, 1 H, Ph), 7.49 (d, J  = 1.8 Hz, 2 H, 

Ph), 1.31 (s, 18 H, tert-Bu), 1.18-1.10 (m, 21 H, i-Pr)

'^C-NMR (CDCh. 100 MHzl: â=  172.5, 172.4 (both C=0), 151.5, 128.1, 126.5, 118.2 

(aU aromatic C), 107.3, 101.7, 101.3, 85.3 (aU O C ), 34.9 (CCHj), 31.2 (CCHs), 18.4 

(CH(CH3)2), 11.0 (Si-CH)

El-MS 170eVl. m/z (%): 450 (2) [M^], 241 (100) [(3,5-di-/ert-butylphenyl)prop-l-yne- 

3-one^]

Elemental analysis: calcd. (Cigll^iOiSi): C 77.2, H 9.4; found C 77.0, H 9.8

3. [l,10]Phenanthroline derivatives

In the ’ H-NMR characterisations, a , (5 and y refer to the protons in 1,2 and 3 position to 

the phen nitrogens, respectively. Their assignment were made on grounds of their 

coupling constants.

2,9-Di(4'-/‘̂ /^-butylphenyl)-[l,10]phenanthroline (35n)

Preparation of the p-/er/-butylphenyl lithium solution in diethylether:^^

A solution of p-rgrf-butylphenylbromide (4.26 g, 20 mmol) in diethylether (25 ml) was 

added dropwise to lithium (710 mg, 100 mmol) suspended in diethylether (10 ml). After 

the addition was complete, the reaction mixture was heated to reflux for two hours, 

cooled to room temperature and filtered through a glass fiit under argon into a dry flask, 

yield: 13.5 ml of a 0.99 M solution in diethylether (13.5 mmol, 68 %). Molarity of the 

solution was determined in accordance with the literature procedure.
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A solution of p-/er/-butylphenyl lithium in diethylether (7.5 ml, 7.5 mmol) was added to 

a solution of dry [l,10]phenanthroline (270 mg, 1.5 mmol) in THF (5 ml) such that the 

internal temperature did not exceed 30 °C. After stirring at room temperature for four 

hours, the reaction was cooled to 0 °C and carefully quenched by the addition of water 

(10 ml). The yellow solution was extracted with dichloromethane (3 x 30 ml) and 

manganese(IV) oxide (10 g) was added to the organic extract. After stirring for 20

minutes, Na2 S0 4  was added and stirring was continued for a further 20 minutes. The

solids were removed by gravity filtration, washed with dichloromethane and the solvent 

was removed in vacuo. The yellow residue was dissolved in ethyl acetate and the 

product was precipitated by the addition of hexane, yield 325 mg (0.76 mmol, 51 %), 

m.p. 245-248 °C.

IRfCH^CW: 2987 cm' (CH), 2965 (CH)

UVXÇH2ÇL): /Ux (g) = 274 nm (56000), 315 (33000)

'H-NMR (CDCK. 400 MHzl: S= 8.38 (d, 8.3 Hz, 4 H, Ph), 8.25 (d, 7=  8.4 Hz, 2 H,

Y CH), 8.10 (d, 7 =  8.4 Hz, 2 H, p CH), 7.74 (s, 2 H, phen), 7.61 (d, J =  8.3 Hz, 4 H, 

Ph), 1.40 (s, 18 H, ferr-Bu)

'"C-NMR (CDCh. 100 MHzl: S= 156.8, 152.5, 146.1, 136.7, 127.7, 127.4, 125.8 (2C), 

119.8 (all aromatic C), 34.8 (^(CH]);), 31.3 (CH3 )

El-MS (70eV~). m/z (%): 444 (100) [M*]

Accurate mass fHR-MS fPAB). m/z): calcd. (C3 2H33N2 ): 445.2644 found: 445.2645
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(bpy)2Ru(II)[2,9-di(p-terr-butylphenyl)-[l,10]phenanthroline] 

dihexafluorophosphate (36)

(PF6l2

To a stirred, deoxygenated suspension of 2,9-di(p-/er/-butylphenyl)-

[l,10]phenanthroline 35n (30 mg, 0.07 mmol) in ethylene glycol (20 ml) was added 

[(bpy)2RuCl2 ] » 2  H2 O** (34 mg, 0.07 mmol) at 120 °C and the reaction was stirred at 

200 °C for five hours during which time the colour turned from purple to orange. At 

200 °C, the reaction mixture was concentrated to 3 ml by bubbling argon through the 

solution. After cooling to room temperature, water was added (30 ml) and the mixture 

was heated at reflux for five minutes. The reaction mixture was cooled to 50 °C, 

filtered and treated with an aqueous solution of NH4PF6 at 0 °C until precipitation was

complete. After storage at 4 ®C for two hours the precipitate was collected, washed

successively with H2 O ( 1 0  ml), ethanol ( 1 0  ml) and diethylether ( 2 0  ml) to afford an 

orange solid, yield 50 mg (0.044 mmol, 63 %), m.p. 234 - 236 °C.

IR rKBrt: y= 2961 cm ' (CH), 2970 (CH)

UV ICH2 CI2 I: (s) = 289 nm (67000), 454 (15000)

'H-NMR IDMSO-dA. 400 MHzl: <î= 8.79 (d, J=  8.4 Hz, 2 H, a  bpy), 8.52 ( d , J -  8.4 

Hz, 2 H, a  bpy), 8.44 (s, 2 H, phen), 8.16 (m, 2 H, p bpy), 8.15 (d, 8.3 Hz, 2 H, y

CH), 7.99 (m, 2 H, p bpy), 7.62 (d, J =  8.3 Hz, 2 H, p CH), 7.56 (m, 2 H, Ô bpy), 7.45 

(m, 2 H, Ô bpy), 7.12 (broad, 2 H, Ph), 6.84 (broad, 2 H, Ph), 6.77 (broad, 2 H, Ph), 6.71 

(m, 4 H, both y bpy), 6.03 (broad, 2 H, Ph), 1.17 (s, 18 H, tert-Bu)

'^C-NMR IDMSO-dA. 100 MHzl: â=  167.3, 157.6, 156.0, 153.0, 150.5, 150.4, 148.2, 

137.9, 137.2, 136.4, 136.2, 129.9, 128.9, 128.0, 126.8, 126.3,124.3,123.3 (all aromatic
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C), 34.3 (Ç(CH3)3), 30.9 (CH3)

FAB-MS.ff?/z(%): 1149 (2) pvT], 1003 (100) [M^- 1 PFôI

Elemental analysis: calcd. (RuC52H4gN6(PF6)2*H20): C 53.6, H 4.3, N 7.2; found: C

53.4, H 4.2, N 7.2

3,8-Dibutyl-[l,10]phenaiithroline (35o)

Ziuc powder (5.2 g, 80 mmol) was added to a solution of 4,7-dichloro-3,8-dibutyl-

[l,10]phenanthroline 37^  ̂ (1.39 mg, 4 mmol) in wet acetic acid (40 ml). After reftuxing 

for 3 days, the reaction mixture was poured onto ice (50 g) and stirred for 5 minutes 

before CHCI3 (50 ml) was added. The two layer system was brought to pH 14 by the 

addition of 10 M aqueous sodium hydroxide. The layers were separated and the aqueous 

layer was extracted with CHCI3 (2 x 50 ml). The combined organic extracts were dried 

over Na2 S0 4 , filtered and concentrated in vacuo. The title compound was foimd to be 

pure by * H-NMR spectroscopy and employed in the next reaction without fiirther 

purification, yield 1.29 g (4 mmol, quant.).

'H-NMR (CDCh. 400 MHz'): 0= 8.98 (d, 7  = 2.2 Hz, 2 H, a  CH), 7.96 (d, J  = 2.2 Hz, 

2 H, y CH), 7.69 (s, 2 H, phen), 2.84 (t, J=  7.6 Hz, 4 H, CHz), 1.72 (m, 4 H, CH;). 1.40 

(m, 4 H, CH;), 0.95 (t, J=  7.3 Hz, 6 H, CHj)

‘̂ C-NMR rCDCk 100 MHzl: S= 151.4, 144.6, 137.2, 134.4, 128.0, 126.3 (all aromatic 

C), 33.3,32.8,22.3, 13.9 (Bu)
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2,9-Dibutyl-[l,10]phenanthroline-5,6-dione (38m)

Bu

Bu

2,9-Dibutyl-[l,10]phenanthroline 35m^  ̂ (1.46 g, 5 mmol) and potassium bromide (5.95 

g, 50 mmol) were placed in an ice-cooled one neck flask and ice-cooled conc. sulfuric 

acid (20 ml) was added carefully along the wall of the flask with a Pasteur pipette. After 

complete addition, conc. nitric acid (10 ml) was added and the filming reaction mixture 

was refluxed for two hours. After cooling to room temperature, the red solution was 

poured onto ice-cold water (400 ml) and neutralised by the careful addition of sodium 

hydrogencarbonate salt. The yellow solution was extracted with dichloromethane (5 x 

70 ml), the combined organic layers were washed with brine, dried over Na2 S0 4 , 

filtered and concentrated in vacuo. The title compound was obtained as a yellow solid 

and employed in the subsequent reaction without fiirther purification, yield 1.53 g (4.75 

mmol, 95%), m.p. 85-87 °C.

IR (KBrt: v= 3066 cm ' (CH), 2957 (CH), 1692 (C=0)

'H-NMR (CDCk 400 MHzI: S= 8.34 (d, / =  8.0 Hz, 2 H, y CH), 7.37 (d, J=  8.0,2 H, 

p CH), 3.06 (t, y  = 8.0 Hz, 4 H, CHj), 1.83 (m, 4 H, CHj), 1.46 (m, 4 H, CH;), 0.97 (t, J  

= 7.3 Hz, 6 H, CHj)

'"C-NMR (CDCh. 100 MHzl: 8=  179.1 (C=0), 171.0, 152.7, 137.3, 126.1, 124.4 (aU 

aromatic C), 39.0, 31.2, 22.6, 13.9 (aliphatic C)
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3,8-Dibutyl-[1,10]phenanthroIine-5,6-dione (38o)

Bu

This compound was synthesised from 35o in a procedure analogous to the preparation 

of 2,9-dibutyl-[l,10]phenanthroline-5,6-dione 38m (on a 4 mmol scale), yield 970 mg 

(3 mmol, 75 %). Further purification could be achieved by filtration through a short 

column of silica, eluting with 10 % ethyl acetate in dichloromethane, yield 420 mg (1.3 

mmol, 32 %), m.p. 139-142 °C (decomp.).

IR (CH2 CI2 ): v= 2956 cm ' (CH), 2930 (CH), 2860 (CH), 1687 (C=0)

'H-NMR ICDCh. 400 MHzI: <5= 8.82 (d, J =  2.2 Hz, 2 H, a  CH), 8.20 (d, J  = 2.2 Hz, 

2 H, y CH), 2.71 (t, J=  7.8 Hz, 4 H, CHz). 1.63 (m, 4 H, CHz), 1.35 (m, 4 H, CHz), 0.90 

(t, J =  7.3 Hz, 6  H, CH))

'^C-NMR fCDCl). 100 MHzl: 5=  179.1 (C=0), 156.6, 150.8, 140.5, 136.4, 127.2 (all 

aromatic C), 32.6, 32.3, 22.1, 13.7 (Bu)

FAB-MS. m/z (%Y 323 (100) [JVT]

Accurate mass (HR-MS (FABl. m/z\. calcd. (C2 0 H2 3N2 O2 ): 325.1916; found: 325.1911

2,9-Dibutyl-[l,10]phenanthroline-5,6-dioxime (39m)

Bu

N-OH

N-OH

Bu

A suspension of 2,9-dibutyl-[l,10]phenanthroline-5,6-dione 38m (644 mg, 2 mmol), 

hydroxylamine hydrochloride (486 mg, 7 mmol) and barium carbonate (592 mg, 3 

mmol) in ethanol (30 ml) was heated to reflux for 12 hours. After removal of the
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solvent, the residue was triturated with 0.2 M hydrochloric acid (40 ml) for one hour. 

The suspension was extracted with dichloromethane (3 x 50 ml) and the combined 

extracts were washed with brine (30 ml), dried over Na2 S0 4  and concentrated in vacuo. 

Due to solubility problems no further purification could be achieved and only limited 

analytical data were obtained, yield 450 mg (1.28 mmol, 64%), m.p. 143-146 °C. 

Furthermore, cisftrans isomers render the characterisation of this compound by NMR 

analysis difficult.

IRrKBr~): v= 2957 cm' (CH), 2866 (CH), 1583 (C=NOH)

FAB-MS. m/z (%): 368 (76) [M^+Na], 352 (100) [M*]

3,8-Dibutyi-[l,10]phenanthroline-5,6-dioxime (39o)

Bu

N-OH

N-OH

Bu

This compound was synthesised from dione 38o by a procedure analogous to the 

preparation of 2,9-dibutyl-[l,10]phenanthroline-5,6-dioxime 39m (on a 3 mmol scale). 

Cisltrans isomers render the characterisation of this compound by NMR analysis 

difficult, yield 765 mg (2.2 mmol, 72 %), m.p. 158-160 °C.

IRIKBrl: v= 2956 cm ' (CH), 2929 (CH), 2859 (CH), 1560 (C=NOH)

FAB-MS. m/z <%): 353 (100) [M*], 335 (87) pvT-HzO]

Accurate mass THR-MS (FAB), m/z): calcd. (C2 0H2 5N4 O2 ): 353.1978; found: 353.1960
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2,9-Dibutyl-[l,10]phenanthroline-5,6-diamine (24m)

Bu

NH

NHz

Bu

A suspension of 2,9-dibutyl-[l,10]phenanthroline-5,6-dioxime 39m (352 mg, 1 mmol) 

and palladium on charcoal (10 %, 300 mg) in dry ethanol (50 ml) was purged with 

argon for 15 minutes and heated to reflux. To this refluxing mixture was added a 

solution of hydrazine-monohydrate (1.75 ml, 36 mmol) in ethanol (dry, 15 ml) over a 

period of 30 minutes. After refluxing for 16 hours the hot reaction mixture was filtered 

through a pad of Celite and washed with boiling ethanol ( 4x15  ml). After removal of 

the solvent in vacuo the remaining black residue was triturated with water (15 ml), 

stored at 4°C for two hours and collected. Due to solubility problems no further 

purification could be achieved, yield 177 mg (0.55 mmol, 55 %), m.p. 188-190 °C. 

IRTKBrt: v= 3355 cm ‘ (NH), 3228 (NH). 2956 (CH), 2928 (CH)

'H-NMR (DMSO-d^. 400 MHz): 8.40 (d, 7 =  8.7 Hz, 2 H, y CH), 7.49 (d, 8.7

Hz, 2 H, P CH), 2.94 (t, J=  7.9 Hz, 4 H, CHz), 1.71 (m, 4 H, CH:), 1.37 (m, 4 H, CH:), 

0 .90(t,J=7.3H z,6H ,C H 3)

'^C-NMR (DMSO-d^. 100 MHzl: S =  156.7, 139.1, 129.7, 121.8, 121.6, 121.1 (all

aromatic C), 37.4, 31.8, 22.2, 13.9 (aliphatic C)

FAB-MS. m/z (%): 323 (100) pvC]

Accurate mass (HR-MS (FABl. m/z): calcd. (C:oH:7N4 ): 323.2236; found 323.2234
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3,8-Dibutyl-[l,10]phenanthrolme-5,6-diamine (24o)

Bu

NH;

NH

Bu

This compound was synthesised from 39o by a procedure analogous to the preparation 

of 2,9-dibutyl-[l,10]phenanthroline-5,6-diamine 24m (on a 1 mmol scale), yield 188 

mg (0.59 mmol, 59 %), m.p. 156-158 °C.

IR(KBrt: v= 2956 cm ' (CH), 2927 (CH), 2858 (CH)

‘H-NMR (DMSO-d/;. 400 MHz'): S=  8.59 (d, J=  2.2 Hz, 2 H, a  CH), 8.24 (d, J  = 2.2 

Hz, 2 H, Y CH), 5.13 (broad s, 4 H, NHj), 2.79 (t, J =  7.9 Hz, 4 H, CHj), 1.70 (m, 4 H, 

CH;), 1.37 (m, 4 H, CH;), 0.97 (t, 7=7.3 Hz, 6 H, CH;)

'^C-NMR fCDCb. 100 MHzl: S= 145.8, 139.4, 135.5, 127.1, 122.1, 121.8 (all aromatic 

C), 33.0, 32.4,21.9,13.8 (Bu)

FAB-MS. tn/z <%): 323 (100) [M ]̂

Accurate mass (HR-MS (FAB), m/z): calcd. ( C 2 0 H 2 7 N 4 ) :  323.2236; found: 323.2250

4. Pyrazino[2,5'/|[l,10]phenanthrolines (pyzphen)

4.1. Assembly of the pyzphen core

General procedure for the synthesis of the pyzphen ligands:

To a deoxygenated solution of the respective 1,2-diketone (0.5 mmol) in acetic acid (15 

ml) was added [l,10]phenanthroline-5,6-diamine (0.5 mmol) in one portion. The 

reaction mixture was stirred for one hour during which time the colour changed from 

deep brown to red. The solvent was then removed at high vacuum and the red residue



Experimental 143

was recrystallised from methanol. In some cases, purification by recrystallisation was 

not sufiScient and fiirther purification by column chromatography was required. In the 

^H-NMR characterisations, a , p and y refer to the protons in the 1, 2 and 3 positions 

next to the phen nitrogens and were assigned with the help of their coupling 

constants.

2,3-Bis(phenylethynyl)pyrazino-[2,5-:/] [l,10]phenanthroline (26a)

This compound was synthesised from phen-5,6-diamine 24^  ̂ and dione 25â ® in 

accordance with the general procedure. After removal of the solvent at high vacuum the 

red residue was recrystallised from methanol to give the title compound as a yellow 

solid, yield 171 mg (0.395 mmol, 79 %), m.p. 281-283 °C (decomp.).

IRrCH^Ckl: y= 3050 cm'(CH), 2983 (CH), 2207 (C^C)

UYXemCL): /Lax (s) = 284 nm (55500), 322 (sh), 335 (37000), 394 (32000)

‘H-NMR (CDCk 300 MHz): 9.49 (dd, 8.2, 1.72 Hz, 2 H, y CH), 9.25 (dd, J  =

4.4, 1.7 Hz, 2 H, a  CH), 7.75 (dd, 8.2,4.4 Hz, 2 H, p CH), 7.70 (m, 4 H, Ph), 7.40 

(m, 6  H, Ph)

'^C-NMR (CDCla. 75.5 MHz~>: â=  152.5, 147.7, 141.0, 138.0, 133.7, 132.3, 129.9,

128.6, 126.3, 124.0, 121.6 (all aromatic C), 96.8, 8 6 . 8  (CW:)

EI-MS(70eV3.>w/z(%'): 432 (100) [M*]

Elemental analvsis: calcd. (C3 0H16N4 ): C 83.3, H 3.7 N 13.0; found: C 83.3, H 3.6, N

12.9
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2,3-Bis(tri-/s<?-propylsilylethynyl)pyrazino-[2,5-^[l,10]phenaiithroIine (26b)

Si(/-Pr)3

Sl(/-Pr)3

This compound was synthesised from phen-5,6-diamine 24^  ̂ and dione 25b̂ ® in 

accordance with the general procedure. After removal of the solvent at high vacuum the 

resulting red solid was subjected to column chromatography (neutral aluminium oxide, 

hexane : dichloromethane : triethylamine = 65:30:5). After recrystallisation from

methanol, the title compound was obtained as white needles, which were found to be 

hygroscopic and turned yellow during their collection, yield 214 mg (0.36 mmol, 72 %), 

m.p. 175-177 °C.

IR(CH;Cl2 ~): v= 2946cm '(C H ),2867(CH),2159(O C )

UYiOfcCk): /La, (e) = 277 nm (62000), 315 (27000), 350 (sh), 358 (sh), 366 (19000), 

376 (20000), 385 (28000)

'H-NMR (CDCh. 400 MHzl: 0=  9.42 (dd, J =  8.2, 1.6 Hz, 2 H, y CH), 9.23 (dd, J  =

4.5, 1.6 Hz, 2 H, a  CH), 7.75 (dd, J =  8.2,4.5 Hz, 2 H, p CH), 1.28-1.05 (m, 42 H, ;-Pr) 

'^C-NMR (CDCk 75.5 MHzl: <5= 152.5, 147.7, 138.8, 138.0, 133.7, 126.3, 124.0 (all 

aromatic C), 103.4,100.2 (C=C), 18.7 (CH), 11.3 (Si-CH)

EI-MS(70eV\/w/zf%l: 592 (7) [M+|, 549 (23) [M"- i-Pr], 507 (100) [IvT- 2 i-Pr] 

Accurate mass tHR-MS (FAB), m/z): calcd. (C3 6H4 9N4 Si2 ): 593.3496; found 593.3495 

Elemental analvsis: calcd. (C3 6H4 gN4 Si2): C 72.9, H 8.2 N 9.5; found: C 72.4, H 8.2, N

9.3
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2,3-Bis(4-A^^-dimethylaminophenylethynyl)pyrazino-[2,5-/][l,10]phenanthroIine

(26c)

I
N—

N—

This compound was synthesised from phen-5,6 -diamine 24^  ̂ and dione 25c in 

accordance with the general procedure. After removal of the solvent at high vacuum the 

red residue was dissolved in dichloromethane, washed with water and dried (NSL2 SO4). 

After filtration and removal of the solvent in vacuo the remaining brown residue was 

filtered through a plug of silica gel. Eluting first with 1 % methanol in dichloromethane 

afforded unreacted diketone. Changing the eluent to 3% methanol in dichloromethane 

afforded the product, yield 225 mg (0.43 mmol, 87 %), m.p. 252-254 °C (decomp.). 

IR(KBrt: v= 3034 cm ' (CH), 2891 (CH), 2183 (O C )

UV ICHiCM: /Ux (£) = 272 nm (38000), 281 (sh), 294 (sh), 327 (sh), 375 (32000), 439 

(41000)

'H-NMR fCDCh. 400 MHzl: 9.48 (d, J=  8.1 Hz, 2 H, y CH), 9.22 (d, J=  4.2 Hz, 2

H, a  CH), 7.74 (dd, 8.1,4.2 Hz, 2H, p CH), 7.61 (d, J=  8.7 Hz, 4 H, Ph), 6.67 (d, J  

= 8.7 Hz, 4 H, Ph), 3.03 (s. 12 H, CHj)

'^C-NMR (CDCk 100.5 MHz'): S=  152.0, 151.0, 147.5, 141.5, 137.3, 133.9, 133.5,

126.7, 123.8, 111.7,108.2 (all aromatic C), 99.3, 86.5 (O C ), 40.1 (CH3) 

EI-MSt70eVl.wi/z(%l: 519 (100) [MT]

Accurate mass (TfR-MS (TAB), m/z): calcd. (C3 4H2 7N6): 519.2297; found: 519.2285 

Elemental analvsis: calcd. (C3 4H2 6N6): C 78.7, H 5.1 N 16.7; found: C 78.2, H 5.0, N 

16.0
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2,3-Bis(dimethylphenylsi]ylethynyI)pyrazino-[2,5-^[l,10]phenanthroline (26d)

This compound was synthesised from phen-5,6 -diamine 24^  ̂ and dione 25d in 

accordance with the general procedure. The red residue obtained after standard 

procedure was subjected to column chromatography (silica, 5 % methanol in CH2CI2) 

and recrystallised from methanol to give the title compound as a white, hygroscopic 

solid, which turned yellow upon exposure to the ambient, yield 156 mg (0.285 mmol, 

57 %), m.p. 157 -  160 °C (decomp.).

IRfCHiCk): y= 2975 cm ' (CH), 2967 (CH), 2158 (O C )

UV ICH.Ckl: (£■) = 276 nm (60000), 315 (21000), 349 (sh), 357 (sh), 365 (14000),

365 (14000), 376 (15000), 384 (21000)

'H-NMR fCDCk 400 MHzl: â=  9.44 (dd, 8.2, 1.8 Hz, 2 H, y CH), 9.24 (dd, J  =

4.4, 1.8 Hz, 2 H, a  CH), 7.74 (dd, 7=  8.2,4.4 Hz, 2 H, p CH), 7.71 (m, 4 H, Ph), 7.40 -  

7.35 (m, 6  H, Ph), 0.54 (s, 12 H, CH3)

'"C-NMR (CDCh. 100.5 MHzl: â=  152.7, 147.7, 140.2, 138.2, 135.5, 133.9, 133.8,

129.8, 128.0, 126.1, 124.1 (all aromatic C), 102.2, 101.4 (C=C), -  1.2 (CH3)

EI-MS nOeVl. m/z (%): 448 (100) pvf], 433 (42) [M+ - CH3)

Accurate mass (TIR-MS (FAB), m/z): calcd. (C3 4H2 9N4 Si2 ): 549.1937; found: 549.1946 

Elemental analvsis: calcd. (C3 4H2 gN4 Si2 ): C 74.4, H 5.1, N 10.2; found: C 74.4, H 5.0, 

N 10.2
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2,3-Diphenylpyrazino-[2,5-:/] [l,10]phenanthroline (29)

This compound was synthesised from phen-5,6 -diamine 24^  ̂ and benzil in accordance 

with the general procedure. After removal of the solvent at high vacuum the red residue 

was recrystallised twice from methanol to give the title compound as a white solid, 

yield 131 mg (0.34 mmol, 6 8  %), m.p. > 300 °C.

IRfCH2 Ck): y= 3060 cm ‘ (CH)

UVICHzCk): -Lax (£) = 269 nm (52000), 311 (21000), 364 (20000)

'H-NMR ICDCly 400 MHzl: <5= 9.54 (dd, J  = 8.1, 1.7 Hz, 2 H, y CH), 9.26 (dd, J  =

4.4, 1. 7 Hz, 2 H, a  CH), 7.76 (dd, J =  8.1, 4.4 Hz, 2 H, p CH), 7.67 (m, 4 H, Ph), 7.40

(m, 6  H, Ph)

‘̂ C-NMR rCDCk 75.5 MHzl: 152.5, 152.0, 147.6, 138.7, 137.8, 133.3, 130.0,

129.1, 128.3,127.0, 123.9 (all aromatic C)

EI-MS t70eVl. m/z (%): 384 (100) [M^]

Elemental analvsis: calcd. (C2 6H 16N4 ): C 81.2, H 4.2 N 14.6; found C 80.9, H 4.1, N 

14.6

2-(Tri-is<?-propylsilylethynyl)-3-(4-te/t-butyIphenylethynyl)pyrazino-[2,J- 

y][1 4 0 ]phenanthroline (26:)
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This compound was synthesised in accordance with the general procedure for the 

preparation of pyzphen, starting from phen-5,6 -diamine 24^  ̂ (105 mg, 0.5 mmol) and 

the unsymmetrical dione 25: (197 mg, 0.5 mmol). After evaporation of the solvent in 

vacuo, the red residue was purified by column chromatography (silica, 5 % methanol in 

CH2CI2). Recrystallisation from 2-propanol ftrmished the title compound as a tan solid, 

yield 258 mg (0.45 mmol, 91 %), m.p. 110-112 °C.

IRfCHoCk): v= 2967 cm ' (CH), 2867 (CH), 2213 (C=C)

UV ICHiCkl: /Lax (g) = 276 nm (55000), 319 (sh), 328 (30000), 341 (sh), 385 (27000), 

395 (sh)

'H-NMR (CDCh. 400 MHzl: 9.46 (m, 2 H, y CH), 9.24 (m, 2 H, a  CH), 7.75 (m, 2

H, p CH), 7.61 (d, J=  8.7 Hz, 2 H, Ph), 7.41 (d, J=  8.7 Hz, 2 H, Ph), 1.34 (s, 9 H, tert- 

Bu), 1.25-1.15 (m, 21 H,;-Pr)

'"C-NMR ICDCh. 100 MHzl: 0= 153.2 (2 C), 152.4 (2 C), 147.6, 147.5, 141.0, 140.3,

138.0, 137.8, 133.8, 133.7, 132.1, 126.3 (2 C), 125.4, 124.0, 118.6 (all aromatic C),

103.2, 100.5, 96.7, 86.3 (all C=C), 35.0 ( C C H j ) ,  31.1 ( C Ç H 3 ) ,  18.7 ( C H ( C H 3 ) z ) ,  11.3 

( C H )

EI-MS (70eVl.ffi/z(%l: 568 (98) PvT], 525 (100) |> f-  z-Pr]

Elemental analvsis: calcd. (C3 7H4oN4 Si): C 78.1, H 7.1, N 9.8; found C 77.5, H 7.0, N

9.7

2-(Tri-/s^>-propylsilylethynyl)-3-(3,5-di-/^/t-butylphenylethynyI)pyrazino-[2,5- 

/][l,10]phenanthrolme (26j)

This compound was synthesised from phen-5,6 -diamine 24̂  ̂ and dione 25j in 

accordance with the general procedure (on a 0.3 mmol scale). After evaporation of the
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solvent in vacuo, the red residue was purified by column chromatography (silica, 3 % 

methanol in CH2 CI2 ). Recrystallisation fi*om 2-propanol fiimished the title compound as 

a tan solid, yield 166 mg (0.27 mmol, 89 %), m.p. 130-132 °C.

IR(KBrt: v= 2956 cm ' (CH), 2864 (CH), 2214 (C=C)

UVCCHzCy: (a) = 276 nm (60000), 319(sh), 327 (29000), 340(sh), 385 (27000),

395 (sh)

'H-NMR (CDCh. 400 MHzl: S=  9.50 (m, 2 H, y CH), 9.25 (m, 2 H, a  CH), 7.76 (m, 2 

H, p CH), 7.52 (d , y = 1.8 Hz, 2 H, Ph), 7.49 (t, J=  1.8 Hz, 1 H, Ph), 1.35 (s, 18 H, tert- 

Bu), 1.25-1.15 (m, 21 H, i-Pr)

'^C-NMR ICDCh. 100 MHzl: S= 152.5 (2 C), 151.0 (2 C), 147.8, 147.7, 141.8, 140.3,

138.1, 137.9, 133.8 (2 C), 126.5, 126.4, 126.3, 124.2, 124.0, 120.8 (aU aromatic C),

103.2, 100.6, 97.7, 85.5 (all O C ), 34.9 (ÇCH3), 31.3 (CÇH3), 18.7 (CH(£H3 )2), 11.3 

(CH)

EI-MS nOeVl m/z (%\: 624 (82) pvT], 581 (100) [M' -̂ i-Pr]

Elemental analysis: calcd. (C4 iH4 gN4 Si): C 78.8, H 7.7, N 9.0; found C 78.8, H 7.8, N

8.9

7,10-DibutyI-2,3-bis(tri-/sf>-propylsilylethynyl)pyrazino-[2,5-/][l,10]phenaiithroline

(26m)

Si(/-Pr)3

Si(/-Pr)3

To a solution of 2,9-dibutyl-[l,lG]phenanthroline-5,6-diamine 24m (161 mg, 0.5 mmol) 

in toluene (15 ml) over activated molecular sieves was added a solution of l,6 -bis(tri- 

z5 o-propysilyl)hexa-l,5 -diyne-3 ,4 -dione 25b̂ ® (210 mg, 0.5 mmol) in toluene (10 ml) 

and the reaction was stirred at 100 °C for 2 hours. After cooling to room temperature 

and removal of the molecular sieves by filtration, the solvent was removed in vacuo to 

afford a brown solid which was subjected to column chromatography (silica, 2 0  % ethyl
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acetate in hexane) to fiimish a white solid. The product is hygroscopic and turned 

yellow during its collection, yield 190 mg (0.27 mmol, 54 %), m.p. 74-76 °C.

IR (CH.C1.1: v= 2962 cm ' (CH), 2945 (CH), 2151 ( C ^ )

UV ICHoCkl: /U , (£) = 282 nm (60000), 319 (24000), 389 (23000)

'H-NMR (CDCh. 400 MHzl: S= 9.32 (d, J =  8.3 Hz, 2 H, y CH), 7.62 (d, 7 =  8.3 Hz, 2 

H, p CH), 3.21 (m, 4 H, CH;), 1.92 (m, 4 H, CH,), 1.50 (m, 4 H, CH%), 1.20 (m, 42 H, i- 

Pr), 0.90 (t, J=  7.4 Hz, 6  H, CH3 )

'^C-NMR fCDCl;. 100 MHz): S=  166.0, 147.2, 139.3, 138.0, 133.8, 124.3, 123.2 (all 

aromatic C), 103.7, 99.3 (C ^ ) ,  39.1, 31.7, 22.8 (aHphatic C), 18.7 (CH(CH3)z), 14.0 

(aKphaticC), 11.3 (Si-C)

FAB-MS. m/z (%): 705 (100) [VT]

Accurate mass (HR-MS TFABT m/z): calcd. (C4 4 H6 5N4 Si2 ): 705.4748; found: 705.4776

6,1 l-Dibutyl-2,3-bis(tri-/sa-propylsilylethynyi)pyrazino-[2,J*:/l [1,10] phenanthroline 

(26o)
Bu

Si(/-Pr)3

Si(/-Pr)3 

Bu

This compound was synthesised from 3,8-dibutyl-[l,10]phenanthroline-5,6-diamine 

24o and dione 25b °̂ in accordance with the general procedure (on a 0.3 mmol scale). 

After evaporation of the solvent in vacuo, the red residue was purified by column 

chromatography (silica, 5 % methanol in CH2 CI2 ) and then recrystallised from 

methanol, affording the title compound as a white, hygroscopic solid, yield 164 mg 

(0.23 mmol, 78 %), m.p. 58-60 °C.

IRtKBrl: v= 2941 cm ' (CH), 2891 (CH), 2158 (CmC)

UV fCH^Ck): (£■) = 280 nm (60000), 317 (27000), 359 (12000), 367 (16000), 378

(15000), 386 (22000)
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^H-NMR rCDCk 400 MHzl: 5= 9.12 (d, J=  2.2 Hz, 2 H, y CH), 8.99 (d, J=  2.2 Hz, 2 

H, a  CH), 2.89 (t, J=  7.6 Hz, 4 H, CHi), 1.73 (m, 4 H, CHz), 1.40 (m, 4 H, CHz), 1.18 

(m, 42 H, f-Pr), 0.98 (t, J=  7.3 Hz, 6  H, CH3)

'^C-NMR rCDCk 100 MHz): 0=  153.3, 145.8, 139.4, 138.4, 138.2, 132.3, 125.4 (all 

aromatic C), 103.6, 99.9 (both CW:), 33.1, 32.8, 22.2 (all Bu), 18.7 (CH(CH3)2), 13.8 

(Bu), 11.0 (CH)

EI-MS (70eV). m/z (Vo): 705 (38) [M^], 661 (65) [M"- 1 z-Pr], 619 [M"- 2 z-Pr]

Accurate mass (HR-MS IFABl m/z)\ calcd. (C4 4 H6 sN4 Si2 ): 705.4748; found 705.4730 

Elemental analvsis: calcd. (C4 4 H6 4N4 Si2): C 75.0, H 9.1, N 7.9; found C 74.1, H 9.0, N

7.9

4.2 Deprotection of silyl-protected pyzphen

2,3-Dietbynylpyrazino-[2,5-:/] [l,10]phenanthroline (26e)

H

H

N

N

Tetrabutylammonium fluoride (1.04 ml of a IM solution in THE, 1.04 mmol) was 

added to a degassed solution of 2,3-bis(tri-z50-propylsilylethynyl)pyrazino-[2,i- 

/|[l,10]phenanthroline 26b (310 mg, 0.52 mmol) in THF (10 ml) at 0 °C. The grey 

solid, formed instantly during the addition, was filtered and washed with CH2 CI2  (3 x 30 

ml), yield 105 mg (0.38 mmol, 72 %). Although the title compound was found to be 

hygroscopic and showed poor solubility in common organic solvents, it could be 

characterised by ^H-NMR and EI-MS.

^H-NMR rCDCk 400 MHzl: 9.46 (2 H, dd, J=  8.2, 1.8 Hz, y CH), 9.29 (2 H, dd, J  =

4.5, 1.8 Hz, a CH), 7.79 (2 H, dd, J=  8.2, 4.5 Hz, p CH), 3.70 (2 H, s, acetylenic H) 

EI-MS (70qV \  m/z (%): 280 (100%, M^)
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General procedure for the protodesilylation of acetylenic pyzphens:

Tetrabutylammonium fluoride (1.3 equivalents per silyl group, 1 M solution in THF) 

was added to a degassed solution of the respective silyl-protected pyzphen (0.5 mmol) 

in wet THF (20 ml) at 0 °C. After stirring for 5 minutes the reaction was quenched by 

the addition of saturated, aqueous ammonium chloride solution (20 ml). The layers were 

separated and the aqueous layer extracted with CH2 CI2 (3 x 30 ml). The combined 

organic extracts were washed with brine and dried over Na2 S0 4 . Due to different 

behaviour, different purification procedures were applied.

2-(4-ferr-Butylphenylethynyl)-3-ethynyl-pyrazino-[2,i-^[l,10]phenanthroline (26k)

N

N

This compound was synthesised from 26! in accordance with the general procedure (on 

a 0.3 mmol scale). Purification was achieved by column chromatography (silica, 10 % 

methanol in CH2 CI2) affording a white solid after removal of the solvents, yield 1 0 1  mg 

(0.24 mmol, 81 %), m.p. 260-262 °C.

IR(KBrt: v = 3151 cm ‘ (CWZH), 2963 (CH), 2222 (C=C), 2098 (C=C)

UV ICHoCkl: /Lax (s) = 273 nm (62000), 327 (37000), 339 (35000), 383 (32000), 390 

(32000)

'H-NMR (CDCh. 400 MHzl: S=  9.50 (dd, 8.2, 1.8 Hz, 1 H, y CH), 9.45 (dd, J  =

8.2, 1.8 Hz, 1 H, y CH), 9.25 (m, 2 H, a  CH), 7.77 (m, 2 H, p CH), 7.66 (d, J=  8.4 Hz, 

2 H, Ph), 7.46 (d, J =  8.4 Hz, 2 H, Ph), 3.70 (s, 1 H, C=CH), 1.35 (s, 9 H, tert-Bu) 

‘̂ C-NMRrCDCh. 100 MHzl: S= 153.6 (2 C), 152.8, 152.6,147.9,147.7,141.4,139.8,

138.7, 137.8, 133.8, 133.5, 132.2, 126.2, 125.7, 124.1 (2 C), 118.5 (all aromatic C),

97.6, 86.0, 84.0, 80.5 (aUC=C), 35.0 (CCHj), 31.1 (CCHj)

EI-MS f70eVl. m/z (%): 412 (100) [M'], 397 (92) [M+- CHj]
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Elemental analvsis: calcd. (C2 8H2 0N4 ): C 81.5, H 4.9, N 13.6; found C 81.3, H 4.9, N

13.2

2-(3,5-Di-/e/^-butylphenylethynyl)-3-ethynyl-pyrazino- 

[2,3-/l[l,10]phenanthroline (261)

This compound was synthesised from 26j in accordance with the general procedure (on 

a 0.3 mmol scale). Purification could be achieved by column chromatography (silica, 5 

% methanol in CH2 CI2) affording a white solid after removal of the solvents, yield 136 

mg (0.29 mmol, 97 %), m.p. 194-197 °C.

IR(KBrt: v= 3128 cm ' (C ^H ), 2962 (CH), 2217 (C ^ ) ,  2100 (CKl)

UV fCH.Clil: /U« (g) = 273 nm (54000), 318 (sh), 327 (34000), 338 (32000), 382 

(30000), 389 (30000)

'H-NMR (CDCU. 400 MHzl: ^  = 9.51 (dd, 7  = 8.2, 1.7 Hz, 1 H, y CH), 9.46 (dd, 7  =

8.2, 1.7 Hz, 1 H, y CH), 9.27 (m, 2 H, a  CH), 7.77 (m, 2 H, p CH), 7.58 (d, 1.8 Hz,

2 H, Ph), 7.52 (t, y =  1.8 Hz, 1 H, Ph), 3.71 (s, 1 H, CW2H), 1.36 (s, 18 H, /ert-Bu) 

'^C-NMR (CDCh. 100 MHzl: S= 152.8, 152.6, 151.2 (2 C), 147.9,147.7,141.4,139.8,

138.8, 137.8, 133.8, 133.6, 126.7, 126.2, 124.6, 124.1 (2 C), 120.5 (all aromatic C), 

98.7, 85.3, 84.0, 80.6 (all O C ), 34.9 (CCHj), 31.3 (CÇH3)

EI-MS r70eVl.ffi/z(%'l: 468 (100) [Ivf], 453 (34) [M+- C H 3 ]

Elemental analvsis: calcd. (C3 2H2 8N4): C 82.0, H 6.0, N 12.0; found C 82.2, H 6.0, N

11.9
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7,10-DibutyI-2,3-diethynylpyrazino-[2,5-^[l,10]phenaiithrolme (26p)

This compound was synthesised from 26m in accordance with the general procedure 

(on a 0.5 mmol scale). After removal of the solvent in vacuo the remaining residue was 

subjected to column chromatography (alumina, 1 0 % ethyl acetate in hexane), affording 

a white solid, yield 174 mg (0.45 mmol, 89 %), m.p. 134 -  137 °C (decomp.).

IR (CH2 C1?V v= 2961 cm ' (CH), 2931 (CH), 2117 (CW:)

UV ICHiCkl: /Ux (£) = 275 mn (53000), 381 (19000)

'H-NMR (CDCk 400 MHzl: 5= 9.32 (d, J=  8.3 Hz, 2 H, y CH), 7.63 (d, J=  8.3 Hz, 2 

H, p CH), 3.64 (s, 2 H, acetylenic H), 3.21 (m, 4 H, CH;), 1.91 (m, 4 H, CHj), 1.50 (m, 

4 H, CH;), 0.96 (t, J=  7.4 Hz, 6  H, CHj)

'^C-NMR (CDCU. 100 MHzl: S=  166.6, 147.3, 139.2, 138.6, 133.8, 123.9, 123.4 (all 

aromatic C), 83.8, 80.2 (CsC), 39.1, 31.7, 22.8, 14.0 (aliphatic C)

FAB-MS. m/z f%l: 393 (100) [M"j

Accurate mass (HR-MS IFABl. m/z): calcd. (C2 6H2 5N4 ): 393.2079; found 393.2062

6,ll-I>ibutyl-2,3-diethynylpyrazino-[2,5'^[140]phenanthroline (26q)

Bu

.H

This compound was synthesised from 26o in accordance with the general procedure (on 

a 0.25 mmol scale). After removal of the solvent in vacuo the remaining residue was



Experimental 155

subjected to column chromatography (silica, 3 % methanol in CH2 CI2), affording a 

white solid, yield 76 mg (0.19 mmol, 78 %), mp. 160-162 °C (decomp.).

IR(KBrt: v= 3221 cm ' (C=CH), 2954 (CH), 2927 (CH), 2859 (CH), 2104 ( C ^ )

UV fCH?Ckl: (s) = 274 nm (52000), 319 (23000), 351 (11000), 359 (13000), 369

(10000), 377 (15000)

‘H-NMR (CDCK. 400 MHzl: 5=  9.13 (d, J =  2.2 Hz, 2 H, y CH), 9.03 (d, J=  2.2 Hz, 2 

H, a  CH), 3.65 (s, 2 H, CW3H), 2.88 (t, J=  7.9 Hz, 4 H, CHz), 1.74 (m, 4 H, CHi), 1.41 

(m, 4 H, CHz), 0.94 (t, 7 =  7.3 Hz, 6  H, CH3)

'^C-NMR (CDCh. 100 MHz): S=  153.8, 146.0, 139.4, 138.9, 138.8, 132.3, 125.1 (all 

aromatic C), 84.1, 80.0 (both C ^ ) ,  33.4,33.0,22.3, 13.8 (aU Bu)

EI-MS (70eV). m/z (%): 392 (100) pvT]

Accurate mass tHR-MS fFABl m/z): calcd. (C2 6H2 4N4Na): 415.1899; found: 415.1904

Attempted oxidative acetylene coupling of 6,ll-dibutyl-2,3-diethynylpyrazino-[2,5- 

/]  [l,10]phenanthroline:

6,ll-Dibutyl-2,3-di(2'-methoxyethylene) pyrazino-[2,5-/] [1,10]phenanthroline (41)

Bu

OCH

OCH

Bu

CuCl (85 mg, 0.85 mmol) was added to a degassed solution of diethynylpyrazino-[2,i- 

/|-3,8-dibutyl-[l,10]phenanthroline 26q (48 mg, 0.12 mmol) in methanol and pyridine 

(1:1, 100 ml). After stirring the resulting red solution for 30 minutes at room 

temperature, Cu(0 Ac) 2  (171 mg, 0.85 mmol) was added at 40 °C. Stirring was 

continued at this temperature for 3 hours, before a degassed solution of KCN (1.1 g, 17 

mmol) in water (5 ml) was added. Sonication for one hour was followed by removal of 

the solvents in vacuo. The residue was filtered through a plug of silica (eluent: 10 %
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MeOH in CH2 CI2 ) and further purified by column chromatography (silica, 4 % MeOH 

in CH2 CI2 ), yield 22 mg (0.05 mmol, 40 %), m.p. 94-96 °C.

IR(CH.Cb'): y= 2961 cm ' (CH), 2932 (CH), 2860 (CH), 1626 (C=C)

'H-NMR rCDCh. 400 MHzl: 9.10 (d, J=  2.0 Hz, 2 H, y CH), 8.99 (d, J=  2.0 Hz, 2

H, a  CH), 8.03 (d, J=  12.1 Hz, 2 H, HC=C), 6.18 (d, J=  12.1 Hz, 2 H, C=CH), 3.89 (s, 

6  H, OCH3), 2.91 (t, y  = 7.7 Hz, 4 H, CH2 ), 1.77 (m, 4 H, CH;), 1.44 (m, 4 H, CH2 ), 

0 .9 7 ( t , J = 7 .4 H z,6 H,CH 3)

'^C-NMR (CDCk 100 MHzl: S=  156.9, 152.1, 147.2, 145.2, 137.9, 136.9, 131.2 (all 

aromatic C), 126.6,99.9 (C=C), 57.6 (OCH3), 33.5,33.1,22.4, 13.9 (all Bu)

FAB-MS (70eVl. m/z (%): 457 (100) [M'̂ J

Accurate mass (HR-MS (FAB), m/z): calcd. (C2 8 H3 3N4 O2): 457.2604; found: 457.2620

5. [(BL)2Ru(pyzphen)] complexes

General procedure for the preparation of the [(bpy)2 Ru(pyzphen)]^  ̂ and 

[(phen)2 Ru(pyzphen)]^^ complexes:

To a stirred, deoxygenated solution of the respective pyzphen ligand (0.2 mmol) in 

ethanol (20 ml) was added [(BL)2RuCl2 ] * 2  H2 O (for BL = bpy:*’ 104 mg, 0.2 mmol, for 

BL = phen:^  ̂ 114 mg, 0.2 mmol) and the reaction mixture was refluxed for 16 hours 

under an atmosphere of argon. After cooling to 0 °C an 1 % aqueous solution of 

NH4PF6  was added until no further precipitate was formed. After storage at -20 °C for 2 

hours the precipitate was filtered and washed successively with H2 O ( 1 0  ml), ethanol 

( 1 0  ml) and diethylether ( 2 0  ml) to afford the metal complexes as analytically pure 

orange to red solids.

In the ’ H-NMR analysis, assignment of the protons was assisted by correlation 

spectroscopy (COSY) and follows the scheme below.
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phen T— I p

(bpy)2Ru(II)[2 ,3 -bis(phenyIethynyl)pyrazino-[2 ,i':/][l,1 0 ]phenanthroline 

dihexafluorophosphate (30a)

(PFslz

This compound was synthesised from [(bpy)2 RuCl2 ] » 2  H2 O*' and ligand 26a. Red solid, 

yield 177 mg (0.16 mmol, 78 %), m.p. 265-268 °C (decomp.).

IR tKBrt: v= 3074 cm ' (CH), 2209 (O C )

UV tCHzCM: Tmax (g) = 288 nm (87000), 315 (sh), 391 (33000), 453 (19000)

'H-NMR (DMSO-d^. 500 MHzl: S= 9.49 (dd, 7  = 8.3, 1.3 Hz, 2 H, y CH), 8.87 (d, J =

8.3 Hz, 2 H, 5 bpy), 8.84 (d, 7  = 8.3 Hz, 2 H, S bpy), 8.27 (dd, 5.3, 1.3 Hz, 2 H, a  

CH), 8.22 (m, 2 H, y bpy), 8.13 (m, 2 H, y bpy), 8.02 (dd, J=  8.3, 5.3 Hz, 2 H, p CH),

7.81 (m, 2 H, a  bpy), 7.77 (m, 4 H, Pb), 7.70 (m, 2 H, a  bpy), 7.61 -  7.40 (m, 8  H, Pb, 

P bpy), 7.38 (m, 2 H, p bpy)

'^C-NMR tPMSO-d;. 125 MHzl: S=  156.8, 156.5, 153.8, 151.9, 151.4, 149.3, 141.2,

138.1, 138.0, 137.6, 133.2, 132.1, 131.0, 129.3, 128.7, 127.9, 127.8, 127.7, 124.5,

124.4,120.1 (all aromatic C), 97.7, 86.4 (C=C)

FAB-MS. m/z (%): 846 (34) [M*- 2 PFs]



Experimental 158

Elemental analvsis: calcd. (RuC5oH32Ng(PF6)2*H20): C 52.1, H 2.8 N 9.7; found: C

52.0, H 2.8, N 9.6

(bpy)2 Ru(II)[2 ,3 -bis(tri-»<>-propylsilylethynyi)pyrazino-[2 ,i-y]-l,1 0 - 

phenanthroline] dihexafluorophosphate (30b)

Si(/-Pr)3

(PF6-)2

Si(/-Pr)3

This compound was synthesised from [(bpy)2RuCl2 ] * 2  H2 O*' and ligand 26b. Orange 

solid, yield 210 mg (0.16 mmol, 81 %), m.p. >300 °C.

IR (KBr): v= 2945 cm‘̂  (CH), 2866 (CH), 2156 (O C )

UV rCHiCW: /Lax (£•) = 288 nm (84000), 360 (sh), 377 (23000), 424 (sh), 453 (15000) 

^H-NMR (DMSO-(k. 500 MHzh 9.37 (dd, J=  8.3, 1.2 Hz, 2 H, y CH), 8 . 8 8  (d, J  =

8.3 Hz, 2 H, 5 bpy), 8.85 (d, J=  8.3 Hz, 2 H, Ô bpy), 8.27 (dd, J=  5.3, 1.2 Hz, 2 H, a  

CH), 8.23 (m, 2 H, y bpy), 8.14 (m, 2 H, y bpy), 8.03 (dd, 7  = 8.3, 5.3 Hz, 2 H, p CH), 

7.83 (m, 2 H, a  bpy), 7.68 (m, 2 H, a  bpy), 7.60 (m, 2 H, p bpy), 7.37 (m, 2 H, p bpy), 

1.30-1.19 (m, 42 H, Si(/-Pr)3)

^^C-NMR (DMSO-d^. 100 MHzl: â=  156.8, 156.5, 153.9, 151.7, 151.5, 149.3, 139.5,

138.1, 138.0, 137.9, 133.2, 128.5, 127.9, 127.8, 127.7, 124.5, 124.4 (all aromatic C),

103.0, 101.1 (C=C), 18.5 (CH3), 10.7 (Si-C)

FAB-MS. m/z (%): 1151 (73) [M"- 1 PFg], 1005 (38) [IVf- 2 PFel

Elemental analvsis: calcd. (RuC56H64NgSi2(PF6)2*H20): C 51.2, H 4.9 N 8.5; found: C

51.1, H 4.9, N 8 . 6
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(bpy)2Ru(II)[2,3-bis(phenyldimethylsilylethynyl)pyrazino-[2,5-^-l,10- 
phenanthroline] dihexafluorophosphate (30d)

(PF6')2

This compound was synthesised from [(bpy)2RuCl2 ] * 2  H2 O** and ligand 26d. Orange 

solid, yield 213 mg (0.17 mmol, 85 %), m.p. 213-215 °C (decomp.).

IR (KBrT v= 3088 cm ' (CH), 2962 (CH), 2160 (C=C)

UV rCH^CM: /Lax (s) = 287 nm (107000), 358 (21000), 374 (26000), 424 (sh), 453 

(18000)

'H-NMR rPMSG-dA. 500 MHzl: 9.44 (dd, J=  8.3, 1.3 Hz, 2 H, y C H ) ,  8 . 8 8  (d, J=

8.3 Hz, 2 H, Ô bpy), 8.85 (d, J=  8.3 Hz, 2 H, Ô bpy), 8.26 (dd, J=  5.4, 1.3 Hz, 2 H, a  

C H ) ,  8.23 (m, 2 H, y bpy), 8.14 (m, 2 H, y bpy), 7.99 (dd, 8.3, 5.4 Hz, 2 H, P C H ) ,

7.81 (m, 2 H, a  bpy), 7.73 (m, 4 H, Ph), 7.69 (m, 2 H, a  bpy), 7.50 -  7.43 (m, 8  H, Ph, 

P bpy), 7.39 (m, 2 H, p bpy), 0.54 (s, 12 H, C H 3 )

'^C-NMR mMSO-(L. 100 MHzl: S=  156.7, 156.5, 153.9, 151.8, 151.4, 149.4, 140.3,

138.1, 138.0, 137.8, 134.6, 133.7, 133.5, 130.1, 128.5, 128.2, 127.9, 127.7 (2C), 124.5, 

124.4 (all aromatic C), 102.7, 101.7 (C=C), -1.6 (CH3)

FAB-MS. m/z (%): 1107 (14) [MT- 1 PFô], 962 (14) [M"- 2 PFô], 135 (100) 

[Si(CH3)2Ph+]

Elemental analvsis: calcd. (RuC5 4H4 4NgSi2(PF6 )2 *H2 0 ): C 51.1, H 3.5 N 8 .8 ; found: C

51.1, H 3.5, N 9.0
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(phen)2 Ru(II)[2 ,3 ’-bis(phenylethynyl)pyrazino-[2 3 :/][1 4 0 ]phenanthroline] 

dihexafluorophosphate (31a)

(PF6')2

This compound was synthesised from [(phen)2RuCl2]*2 H20*  ̂ and ligand 26a. Red 

solid, yield 200 mg (0.17 mmol, 84 %), m.p. >250 °C (decomp.).

IR (KBrT v= 3085 cm'  ̂ (CH), 2205 (C=C)

UV rCHiCLT /Lax (6) = 265 nm (112000), 295 (sh), 317 (sh), 393 (45000), 450 (sh) 

^H-NMR IDMSO-dA. 500 MHzl: S= 9.46 (dd, J=  8.3, 1.2 Hz, 2 H, y CH), 8.79 (dd, J=

8.3, 1.2 Hz, 2 H, y phen), 8.77 (dd, J  = 8.3, 1.2 Hz, 2 H, y phen), 8.39 (s, 4 H, Ô phen),

8.23 (dd, J  = 5.3, 1.2 Hz, 2 H, a  phen), 8.21 (dd, J  = 5.3, 1.2 Hz, 2 H, a  CH), 8.05 (dd, 

J=  5.3, 1.2 Hz, 2 H, a  phen), 7.89 (dd, J  = 8.3, 5.3 Hz, 2 H, (3 CH), 7.81 (dd, J  = 8.3,

5.3 Hz, 2 H, p  phen), 7.78 - 7.75 (m, 6 H, p  phen, Ph), 7.60 - 7.54 (m, 6 H, Ph) 

'^C-NMR (DMSO-dA. 100 MHz^: 154.2, 153.1, 152.5, 149.6, 147.1 (2C), 141.1,

137.5, 136.9, 133.1, 132.0 (2C), 130.8, 130.4 (2C), 129.2, 128.5, 128.0, 127.9, 127.4,

126.2, 126.1, 120.1 (aromatic C), 97.6, 86.3 (CW:)

FAB-MS. wi/zt%~l: 894 (3) [M*- 2 PF&)

Elemental analvsis: calcd. (RuC54H32Ng(PF6)2*H20): C 54.0, H 2.7, N 9.3; found: C

54.2, H 2.7, N 9.3



Experimental 161

(phen)2Ru(II)l2,3-bis(tri-»<?-propyIsilylethynyl)pyrazino-[2,i-^-l,10- 

phenanthroline] dihexafluorophosphate (31b)

Si(/-Pr)3

Si(/-Pr)3a
This compound was synthesised from [(phen)2RuCl2]«2 H20*  ̂ and ligand 26b. Red 

solid, yield 196 mg (mmol, 73 %), mp 245-247 °C.

IR C K B t ) : v =  2943 cm'  ̂ (CH), 2865 (CH), 2155 (C^C)

UV rCH.CM: Anax is) = 265 nm (108000), 290 (sh), 361 (sh), 377 (45000), 449 (21000) 

^H-NMR (DMSO-dA. 400 MHzl: 9.32 (dd, 8.3, 1.2 Hz, 2 H, y CH), 8.78 (dd, J  =

8.3, 1.2 Hz, 2 H, y phen), 8.76 (dd, J=  8.3, 1.2 Hz, 2 H, y phen), 8.38 (s, 4 H, ô phen), 

8.20 (dd, J=  5.4, 1.2 Hz, 2 H, a  CH), 8.17 (dd, J=  5.2, 1.2 Hz, 2 H, a  phen), 8.04 (dd, 

J  = 5.2, 1.1 Hz, 2 H, a  phen), 7.90 (dd, J  = 8.3, 5.4 Hz, 2 H, p CH), 7.77 (m, 4 H, 

p phen), 1.28-1.08 (m, 42 H, /-Pr)

'^C-NMR mMSO-(L. 100 MHzl: 5=  154.3, 152.9, 152.6, 149.6, 147.1, 147.0, 139.4,

137.8, 136.9 (2 C), 133.1, 130.4 (2 C), 128.3, 128.0 (2 C), 127.5, 126.2, 126.1 (all 

aromatic C), 102.9, 101.1 (C=C), 18.4 (CH(CHs)2 ), 10.7 (Si-C)

FAB-MS. m/z (%1: 1199(12)  [M"- 1 PFg], 1054 (9) [M"- 2 PFé]

Elemental analvsis: calcd. (RuC6oH64NgSi2(PF6)2*H20): C 52.9, H 4.7, N 8.2; found: C

53.1, H 4.8, N 8.2
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(bpy)2Ru(II)[2,3-diphenylpyrazino-[2,i-/][l,10]phenanthroline] 

dihexafluorophosphate (32)

(PF6‘)2

This compound was synthesised from [(bpy)2RuCl2]*2 H2 O*' and ligand 29. Orange 

solid, yield 155 mg (0.14 mmol, 71 %), m.p. 258-260 °C.

IR ( K B t ) : v =  3087 cm'  ̂ (CH)

UV rCH^CM: ;Lax (£) = 288 nm (98000), 362 (25000), 421 (sh), 454 (21000)

^H-NMR (DMSO-dA. 500 MHzl: S== 9.59 (dd, J=  8.2, 1.3 Hz, 2 H, y CH), 8.89 (d, J  =

8.2 Hz, 2 H, Ô bpy), 8.86 (d, J=  8.2 Hz, 2 H, ô bpy), 8.27 (dd, J  = 5.3, 1.3 Hz, 2 H, a  

CH), 8.24 (m, 2 H, y bpy), 8.14 (m, 2 H, y bpy), 8.03 (dd, J=  8.2, 5.3 Hz, 2 H, p CH), 

7.86 (m, 2 H, a  bpy), 7.73 (m, 2 H, a  bpy), 7.70 (m, 4 H, Ph), 7.62 (m, 2 H, p bpy), 

7.54 -  7.47 (m, 6 H, Ph), 7.38 (m, 2 H, P bpy)

^^C-NMR (DMSO-d^. 125 MHzl: S=  156.6, 156.3, 153.4, 153.1, 151.6, 151.2, 148.8,

137.9, 137.8 (2C), 136.9, 132.9, 129.6, 129.4, 129.1, 128.3, 127.7, 127.5, 127.2, 125.3,

125.2 (aU aromatic C)

F A B - M S . 1088 (1) [M"], 944 (100) [M^- 1 PFe], 798 (32) pvT- 2 PFô] 

Elemental analysis: calcd. (RuC46H32Ng(PF6)2*H20): C 50.0, H 2.9 N 10.1; found: C

50.0, H 2.7, N 9.9
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(phen)2Ru(ll)[2,3-dîphenylpyrazino-[2^5‘̂ [l,10]phenanthrolinc] 

dihexafluorophosphate (33)

5
(PF6‘)2

This compound was synthesised from [(phen)2RuCl2]»2 H20*  ̂ and ligand 29. Orange 

solid, yield 178 mg (0.16 mmol, 78 %), m.p. >250 °C.

IR (KBrT v= 3086 cm'* (CH)

UYXÇHaÇy : ^  (s) = 265 nm (119000), 290 (sh), 367 (25000), 420 (sh), 450 (22000) 

*H-NMR (DMSO-dA. 500 MHzl: 9.54 (dd, J=  8.2, 1.1 Hz, 2 H, y CH), 8.78 (dd, J=

8.2, 1.0 Hz, 2 H, y phen), 8.77 (dd, J =  8.2, 1.0 Hz, 2 H, y phen), 8.39 (s, 4 H, 5 phen),

8.23 (dd, J=  5.2, 1.0 Hz, 2 H, a  phen), 8.20 (dd, J=  5.3, 1.1 Hz, 2 H, a  CH), 8.07 (dd, 

J  = 5.2, 1.0 Hz, 2 H, a  phen), 7.89 (dd, J  = 8.2, 5.3 Hz, 2 H, p CH), 7.78 (m, 4 H, 

p phen), 7.67 (m, 4 H, Ph), 7.46 (m, 6 H, Ph)

*^C-NMR (DMSO-d^. 100 MHz): 0=  153.7, 153.5, 153.0, 152.6, 149.4, 147.1 (2C),

137.8, 137.0, 136.9 (2C), 133.0, 130.4 (2C), 129.7, 129.5, 129.1, 128.4, 128.2, 128.0,

127.2, 126.2, 126.1 (aromatic C)

FAB-MS. m/z (%): 991 (10 ) Pvf- 1 PFg], 846 (34) [M^- 2 PFô]

Elemental analvsis: calcd. (RuC5oH32Ng(PF6)2*H20): C 52.0, H 2.8, N 9.7; found: C

52.2, H 2.8, N 9.6
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(bpy)2Ru(II)[2,3-diethynylpyrazino-[2,5-:/][l,10]phenanthroline] 

dihexafluorophosphate (30e)

Potassium carbonate was added to a solution of (bpy)2Ru(II)[2,3- 

bis(phenyldimethylsilylethynyl)pyrazino- [2,3-f[[\,\ O]phenanthroline] dihexafluoro

phosphate 30d (250 mg, 0.2 mmol) in acetonitrile (30 ml). After stirring for 15 minutes 

at room temperature, the reaction was quenched by the addition of water (30 ml). The 

resulting solution was extracted with dichloromethane (3 x 50 ml). Drying over Na2 S0 4 , 

filtration and removal of the solvent in vacuo afiforded a red solid, which was 

recrystallised from a mixture of acetonitrile, dichloromethane and diethylether. The 

orange solid was collected and dried, yield 187 mg (0.19 mmol, 95 %), m.p. >300 °C. 

IRfKBrt: y= 3275 cm'(CH), 2113 (CWC)

UVXÇH2 CI2 ): /Lax (e) = 282 nm (100000), 346 (21000), 362 (25000), 423 (sh), 451 

(21000)

'H-NMR (DMSO-dx. 400 MHzl: â  = 9.42 (dd, J  = 8.2, 1.0 Hz, 2 H, y CH), 8.87 (d, J =

8.3 Hz, 2 H, Ô bpy), 8.83 (d, J=  8.3 Hz, 2 H, ô bpy), 8.26 (dd, J=  5.3, 1.0 Hz, 2 H, a  

CH), 8.21 (m, y bpy), 8.12 (m, 2 H, y bpy), 8.00 (dd, J=  8.2, 5.3 Hz, 2 H, p CH), 7.80 

(m, 2 H, a  bpy-CH), 7.66 (m, 2 H, a  bpy), 7.58 (m, 2 H, p bpy), 7.35 (m, 2 H, p bpy), 

5.28 (s, 2 H, acetylenic H)

'^C-NMR (DMSO-d^. 125 MHzl: 156.7, 156.4, 153.8, 151.7, 151.3, 149.3, 140.4,

138.0, 137.9, 137.8, 133.2, 128.4, 127.8, 127.6 (2C), 124.4, 124.3 (all aromatic C),

89.6, 79.7 (CsC)

FAB-MS. wi/z(%V. 839 (66) PvT-1 PFt], 694 (56) pvT- 2 PFe]

Elemental analvsis: calcd. (RuC3gH24Ng(PF6)2»H20): C 45.5, H 2.4, N 11.2; found: C

45.2, H 2.5, N 10.8
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General procedure for the Hay-coupling of the terminal acetylenic (bpy)2 Ru(H) 

complex with an external acetylene:

Copper(I)chloride (124 mg 1.25 mmol) was added to a solution of 

tetramethylethylenediamine (148 mg, 1.25 mmol) in dry acetone (5ml) and stirred for 

30 minutes. The resulting deep green solution was added to a solution of 

(bpy)2Ru(II)[2,3-diethynylpyrazino-[2,3-/j [1,1 OJphenanthroline] dihexafluorophosphate 

30e (50 mg, 0.05 mmol) and the respective arylacetylene (1,25 mmol) in dry acetone 

(150 ml). While stirring for four hours, a constant stream of dry air was bubbled 

through the reaction mixture. To prevent evaporation of the solvent the reaction vessel 

was equipped with a Vigreux column and a condenser. The reaction mixture was 

concentrated in vacuo and filtered through a plug of alumina. Eluting the plug with 

dichloromethane afforded the 1,4-diarylbutadiyne, changing the eluent to a 10 mM 

solution of NH4 PF6 in acetonitrile afforded a red solid, which was recrystallised fi-om a 

mixture of acetonitrile, dichloromethane and diethylether.

(bpy)2Ru(II)[2,3-bis(4-tert-butylphenylbutadiynyl)pyrazino-[2,J- 

y][l,10]phenanthroline] dihexafluorophosphate (30f)

This compound was prepared fi-om complex 30e and 4-fgrf-butylphenylacetylene^^ 

acetylene in accordance with the general procedure. Orange solid, yield 49 mg (0.038 

mmol, 74 %), m.p. 198-200 °C (decomp.).
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IR(KBr>: v= 2961 cm '(C H ),2202(O C )

UV (CH7 CI2 I: /Lax (g) = 288 nm (93000), 414 (40000), 465 (sh)

'H-NMR (DMSO-dx. 500 MHzl: 5=  9.44 (dd, J =  8.2, 0.9 Hz, 2 H, y CH), 8.87 (d, J  =

8.3 Hz, 2 H, S bpy), 8.83 (d, J =  8.3 Hz, 2 H, 8  bpy), 8.27 (dd, 7 =  5.2, 0.9 Hz, 2 H, a  

CH), 8.22 (m, y bpy), 8.13 (m, 2 H, y bpy), 8.01 (dd, y =  8.2, 5.2 Hz, 2 H, p CH), 7.81 

(m, 2 H, a  bpy), 7.68 (m, 2 H, a  bpy), 7.68 (d, J  = 8.4 Hz, 4 H, Ph), 7.58 (m, 2 H, p 

bpy), 7.51 (d, J=  8.4 Hz, 4 H, Ph), 7.36 (m, 2 H, p bpy), 1.29 (s, 18 H, tert-Q\x) 

'^C-NMR (DMSO-dx. 100 MHzl: S=  156.7, 156.4, 154.3, 154.1, 151.8, 151.4, 149.5,

140.3, 138.1, 137.9, 137.6, 133.3, 132.9, 128.4, 127.9, 127.7 (2C), 126.0,124.5,124.4, 

116.1 (aU aromatic C), 87.5, 81.3,77.2, 72.0 (2 C ^ ) ,  34.8 (CCH3), 30.7 (CÇH3) 

FAB-MS. m/z (%): 1151 (81) pvf- 1 ??«], 1006 (100) pvT- 2 PFs]

Elemental analvsis: calcd. (RuC62H48Ng(PF6)2*H20): C 56.6, H 3.6, N 8.5; found: C

56.2, H 3.8, N 8.4

(bpy)2Ru(II)[2 ,3 -bis(4 -A^,iV-dimethylaminophenylbutadiynyl)pyrazino-[2 ,5 - 

/][l,10]phenanthroline] dihexafluorophosphate (30g)

(PFe)2

Si

N—

N—

This compound was prepared from complex 30e and 4-ethynyl-j%7V-dimethylaniline^  ̂ in 

accordance with the general procedure. The product was found to be hygroscopic and 

gained weight during the elemental analysis. Red solid, yield 47 mg (0.037 mmol, 72 

%), m.p. >300 °C
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IR(KBr>: v= 3080cm ' (CH), 2180(O C )

UYXeifcCL): /Lax (é) = 288 nm (90000), 326 (59000), 349 (sh), 489 (47000)

‘H-NMR (DMSO-dx. 400 MHzl: <?= 9.43 (dd, J =  8.2, 1.0 Hz, 2 H, y CH), 8.87 (d ,J  =

8.2 Hz, 2 H, Ô bpy), 8.84 (2 H, d, 7 =  8.2 Hz, 8 bpy), 8.25 (dd, J=  5.4, 1.0 Hz, 2 H, a  

CH), 8.21 (m, 2 H, y bpy), 8.13 (m, 2 H, y bpy), 7.99 (dd, J=  8.2, 5.4 Hz, 2 H, p CH),

7.80 (m, 2 H, a  bpy), 7.68 (m, 2 H, a  bpy), 7.58 (m, 2 H, p bpy), 7.53 (d, J=  8.9 Hz, 4 

H, Ph), 7.37 (m, 2 H, p bpy), 6.73 (d, J=  8.9 Hz, 4 H, Ph), 3.00 (s, 12 H, CHg) 

'^C-NMR rPMSO-dx. 100 MHzl: â=  156.7, 156.4, 153.8, 151.8, 151.5, 151.4, 149.3,

140.5, 138.1, 138.0, 137.6, 134.5, 134.3, 133.3, 128.5, 127.9, 127.7, 124.5, 124.4,

111.8,103.8 (aromatic C), 90.7, 83.0, 77.9,71.8 (O C ), 41.3 (CH,) 

FABiMS,mkX%):980(4) p^f - 2 PFs]

Elemental analvsis: calcd. (RuC5gH42Nio(Pp6)2*3 H2 O): C 52.6, H 3.2, N 10.6; found: C

52.3, H 3.1, N10.4

(*^Py)2Ru(II)[2,3-dibromoethynylpyrazino-[2,5-^[l,10]phenanthroline] 

dihexafluorophosphate (30h)

(PFelz

To a deoxygenated solution of (bpy)2Ru(II)[2,3-diethynylpyrazino-[2,3- 

/ | [  1,1 OJphenanthroline] dihexafluorophosphate 30e (100 mg, 0.1 mmol) in dry acetone 

(40 ml) was added jV-bromosuccinimide (180 mg, 1 mmol) and silver nitrate (87 mg, 

0.3 mmol). After stirring in the dark at room temperature for four hours the reaction was 

quenched by the addition of water (20ml). The aqueous layer was extracted with 

dichloromethane (3 x 30 ml). Drying of the combined organic extracts over Na2 S0 4  was 

followed by filtration and the removal of the solvent in vacuo. The remaining red 

residue was recrystallised from acetonitrile, dichloromethane and diethylether. The red
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solid was collected and dried, yield 101 mg (0.09 mmol, 88 %). The title compound was 

found to decompose during storage at 0 °C in the dark under argon within one day.

IR (KBr): v= 2188 cm"̂  (C=C)

UV (CUoCh): Àrmx (€) = 287 nm (108000), 373 (27000), 451 (19000)

'H-NMR (DMSO-d^. 400 MHz): 0= 9.41 (dd, J =  8.2, 1.1 Hz, 2 H, y CH), 8.86 (d, J =

8.2 Hz, 2 H, 8 bpy), 8.83 (d, J =  8.2 Hz, 2 H, 8 bpy), 8.25 (dd, J=  5.4, 1.1 Hz, 2 H, a  

CH), 8.21 (m, 2 H, y bpy), 8.11 (m, 2 H, y bpy), 7.99 (dd, J  = 8.2, 5.4 Hz, 2 H, p CH),

7.80 (m, 2 H, a  bpy), 7.67 (m, 2 H, a  bpy), 7.58 (m, 2 H, p bpy), 7.35 (m, 2 H, p bpy) 

'^C-NMR (DMSO-dU. 125 MHzl: S=  156.7, 156.4, 153.9, 151.8, 151.3, 149.3, 140.9,

138.1, 137.9, 137.6, 133.2, 128.4, 127.8, 127.6 (2C), 124.4, 124.3 (aU aromatic C),

76.8, 65.2 (CsC)

FAB-MS.>w/z(%l: 997 (66) [IVT-1 PF^], 852 (53) [ b f - 2 PFé]
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6. Amino-substituted benzodehydro[12]annulene

l,2-Dinitro-4,5-bis(tri-«<?-propylsilylethynyl)benzene (48)

-Si(/-Pr)3

Si(/-Pr)3

l,2-Diiodo-4,5-dinitrobenzene 49*̂  ̂ (4.74 g, 11.3 mmol) and tri-iso-

propylsilylacetylene (4.73 g, 26 mmol) were dissolved in triethylamine (50 ml) and the 

solution was degassed for 10 min by bubbling argon through it. Pd(PPh3)2 Cl2 (396 mg, 

0.56 mmol) was added and the yellow suspension was warmed to 70 °C at which point 

Cul (43 mg, 0.23 mmol) was added. The yellow suspension was stirred at 80 for 3 

hours during which time the reaction mixture gradually turned black. After cooling to 

room temperature, diethylether (100 ml) was added, the white precipitate 

(triethylamine»HI) was filtered and washed with diethylether. The combined filtrates 

were concentrated in vacuo and the residue was subjected to column chromatography 

(silica, 25 % CH2 CI2 in hexane) aftbrding the title compound as a yellow solid, yield 

4.16 g (7.86 mmol, 70 %), m.p. 48-50 °C.

IRfKBrt: v= 2946cm ' (CH), 2865 (CH)

UV ICHoCkI: /La, (g) = 275 nm (22500), 324 (12000)

'H-NMR (CDCl;. 400 MHzI: 7.91 (s, 2 H, Ph), 1.13-1.10 (m, 42 H, 1-Pr)

'^C-NMR ICDCh. 100 MHzl: S=  141.0, 130.6, 129.5 (all aromatic C), 104.7, 101.6 

(both C=C), 18.6 (CHj), 11.2 (CH)

El-MS(70eVl.m/z(%l: 528 (2) [M"], 485 (28) [M+- i-Pr], 443 (100) [M+- 2 i-Pr] 

Elemental analysis: calcd. (C2 gH4 4N2 0 4 Si2 ): C 63.6, H 8.4, N 5.3; found C 63.5, H 8.5, 

N5.3
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1,2-Diethyny 1-4,5-din itrobenzen e (50)

.H

Tetrabutylammonium fluoride (0.88 ml of a 1 M solution in THF, 0.88 mmol) was 

added to a degassed solution of compound 48 (0.93 g, 1.76 mmol) in THF (25 ml) at 0 

°C. After 1 minute, a saturated aqueous solution of ammonium chloride (25 ml) was 

added. The layers were separated and the aqueous layer was extracted with EtiO (3 x 25 

ml). The combined organic extracts were washed with brine (25 ml) and dried over 

Na2 S0 4 . After filtration and removal of the solvents in vacuo, the residue was subjected 

to column chromatography (silica, 25 % CH2 CI2 in hexane) to afford the title compound 

as a yellow sohd, yield 341 mg (1.58 mmol, 90 %), m.p. 171-173 °C (decomp.). 

IROCBrt: v= 3282 cm' (C ^H ), 3104 (CH), 3040 (CH), 2111 (C ^ )

‘H-NMR (CDCh. 400 MHzl: S= 7.99 (s, 2 H, Ph), 3.69 (s, 2 H, C ^ H )

'^C-NMR (CDCh. 100 MHzl: 5=  141.7, 130.6, 128.8 (all aromatic C), 88.2, 78.4 (both 

C=C)

EI-MS (70eV>. m/z (%): 216 (100) pvT]

Elemental analvsis: calcd. ( C 1 0 H 4 N 2 O 4 ) :  C 55.6, H 1.9, N 12.9; found C 55.4, H 1.5, N

12.1

1,2-Diam ino-4,5-bis(tri-i5<7-propylsilylethynyI)benzene (47)

-Si(/-Pr)3

Si(/-Pr)3

Tin powder (4.75 g, 40 mmol) was added to a solution of compound 48 (2.12 g, 4 

mmol) in a mixture of conc. HCl (40 ml) and ethanol (400 ml) at 70 °C. The reaction 

mixture was stirred at 70 ®C for 15 minutes during which time it gradually turned red. 

While still hot, the red solution was decanted into a suspension of ice (200 ml) in brine
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(200 ml) leaving behind unreacted tin. Diethylether (400 ml) was added to the yellow 

suspension, followed by NaCl salt until the layers separated cleanly. The aqueous layer 

was extracted with diethylether (2 x 200 ml). The combined organic extracts were 

washed with a saturated aqueous solution of Na2 COs (200 ml), brine (200 ml) and dried 

over Na2 S0 4 . After filtration and removal of the solvents in vacuo, the red solid was 

subjected to column chromatography (silica. 40 % EtOAc in hexane) affording the title 

compound as a white solid which gradually turned brown, yield 1.03 g (2.2 mmol, 57 

%), m.p. 98-100 °C.

IR(KBrt: v= 3367 cm ' (NH), 3203 (NH), 2942 (CH), 2864 (CH), 2142 ( C ^ )  

'H-NMR rCDCh. 400 MHz'): 5=  6.76 (s, 2 H, Ph), 3.37 (broad, 4 H, NHz), 1.10-1.08 

(m, 42 H, i-Pr)

'"C-NMR fCDCh. 100 MHzl: 5=  134.9, 120.6, 117.5 (all aromatic C), 106.1, 91.4 

(both O C ), 18.7 (CHj), 11.3 (CH)

EI-MS (70eV~). m/z (%): 468 (100) [M'], 425 (4) [M' -̂ t-Pr], 383 (36) [MT- 2 i-Pr], 341 

(41) [M*- 3 i-Pr]

Accurate mass tHR-MS (FABT m/z): calcd. (C2 8 H4 gSi2N2 ): 468.3356; found: 468.3366

l,2-Bis(/^rt-butoxycarbonyIamino)-4,5-bis(tri-/si?-propyIsilyIethynyl)benzene (46)

Si(/-Pr)3
Boo—N

Boo—N'
"  'Si(/-Pr)3

l,2-Diamino-4,5-bis(tri-/50-propylsilylethynyl)benzene 47 (1.28 g, 2.75 mmol) was 

dissolved in THF (50 ml) before di-Z^o-propylethylamine (2.13 g, 16.5 mmol) and di- 

tert-hu\y\ dicarbonate (3.6 g, 16.5 mmol) were added. The resulting solution was heated 

at reflux for 3 days and cooled to room temperature before 1 M HCl (50 ml) was added. 

The layers were separated and the aqueous layer was extracted with diethylether (3 x 50 

ml). The combined organic layers were washed with brine (50 ml) and dried over 

Na2 S0 4 . Filtration and removal of the solvents in vacuo afforded a tan-yellow solid, 

which was subjected to column chromatography (silica, 10 % EtOAc in hexane) to
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furnish the title compound as a white solid, yield 1.72 g (2.57 mmol, 94 %), m.p. 197- 

199 °C.

IR(KBrI: v= 3293 cm ' (NH), 2943 (CH), 2866 (CH), 2153 (C=C), 1702 (C=0) 

‘H-NMR rCDCK. 400 MHzl: â= 7.57 (s, 2 H, Ph), 6.67 (broad s, 2 H, NH), 1.48 (s, 18

H, tert-Bu), 1.10-1.08 (m, 42 H, /-Pr)

‘̂ C-NMR ICDCh. 100 MHzl: â = 153.3 (C=0), 130.0, 128.8 (broad), 122.6 (aU 

aromatic C), 104.8, 94.5 (both CeC), 81.4 (C-0), 28.2 (C(CH3)3) 18.7 (CH(CH3)2 ), 11.3 

(£H(CH3)2)

EI-MS (70eV').m/z(%): 668 (21) |> f], 495 (63) [M' -̂ 4 /-Pr]

Elemental analvsis: calcd. (C38H64N204S12): C 68.2, H 9.6, N 4.2; found C 68.1, H 9.9, 

N4.2

I,2-Bis(/^/t-butoxycarbonylamino)-4-ethynyl-5-tri-tfii-propylsilylethynylbenzene 

(45)
-H

Boc—N

Boo—N
'Si(/-Pr)3

Tetrabutylammonium fluoride (1.2 ml of a 1 M solution in THF, 1.2 mmol) was added 

to a degassed solution of compound 46 (800 mg, 1.2 mmol) in THE (80 ml) at 0 °C. The 

solution was stirred at this temperature for 30 min, before a saturated aqueous solution 

of ammonium chloride (40 ml) was added. The layers were separated and the aqueous 

layer was extracted with diethylether (2 x 40 ml). The combined organic layers were 

washed with brine (50 ml) and dried over Na2 S0 4 . Filtration and removal of the solvent 

m vacuo afforded a tan-yellow solid, which was subjected to column chromatography 

(silica, 5 % EtOAc in hexane), affording the title compound as a white solid, yield 298 

mg (0.58 mmol, 50 %), m.p. 82-83 °C. In addition to 45, starting material (272 mg, 0.4 

mmol, 24 %) could be recovered. Changing the solvent to 20 % EtOAc in hexane 

afforded the fully protodesilylated compound 53 (see below).

IR IKBrl: v =  3316 cm ' (OCH), 2943 (CH), 2866 (CH), 2155 (O C ), 1734, 1706 

(both C=0)
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UV fCH,CEl: /Ux is) = 254 nm (60000), 279 (sh), 289 (25000), 327 (sh)

'H-NMR (CDCE. 400 MHzl: S= 7.68 (s, 1 H, Ph), 7.60 (s, 1 H, Ph), 6.71 (broad s, 1 H, 

NH), 6.65 (broad s, 1 H, NH), 3.17 (s, 1 H, C=CH), 1.49 (s, 9 H, tert-Bu)^ 1.48 (s, 9 H, 

tert-Bu)^ 1.10-1.08 (m, 21 H, i-Pr)

‘̂ C-NMR tCDCk 100 MHzt: â =  153.3, 153.2 (both C=0), 130.0 (broad), 127.3 

(broad), 123.4 (broad), 122.0 (broad) (all aromatic C), 104.1, 95.0, 81.7 (all C=C), 81.5 

(C-0), 81.4 (C-0), 80.8 (C^C), 28.2 (C(CH])3) 18.7 (CH(CH3)2), 11.3 (CH(CH3)2) 

EI-MS f70eV\ m/z (%): 513 (29) [M"], 413 (32) [M^- Boc]

Elemental analysis: calcd. (C2 9H4 4N2 0 4 Si): C 67.9, H 8.7, N 5.5; found C 67.6, H 9.0, N

5.4

l,2-Bis(te/f-butoxycarbonylamino)-4,5-diethynyIbenzene (53)

H
Boc—N

Boc—N

White solid, yield 96 mg (0.27 mmol, 23 %), m.p. 183-185 °C

IR tKBrt: v = 3297 cm ' (OCH), 3255 (NH), 2981 (CH), 2953 (CH), 2106 (CeC), 

1696 (C=0)

‘H-NMR tCDCh. 400 MHzl: S= 7.68 (broad s, 2 H, Ph), 6.75 (broad s, 2 H, NH), 3.25 

(s, 2 H, O CH ), 1.48 (s, 18 H, tert-Bu)

'^C-NMR tCDCh. 100 MHzl: S=  153.3 (C=0), 130.4 (broad), 127.6 (broad), 121.8 

(broad) (aU aromatic C), 81.5 (C-0), 81.3, 80.8 (C C ), 28.2 (C(CH3)3 )

EI-MS t70eV3.w/zr%3: 356 (25) [M*]

Elemental analvsis: calcd. ( C 2 0 H 2 4 N 2 O 4 ) :  C 67.3, H 6.7, N 7.8; found C 67.2, H 6 .8 , N

7.7
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l,4-Bis-[(2-tri-/s<>-propylsiIyIethynyl)-4,5-bis-(te/t-butoxycarbonylamino)-phenyl]- 

butadiyne (44)

NH

Boc

Boc

Cu(0Ac)2 (1.94 g, 10.7 mmol) was added to a degassed solution of compound 45 (550 

mg, 1.07 mmol) in methanol (15 ml) and freshly distilled pyridine (15 ml). The 

resulting blue solution was warmed to 60 °C before CuCl (1.06 g, 10.7 mmol) was 

added. After stirring at this temperature for 4 hours the green solution was cooled to 

room temperature and concentrated in vacuo to ca. 5 ml. Diethylether (100 ml) and 

water (50 ml) were added, the resulting suspension was stirred vigorously for 10 

minutes and the layers were separated. The organic layer was extracted with brine until 

the aqueous extracts remained colourless. Drying over Na2 S0 4  was followed by 

filtration and removal of the solvent in vacuo. Further purification could be achieved 

by filtering the yellow solid through a plug of silica eluting with copious amounts of a 

1:1 mixture of EtOAc and Et2 0 . The solvents were removed in vacuo leaving behind a 

tan-yellow solid. Analytically pure material could be obtained by triturating the sample 

with boiling 20 % EtOAc in hexane (15 ml) for 15 minutes and collecting the product 

by suction filtration while the solvent was still hot, yield 436 mg (0.43 mmol, 80 %), 

m.p. 221-223 °C.

IR (KBr): v=  3282 cm ' (NH), 2942 (CH), 2865 (CH), 2151 (C=C), 1735, 1696 (both 

C=0)

U V JEaC b): (f) = 269 nm (95000), 325 (27000), 348 (29000), 375 (25000)

'H-NMR ICDCb. 400 MHzl: 5 =  7.68 (broad s, 2 H, Ph), 7.56 (broad s, 2 H, Ph), 6.75 

(broad s, 2 H, NH), 6.57 (broad s, 2 H, NH), 1.49 (s, 18 H, tert-Bu), 1.49 (s, 18 H, tert- 

Bu), 1.12-1.08 (m, 42 H, z-Pr)
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'^C-NMR (CDCK. 100 MHz): S =  153.3, 153.1 (both C=0), 131.1 (broad), 129.4 

(broad), 128.1 (broad), 126.8 (broad), 124.6 (broad), 121.6 (broad) (all aromatic C), 

103.9, 95.8 (both C^C), 81.5 (2 C, C-0), 80.5, 77.7 (both C=C), 28.2 (2 C, € ( ^ 3)3), 

18.7 (CH(CH3)2), 11.3 (CH(CH3)2)

FAB-MS. m/z (%): 1023 (13) [M^]

Elemental analvsis: calcd. (C5 8H86N4 0 gSi2 ): C 68.1, H 8.5, N 5.5; found C 68.0, H 8 .8 , 

N5.4

l,4-Bis[(2-ethynyl)-4,5-bis-(/^/t-butoxycarbonylamino)-phenyl]butadiyne (54)

NH
Boo

Boc

Boc
H

Tetrabutylammonium fluoride (1.8 ml of a 1 M solution in THF, 1.8 mmol) was added 

to a degassed solution of butadiyne 44 (460 mg, 0.45 mmol) in THF (30 ml). After 

stirring at room temperature for 90 minutes, a saturated aqueous solution of ammonium 

chloride (25 ml) was added. The layers were separated and the aqueous layer was 

extracted with Et2 0  (3 x 25 ml). The combined organic layers were washed with brine 

(25 ml) and dried over Na2 S0 4 . After filtration and removal of the solvents in vacuo, 

the tan-yeUow solid was dissolved in as little EtOAc as possible and precipitated by the 

addition of copious amounts of hexane (100 ml). The white solid was collected by 

suction filtration, yield 306 mg (0.43 mmol, 96 %), m.p. >250 °C.

IR CKBrt: v = 3304 cm ' (OCH), 2980 (CH), 2933 (CH), 2213 (C=C), 1734, 1702 

(both C=0)

UV (CH2 CM: A m a x  (s) = 260 nm (79000), 289 (sh), 321 (31000), 341 (36000), 367 

(30000)

‘H-NMR rCDCh. 400 MHzl: â= 7.73 (broad s, 2 H, Ph), 7.67 (broad s, 2 H, Ph), 6.73 

(broad s, 2 H, NH), 6.61 (broad s, 2 H, NH), 3.29 (s, 2 H, OCH), 1.50 (s, 36 H, tert- 

Bu)



Experimental 176

'^C-NMR (CDCK. 100 MHzV Ô = 153.3, 153.1 (both C=0), 131.1 (broad), 120.0 

(broad), 128.2 (broad), 127.3 (broad), 122.6 (broad), 121.4 (broad) (all aromatic C),

81.7, 81.6 (both C-0), 81.5, 81.0, 80,2, 77.4 (all C=C), 28.2 (2 C, € ( ^ 3)3)

FAB-MS. m/z (%): 710 (6) |> f  ]

Elemental analvsis: calcd. (C4 0H4 6N4 O8): C 67.6, H 6.5, N 7.9; found C 67.8, H 6.6, N

7.8

2,3,10,ll-Tetra(ter/-butoxycarbonylamino)dibenzo[a,g]-3,4,5,6,9,10,ll>12- 
octadehydro[12]annulene (43)

Boc—N N—Boc

Boc—N N—Boc

CuCl (99 mg, 1 mmol) and Cu(0Ac)2 (181 mg, 1 mmol) were added to a degassed 

solution of butadiyne 54 (71 mg, 0.1 mmol) in methanol and pyridine (1:1, 250 ml). 

After stirring for 4 hours at 60 °C the reaction mixture was concentrated in vacuo to 

approximately 10 ml, before water (50 ml) and diethyl ether (100 ml) were added. After 

stirring for 15 minutes, the layers were separated and the organic layer was extracted 

with brine (3 x 50 ml) until the aqueous washings remained colourless. Drying of the 

organic layer over Na2 S0 4  was followed by filtration and evaporation of the solvents in 

vacuo. The resulting residue was triturated with EtOAc and hexane for 10 minutes (1:1, 

10 ml) and collected. The title compound was isolated as a hygroscopic, yellow solid, 

yield 51 mg (72 mmol, 72 %), m.p. 195-196 °C. The success of this reaction depended 

strongly on the concentration of the starting material. Whereas conducting the 

experiment as described above afforded exclusively benzodehydro [12] annulene 43, an 

increase of the concentration to 1.5 mM resulted in the concurrent formation of 

tetrabenzohexadecadehydro[24]annulene 55. The presence of 55 was confirmed 

indirectly following condensation reactions with 1,2-diones. From the analysis of these 

condensation experiments, the ratio between 43 and 55 was judged to be approximately 

2:1 (see chapter 3.2).

IRfKBrb v= 3398 cm ' (NH), 2978 (CH), 2201 (0^3), 1716 (0=0)
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UV rCH^CM: ;Uax (4  = 2 4 4  nm (37000), 274 (30000), 302 (43000), 322 (69000) 

'H-NMR (CDCh. 400 MHz^: S = l.\6  (broad s, 4 H, Ph), 6.51 (broad s, 4 H, NH), 1.48 

(s, 36 H, /err-Bu)

^^C-NMR rCDCE. 100 MHz): no data available due to insufficient solubility 

FAB-MS. w/z(%): 708 (2) [M"]

Accurate mass (HR-MS (FAB). m/zY calcd. (C4 0H4 5N4 O8): 709.3237; found: 709.3210

7. Quinoxalinodehydroannulenes

2,3,12,13-Tetraphenyl-diquinoxaIino[6,7-a:6',7'-g]-3,4,5,6,9,10,ll,12- 

octadehydro[12]annulene (56)

A mixture of Boc-protected dibenzooctadehydro[12]annulene 43 and Boc-protected 

tetrabenzohexadecadehydro[24]annulene 55 (2:1, 28 mg; 0.02 mmol of 43 and 0.01 

mmol of 55) was added to a degassed solution of benzil (42 mg, 0.2 mmol) in acetic 

acid (5 ml). Trifluoroacetic acid (1 ml) was added at 60 ®C upon which the initially 

yellow suspension turned into a red solution. After a few hours, a yellow solid started to 

precipitate. The reaction mixture was continuously stirred at this temperature for 24 

hours. After cooling to 0 °C, the precipitate was collected by suction filtration, washed 

with hexane (10 ml) and dried in high vacuum for a few hours. During the filtration, the 

initially yellow solid turned brown. NMR analysis of the crude mixture indicated that 

the title compound and the [24]annulene 57 had formed in a 2:1 ratio, yield 14 mg (7 

mg, 0.011 mmol, 53 % for 56 and 7 mg, 0.005 mmol, 53 % for 57). 

Dehydro [24]annulene 57 was removed by filtration of a suspension of the brown solid 

through a plug of silica, eluting with chloroform. While the larger dehydroannulene 57 

remained on the silica, the brightly blue fluorescent filtrate containing the 

dehydro [12]annulene 56 was concentrated in vacuo to yield a yellow solid which
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instantly turned brown upon exposure to the ambient. The brown solid could not be 

entirely re-dissolved in chloroform, indicating partial decomposition of the title 

compound. For this reason quantitative measurements such as the determination of 

extinction coefficients were not performed.

UV (CUiClj): /Lax = 334 nm (sh), 357, 405 (sh), 416, 442

‘H-NMR rCDCK. 400 MHz): S= 7.94 (s, 4 H, quinoxaline), 7.47 (m, 8  H, Ph), 7.34 (m, 

12 H, Ph)

‘̂ C-NMR ICDCh. 100 MHzl: no data available due to insuffieient solubility 

FAB-MS. wi/z(%l: 657 (100) [M^

Accurate mass (HR-MS (TAB), m/z): calcd. (C4 8 H2 5N4): 657.2079; found: 657.2057

l,4-Bis-[2,3-diphenyl-7-(tri-/so-propylsilylethynyl)-[l,4]quinoxaline-6-yl]- 

butadiyne (58)

Si(/-Pr)3

(/-Pr>3Si

Butadiyne 44 (51 mg, 0.05 mmol) was added to a degassed solution of benzil (42 mg, 

0.2 mmol) in acetic acid (5 ml). Trifluoroacetic acid (1 ml) was added to the yellow 

suspension at 60 °C and the reaction mixture was stirred at that temperature for 24 

hours. After cooling to room temperature, the yellow solid was collected by suction 

filtration, washed with hexane (10 ml) and dried under vacuum, yield 15 mg. Additional 

quantities of product could be isolated fi'om the mother liquid after removal of the 

solvents in vacuo and purification of the yellow residue by column chromatography 

(silica, 10 % EtOAc in hexane), yield 30 mg (0.03 mmol, 62 %), m.p. >250 °C.

IRrKBH: v= 2985 cm ' (CH), 2943 (CH), 2855 (CH), 2155 (O C )
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UV (CH2 CI2 ): Amax (e) = 249 nm (62000), 293 (sh), 305 (98000), 363 (38000), 386 (sh), 

410(69000)

^H-NMR rCDCh. 400 MHz): S= 8.30 (s, 2 H, quinoxaline), 8.28 (s, 2 H, quinoxaline),

7.51 (m, 8 H, Ph), 7.35 (m, 12 H, Ph), 1.20 (m, 42 H, /-Pr)

'^C-NMR fCDCk 100 MHzl: 154.6, 154.5, 140.9, 140.2, 138.5 (2 C), 133.7,133.3,

129.8 (3 C), 129.3, 128.4, 128.3, 127.6, 125.5 (all aromatic C), 103.6, 98.9, 81.2, 79.6 

(all acetylenic C), 18.7 (CH(CH])2 ), 11.3 (CH(CH3)2 )

FAB-MS. m/z (%): 971 (100) [M^]

Accurate mass (HR-MS (FAB), m/z): calcd. (C66H67N4S12): 971.4904; found: 971.4910

l,4-Bis-[2,3-diphenyl-7-ethynyl-[l,4]quinoxaline-6-yl]-butadiyne (59)

Tetrabutylammonium fluoride (0.1 ml of a 1 M solution in THF, 0.1 mmol) was added 

to a degassed solution of compound 58 (15 mg, 0.015 mmol) in THF (5 ml) at 0 °C. 

After stirring at this temperature for 2 minutes, the reaction was hydrolysed by the 

addition of a saturated aqueous solution of ammonium chloride (5 ml). The layers were 

separated and the aqueous layer was extracted with diethyl ether ( 3 x 1 5  ml). The 

combined organic extracts were washed with brine (10 ml) and dried over Na2 S0 4 . 

After filtration and removal of the solvents in vacuo, the yellow residue was found to be 

only marginally soluble in common organic solvents and could only be purified by 

washing with CH2 CI2 , yield 10 mg (0.015 mmol, quant.), m.p. 165-168 °C (decomp.). 

The low solubility after evaporation of the solvents is presumably due to aggregation 

and the hygroscopicity of the product. The *H-NMR spectrum shows an unusually large 

H2 O resonance.

IRCKBrF v= 3293 cm ' (C=CH), 3057 (CH), 2921 (CH), 2148 (C=C)
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UV rCH^CbV. /Lax (£) = rnn (58000), 286 (76000), 358 (38000), 405 (64000)

*H-NMR (CDCk 400 MHz): S= 8.38 (s, 2 H, quinoxaline), 8.32 (s, 2 H, quinoxaline),

7.51 (m, 8  H, Ph), 7.35 (m, 12 H, Ph), 3.56 (s, 2 H, C=CH)

^^C-NMR rCDCh. 100 MHz): no data available due to insufficient solubility 

F A B - M S . 659 (100) pvT]

Accurate mass (HR-MS (FAB), m/z): calcd. (C4 8H2 7N4 ): 659.2236; found: 659.2252

2,3,12,13-Tetra(tri-«<>-propylsilylethynyl)-diquinoxalino[6,7-a;6",7'-g]-

3,4,5,6,9,10,ll,12-octadehydro[12]annulene (60)

(/-PrESi^^ .Si(/-Pr)3

(/-PrESr Si(/-Pr)3

A mixture of benzodehydro[12]annulene 43 and benzodehydro[24]annulene 55 (2:1, 28 

mg; 0.02 mmol of 43 and 0.01 mmol of 55) was added to a degassed solution of 1,6- 

bis(tri-/50-propylsilyl)hexa-l,5-diyne-3,4-dione 25b^  ̂ (67 mg, 0.16 mmol) in acetic acid 

(5 ml). Trifluoroacetic acid (2 ml) was added at 60 °C upon which the initially yellow 

suspension turned into a red solution. The reaction mixture was continuously stirred at 

this temperature for 24 hours. After cooling to 0 ®C, methanol was added, the precipitate 

formed collected by suction filtration and dried at high vacuum for a few hours. During 

the filtration the initially yellow solid turned brown. NMR analysis of the crude product 

indicated the formation of the title compound and the [24]annulene 61 in a ratio of 2:1, 

yield 39 mg (20 mg, 0.018 mmol, 8 6  % for 60 and 19 mg, 0.009 mmol, 8 6  % for 61). 

Compound 60 could be separated fi*om the dehydro [24]annulene 61 by preparative gel 

permeation chromatography, using THF as eluent. Both compounds, obtained after 

removal of the solvent in vacuo turned fi*om yellow to brown upon exposure to the 

ambient, indicating gradual degradation. Compound 60, m.p. >250 °C.

IR rK B rt: v= 2943 cm ' (CH), 2865 (CH), 2124 (C>C)
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UV æn.CE^: (£) = 252 nm (62000), 301 (47000), 365 (171000), 420 (43000), 432

(55000), 445 (34000), 461 (121000)

‘H-NMR (CDCU. 400 MHz^: â= 7.79 (s, 4 H, quinoxaline), 1.18-1.13 (m, 84 H, i-Pr) 

‘̂ C-NMR rCDCk. 100 MHzl: S=  141.3, 141.0, 129.8, 129.2 (all aromatic C), 103.1,

101.4, 91.7, 86.1 (all acetylenic C), 18.7 (CH(CH3)2 ), 11.4 (CH(CH3)2 ) 

MALDI-TOF.ro/zt%l: 1073.6 (100) pvT]

Accurate mass tHR-MS (FAB), m/z): calcd. (C6 8Hg9N4 Si4 ): 1073.6164; found: 

1073.6178

2,3,12,13,22,23,32,33-Octa(tri-«<i-propylsilyiethynyl)-tetraquinoxalino[6,7-a:6',7' 

g:6” ,7 '- m :6 '',7 '-s]-3,4,5,6,9,10,ll,12,15,16,17,18,21,22,23,24- 

hexadecadehydro[12]annulene (61)

N N
//

Compound 61, m.p. 170-173 °C (decomp.).

IR (KBrl: v= 2943 cm ' (CH), 2865 (CH), 2149 (C=C)
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UV (CU.Ch): /Lax (e) = 252 nm (115000), 321 (340000), 379 (90000), 389 (86000), 

401 (142000), 425 (236000)

^H-NMR tCDCL 400 MHzl: S= 8.20 (s, 8  H, quinoxaline), 1.18-1.13 (m, 168 H, /-Pr) 

'^C-NMR rCDCk 100 MHzl: S=  141.2, 140.0, 134.2, 126.0 (all aromatic C), 103.2,

101.4, 80.6, 80.0 (aU acetylenic C), 18.7 (CH(CH3)2 ), 11.4 (CH(CH3)2 )

MALDI-TOF. m/z (Vo): 2148.4 (100) [M*]

8. Dppz chelates and their metal complexes

11,12-Bis(tri-is<?-propyIsilylethynyl)dipyrido [3,2-a:2 ‘ ,3‘-c] phenazine (62)

Phen-5,6-dione 23̂ * (105 mg, 0.5 mmol) was added to a degassed solution of 1,2- 

diamino-4,5-bis(tri-/50-propylsilylethynyl)benzene 47 (235 mg, 0.5 mmol) in acetic 

acid (20 ml) at room temperature. After a few minutes, a yellow solid started to 

precipitate. Stirring was continued for one hour, before the solvent was removed in 

vacuo. Recrystallisation of the solid obtained from methanol (400 ml) afforded the title 

compound as a yellow sohd, yield 235 mg (0.37 mmol, 73 %), m.p. >250 °C.

IRlKBrl: v= 2940 cm ' (CH), 2862 (CH), 2148 (O C )

UV ICHiCFl: /Ux (£■) = 265 nm (37000), 296 (sh), 305 (94000), 315 (sh), 376 (12000), 

397 (25000), 408 (16000), 420 (46000)

'H-NMR rCDCh. 400 MHzl: S=  9.53 (dd, 7  = 8.1, 1.7 Hz, 2 H, y CH), 9.24 (dd, J  =

4.4, 1.7 Hz, 2 H, a  CH), 8.45 (s, 2 H, phenazine), 7.75 (dd, / =  8.1,4.4 Hz, 2 H, p CH), 

1.19 (m, 42 H, i-Pr)

'^C-NMR (CDCh. 75.5 MHzl: S=  152.8, 148.5, 141.8, 141.5, 134.5, 133.8, 127.3,

127.2, 124.2 (all aromatic C), 104.5, 98.9 (C=C), 18.8 (CH3 ), 11.4 (Si-CH)
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EI-MS (10eV\ m/z (%): 642 (19) [M^], 600 (79) [M^- /-Pr], 557 (100) pvT- 2 /-Pr] 

Elemental analvsis: calcd. (C4 oH5oN4 Si2 ) C 74.7, H 7.8 N 8.7; found C 74.2, H 7.9, N 

8.6

Accurate mass (HR-MS (FAB). m/z)\ calcd. (C4oH5 iN4 Si2 ): 643.3652; found 643.3678

l,4-Bis[2,7-dibutyl-ll-(tri-iso-propylsilylethynyI)-dipyrido[3,2-a:2‘^ ‘-c]phenazme- 

12-yI] butadiyne (63)

Bu

Bu

Bu

Bu

Boc-protected butadiyne 44 (76 mg, 0.075 mmol) was added to a degassed solution of 

3,8-dibutyl[l,10]phenanthroline-5,6-dione 38o (100 mg, 0.3 mmol) in acetic acid (8 

ml). Trifluoroacetic acid (2 ml) was added to the yellow suspension at 60 °C and the 

reaction mixture was stirred for 24 hours at that temperature. After cooling and removal 

of the solvents in vacuo, the remaining yellow solid was purified by column 

chromatography (silica, 5^20  % MeOH in C H 2 C I 2 ) ,  to afford the title compound as a 

yellow solid, yield: 56 mg (0.05 mmol, 67 %), m.p. >250 °C. NMR data could be

obtained when a small amount of Na2 C0 3  was added to the sample in C D C I 3 .

IR(KBr~): v= 2928 cm ' (CH), 2862 (CH), 2151 (C=C)

UV fCH.Ckl: /Ux (g) = 260 nm (65000), 302 (108000), 313 (111000), 327 (131000), 

383 (31000), 405 (47000), 414 (45000), 430 (77000), 438 (72000)

'H-NMR ICDClx. 400 MHzl: 0= 9.35 (d, J=  2.2 Hz. 2 H, y CH), 9.33 (d, 2.1 Hz, 2

H, y CH), 9.07 (m, 4 H, a  CH), 8.54 (s, 2 H, phenazine CH), 8.52 (s, 2 H, phenazine 

CH), 2.96 (m, 8 H, Bu), 1.82 (m, 8 H, Bu), 1.49 (m, 8 H, Bu), 1.27 (m, 42 H, /-Pr), 1.00 

(2 1, 7.4 Hz, 12 H, Bu)
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"C-NMR rCDCh. 100 MHzl: S= 153.7 (2 C), 146.7 (2 C), 142.4, 142.3, 141.8, 141.2,

138.8 (2 C), 134.2,133.5, 132.6 (2 C), 127.6,126.3 (2 C), 125.8 (aU aromatic C), 103.6,

99.7, 81.6, 80.3 (all acetylenic C), 33.3 (2 C), 32.0 (2 C), 22.4 (2 C) (all Bu), 18.8 

(CH(ÇH3)2>, 13.9 (2 C) (Bu), 11.3 (CH(CH3)2)

FAB-MS. m/z (%): 1231 (31) [M^+2H20], 1213 (100) [M+ + H2 O], 1195 (28) [M^] 

Accurate mass (HR-MS TFAB). m/z): calcd. (CTgHgiNgSii): 1195.6905; found: 

1195.6883

l,4-Bis[2,7-dibutyl-ll-ethynyI-dipyrido[3,2-a:2‘3 ‘-c]phenazine-12-yl]butadiyne

(64)
Bu

Bu

Bu

Bu

Tetrabutylammonium fluoride (0.14 ml of a 1 M solution in THF, 0.14 mmol) was 

added to a degassed solution of butadiyne 63 (42 mg, 0.035 mmol) in THF (10 ml) at 0 

°C. After stirring at this temperature for 10 minutes, the reaction mixture was 

hydrolysed by the addition of a saturated aqueous ammonium chloride solution (10 ml), 

resulting in a yellow slurry which could be brought back into solution by the addition of 

CH2 CI2 (40 ml). The layers were separated and the aqueous layer was extracted with 

CH2 CI2 ( 2x30 ml). The combined organic extracts were washed with brine (20 ml) and 

dried over Na2 S0 4 . After filtration and removal of the solvents in vacuo, the yellow 

residue was triturated with methanol (40 ml) for 5 minutes and the yellow solid was 

collected, yield 30 mg (0.034 mmol, 97 %), m.p. 140 °C (decomp.). Once dried under 

high vacuum, the title compound was found to be poorly soluble in organic solvents, 

presumably due to aggregation. However, NMR-data could be obtained by the addition 

of Na2 C0 3  to the sample in C D C I 3 .
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IR ( K B t ) : V = 3292 cm' (C=CH), 2955 (CH), 2927 (CH), 2857 (CH), 2151 (C=C), 

2102 (C=C)

UV (CHjCh): (£) = 260 nm (72000), 301 (95000), 312 (97000), 325 (113000), 378

(33000), 400 (45000), 408 (45000), 424 (70000), 433 (70000)

'H-NMR rCDCE. 400 MHzl: S= 9.27 (d, J =  1.5 Hz, 2 H, y CH), 9.22 (d, 1.5 Hz, 2

H, Y CH), 9.06 (broad s, 2 H, a  CH), 9.04 (broad s, 2 H, a  CH), 8.56 (s, 2 H, phenazine 

CH), 8.48 (s, 2 H, phenazine CH), 3.67 (s, 2 H, C=CH), 2.94 (m, 8 H, Bu), 1.81 (m, 8 

H, Bu), 1.48 (m, 8 H, Bu), 1.00 (m, 12 H, Bu)

'^C-NMR (CDCh. 100 MHz): 153.9 (2 C), 146.9 (2 C), 142.7 (2 C), 141.7, 141.3,

138.9 (2 C), 134.8, 134.2, 132.7 (2 C), 126.2 (2 C), 126.0, 125.4 (all aromatic C), 84.3,

81.4, 80.8, 79.9 (aU acetylenic C), 33.3 (2 C), 33.0 (2 C), 22.4 (2 C), 13.9 (2 C) (aU Bu) 

FAB-MS. 883 (100) [IvT]

Accurate mass (HR-MS (TAB), m/z): calcd. (CôoHsiNg): 883.4237; found: 883.4212 

(bpy)2Ru-compIexed dipyrido[3,2-a:2S3^-c]phenazinodehydro[12]annulene (66)

"V 2h-.o“

a (P F 6 ')4

Boc-protected benzodehydro[12]annulene 43 (21 mg, 0.03 mmol) was added to a 

degassed solution of [(bpy)2Ru(phen-dione)] dihexafluorophosphate 65""' (85 mg, 0.09 

mmol) in freshly distilled acetonitrile (5 ml). The resulting suspension was warmed to 

50 °C before trifluoroacetic acid (1 ml) was added. After stirring for 24 hours at 70°C, 

the red solution was cooled to room temperature and the solvents were removed in 

vacuo. The remaining red residue was filtered through a column of A I 2 O 3 ,  eluting with a 

1 % solution of NH4 PF6  in acetonitrile. Further purification was achieved by size 

exclusion chromatography on Sephadex LH 20 resin, eluting with 15 % THF in
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acetonitrile. The first fi'action contains the title compound fi*ee of impurities. The 

remaining fi*actions were concentrated in vacuo and re-subjected to the Sephadex 

column. This procedure was repeated until the first eluting fi'action could not be further 

purified. The product was found to be hygroscopic and gained weight during the 

elemental analysis. It was obtained as a dark red solid, yield 13 mg (6.3 pmol, 21 %), 

m.p. >250 °C.

LZYXÇH3ÇN): /Lax (£) = 286 nm (128000), 328 (76000), 369 (76000), 390 (44000), 433 

(53000), 459 (50000)

‘H-NMR (CD,CN. 500 MHz^: 0= 9.57 (d,J= 8.1 Hz, 4 H, y CH), 8.55 (d, J =  8.2 Hz, 

4 H, Ô bpy), 8.52 (d, J =  8.2 Hz, 4 H, 5 bpy), 8.37 (s, 4 H, phenazine CH), 8.19 (d,

5.5 Hz, 4 H, a  CH), 8.11 (m, 4 H, y bpy), 8.03 (m, 4 H, y bpy), 7.89 (dd, 8.1, 5.5 Hz, 

4 H, p CH), 7.84 (m, 4 H, a  bpy), 7.72 (m, 4 H, a  bpy), 7.46 (m, 4 H, p bpy), 7.27 (m, 

4 H, p bpy)

^^C-NMR tCDqCN. 100 MHzl: S =  158.1, 157.9, 155.3, 153.1, 153.0, 151.8, 144.2,

142.7, 139.0 (2 C), 134.7, 131.7, 131.3, 130.7, 128.6 (2 C), 128.5, 125.3 (2 C) (all 

aromatic C), 92.9, 86.7 (acetylenic C)

MALDI-TOF. m/z (%): 1919 (100) [IVf- 1 PFg], 1773 (30) [M^- 2 PFô]

Elemental analvsis: calcd. (Ru2 Cg4H4 gN%6 (PF6 )4 * 8  H2 O): C 45.6, H 2.8, N 10.1; found 

C 45.3, H 2.9, N 8.7
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(bpy)2Ru[ll,12-bis(tri-/so-propylsiIylethynyI)dipyrido[3,2-a:2‘,3‘-e] phenazine] 

dihexafluorophosphate (67)

Si(/-Pr)3

(PFglz

Si(/-Pr)3

This compound was synthesised from [(bpy)2RuCl2 ]*̂  and ligand 62 in accordance with 

the general procedure for [(bpy)2 Ru(pyzphen)] complexes on a 0.045 mmol scale in 

ethanol (30 ml). After anion exchange with aqueous NH4 PF6 , the title compound was 

obtained as an orange solid, yield 49 mg (0.036 mmol, 81 %), m.p. >250 °C.

IR (KBrh v= 2941 cm ' (CH), 2864 (CH), 2148 (O C )

U yjm g O h ):  ^lax (6) = 293 nm (106000), 310 (89000), 324 (81000), 398 (sh), 421 

(44000), 461 (sh)

UVjCHsCN): /Lax (f) = 291 nm (119000), 304 (sh), 316 (sh), 372 (sh), 393 (29000), 

415 (45000), 455 (sh)

'H-NMR mMSO-(L. 500 MHz3: â=  9.60 (d, 8.2 Hz, 2 H, y CH), 8 . 8 6  (d, J=  8.2

Hz, 2 H, Ô bpy), 8.83 (d, J=  8.2 Hz, 2 H, 8  bpy), 8.59 (s, 2 H, phenazine CH), 8.22 (m, 

4 H, a  CH, y bpy), 8.13 (m, 2 H, y bpy), 8.02 (dd, J=  8.2, 5.5 Hz, 2 H, p CH), 7.81 (m, 

2 H, a  bpy), 7.76 (m, 2 H, a  bpy), 7.59 (m, 2 H, p bpy), 7.38 (m, 2 H, p bpy), 1.18 (m, 

42 H, z-Pr)

'^C-NMR rOMSO-dg. 125 MHzl: â=  157.0, 156.4, 153.6, 151.9, 151.3, 150.6, 141.2,

141.1, 138.0, 137.9, 134.4, 133.3, 129.9, 127.8, 127.7 (2 C), 126.6, 124.4, 124.3 (all 

aromatic C), 103.8, 99.3 (acetylenic C), 18.5 (CH3), 10.7 (Si-CH)

FAB-MS. m/z (%): 1201 (4) [M^- 1 PFe], 1056 (6 ) [MT- 2 PFô]

Elemental analvsis: calcd. (RuC6oH66NgSi2 (PF6 )2 *H2 0 ): C 52.8, H 4.9 N 8.2; found C

53.1, H 5.0, N 8.0
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(bpy)4 Ru2  [ 1,4-bis [ 12-(tri-/s<?-propylsilylethynyl)-dipyrido [3,2-a : 2 ‘ ,3 ‘ -c] phenazine- 

ll-yl]-butadiyne] tetrahexafluorophosphate (68)

Si(/-Pr)3

(/-Pr)3SI

( P F 6 ’)4

This compound was synthesised from l,4-bis[(2-ethynyl)-4,5-di-(^err-butoxycarbonyl- 

amino)-phenyl]butadiyne 44 (31 mg, 0.03 mmol) and [(bpy)2Ru(phendione)] 

dihexafluoro-phosphate 65*̂ "̂  (85 mg, 0.09 mmol) in analogy to the preparation of 

dehydroannulene 6 6 . A similar work-up procedure afforded the title compound as a red 

solid, yield 23 mg (9.9 pmol, 33 %), m.p. >250 °C. The presence of two diastereomers 

could be detected in the *H-NMR-spectrum.

UV fCHiCNl: vLax (e) = 288 nm (132000), 309 (112000), 322 (119000), 339 (sh), 399 

(sh), 426 (71000)

^H-NMR rCD.CN. 500 MHz): S= 9.60-9.58 (m, 4 H, y CH), 8.69 (2 s, 2 H, phenazine 

CH), 8 . 6 6  (2 s, 2 H, phenazine CH), 8.60 (d, J=  8.2 Hz, 4 H, ô bpy), 8.56 (d, J=  8.2 

Hz, 4 H, Ô bpy), 8.19 (dd, J=  4.3, 1.0 Hz, 4 H, a  CH), 8.1 l(m, 4 H, y bpy), 8.02 (m, 4 

H, y bpy), 7.91-7.85 (m, 4 H, p CH), 7.84 (m, 4 H, a  bpy), 7.72 (m, 4 H, a  bpy), 7.46 

(m, 4 H, p bpy), 7.27 (m, 4 H, p bpy), 1.26 (m, 42 H, /-Pr)

MALDI-TOF. m/z r%l: 2233 (100) [M"- 1 PFô], 2089 (20) [IVT- 2 PFg]

Elemental analysis: calcd. (RuiC1 0 2H90N 16 Si2 (PF6 )4 * 2 H2 O): C 50.7, H 3.8, N 9.3; 

found C 51.0, H 3.7, N 8.7
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(bpy)20s-complexed dipyrido[3,2-a:2‘,3‘-c]phenazinodehydro[12]annulene (70)

(PFe)4

This compound was synthesised from compound 43 (21 mg, 0.03 mmol) and 

[(bpy)20s(phen-dione)] dihexafluorophosphate 69""  ̂ (90 mg, 0.09 mmol) in analogy to 

the preparation of the Ru analogue 66 on the same scale. Similar work-up afforded the 

title compound as a greenish-brown solid, yield 4 mg (1.8 pmol, 6 %), m.p. >250 °C. 

The title compound decomposed over a period of weeks when exposed to the ambient. 

'H-NMR (CD,CN. 400 MHz): S=  9.33 (dd, J=  8.2,1.1 Hz, 4 H, y CH), 8.52 (d, J=  8.0 

Hz, 4 H, Ô bpy), 8.49 (d, 8.0 Hz, 4 H, Ô bpy), 8.41 (s, 4 H, phenazine CH), 8.11 (dd,

J=  5.5, 1.1 Hz, 4 H, a  CH), 7.92 (m, 4 H, y bpy), 7.83 (m, 4 H, y bpy), 7.78 (dd, J  =

8.2, 5.5 Hz, 4 H, p CH), 7.74 (m, 4 H, a  bpy), 7.60 (m, 4 H, a  bpy), 7.37 (m, 4 H, p 

bpy), 7.16 (m, 4 H, p bpy)

'^C-NMR fCD,CN. 100 MHzl: 0=  160.0, 159.9, 154.3 (2 C), 152.4, 152.1, 144.1,

142.7, 138.5, 138.4, 134.0, 131.6, 130.7, 129.1, 129.0, 128.9 (2 C), 125.5 (2 C) (all 

aromatic C), 92.9, 86.7 (acetylenic C)
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(bpy)20s[2,3-bis(tri-iff>-propylsilylethynyl)dipyrido[3,2-a:2‘,3‘-c]phenazine] 

dihexafluorophosphate (71)

Si(/-Pr)3

(PFr )2

Si(/-Pr)3

This compound was synthesised from [(bpy)20sCl2]"^ and ligand 62 in accordance 

with the general procedure for [(bpy)2 Ru(pyzphen)] complexes on a 0.05 mmol scale in 

2-methoxyethanol (15 ml). After anion exchange with aqueous NH4 PF6 , the title 

compound was obtained as a dark green solid, yield 50 mg (0.035 mmol, 70 %), m.p. 

>250 °C. The title compound was found to be hygroscopic and gained up to 10 % 

weight upon exposure to the ambient.

'H-NMR rPMSO-cU. 400 MHzl: S=  9.36 (d, J  = 8.3 Hz, 2 H, y CH), 8.84 (d, J=  8.3 

Hz, 2 H, Ô bpy), 8.81 (d, J=  8.3 Hz, 2 H, ô bpy), 8.59 (s, 2 H, phenazine CH), 8.17 (d, J  

= 5.1 Hz, 2 H, a  CH), 8.01 (m, 2 H, y bpy), 7.93 (m, 4 H, p CH, y bpy), 7.72 (m, 2 H, a  

bpy), 7.65 (m, 2 H, a  bpy), 7.50 (m, 2 H, p bpy), 7.27 (m, 2 H, p bpy), 1.20 (m, 42 H, /- 

Pr)

‘̂ C-NMR fCD^CN. 100 MHz’): S=  160.0, 159.8, 154.2, 154.1, 152.4, 152.1, 143.0,

142.1, 138.4, 138.3, 135.7, 133.9, 131.8, 129.0, 128.9 (2 C), 128.6, 125.5, 125.4 (all 

aromatic C), 105.0, 101.2 (acetylenic C), 19.1 (CHg), 12.1 (Si-CH)

FAB-MS. m/z (VoY 1292 (8) [M^- 1 PFg], 1146 (12) [IVT- 2 PFe], 643 (81) [dppz- 

ligand^]
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(Bpy)4 0 s2 [l,4 -bis[1 2 -(tri-/s£>-propylsilyIethynyl)-dipyrido[3 ,2 -a;2 ‘,3 ‘-c]phenazine- 

11-yI]-butadiyne] tetrahexafluorophosphate (72)

Si(/-Pr)3

(/-POaSi

( P F 6 ‘)4

This compound was synthesised from butadiyne 44 (21 mg, 0.02 mmol) and 

[(bpy)2 0 s(phendione)] dihexafluorophosphate 6 9 (60 mg, 0.06 mmol) in analogy to 

the preparation of dehydroannulene 66. A similar work-up procedure afforded the title 

compound as a green-brown solid, yield 9 mg (3.6 pmol, 12 %), m.p. >250 °C 

‘H-NMR rCDiCN. 400 MHz): 5= 9.37 (dd, J =  8.2, 1.1 Hz, 2 H, y CH), 9.29 (m, 2 H, y 

CH), 8.60 (s, 2 H, phenazine CH), 8.56 (s, 2 H, phenazine CH), 8.50 (m, 8 H, Ô bpy),

8.09 (m, 4 H, a  CH), 7.89(m, 4 H, y bpy), 7.82 (m, 4 H, y bpy), 7.79-7.73 (m, 8 H, p 

CH, a  bpy), 7.62 (m, 4 H, a  bpy), 7.37 (m, 4 H, p bpy), 7.18 (m, 4 H, p bpy), 1.20 (m, 

42 H, /-Pr)
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