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Summary 
Chapter 1: The chapter begins with a general introduction to tetrazine-derived ligands, 

alongside the photophysical properties of metal complexes, particularly IrIII, RhIII and ReI 

species.  The coordination chemistry of a series of tetra-aryl pyridazine ligands is then 

described.  The ligands, first synthesised by Dr. Gareth Cooke, were exploited in the 

synthesis of novel [Ir(ppy)2(L)][PF6], [Rh(ppy)2(L)][PF6], [Re(CO)3(L)Cl] and 

[RhCp*(L)][PF6] complexes.  Each was characterised to an extremely high degree using 

NMR techniques, complemented by X-ray crystallography.  The [Ir(ppy)2(L)][PF6], 

[Rh(ppy)2(L)][PF6] and [Re(CO)3(L)Cl] complexes proved to be phosphorescent, and their 

emission properties are described and compared with prominent examples from the 

literature.  Electrochemical studies were also carried out, with evidence for an interesting 

ECE’ mechanism being observed for the [RhCp*(L)][PF6] systems. 

Chapter 2: This chapter begins with an introduction to the synthetic utility of the 1,2,4,5-

tetrazine precursor, taking examples from a wide range of published research.  The main 

body of the chapter consists of three parts, the first part detailing the synthesis of a series 

of 3,6-bis(azinyl)-1,4-dihydrotetrazines.  These previously undocumented compounds 

display an intense green fluorescence and relatively long fluorescence lifetimes.  They also 

possess an N^N coordination site, and a square planar PtCl2 complex is discussed from a 

structural, photophysical and electrochemical viewpoint.   

The second part describes two systems generated from the Diels-Alder cycloaddition of 

diphenyl-1,2,4,5-tetrazine with 1,4-diethynyl benzene and 1,3,5-triethynylbenzene 

respectively.  These compounds are particularly interesting from a crystallographic point 

of view, and an in-depth discussion of their lattice-packing properties is included. 

The third part of the chapter discusses two “starburst” compounds synthesised from the 

cycloaddition of pyridyl and pyrazinyl-substituted tetrazines with a triethynyl 

triphenylamine core.  The resulting compounds show a high degree of thermal stability, 

and display intense fluorescence, though with a low quantum yield. 

Chapter 3: Chapter 3 is a comprehensive and exhaustive review of the literature in the 

area of metal containing molecular switches which incorporate a dithienyl ethene portion.  

The review is divided into sections based on the mode of coordination, and a table 

containing selected data from the literature is presented in the Annex.   
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Chapter 4: This chapter begins with a discussion of attempts to incorporate the 3,6-bis(2-

pyridyl)pyridazine motif into a ligand containing a potentially switching thienyl moiety.  

Steric hindrance issues endured by the resulting complex led to the design and synthesis of 

two novel potential switches.  The first system contains a phenanthroline coordination site 

separated from a thienyl switching moiety using a pyrazine spacer, while the second 

incorporates the popular hexafluorocyclopentene moiety, with coordination sites provided 

by again including the 3,6-bis(2-pyridyl)pyridazine portion.  The photophysical, and in the 

second case, the photochromic properties of the systems and some of their metal 

complexes are discussed.   

Chapter 5: Chapter 5 details early work carried out in this project, in which the 

cyclodehydrogenation of pyridazine-derived systems was attempted.  The reaction proved 

sluggish in N-rich systems, although a certain degree of success was achieved through 

reducing the number of N-atoms in the starting material, and through the judicious 

selection of activating substituents.  Although the reaction proved low-yielding and very 

unreliable, certain photophysical and structural properties of the partially fused molecules 

generated are touched upon. 

Chapter 6: This short section gives an overview of some of the potential future directions 

of the work. 

Chapter 7: Chapter 7 gives a full account of the experimental work carried out in this 

research, and includes a useful summary of many of the NMR techniques used. 
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1. Re(I), Rh(III) and Ir(III) complexes of pyridazine-derived 

ligands: a structural and photophysical study 
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1.1 Introduction 
This chapter begins with a short review of published coordination compounds 

incorporating tetrazine-derived ligands.  A short section on general photophysics follows, 

which quickly focuses on the emissive properties of cyclometalated RhIII and IrIII 

complexes.  Some prominent examples of luminescent ReI complexes are then discussed. 

The Introduction concludes with a short section on organometallic Rh complexes of higher 

hapticity.  In the main body of the chapter the synthetic, structural and photophysical 

properties of a wide series of RhIII, IrIII and ReI complexes incorporating a pyridazinyl 

ligand are explored.  Particular emphasis is put on full NMR characterisation using an 

array of specialist techniques.  The emitting states are characterised, where possible, using 

complementary electrochemical and spectroscopic data. 

1.1.1 Tetrazine-derived ligands in coordination chemistry 

 

Figure 1.1: Some supramolecular systems created from 3,6-di(2-pyridyl)pyridazine 

derivatives. 

2,6-Bis(4-pyridyl)-tetrazine is itself a well known ligand,1 having been used in a range of 

supramolecular assemblies such as ladders and polyknots,2 propellers,3 grids and 

polymeric structures.4  The rich chemistry of this motif is retained by many 3,6-

bis(azinyl)-substituted pyridazine derivatives, thus providing access to a variety of 
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transition metal complexes and a useful set of systematic building blocks for the 

construction of supramolecular systems.5-7 

The simplest derivative, 3,6-di(2-pyridyl)pyridazine, is a popular bidentate chelating 

ligand in coordination chemistry, complexing a wide range of metals including iridium and 

palladium.8, 9  As highly adaptable ligands, Constable had shown that pyridazines have 

also been used for the construction of supramolecular frameworks, as shown in Figure 1.1.  

The figure shows that 3,6-di(2-pyridyl)pyridazine assemblies can take up either a grid-like 

or planar motif upon coordination.  The planar motif shown involves square planar Ag(I) 

combined with a trisubstituted pyridazine – the substituent in the 4- position apparently 

rendering grid formation unfavourable.10  The geometry is obviously highly dependent on 

the metal centre used, though Ag(I) proves itself to be highly adaptable, if not 

unpredictable, having the ability to display coordination numbers between two and 

eight.11The grid shown in the figure incorporates Cu(II) terpyridyl subunits, with the 

terpyridines angled to maximize π-π interactions.12 

 

Figure 1.2: (a) The crystal structure of mer-[Ru(La)3]2+and some views of the packed 

lattice.  (b) An example of an [Ru(bpy)2L]2+structure, where L is 3,6-dipyridyl-3-

pyrimidylpyridazine.   

The 3,6-dipyridyl-pyridazine moiety has long been a popular ligand in the Draper group.  

Cooke et al. carried out a rigorous analysis of the structural properties of iron and 
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ruthenium complexes containing novel tetrazine-derived ligands (La, Lb and Lc, vide 

infra), along with studies of some of their photophysical and electrochemical properties.   

A series of [Ru(bpy)2L]2+ complexes were prepared, which showed typical properties such 

as MLCT emission etc., and crystallographic investigations were also carried out (Figure 

1.2).  The most fascinating aspect of this work, however, is the preparation of tris-

homoleptic complexes containing these unsymmetrical ligands, which led to a mixture of 

mer and fac complexes.  Facial isomers are popular synthons in supramolecular chemistry 

due to their C3 symmetry, which allows directional control in the formation of assemblies.  

Unfortunately, the formation of fac isomers in tris complexes is statistically disfavoured.  

Therefore, fac selective syntheses have only been achieved via tethering the chelating 

groups, as demonstrated by Weizman et al.13 and further developed by Fletcher.14  

Serendipitously, it was found that column and preparative plate chromatography was 

sufficient to effect the separation of these isomers.  The crystal structure of mer-

[Ru(La)3]2+ is particularly fascinating, as it was found to self-assemble, forming the 

intriguing lattice framework shown in Figure 1.2(a). 

 

Figure 1.3: Weakly emissive constrained dinuclear complexes synthesised in the Draper 

group.15Also shown is the crystal structure of [Cu2(µ-dppm)2(µ-L)](NO3)2 complex (where 

L is a tetramethoxy-substituted pyridazine ligand, the eight membered ring is highlighted 

in red). Counterions and a CH2Cl2 of crystallisation have been removed for clarity.   

While it is difficult to synthesise binuclear complexes containing the motif when 

incorporating a bulky metal fragment, Gil et al.15 prepared a series of novel dinuclear 

[Cu2(µ-dppm)2(µ-L)](NO3)2 compounds by utilising a precursor in which the metal centres 

are already manacled together using dppm - Yang’s [Cu(µ-dppm)(NO3)]2.16  The principal 
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aim of this work was to constrain the emissive Cu(I) in a pseudotetrahedral environment, 

in the hope that a highly sterically encumbered state will both lessen the 

planarization/distortion encountered upon excitation [due to the formation of an MLCT 

state in which the metal centre formally becomes Cu(II)] and drive out axial ligands which 

could stabilise the non-emissive Cu(II) state.  The complexes are structurally very 

interesting (the example shown in Figure 1.3 being a contribution from preliminary work 

carried out for this thesis). The copper atoms are ligated by two dppm and one 3,6-

dipyridyl-pyridazine derivative, with long Cu-Cu separations (ca. 3.4 Å), indicating the 

absence of a Cu-Cu interaction.17  The overall bonding structure results in an eight-

membered Cu(µ-dppm)2Cu ring which exists in the boat-chair conformation (see Figure 

1.3, highlighted in red), as also observed in similar compounds such as [Cu2(µ-dppm)2(µ-

PPDMe)]2+ (PPDMe 3,6-bis(3,5-dimethylpyrazol-1-yl)pyridazine).18 

The constraining method was successful: the compounds display weak red luminescence 

in the solid state and in degassed solution, with the complex containing Lc (vide infra) 

having an extraordinarily long lifetime of 22.8 µs in degassed CH2Cl2, relative to the less 

constrained systems’ lifetimes of 1 – 2 µs under the same conditions.  This must be due to 

a large ligand-centred phosphorescent contribution to the emission, and results in a poor 

estimated kr of 920 s-1.  Far better estimated kr values are found in the series however, with 

up to 1.2 x 104 s-1 observed in the La case.  

1.1.2 Luminescence in metal complexes 

Research in inorganic photochemistry, particularly studies of polypyridyl complexes, has 

expanded enormously in the past twenty years.  The number of citations for papers with 

the archetypal luminescent complex “[Ru(bpy)3]2+” named in the title or abstract has risen 

exponentially, from approximately 1,200 in 1990 to over 15,000 in 2012.  The reason for 

this blossoming can be gleaned from the wide and disparate topics covered by these 

research papers.  These include applications for [Ru(bpy)3]2+ derivatives as phosphors in 

OLEDs,19 light-harvesting units in solar cells,20 luminescent indicators in sensors21 and in 

switches,22, 23 probes for studying the structure of DNA,24 and as dyes/apoptosis inducing 

photodynamic therapy agents25 amongst numerous others.   

Efforts to rationalise the fascinating photophysical properties displayed by transition metal 

complexes arose following the development of ligand field theory in the early 1940s. This 

significant step forward quickly led to photophysical behaviour being described in terms of 

electronic configurations, selection rules and energy level diagrams whose basis lies in the 

application of molecular orbital theory.26  Photochemical responses, whether presenting as 
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luminescence or as a photochemical reaction, arise due to the absorption of light by the 

system.  Figure 1.4 (a) shows a typical molecular orbital (MO) diagram for an octahedral 

complex of a transition metal complex.  

 

Figure 1.4: (a) Generalised MO diagram for an octahedral ML6 complex, with some 

illustrative complexes which possess lowest-lying excited states of differing origin (see 

text). 

Although by definition each MO is “molecular”, MOs can often be classified as being 

predominantly ligand or metal centred depending on the largest contribution made by their 

atomic orbitals, e.g. the πM set of t2g symmetry and the σM* orbitals of eg symmetry are 

predominantly metal centred.  Absorption of light results in the promotion of an electron 

from a filled orbital to a vacant one of higher energy, resulting in an excited state. We can 

identify four common types of excited state from the transitions shown in the figure.  The 

lowest energy transition is often the promotion of an electron from metal centred states, a 

metal centred (d-d) transition.  Ligand to metal (LMCT) and metal to ligand charge 

transfer (MLCT) transitions are also possible.  The relative orbital energies are governed 

by a range of factors, but the largest effects arise from the identity and oxidation state of 

the metal, and the electronic properties of the ligand. These factors have a profound effect 

on the behaviour of the complex from a photophysical point of view as they control the 

identity of the lowest excited state, as the following examples show.  
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We have discussed that [Ru(bpy)3]2+ has garnered a staggering amount of attention in a 

range of applications.  It is a deep red solid that absorbs very strongly in the blue region of 

the spectrum, and emits red light (Φ = 0.094 in degassed acetonitrile) on UV irradiation.  

As Ru(II) is a relatively easily oxidised to Ru(III), high energy filled d orbitals can be 

inferred.  Coupled with the low energy unfilled π* orbitals provided by the bipyridine 

ligand, the lowest energy excited state is therefore an MLCT state, which formally can be 

described as [RuIII(bpy-)(bpy)2]2+ as it involves the reduction of a ligand and the oxidation 

of the metal centre.  As charge transfer absorptions are allowed by both the spin and 

Laporte selection rules they are particularly intense (ε460 = 14,600 dm3 mol-1 cm-1) - this is 

of particular benefit in solar cell light-harvesting dyes, where a high absorption of light is 

crucial to the efficiency of the cell.27 This can be contrasted with [Ru(NH3)6]2+, which, 

although possessing the high energy d orbitals inherent in Ru(II) systems, bears ligands 

which possesses no π or π* orbitals, and cannot readily be oxidised or reduced.  The lowest 

energy excited non-emissive states arise from a metal-centred πM(t2g)5σ*M (eg)1 

configuration.26  The weak (ε ~ 10 dm3mol-1cm-1) Laporte-forbidden d-d transitions 

observed are therefore best described by a Tanabe-Sugano diagram treatment.   

The previous example illustrates the importance of low-lying unfilled ligand π* orbitals in 

the formation of an MLCT state.  The situation changes in a system in which a metal 

centre is chosen in which no d-d transitions are possible (for example [ZnII(bpy)3]2+).  In 

this case MLCT/LMCT states are impossible regardless of the ease of the ligand’s 

reduction, as neither Zn+ nor Zn3+are accessible.  In these cases the lowest state is ligand 

centred and the complexes are colourless.28  Interestingly, in the case of [RuIII(bpy)3]3+, the 

metal centre is not easily oxidisable, precluding an MLCT state.  This indicates empty d 

orbitals at high energy, to which bipyridine offers filled π orbitals at a relatively high 

energy.  This results in an LMCT lowest excited state for such systems. 
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Figure 1.5: Jablonski diagram. 

The fates of these excited states, whether radiative or non-radiative, can be summarised 

using a Jablonski diagram (Figure 1.5).  Most molecules exist in a singlet ground state in 

which all the electrons are paired.  A photon of light of suitable wavelength is absorbed, 

resulting in the population of an excited state.  According to the Frank-Condon principle, 

electronic transitions occur at a faster rate than atomic movements can achieve.  Therefore, 

the initially excited molecule is constrained within the geometry of the ground state.  From 

a quantum mechanical viewpoint, this arises as the most favoured (and intense) transition 

occurs when the overlap between the vibrational wavefunction of both states is at its 

maximum (a “vertical” transition to a vibrationally hot excited state of similar geometry to 

the ground state) and not directly to the relaxed exited state.  As excited state geometry 

generally has more antibonding character, bond lengths are generally longer and the 

molecule relaxes to the optimum geometry of this excited state through non-radiative 

vibrational relaxation.  Obeying Kasha’s rule, higher excited states rapidly internally 

convert (IC) to give the lowest exited state, S1.  The molecule can now emit its energy by 

radiative processes such as fluorescing directly, or undergoing a slow, forbidden 

intersystem crossing (ISC) process.  This involves a flip in the spin of an electron, to give 

a parallel-spin triplet excited state which can phosphoresce.  This state is of lower energy 

than its anti-parallel spin singlet counterpart due to Hund’s rule, which states that 

minimum energy repulsion exists between electrons of the same spin in separate orbitals.  
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Non-radiative processes such as IC/ISC, reaction and bimolecular quenching to the ground 

state are also open to the molecule as methods for dissipating its excess energy.  As the 

rate constant for fluorescence (kf) is usually comparable to that of the sum of the rates of 

the non-radiative processes (knr), fluorescence is often observed.  This is not true of 

phosphorescence, which is subject to enhanced quenching due to its long lifetime, and 

intersystem crossing to the ground state, though both can be lessened by cooling a sample 

to a rigid glass at 77 K.   

The magnitude of the rate of the radiative processes kr, is proportional to the square of the 

transition dipole moment, which is simplified below to the product of three terms: 

!" = ! !! .!!!". !! . !!!!! . !! . !.!!!!! 

The first “nuclear” term (Frank-Condon factor) requires overlap of the nuclear 

configuration of both states (χ initial and final).  The final term is the electronic transition 

moment component, which considers the symmetry of the initial and final states of the 

vector µ. The second term is the most significant in our study.  This deals with the electron 

spin component, which results in a spin overlap integral of zero if there is a change of 

multiplicity between the initial and final spin (S) states (the “spin selection” rule).  For 

this, the total angular momentum of the electron must be preserved, not just the spin. Spin-

orbit coupling mixes the MS = 0 component of the triplet and singlet, hence relaxing the 

rule.  Through using metals with higher atomic number (which have larger spin-orbit 

coupling constants), this rate can be maximised. 

1.1.3 Cyclometalated iridum and rhodium complexes 

Iridium(III) and rhodium(III) are valence isoelectronic with Ru(II), with the added benefit 

of higher spin-orbit coupling constants [ζ =3909 cm-1and 1260 cm-1 respectively, compared 

with 1040 cm-1for Ru(II)], facilitating a higher rate of kr as discussed previously.  A 

further benefit can be received from descending the transition metal series, this time 

through attaining a reduced knr due to the increased ligand field strength of the 2nd and 3rd 

row metal ions.  Population of antibonding d-orbitals leads to a distortion of the molecular 

geometry in the excited state.  This shift in the potential energy surface for the excited state 

leads to overlap and subsequent deactivation of the excited state through the vibrational 

levels of the ground state [Figure 1.6 (a)].  The inclusion of conjugated ligands does create 

lower lying MLCT states, but if ΔE is small enough [see Figure 1.6 (b)], the d-d excited 

state can still deactivate the MLCT/LC excited state. 
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Figure 1.6: (a) Non-radiative decay through d-d excited states; (b) the effects of 

incorporating conjugated ligands into the system. Diagram from Williams. 29 

Metal centres from the 2nd and 3rd row will push these d-d excited states to higher energy, 

increasing the ΔE between the d-d and MLCT/LC states and thereby enhancing the 

radiative process relative to the non-radiative one.   

Bearing this in mind, one might be initially surprised at the comparison of the rate 

constants of [Ru(bpy)3]2+ and the analogous [Ir(bpy)3]3+ in Figure 1.7.  Far from cashing in 

on the enormous benefits previous described on marrying a heavy 3rd row metal and a 

conjugated bipyridyl ligand, the quantum yield and kr are in fact worse. 

 

Figure 1.7: Comparison of the photophysical properties of three polypyridyl complexes.  

Values from refs 28, 30, 31, kr estimated using kr = Φr/τobs. 

The key to this apparent discrepancy is that Ru(II) is far more easily oxidised than Ir(III).  

This means that [IrIII(bpy)3]3+ has a predominantly ligand centred π – π* state lying lowest 

in energy, with the lesser metal character of the 1st excited state resulting in only a small 

amount of spin-orbit coupling.  In order to increase the metal character of the excited state, 
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strong field ligands are required in order to raise the 5d orbitals in energy.  This can be 

achieved using cyclometalating ligands, which are strongly σ donating to the metal. This 

high Ir-C covalency results in facile oxidation (+0.77 V vs. SCE) of the destabilised metal 

centres, and a more difficult reduction of the ligand (-2.19 V vs. SCE) in [IrIII(ppy)3]3+.  

This can be compared with [Ir(bpy)3]3+ in which there is a higher oxidation value of +2.14 

V vs. SCE due to the larger ionic charge on the metal, and more facile ligand reduction of -

1.10 V vs. SCE which arises both from the absence of the destabilising Ir-C interaction 

and, to a lesser extent, the more readily reduced bpy ligands.32  The cyclometalated phenyl 

group also represents an excellent back bonding ligand, resulting in high energy MC 

states. 

Cyclometalation is a highly favoured process in the chemistry of Ir(III).  In contrast, the 

synthesis of [Ir(bpy)3]3+, reported by Flynn and Dumas in 1974,33 is extraordinarily 

laborious.  The preparation involves the fusion of K3IrCl6, K2S2O8 and a vast excess of 

KHSO4 in air at 300 oC, followed by the addition of bpy and a further extended fusion at 

240 oC in a CO2 atmosphere.  Repeated crystallisations and chromatographic separation on 

cation exchange resin and Sephadex, eventually yielded the product in 50 % yield.  Much 

less forcing conditions were required when Watts attempted the addition of bpy to cis-

[IrCl2(bpy)2]Cl.34  The structure of the resulting compound remained controversial for 

many years until X-ray crystallographic work by Wickramasinghe revealed the unexpected 

formation of [Ir(bpy)2(bpy-C,N)]3+, arising from thespontaneous cyclometalation of the C6 

position of bpy.35 It is a feature of  [Ir(C^N)2(N^N)]+ complexes that the orthometalating C 

atoms are mutually cis, in a trans position to the N^N coordinating atoms.  This is thought 

to be due to the trans effect of the Ir-C bonds, as was postulated by Watts following his 

study on the stepwise exchange of acac- ligands in [Ir(acac)3] by ppy.  After the first 

displacement, each subsequent ppy ligand adds in a trans-directed fashion, eventually 

leading to the fac-tris cyclometalated system.36 

The designation of the emitting state in cyclometalated complexes remains somewhat 

controversial.  An interesting concept involves SBLCT (sigma bond to ligand charge 

transfer).37, 38  This model is very useful for quantifying the properties of cyclometalated 

complexes in the absence of computational results.  For example, if evidence exists that 

the HOMO has a low metal-based orbital contribution (e.g. irreversibility in its 

electrochemistry), SBLCT can be invoked.  Figure 1.8 shows a qualitative MO diagram 

illustrating the principal orbital interactions involved in the MLCT and SBLCT emissive 

transitions (ignoring spin), along with simple diagrammatic representations of these 
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excited states.  The SBLCT state arises in the situation where strong covalency leads to a 

strong mixture of the cyclometalated carbon’s σ orbital with the metal’s d-orbital of 

corresponding symmetry – the eg set.37  De Mesmaeker et al. (who oddly refer to the 

cyclometalated carbon as “the sp3 carbon”) consider the t2g orbitals to be stabilised with 

respect to the “Ir-C” orbital.37 They acknowledge that they appear to be so close that 

ligand field effects would be expected to influence this.  Some examples included in their 

work indicate that the Ir-C level is infact lower, and it is this situation which has been 

drawn in the figure.  The principal difference between MLCT and SBLCT is that in the 

latter, no formal oxidation of the metal is invoked.  The promoted electron instead arises 

from the Ir-C bond, causing a large distortion to the molecule due to the loss of a bonding 

electron. 

 

Figure 1.8: A qualitative MO diagram of the orbital interactions which give rise to SBLCT 

and MLCT emission in cyclometalated Ir(III) complexes.  Schematic representations of the 

ground and excited states are also provided.  Based on the MO diagram constructed by 

Kirsch-de Mesmaeker et al.37  (Cortho: the orthometalated ppy carbon). 

While use is made of this model in this current work, it must be borne in mind that the 

concept of the SBLCT is quite restrictive, and that pure “SBLCT” states are not being 

invoked.  Such designations attempt to force a classification on transitions which evidently 

consist of far more complex interactions than it allows for.  It does not take into account 

the possibility of the rest of the coordinated phenyl ring being involved in the HOMO as 
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the theory is restricted to considering only the σ bond contribution.  DFT calculations 

show that the HOMO is spread throughout the coordinated phenyl and the metal in such 

systems – including the Kirsch De Mesmaeker Rh(III) complex used an illustrative 

example in Figure 1.12.39  This study, carried out 10 years after the previous work,37 

completely dispenses with the SBLCT terminology - its only mention being that the 

LLCT/MLCT assignment was “in contrast to previous assignments of these states as 

purely MLCT or SBLCT (single-bond-to-ligand CT)”.39  A simplistic (but useful) concept 

for attempting to describe the emitting states has been utilised by Tsuboyama,40, 41 

describing the emitting triplet’s wavefunction (ΨT1) as a mixture of 3LC and 3MLCT 

states, dependent on the scaling factors a and b, with vibronic coupling becoming evident 

as the b/a ratio (3LC component) gets larger: 

!!! = !!!"#$ + !!!!"  

Although tris- cyclometalated Ir(III) systems are more useful from an OLED point of view 

(as neutral molecules are less susceptible to migration under an applied field), they can be 

quite difficult to synthesise, and therefore bis- cyclometalated [particularly those using 2-

phenylpyridine (Hppy-type) ligands] systems have received much attention. Constable et 

al. have found application for charged Ir(III) species in LECs (light emitting 

electrochemical cells).42, 43  These cells use ionic transition metal complexes as the only 

active layer, the complexes providing for all the electronic transport, luminescence and 

ionic conduction requirements of the cell.  Air stable electrodes can also be used, making 

rigorous encapsulation unnecessary.44  One of the main issues with these systems is their 

limited stability, arising from degradation of the metal-complex layer.  This leads to device 

lifetimes of less than a few minutes, to a maximum of days. Through incorporating a 

phenyl group on the 5-position of the 2,2’-bipyridine of the ancillary N^N ligand (giving 

pbpy), a π-stacking interaction was induced between the pendant phenyl group and a 

pyridyl ring of one ppy ligand.  Incorporation of this system into a device [see Figure 1.9 

(a)] resulted in a lifetime of more than 3000 hours with a luminance of 200 cd/m2and a 

driving voltage of 3 V.45, 46  Degradation of similar complexes under LEC conditions  after 

60 hours is thought to arise from the population of a MC excited state. This causes an 

elongation of the Ir-N(ppy) bonds to an extent that decomplexation is a possibility.  The 

supramolecular “caging” of the metal centreis thought to restrict the “complex opening” 

force of the excited MC.  Using phenylpyrazole in place of ppy (giving 

[Ir(dmppz)2(pbpy)]+) also gives a similar π interaction [see the crystal structure and other 

representations in Figure 1.9 (b)], and gives a blue shifted device emission relative to 
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[Ir(ppy)2(pbpy)]+(λmax 574 nm to 595 nm).  The lifetime of the device is slightly shorter 

however, at 2000 hours.46 

 

Figure 1.9: (a) A schematic of Constable’s Ir(III)-based LEC using [Ir(ppy)2(pbpy)]+ 

(PEDOT:PSS = Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate, ITO = Indium 

Tin Oxide, Al = aluminium).  (b) Representations of [Ir(dmppz)2(pbpy)]+.  Scheme adapted 

from references.45, 46 (c) Bolink’s [(PDI-Phen)Ir(ppy)2][PF6] emissive-layer complex.47 

Bolink et al. endeavoured to synthesise an efficient deep red-emitting LEC by coupling the 

photochemical stability, strong visible light absorption and high fluorescence of the 

perylenediimide (PDI) framework with the electron conducting capability of an ionic 

Ir(III) complex.47  DFT studies on the resulting dyad [see Figure 1.9 (c)] shows that the 

metal and PDI are electronically decoupled, which prevents luminescence quenching 

through energy transfer from one moiety to the other.  The resulting LEC gives high 

current efficiency (2.5 cd/A) and power efficiency (2.56 lm/W).  The authors attribute 

these properties to the dyad’s high quantum yield and the short lifetime of the excitons 

generated, giving a low knr.  No mention is made of the LEC device’s overall lifetime 

however.  

Full colour displays require efficient red, green and blue components.  Suitable green 

components have long been known,48 while red and in particular blue emitters remain a 

challenge.  In the case of red emitters, the inefficiency arises due to the small energy gap 

required which allows for energy to be dissipated more easily as vibration, as per the 
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energy gap law.  The challenge in the blue case is that the large LC or MLCT gap of the 

blue emitter will become close to the deactivating d-d states, increasing knr dramatically.  

Cyclometalated Ir(III) complexes are useful due to their relatively high energy d-d levels. 

They they can also emit from 3MLCT and 3IL states, with the emission being highly 

sensitive to the electronic nature of the ligand substituents and therefore highly tuneable, 

as demonstrated in Figure 1.10. 

 

Figure 1.10: A striking portrayal of the tunability of Ir(III) complex emission, displayed by 

a series of monocationic [Ir(C^N)2(N^N)][PF6] complexes (taken from a Chem. Eur. J. 

Concepts article by M. S. Lowry and S. Bernhard).41 

Excellent examples of this tuning comes from complexes studied by Thompson and 

Rausch.49  As the HOMO of [Ir(ppy)2(acac)] appears to be located chiefly on the metal and 

phenyl group of the ppy ligand, fluorine groups were added to this substituent (furnishing 

[Ir(F2ppy)2(acac)]). This resulted in a stabilised HOMO due to the electron withdrawing 

effect.  The spectator ligand (acac- in this case), though not directly involved in the 

emission, has a large effect on the d-d levels.  Exchanging acac- for the better electron 

accepting picolinate ligand (pic-) ([Ir(F2ppy)2(pic)]) stabilises the t2g orbitals, resulting in a 

further stabilised HOMO, as borne out by the increase in Eox, from +0.74 V to +0.90 V vs. 

Fc/Fc+.  The stabilisation of the t2g set of orbitals destabilises the upper d-d states, and can 

be implicated to some extent in the lowering knr rates for the pic- complexes (note higher 

Φem in Figure 1.11).  In a further attempt to push the emission to deeper blue, Yang et al. 

replaced the pyridyl portion of the ppy ligand with a poorly donating pyrazole (giving the 

dfpz ligand), and chelated this with a pyridyl-pyrazolium N^N ligand (fppz-).  This gave a 

deep blue emitter, which, unlike the previous cases, was deemed to emit from a 3ππ* level.  
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This was assigned due to vibronic spectral features observed in both solid and 77 K 

emission measurements.  Emission was also weak (quantum yield: 6.7 x 10-3), as pushing 

the ππ*/MLCT levels to higher energy using less conjugated ligands resulted in more 

diffuse, higher lying HOMOs. This facilitated the deactivation of the LLCT and ILCT 

transitions and weakened the interaction with the metal, as verified by crystallographic and 

DFT studies. 

 

Figure 1.11: Colour tuning the emission of Ir(III) complexes.  All measurements carried 

out in degassed solvent at room temperature.  Top row carried out in methylene chloride, 

bottom row in toluene.  In an attempt to present the colour tuning in a visual manner, 

emission λmax values were converted to approximate RGB values using a Fortran code 

designed by Dr. D. Bruton, Texas A and M University.  

The most significant work on creating red emitters is the pioneering work by Tsuboyama 

and co-workers.40  In this work a range of donor-acceptor fac-tris cyclometalated 

complexes were synthesised, incorporating highly aromatised and donor-acceptor type 

complexes.  [Ir(thpy)3] is known to be a 3LC emitter, as is evidenced in this work by the 

relatively small rigidochromic effect observed upon freezing, and the retention of vibronic 

progressions in room temperature solution.  A family of these thpy-based complexes were 

synthesised, displaying a rapidly decreasing kr as the triplet energy was systematically 

decreased.  However, the inclusion of a benzo- substituent on the pyridyl group 

(introducing a highly conjugated isoquinoline moiety) produced a series of far more robust 
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pure red emitters (ligands: piq, tiq and fliq, see Figure 1.11).  Phosphorescence arises from 

a primarily 3MLCT state in such cases, evidenced by the far more dramatic rigidochromic 

effect experienced by the more polar MLCT excited state.   

The chemistry of cyclometalated rhodium(III) complexes is not as well studied as that of 

its Ir(III) counterparts.  Due to its lower spin-orbit coupling constant, emission from 

Rh(III) complexes is rarely observed except in low temperature glasses, although some 

exceptions exist in the form of the popular (and most easily synthesised) 

[Rh(C^N)2(N^N)]+ compounds.31  Emission from [Rh(ppy)2(bpy)]+ at room temperature is 

weak and often attributed to ppy-MC to N^N ligand charge transfer phosphorescence.  

TDDFT calculations show that classical “localised” terms such as MC, LC and MLCT etc. 

(which historically arose from Ru(II) photochemistry) may not be suitable for 

cyclometalated compounds due to the mixed character of the HOMO.50  The utilisation of 

strong electron-withdrawing ligands (such as HAT) as the N^N component produces broad 

featureless spectra (at 77 K) which appear to have MLCT character.  It must, however, be 

borne in mind that the large proportion of the HOMO lies on the ppy ligand (with some 

metal contribution, see Figure 1.12).  Such results make an LLCT/MLCT designation 

more valid.39, 50 

 

Figure 1.12: Frontier orbitals of [Rh(ppy)2(TAP)]+, calculated using TDDFT methods. 

1.1.4 [Re(CO)3Cl] complexes 

With its large spin orbit coupling constant of 2903 cm-1, it can be predicted than many 

emissive complexes based on the Re centre exist.51-55  Rhenium displays a wide and varied 

chemistry, spanning eight oxidation states. Photophysical studies range from photolysis 

studies on alkyl-ReVIIO3 complexes, studies on the apparently “ligand field”-derived 
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emission of ReO2
+ and ReN(P^P)Cl+ complexes,56 to LMCT emission of compounds such 

as [ReII(dmpe)3]2+.57  By far the most common (and most readily understood) 

phosphorescent Re compounds are those incorporating Re(I) tricarbonyl and a bidentate 

diimine ligand.  The emission properties can be described in much the same manner as has 

previously been described above, with emission from either MLCT or LC states.   

 

Figure 1.13: Two complexes studied by Juris et al.58 

Although photoactive rhenium(I) complexes have been studied since the class was brought 

to prominence by Wrighton in the 1970s,59 the principal photophysical studies were not 

carried out on halocarbonyl polypyridyl rhenium(I) complexes until 1988, published as 

collaboration by Ziessel, Campagna, Juris and Lehn.58  Two of the complexes studied, 

ReDEAS-bpy and ReCA-bpy, are shown in Figure 1.13.  These complexes are interesting 

in that they show the sensitivity of the lowest-lying level’s identity to the nature of the 

N^N ligand.  All three complexes emit weakly at room temperature, displaying broad 

featureless spectra at λ 670 nm (τ 140 ns) for ReDEAS-bpy and λ600 nm (τ 140 ns) for 

ReCA-bpy. At 77 KReCA-bpy undergoes a small rigidochromic shift to λ 555 nm and 

retains its broad featureless emission, and shows an increased lifetime of 3.8 µs.  Such 

results are typical of MLCT-derived emission.60  The emission of ReDEAS-bpy, however, 

becomes quite structured at low temperature, and presents an extremely long lifetime of 

630 µs.  The fact that the emission is similar to the free ligand’s low temperature emission, 

coupled with the long lifetime, resulted in an LC designation for the emission.  It is known 

that the rigidity of the medium can affect the energy of the MLCT level, sometimes 

resulting in room temperature MLCT emitters becoming LC emitters at low temperature 

due to the raising of the MLCT energy as temperature decreases.60  This was rejected by 

the authors as applying to ReDEAS-bpy, as the kr value (2.4 x 104 s-1) at room temperature 

was by far the lowest in the series (chiefly due to a low Φem), and the rigidochromic shift 

observed was negligible.   
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Figure 1.14: Vlček’s photoisomerising RePAPY-bpy system; OLED components: Li’s 

ReBFPP and Lundin’s ReDPPOtt compound. 

A possible cause for the low emission quantum yield of ReDEAS-bpy not explored by the 

previous authors is ligand isomerisation.  Vlček et al. have conducted a comprehensive 

study on isomerisation of azobenzene and stilbene derivatives coordinated to a rhenium(I) 

tricarbonyl centre via a monodentate pyridyl linkage, such as that in RePAPY-bpy and 

RePAPY-bpy (Figure 1.14).52, 61  Through the use of a combination of resonance Raman 

spectroscopy, time-resolved visible absorption spectroscopy and time-resolved infrared 

spectroscopy, Vlček et al. have probed the excited state properties and mechanistic details 

involved in the photoisomerization process.  Intensive studies showed that the presence of 

the metal centre forced the reaction to occur through a triplet pathway, though little 

improvement in quantum yield was observed due to inefficient population of the 3IL state 

from the bpy-based 3MLCT.   

As previously stated, uncharged complexes are preferred for OLED applications due to 

their being less likely to drift under the applied potential.  Halorhenium(I) carbonyl 

compounds are, therefore, highly suitable from this point of view.  Li et al. have 

synthesised a fluorobenzene-substituted dppz ligand from which they have created 

ReBFPP (Figure 1.14).62  ReBFPP is a bright yellow MLCT emitter (λ 580 nm in 

CH2Cl2), with an emission lifetime of 300 ns, within the usual range of 100 ns to 3000 ns 

which is suitable for OLED applications.62  OLED devices fabricated from the compound 

using a 10 % weight ratio of ReBFPP gave both good efficiency (17.9 cd/A) and high 

maximum luminance (6342 cd/m2).   
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Lundin et al. bring the dppz motif a step further through constructing ReDPOtt, a complex 

composed of modular units which carry the functions of electron transfer  (oxadiazole 

fragment), hole transfer (a terthiophene) and emission (Re-dppz).51  The design 

unfortunately foregoes the benefits of the uncharged species, but the oxadiazole’s LUMO 

lowering effects combined with the HOMO raising effect of the thiophene unit result in the 

HOMO and LUMO gap sitting within the bandgap of the host PVK polymer. This means 

that, theoretically, the charges should accumulate and recombine on the complex, not on 

the PVK.  The complex’s small bandgap (ΔE = 1.93 eV) may result in inefficient emission 

in an OLED however, as the low quantum yield observed in degassed CH2Cl2 (0.003) 

indicates.   

Although a relatively new area of study, Re(I) carbonyls have found application in a wide 

variety of research topics not mentioned above - from supramolecular chemistry,63 carbon 

dioxide reduction64 and sensors.65  While its potential uses appear numerous it should be 

borne in mind that it is one of the most expensive metals at ca. $4500/oz t, compared with 

gold at $1700/oz t and iridium at $900/oz t. 

1.1.5 Rh complexes of higher hapticity 

Organorhodium Chemistry has long been of interest to chemists, primarily due to the 

ability of Rh to exist in stable complexes of +I and +III.  Such a capability makes Rh ideal 

for catalysts involving an oxidative addition step, such as the archetypal hydrogenation 

catalyst RhCl(PPh3)2.  Rhodium catalysis is also at the heart of the carbonylation of 

methanol, in the economically important Monsanto process.  Incorporating the cation-

stabilising pentamethylcyclopentadienyl ligand (Cp*) with the Rh centre creates a family 

of ligands which have found application in a wide range of areas, such as electrochemical 

regeneration of NADH66 and the decomposition of formic acid.67  Rh complexes are also 

of interest from a structural point of view, and Weller68 and Siegel69 have separately 

shown the affinity of Rh for large polycyclic aromatic hydrocarbon, forming 

organometallic complexes with systems such as HBC and corannulene (Figure 1.15). 
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Figure 1.15: Molecular structures of the Rh – containing η6-organometallic complexes 

synthesised by Weller and Siegel. 

1.1.6 Aims 

The aim of the work described in this section was to utilise three known pyridazine-

derived ligands in the synthesis of novel luminescent complexes containing IrIII, RhIIIor 

ReI metal centres, and also to prepare a family of non-luminescent RhIII Cp* compounds.  

The complexes were expected to be structurally interesting and, therefore, an important 

goal was to devise a reasonably general method for the full characterisation of the 

complexes via NMR techniques, complemented by X-ray crystallography where possible.  

A further aim was to investigate the electronic structure of the complexes using UV-vis 

absorption/emission spectroscopy and electrochemical techniques.   

1.2 Mononuclear [Ir(L)(ppy)2][PF6] and [Rh(L)(ppy)2][PF6] complexes 

of 3,6-dipyridylpyridazine-derived ligands 

1.2.1 Synthesis 

The cyclometalated iridium and rhodium starting materials were synthesised by refluxing 

2-phenylpyridine (Hppy) with MIIICl3 (M = Ir, Rh) in 2-ethoxyethanol, yielding the 

dichloro bridged compound [M(ppy)2(µ-Cl)]2.70  Refluxing this dimer in chloroform with 

slightly more than two equivalents of the relevant pyridazine-based ligand (La, Lb, Lc) 

gave the desired complexes (1-3: [Ir(L)(ppy)2][PF6], 4-6: [Rh(L)(ppy)2][PF6]) in over 70 % 

yield. 
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Figure 1.16: Synthesis and representations of [MIII(L)(ppy)2][PF6] (M = Ir or Rh; L = 

3,6-dipyridyl 4,5-disubstituted pyridazine derivatives: La = diphenyl, Lb = di(4-pyridyl), 

Lc = acenaphthylene, labelled in red within the complex diagram). 

The principal characterisation technique utilised for these complexes was nuclear magnetic 

resonance (NMR) spectroscopy, and the application of this technique is discussed in the 

next section.  A brief outline of the techniques used can be found in the beginning of the 

Experimental section. 

1.2.2 Structural investigation 

1.2.2.1 NMR analysis 

Full NMR characterisation of [M(ppy)2(N^N)]+ complexes is rare in the literature as the 

spectra tend to be extremely crowded, and therefore other methods are relied upon to fully 

elucidate the structures. The spectra obtained for the following set of complexes are 

particularly complicated owing to the unsymmetrical nature of the ligands used. A 

systematic procedure for the complete/near complete characterisation of these complexes 

through NMR spectroscopy is outlined in this section.  In the interest of conciseness, the 

assignment of the Rh(III) compounds will be discussed in full, followed by a shorter 

discussion of the similar Ir(III) analogues which were assigned using similar criteria and 

serve to show that the method is reasonably general. 



Chapter 1 

24 
 

Compound 5 consists of eight spin systems: two three-spin systems corresponding to the 

fluoranthene moiety, four pyridyl four-spin systems and two orthometalated-phenyl four-

spin systems.  As the proton spectrum was surprisingly well resolved, the proton signals 

could readily be grouped into their respective spin systems by trawling through the cross 

peaks in the 1H-1H COSY (COrrelation SpectroscopY) spectrum (colour coded in Figure 

1.17).  The blue and light blue signals can instantly be attributed to the fluoranthene region 

[δ/ppm, (multiplicities in italics) 8.81d, 7.94 m, 8.42 d and 8.78d, 8.37d, 7.86m].  HSQC 

(Heteronuclear Single Quantum Coherence) experiments were not only useful in assigning 

CH carbons to their associated protons, but also in order to distinguish the pyridyl signals.  

HSQC detects the 13C-1H correlations in a system through interrogating the 13C signals 

via1H detection.  Detection through the far more sensitive proton channel means higher 

resolution than in the related 13C-1H COSY and HETCOR (HETeronuclear CORrelation) 

experiments, which HSQC (Heteronuclear Single Quantum Coherence spectroscopy) has 

largely replaced. In the HSQC spectrum of 5 (Figure 1.18), four 1H signals were observed 

with attached 13C in the typical δ 145 ppm - 160 ppm region (bounded by a blue box in the 

figure) in which pyridyl carbons α to N-atoms are generally found.  One signal stands apart 

from the others, having an attached proton at δ 8.90 ppm, and being deshielded by ca. 0.6 

ppm relative to the other signals in the spectral region.  This resonance can be assigned to 

the H6 position of the only uncoordinated pyridyl ring.  The three remaining signals are 

shielded by the metal and are the coordinated pyridyl groups.   
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Figure 1.17: 1H-1H COSY analysis of 5 (600 MHz, CD3CN, RT). 

 

Figure 1.18:  HSQC analysis of 5 (600 MHz instrument, CD3CN, RT). 

In order to establish the connectivity of the signals within a spin system, 1D selective 

TOCSY (Total Correlation Spectroscopy) experiments were carried out.  1D-selective 
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TOCSYs initially involve the irradiation of a single resonance.  The TOCSY mixing 

sequence then causes the magnetisation of this signal to spread to its J-coupled partners 

(its nearest neighbours) and then, in turn, to their J-coupled partners.  Over a longer 

mixing time, the magnetisation is spread to all members of the spin system.  If spectra are 

obtained at shorter mixing times, information on the connectivity of the protons can be 

deduced.  This technique is particularly useful in the present case, as we have a useful 

starting point for the four pyridyl groups, gleaned from the HSQC spectrum.  Mixing of 

the magnetisation is not always as predicted – if the coupling constants are small, only a 

low amount of magnetisation occurs, resulting in a bottleneck at the excited resonance.  If 

the coupling is large, magnetisation can occur to such an extent that an oscillation of the 

magnetisation throughout the system can result, giving no useful connectivity information.  

A shortening of the mixing time generally resolves this.  A 1D selective TOCSY was 

carried out for signals in each spin system as identified in the previous experiments, two 

examples are shown in Figure 1.19. 

 

Figure 1.19: Compound 5: 1D Selective TOCSY analysis of (left) a pyridyl ring excited at 

8.90 ppm and (right) an orthometalated phenyl ring excited at 6.30 ppm with spectra at 

mixing times of 20 ms (red plot) and 60 ms (turquoise plot) shown. (600 MHz, CD3CN, 

RT) 

Figure 1.19 shows the 1D Selective TOCSYof a pyridyl spin-system whose individual 

components were identified during the 1H-1H COSY analysis.  The previously assigned 
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resonance at δ 8.90 ppm was irradiated, and the spectrum obtained after a 20 ms mixing 

time comprises three peaks, corresponding to the excited signal and its nearest neighbour 

at δ 7.60 ppm. A low intensity “next nearest neighbour” response is also observed, arising 

from the magnetisation having sufficient time to spread from the 7.60 ppm resonance.  The 

60 ms mixing-time spectrum has all the components of the spin system, and the splitting 

pattern can be used to verify the order of the signals obtained.  In other words, once the 

pseudotriplet at position H5 of the 2-pyridyl moiety has been identified, its neighbouring 

signal must be the remaining pseudotriplet, allowing for the remaining doubletto be at 

position 3 as expected.  Figure 1.19 (right) gives another example, this time with an 

orthometalated ring from the auxiliary ligand.  The δ 6.30 ppm signal is the most 

downfield in the system as it is closest to the metal centre.  Again, using the two different 

mixing-time spectra and in conjunction with the splitting patterns observed, the ring was 

fully assigned. 

An interesting feature of the 13C NMR spectra is the observation of doublets due to 103Rh-
13C coupling, as shown in Figure 1.20 (103Rh is 100 % abundant and has a nuclear spin of I 

= ½). 

 

Figure 1.20: Selected 103Rh-13C couplings observed in the 13C NMR spectrum of 5. 

The most pronounced coupling is the 1J coupling between the cyclometalated carbon and 

the Rh centre, at J = 33 Hz.  Following the general rule that 3J >2J, splitting/broadening is 

most readily seen in carbon atoms located 3 bonds from the Rh atom, with coupling 

constants of between 1 - 2 Hz observed, although the peaks were not always well resolved.  

The 2J couplings approach zero and are not observed.   
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The four separate pyridyl and phenyl spin systems previously attributed to the (arbitrarily 

labelled A and B) phenylpyridine ligands could be linked through studying their 

connectivity using a long range 13C-1H correlation HMBC (Heteronuclear Multi-Bond 

Connectivity spectroscopy) experiment. 

 

Figure 1.21: HMBC experiment utilised in the characterisation of 5. 

In the HMBC experiment, a long range delay is incorporated into the HSQC pulse 

sequence in order to filter out one bond correlations.  Being a proton-detected experiment, 

its sensitivity is relatively high, but the experiment’s reliance on the transfer of 

magnetisation from a proton to a 13C nucleus and back to a proton (through weak short 

range interactions over a long delay time) results in the loss of signal intensity to T1 and 

T2 relaxation processes.  This can result in a high degree of noise and expected cross peaks 

being absent. HMBC, however, is invaluable in determining connectivity through 2J and 3J 

correlations, even through quaternary carbons.  Figure 1.21 shows a portion of the HMBC 

of 5.  Protons A3, A4 and A6 from a single spin system each correlate to the quaternary 
13C resonance at δ 165.8 ppm, suggesting that this is CQA as it is 2 or 3 bonds from each.  

This signal also correlates with a multiplet containing a contribution from another signal 

from a phenylpyridine phenyl group, A12.  Proton A12 also correlates to a 13C doublet, 

indicating that it is three bonds from the orthometalation site (CQRhA), thus verifying its 

identity.  The same procedure links both spin systems of phenylpyridine B, although the 

correlation to B4 is not observed.   
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The identity of the freely rotating uncoordinated ring was verified through carrying out a 

quantitative inversion recovery experiment.  This experiment involves the inversion of the 

spins into the –z plane by a 180o pulse.  As the nuclear magnetisation relaxes along the +z 

axis through spin-lattice (T1) relaxation, a ‘sample spectrum’ is obtained through applying 

a 90o pulse at a certain time delay soon after the 180o pulse.  This results in the 

magnetisation vector being reoriented into the xy plane where it can be measured as it 

rotates about the z axis at the Larmor frequency, the moving magnetic field producing a 

signal in the instrument’s receiver coil.  Proton resonances relax at different rates 

depending on a variety of factors which affect the efficiency of the relaxation process.  In 

this case, the three main relaxation enhancement factors can be predicted – increased 

relaxation rates due to rigidity in the ligand (i.e. the “locked” coordinated rings), relaxation 

through pathways provided by the metal centre, and relaxation due to proximity to the 14N  

quadrupole.  The results of the experiments are shown in Figure 1.22. 

 

Figure 1.22: Inversion recovery experiment for 5.  The signals found to relax slowest are 

highlighted in red, both in the spectra and in the assignment.  A broken line shows the 

signal in which only a component of the multiplet shows a slower recovery time.  “A” and 

“B” denote the same signals on different ppy ligands. 
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The most dramatically slow recovery is observed in the H6’ signal, found at δ 9.04 ppm.  

Although the proximity to the nitrogen atom contributes to this observation, comparison 

with the slightly faster recovery of the H6 signal (δ 8.26 ppm) indicates existence of an 

additional relaxation pathway facilitating the relaxation of H6 relative to H6’.  In each 

case, the uncoordinated pyridyl ring’s resonances undergo significantly slower relaxation 

than their coordinated counterparts – see the highlighted signals in Figure 1.22.  This is 

particularly clear for 5’ and 3’.  4’ is part of an overlapped multiplet, but examination of 

the inverted spectrum in comparison with the almost fully recovered spectrum reveals that 

a component of the multiplet has not fully recovered – the 4’ resonance.  The fluoranthene 

7’ resonance was also found to have a slow recovery time.  This is thought to be due to a 

combination of the rigidity of the fluoranthene portion and transient interaction with the 

spinning uncoordinated pyridyl nitrogen. 

The iridium analogue, 2, was assigned using a similar procedure to that described above 

(minus the carbon splitting). 

 

Figure 1.23: Fully assigned 1H NMR spectrum for 2, split into two for clarity (CD3CN, RT, 

600 MHz).  Ppy ligand signals denoted by prefixes “A” and “B”. 

As in 5, the H3 signal is the most deshielded, arising at δ 9.11 ppm.  This occurs as 

complexation results in the coordinated pyridyl being fixed into position, with the H3 

signal held facing into same plane as the fluoranthene portion’s π cloud. This results in it 
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experiencing the deshielding effects of fluoranthene’s induced field at this position.  The 

exchange of the Rh(III) centre for Ir(III) results in a general deshielding of all signals.   

The presence of the fluoranthene moiety resulted in the well-resolved and assignable 

spectra seen for both 2 and 5.  On replacing this with two aryl groups the spectra become 

far more complex.  The electronic effects of the fluoranthene which resulted in the signals 

appearing over a large chemical shift range from ca. δ 9.10 – 6.3 ppm are no longer 

present, resulting in a crowded spectra of smaller ca. δ 8.2 – 6.3 ppm spectral range.  As 

observed by Cooke, the aryl groups can also become locked in different positions, with 

monosubstituted phenyl signals giving up to five signals, or broadening (this will be more 

clearly evident in the case of [Re(CO)3Cl(L)] systems shown later). In combination, these 

effects can be so dramatic that deuteration of the auxiliary ligands is the only method to 

allow any degree of assignment.71, 72  For this reason, the following NMR analyses could 

not be as complete as the previous systems. 

The phenyl substituted ligand was utilised to synthesise Ir and Rh complexes 1 and 4, 

respectively.  The 1H NMR spectra of both complexes had some well-separated and 

resolved signals – however, almost all of these arose from the auxiliary ppy ligands.  

Taking 4 as an example, the HSQC spectrum readily identified the protons attached to the 

four carbons situated alpha to a nitrogen [Figure 1.24 (inset, signals labelled in red)], a 

doublet at δ 8.18 ppm, two signals contributing to a 4H multiplet at δ 8.14 – 8.06 ppm, and 

the final doublet at δ 7.93 ppm.  Attempts to use these signals as a basis for grouping 

signals into separate spin systems using 1H-1H COSY experiments were relatively 

unsuccessful for those signals not arising from the phenyl portions of the auxiliary ligands 

– the best resolved signals only gave responses for 3 members of their spin systems or 

showed a high degree of overlap (indicated in blue in the figure).  In fact, only one spin 

system could be confidently isolated – those connected with the signal at δ 7.93 ppm. As 

many signals as possible were identified, though the number of overlapping multiplets 

hampered progress (see Experimental section).  The phenyl rings were impossible to 

assign completely due to overlaps and the possibility of the rings locking and leading to 

more signals than expected (vide infra). The phenyl rings of the auxiliary ligands were 

better-behaved, appearing as four-member spin systems at the more shielded end of the 

spectrum (dashed lines, Figure 1.24).  As in the previous case, a HMBC experiment was 

carried out in an attempt to identify the auxiliary ligand pyridyl groups, which should also 

allow for the identification of the four signals grouped following the HSQC experiment.   
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Figure 1.24: 1H-1H COSY and HSQC experiments for 4.  The signals arising from protons 

alpha to an N atom are marked in red, while green dots denote the only clearly defined 

spin system. 

This exercise was very fruitful in the case of the auxiliary phenylpyridine ligands.  For 

example, in the case of phenylpyridine B, long range correlations between CQB and signals 

at δ 8.10 ppm,δ 7.98 ppm and δ 7.89 ppm were observed.  As the δ 8.10 ppm signal is the 

only signal correlating with CQB which comprises an “α to N” component, it can be 

labelled B6. A correlation between the orthometalated 13C doublet then identified B12, 

leaving only B3 and B4.  B4 was assigned to the multiplet at δ 7.98 ppm due to it evidently 

being composed of two pseudo-triplets, as would be expected for this proton.  The 

broadness of this crosspeak and the integration of the signal made it reasonable to assume 

that the B3 doublet was a component of the multiplet at δ 8.12 ppm. Signals for 

phenylpyridine A were similarly identified; two possible “α to N” proton correlations were 

observed at δ 8.10 ppm and δ 7.93 ppm.  As the multiplet at δ 8.10 ppm also comprises 

two CH components, it was labelled A3, leaving A6 at δ 7.93 ppm. 1D selective TOCSYs 

were attempted at a range of mixing times for all reasonably isolated signals; however this 

was only successful for the auxiliary ligand’s phenyl groups. Attempts at irradiating the 

pyridazine ligand-derived signals led to the magnetisation leaking to all non-

phenylpyridine signals, even at short mixing times.   
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Figure 1.25:(a) A portion of the HMBC 2D spectrum of 4; (b) Quantitative T1 relaxation 

experiment; (c) the 1H NMR spectrum of 4 with assignments (CD3CN, RT, 600 MHz, the 

peak at δ7.59 ppm is a chloroform impurity). 

In the absence of other means of identifying the pyridyl signals, a quantitative inversion 

recovery experiment such as that previously discussed was attempted.  This is not ideal, as 

in this case the uncoordinated phenyl rings are also free to rotate, and the principal signals 

we wish to distinguish all have relaxation pathways available to them via their proximal 

nitrogen atoms.  The experiment, a selection from which is shown in Figure 1.25 (b), was 

somewhat successful.  The most downfield signal displayed the slowest relaxation and was 

therefore deemed to be H6’, although the fast recovering CH component of the δ8.10ppm 

multiplet obscures the relevant signals, and the “most recovered” spectrum shows this 

multiplet to have not yet regained all of its constituent parts, indicating that the initial 

assumption was correct, and that H6 could indeed arise at δ 8.10ppm.  The doublet at δ 

7.93 ppm also displayed slower recovery, endorsing its previous assignment as A6.   

The iridium(III) analogue, 1, presented the same issues as encountered with its rhodium 

counterpart.  The spectra are very similar, the main change being an upfield shift in the 

signal associated with the A6/H6 signal and overlapping with that of A12.  Both 1D and 

2D spectra were crowded, again with only the auxiliary ligands proving reasonably 
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assignable.  Figure 1.26 presents the 1H NMR with assignments.  The remaining 

unassigned signals can be attributed to the phenyl rings. 

 

Figure 1.26: 1H NMR spectrum of compound 1. (CD3CN, RT 600 MHz, the peak at δ 

7.59ppm is a chloroform impurity). 

Although replacing the phenyl rings with 4-pyridyl substituents adds another layer of 

complication (as will be discussed), the presence of the pyridyl N-atom staggers the aryl 

signals considerably, allowing for a more useful study than that previously described.  

Although selective TOCSY experiments again failed due to the similarity in shift observed 

for most of the signals, the 1H-1H COSY yielded far more data than in the previous 

example, allowing all the signals to be assigned.  Again the Rh(III) sample, 4, is discussed 

initially, followed by a more concise description of the similar Ir(III) case. 

Figure 1.27 shows a portion of the 1H-1H COSY, from which the signals of four 4 spin 

systems and two 2 spin systems were grouped as shown, along with the four 4 spin 

systems of the phenylpyridine ligands, which have been omitted from the figure for clarity.  

The phenyl signals of the phenylpyridines were practically identical to the other cases and 

could be directly assigned. 
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Figure 1.27: A portion of the 1H-1H COSY of 4. Different spin systems have been labelled 

with different colours.  Signals appearing α to a nitrogen atom have been marked with a 

blue arrow.  A less intense view of the δ 7.9 ppm - 8.2 ppm region has been inset in order 

to show the correlations more clearly (CD3CN, RT 600 MHz). 

Using data from the HSQC spectra it was ascertained which CH signals in each group 

arose from a position α to a nitrogen atom.  Armed with this information, it was possible to 

use the HMBC experiments [Figure 1.28(a)] to link the separate components of the 

auxiliary ligands as previously described.  This simultaneously identified two of the 4 spin 

systems (the pyridyl groups of phenylpyridines A and B) and allowed the ordering of the 

signals through studying long range interactions– i.e. the signals at δ 7.89 ppm and δ 7.82 

ppm show two long range interactions in the HMBC, one to CQA/B and one to the 

cyclometalated carbon in the same spin system.  This indicates that they are A12 and B12, 

respectively. As in the previous case, A6 and B6 were identified as δ 8.06 ppm and δ 8.04 

ppm, respectively, from the HSQC results.  A4/A3 and B3/B4 were not readily 

distinguishable without useful selective TOCSYs or clear splitting patterns, and their 

assignment was ambiguous.  Another quantitative spin inversion recovery test clearly 

showed the doublet at δ 8.18 ppm as being H6’, thereby identifying both remaining 4 spin 

systems and allowing the full assignment of both the free and the coordinated 2-pyridyl 

rings.   
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Figure 1.28: (a) The HMBC analysis and (b) the full assignment of the 1H NMR spectrum 

of 4 (CD3CN, RT, 600 MHz).  An “x” marks partners from the same spin system. 

This process allowed the full assignment of each signal, except for three very broad 

signals.  Although each signal has been accounted for, the total integration is four protons 

short – the two most downfield doublets, assumed thus far to be 8 and 8’, integrate for 

only one proton each instead of the expected two.  Two protons are also unaccounted for 

in the multiplets which have contributions from H7 of the same 4-pyridyl rings.  The 

inclusion of the broad signals brings the total integration to the expected 30 protons.  A 

similar situation was observed by Cooke in his studies of bis(bipyridyl) ruthenium (II) and 

tris homoleptic ruthenium(II) complexes of the same ligand. The explanation put forth 

invoked severely restricted rotation of the 4-pyridyl rings.  Assuming that the 4-pyridyl 

substituent closest to the coordinated pyridyl is the most restricted, it appears effectively 

“locked” on the NMR timescale, therefore giving the sharpest signals.  Being locked, 

however, the environment experienced by both 8 (and 7) protons is different, resulting in 

them appearing at different chemical shifts, even though they are in typically equivalent 

positions on the same ring.  The other 4-pyridyl ring experiences less steric effects, and its 

slow rotation results in broadened signals.  Accepting this theory, the resulting 
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assignments are as shown in Figure 1.28 (b).  “Primes” were tenuously assigned, using the 

assumption that the most “locked” ring gives the sharpest signals.  Some issues remain 

with this explanation, and these are dealt with in a later section.  Two very broad signals 

are observed between δ 8.2 – 8.5 ppm, between which is an odd, relatively sharp, doublet 

integrating for one proton.  This proton shows a 1H-1H COSY interaction with the δ 7.06 

ppm multiplet, and includes a contribution from H7, suggesting it is in an H8 position.  

Overall this region appears to integrate for between 2 and 3 protons (as it is impossible not 

to integrate noise with such broad signals), indicating contributions from both H8.  It was 

considered that the central “doublet” could be a H7 signal, but this was later found to be 

wrong (vide infra).  One H7 resonance appears to be the other broadened signal at δ 7.56 

ppm, which integrates for one proton.  It should be noted that all of the resolved signals 

have a corresponding 13C signal, while the broad signals have none.  This is unsurprising 

due to the slower timescale of the 13C NMR experiment.  This fact results in there being 

the expected number of CH responses for an “unlocked” system, but with the origin of 

some signals not being as expected – i.e. two C8 signals for one 4-pyridyl substituent and 

none for the C8’ of the other 4-pyridyl ring.  This “twinning” of certain signals is clear 

evidence for ring locking, although it does not explain why signal broadening is more 

dramatic in the 4-pyridyl substituted complexes relative to their phenyl counterparts.  This 

phenomenon is studied further in the next section. 

It is also possible that two different forms of “locked” species exist in solution in an 

approximately 1:1 ratio, in which one has relatively sharp 4-pyridyl signals, the other with 

broadened signals.  In order to discount this, and in order to examine these broad signals 

further, an EXSY (EXchange SpectroscopY) NMR experiment was conducted.  This 

experiment uses the same pulse sequence as a NOESY experiment (and obviously is 

therefore subject to heavy interference from NOE), but magnetisation is transferred due to 

chemical exchange rather than through NOE processes.  Distinguishing NOE and EXSY 

signals can obviously be a challenge, but is helped by the fact that EXSY processes are 

generally in the same phase as the diagonal (shown in light turquoise in this case), which is 

often opposite to the phase of the NOE response.  An unfortunate complication is that, 

unlike EXSY, NOE phase depends on the size of the molecule.  The EXSY of 4 showed a 

possible exchange process between both broad signals (blue arrow), indicating two forms 

of H8.   
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Figure 1.29: EXSY NMR spectrum of 4. 

The other signal (δ 7.56 ppm) unexpectedly appears to exchange with a signal appearing 

under B11.  Examining the integration suggests that an additional extremely broad signal 

could exist in this region.  This was initially discounted, as EXSY spectra are highly 

sensitive to molecular tumbling effects, particularly at room temperature.  However, the 

subsequent synthesis and analysis of the analogous Ir(III) compound (3) resulted in a 

spectrum which was slightly less crowded in this region.  The EXSY spectrum was similar 

to that of 4, although the more upfield broadened H7’ was clearly visible (observed at ca. δ 

6.80 ppm).  The full assignment of the Ir(III) complex is shown in Figure 1.30. 

Unlike the Rh(III) complexes (but consistent with all Ir(III) examples), the orthometalated 

carbon signals were not the most deshielded signals observed in the 13C spectra.  This 

complicated matters, as in order to associate the separate phenyl and pyridyl spin systems 

of the ppy ligands (and thereby identify the remaining pyridyl signals as those of the 

pyridazinyl ligand) it was necessary to identify A12 and B12.  In the absence of the 

characteristic Rh-C coupling to aid in the identification of the C-Ir quaternary carbons, 

they were located instead through identifying each quaternary carbon in the entire 

spectrum through relating the HMBC and HSQC data, and then examining each of their 

long-range interactions.  The hope was to find those with long-range interactions in 

common with CQ A and B – A12 and B12. The quaternary carbons at δ 151.8 and 152.0 
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ppm (their HMBC signals are circled in yellow in Figure 1.30) were the only signals 

meeting these criteria, and therefore assigned as the orthometalated quaternary carbons.   

 

Figure 1.30: Full assignment of the 1H NMR spectrum of 3.  Inset is a portion of the 

HMBC spectrum (600 MHz, MeCN-d3, RT). 

Using this data it was relatively straightforward to assign the rest of the system using the 

methods previously discussed, although the assignment of the 4-pyridyl rings remains 

somewhat tenuous.  The location of the more downfield H7’ is not known, although a 

location at ca. δ 6.30 ppm is possible, arising again from an EXSY analysis. 

The theory outlined by Cooke to explain the signal broadening does not involve any effect 

arising from the nitrogen atoms of the 4-pyridyl rings, even though the analogous phenyl 

systems (which should therefore undergo the same processes) appear to exhibit far less 

broadening.  This lends credence to the opinion that an alternative phenomenon is 

responsible.  Intramolecular interactions would appear to be the key to this.  Possibilities 

include aggregation arising from the 4-pyridyl group (such as weak unstable N···F-PF5 

and lone pair···π interactions)19, or effects arising from varying degrees of protonation of 

the 4-pyridyl group.  In order to investigate this, separate NMR samples were treated with 

acid (in order to protonate the interacting N lone pairs and thus break up any aggregation) 

and base (in order to deprotonate).  The latter was considered the most probable, as 

treatment with strong base had been necessary to record the emission spectra of the 
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compounds (the phosphorescence being rapidly quenched by trace acid in the samples).  

Surprisingly, the NMR sample treated with base showed no change whatsoever, whereas 

the sample acidified with a small amount of CF3COOH resulted in a transformation of the 

broadened signals.  This appears to support the suggestion that aggregation interactions 

arising from 4-pyridyl nitrogen atoms is largely responsible for much of the broadness 

observed, with the aggregates dispersing upon protonation.  The use of CF3COOH in 

breaking H-bond aggregations in NMR studies has previously been reported by Schubert 

et al.70, 73  Figure 1.31 presents the changes observed in the spectrum upon treatment of a 

sample of 3 with CF3COOH.  The most significant change is the replacement of the 

broadened signals by three doublets between δ 8.1 and 8.7 ppm, in the region where both 

8’ signals were postulated to appear. The broadened H7 signal also appears to have 

migrated and sharpened. 

 

Figure 1.31: Comparison of the effects of base (top) and acid (bottom) treatment on the 1H 

NMR spectrum of 3.  

As 4-pyridyl rings still show “twinning”, it is evident that the rings are still “locked” to a 

large extent.  As the broadness of certain signals is now ascribed to stacking interactions 

and not completely due to slow exchange, the conclusions of the initial EXSY spectra 

merit revisiting. If the signals were in fact due to an exchange phenomenon, they should 

still be observable in the acidified sample.  This was the case - Figure 1.32 shows clear 

EXSY signals between both sets of H8, and a similar process occurring between the new 

proton signals at δ 8.61 and 8.46 ppm, supporting their assignment as two 8’ resonances. 

The third “new” doublet in this region is the uncoordinated H6’ proton which, being the 
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remaining proton on the final free pyridyl ring, has been shifted downfield by the addition 

of acid.  The two H7 signals appear as doublets at δ 7.91 and δ 7.45 ppm.  The H7’ pair 

appear at δ 7.67 ppm and, overlapping with a H7 doublet at δ 7.91 ppm.  The broadness 

and small (J = 5.4 Hz) coupling constant of the H7 doublet at δ 7.45 ppm suggests a 4J 

interaction with the adjacent H7 proton.  This suggested the possibility of carrying out a 

1D selective TOCSY with a relatively long 60 ms d9 time.  Coupling between both spin 

systems was sufficient to yield separate spectra of both 4-pyridyl groups.  These are 

overlaid with the EXSY spectrum in Figure 1.32, and show an excellent correlation with 

the exchange signals, which are circled.  

 

Figure 1.32: Overlaid EXSY and ID Selective TOCSY spectra of 3. 

It can be asserted that, for the most part, the broadness in these 4-pyridyl substituted 

systems arises due to stacking interactions, and that although the rings are highly locked, a 

certain amount of movement allows an exchange process which causes the signals to 

become equivalent - but at a far slower rate than on the timescale of the 1H NMR 

experiment.  The “stray doublet” observed at δ 8.39 ppm in the “neutral” 1H NMR 

spectrum of 4 can be ascribed a H8’ signal arising from a more loosely aggregated 

complex, appearing between two broad H8’ signals of the more aggregated system – i.e. 

the initial spectra consisted of a mixture of free (protonated?) and aggregated systems.  
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The pyridazine-ligand signals were assigned for the acidified species, and are shown in 

Figure 1.33. 

 

Figure 1.33: Assignment of the non-ppy signals of the 1H NMR of 3 (navy) and 4 (teal) in 

CD3CN (approximately 2 mg/ml, containing 15 µl of a 5 M CF3COOH solution in CD3CN.  

600 MHz). 

1.2.2.2 Crystallographic analysis 

Layering of a concentrated CH2Cl2 solutionof 1 with ether resulted in the formation of 

crystals suitable for X-ray analysis after one week.  The compound crystallised as 

[IrIII(ppy)2(LPh)][PF6]·(CH2Cl2)2 in a monoclinic C2/c space group.  Partial occupancy was 

observed in the PF6 counterions, and this was appropriately accounted for in solving the 

structure.  As indicated by the NMR studies, the H3 position on the C ring faces into the 

neighbouring D ring.  This is illustrated in Figure 1.34, along with an ORTEP 

representation of the molecule and a view of the packing observed.  The pseudo-octahedral 

Ir(III) centre is significantly distorted, as is typical in [Ir(ppy)2L]+ systems such as 

[Ir(ppy)2)(dap)]+(dap:1,12-diazaperylene).74  Ir-NLa distances are slightly shorter [2.077(5) 

Å – 2.147(5) Å] than the corresponding Ir-Ndap [2.140(2) Å – 2.151(3)Å].  This is possibly 

due to the more flexible La facilitating this distortion: ring C has twisted out of the plane 

of the pyridazine ring (B) through approximately 21o.  The NLa – Ir – NLa angle of 74.9ois 

typical of these systems, and results in the octahedron appearing “pushed” forward, with 

Ir-Nppy deviating from the expected right angle with Npyridazine by 12.6(2)o.  The Ir-C 
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distances are also very similar to those observed in the dap derivative, at 2.015(6) Å and 

1.968(6) Å (1) compared to 2.015(3) Å and 2.009(3) Å ([Ir(ppy)2)(dap)]+). 

 

Figure 1.34: Crystal structure of 1. Ir: Magenta; N: blue, P: Orange, F: yellow, C: green.  

Ellipsoids are shown at 50 % probability. 

1.2.3 Photophysical and electrochemical properties 

1.2.3.1 Iridium complexes 

The absorption spectra of the Ir(III) compounds 1, 2 and 3 (compared with the ligand 

absorptions in Figure 1.35 and tabulated in Table 1.2) broadly comprise intense 

pyridazine-ligand based π-π* transitions centred at ca. 265 nm.  At slightly lower energy, a 

shoulder at ca. 295 nm is observed which is ascribed to a π-π* transition within the ppy 

ligand.  Each complex also presents broad absorptions with λmax between 372 nm and 380 

nm, which are ascribed chiefly to MLLCT transitions.  The low LC energy band of 2 

results in the MLLCT appearing as a shoulder – also, owing to the greater number of 

transitions possible due to its aromatic platform, the spectrum of 2 has a slightly more 

complicated profile, and some less intense LLCT and higher MLCT-derived states can be 

inferred.75  As previously discussed, purely “MLCT” or “LC” descriptions are not 

completely valid for describing the photochemistry of cyclometalated complexes.  As it is 

widely accepted that the HOMO is generally composed of metal t2g with a large 

contribution from the M-C bond,32 these transitions are more properly referred to as 
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MLLCT (metal-ligand to ligand).  An SBLCT (sigma-bond to ligand charge transfer) 

transition arises in circumstances when the latter interaction is considered to dominate to 

the extent that the promoted electron arises from the Ir-C bond rather than a purely metal-

based orbital.37  

 

Figure 1.35: Absorption spectra of 1 (red), 2 (navy) and 3 (green) (all solid lines) and 

their corresponding free ligands (dotted lines) in CHCl3.   

The lowest energy MLLCT absorptions are comparable with known [Ir(ppy)2(L)]+ type 

complexes, for example [Ir(ppy)2HAT]+ or [Ir(ppy)(bpy)]+, which show lowest energy 

absorptions at λ 375 nm and λ 376 nm (in acetonitrile), respectively.37  At lower energy, 

each complex shows a weak absorption at ca. 520 nm.  This absorption is quite defined for 

complexes 1 and 2, and broader and with a longer tail for the 4-pyridyl substituted 3.  As 

d-d transitions are highly unlikely (due to the high field effects of the C-M interaction), 

these absorptions can be classed as forbidden 3MLCT/MMLCT absorptions.  These are 

observed as the pertinent selection rule has been relaxed to a small extent due to spin orbit 

coupling facilitated by the metal centre.  It is interesting to note that the expected lower-

lying π* orbitals of the pyridazine ligands, particularly Lc, do not appear to affect the 

position of the MLLCT bands to a large extent.   

The complexes are very weakly emissive in solution, each giving an orange/red 

luminescence (Figure 1.36). Even trace amounts of acid quench the emission, and each 
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sample was treated with base prior to measurement.  Solutions were degassed by bubbling 

with argon for 10 minutes, although the air equilibrated solutions were weakly emissive.  

 

Figure 1.36: Emission spectra of 1 (red), 2 (navy) and 3 (teal) in degassed CH2Cl2 

solution (solid lines) and in butyronitrile glass at 77 K (dotted lines).  Photographic 

images of the complexes emitting at 77 K are inset. 

Oddly, the presumed lower π* level of the highly aromatic Lc did not result in 2 having 

the lowest energy emission in room temperature solution.  The lowest energy emission in 

fact was 3 (at λ 693 nm), which was also the complex with the longer absorption tail.  

Emission does arise from a CT state involving the pyridazine ligands however, as the 

emissions are highly dependent on the nature of this ligand, and are red shifted compared 

with [Ir(ppy)2(bpy)]+ (λmax 533 nm butyronitrile at 77 K,76 compared with λmax 594 nm – 

694 nm for the pyridazine complexes).  Frozen butyronitrile solutions show very intense 

emission (Figure 1.36) due to the rigid solution lowering the rate of bimolecular 

quenching. The compounds’ spectra in frozen solution undergo a rigidochromic blue shift.  

This occurs due to the solvent molecules being unable to stabilise the incipient excited 

state via reorientation in the rigid medium.  The spectra have more noise due to the 

bubbling of liquid nitrogen in the Dewar flask, although compound 2 appears to present 

two distinct peaks, with a ΔE of 590 cm-1.  The fact that 2 does not display the lowest 

energy emission in solution could be due to solvation effects as, expecting the π* levels of 

the ligands to be in the order: Lc (highly aromatised) <Lb (electron withdrawing 4-pyridyl 
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groups) <La, the expected emission λmax should be in the order 2>3>1 (assuming minimal 

effects in the metal-based orbital). This is indeed what is observed in low temperature 

measurements (see Table 1.2), where solvation of the excited state is negligible (taking the 

most blue shifted peak of 2).  In both solid state and in solution the observed λmax order 

becomes 3>2>1.  Delocalisation of the promoted electron would be expected to occur 

more readily in the aromatic platform of 2 upon excitation. - it could be inferred that the 

solvation properties of this excited state would be quite different to its counterparts in 

which conjugation is broken by the rings twisting out of the pyridazine plane.  From the 

NMR studies, compound 3 is known to stack in an ordered manner, and perhaps a 

stabilising interaction occurs which results in slightly red shifted emission.   

The designation of the emitting states of cyclometalated IrIII compounds can be complex.  

The broad and relatively featureless emission bands observed here are indicative of charge 

transfer, and in the cyclometalated case these are often best described as MLLCT (metal-

ligand to ligand charge transfer).  MMLCT can conceptually be described as an admixture 

of MLCT and LLCT.  As these are extreme cases, and a brief return is made to the SBLCT 

concept as outlined in the Introduction. While pure SBLCT states are not being invoked 

here, the concept allows some appraisal of the metal centre’s contribution to the excited 

state – i.e. little evidence for SBLCT can indicate a mostly MLCT-derived emitting state.  

Campagna and Serroni, noting the more distorted nature of an SBLCT state, predict that 

this should result in broader emissions and a larger rigidochromic blue shift on going from 

a fluid to low temperature rigid matrix.38  The observed ΔE values for compounds for the 

rigidochromic effect and the room temperature emission peak’s full width at half 

maximum for 1, 2 and 3 are tabulated in Table 1.1.   

Table 1.1: ΔE for the rigidochromic effect and the room temperature emission peak’s full 

width at half maximum ΔE for 1, 2 and 3. 

 ΔErt -77 K/cm-1 ΔEfwhm(RT)/cm-1 

1 1773 2851 

2 1219 2761 

3 1617 2274 

 

Campagna’s [Ir(ppy)2(dpt-NH2)]+ complex is considered a typical Ir(III) MLCT emitter, 

and displays a rigidochromic shift of 2200 cm-1
, a value which is significantly larger than 
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those observed in the pyridazine complexes in Table 1.1, indicating a minimal SBLCT 

contribution.  Typical room temperature emission ΔEfwhm values of the of polypyridyl 

complexes of Ru(II) and Os(II) tend to lie between 1500 – 2000 cm-1.38  The values 

obtained for 1 - 3 exceed this value significantly, but this is most likely due to the small 

shoulder at 800 nm.  This shoulder is commonly encountered in red emitting Ir(III) 

complexes (see Figure 1.10) and there is a low possibility that this could be due to an 

MLCT overlapping with the primary SBLCT band.  The same shoulder is seen in De 

Mesmaeker’s studies but is not characterised.   

1.2.3.2 Electrochemical measurements 

In order to get a fuller picture of the HOMO and LUMO properties, it is vital to consider 

the electrochemical characteristics of the compounds.  Cyclic voltammetry was carried out 

in dry and degassed CH3CN, using 0.1 M TBAPF6 as supporting electrolyte.  The results 

are shown in Figure 1.37 and tabulated in Table 1.2.  Focusing on the oxidation side, it can 

be observed that the complexes display good reversibility, with oxidation waves appearing 

in the range 0.86 V – 0.93 V vs. Fc/Fc+.  The cyclic voltammogram of 3 is the least well-

defined of the set due to stacking interactions (as shown in the NMR studies) causing the 

electron transfer to be sluggish.  By decreasing the scan window it was possible to obtain 

good voltammograms of the first oxidation and reduction potentials, however.  The fact 

that the oxidations are reversible indicates that the Ir-C orbital does not make the major 

contribution to the HOMO, indicating that the emission is mostly MLCT-derived.  A large 

degree of Ir-C covalency tends to result in decomplexation of the C carbanion upon 

oxidation, obviously resulting in irreversibility.37,38  This would indicate that the Ir-C level 

in Figure 1.8 is below that of the Ir dπ level, making the MLCT the emitting state.  The 

oxidation potentials observed are quite similar to Kirsch-De Mesmaeker’s measurements 

on the similar [Ir(ppy)2(bpy)][PF6] and [Ir(ppy)2(HAT)][PF6] complexes, which give a 

reversible oxidation of +0.84 V and +1.05 V vs. Fc/Fc+, respectively.  The oxidation 

potentials observed for 1 - 3 fall within this range.  The most facile oxidation occurs on the 

complex bearing Lc (0.86 V), indicative of a higher electron donating ability relative to La 

or Lb (0.92 V and 0.91 V, respectively). 



Chapter 1 

48 
 

 

Figure 1.37: Cyclic voltammetry results of 1 (red), 2 (navy) and 3 (teal), carried out in dry 

degassed CH3CN with a scan rate of 0.1 V/s. Results shown vs. Ag/AgCl reference 

electrode.  Values in text/tables are quoted vs. Fc/Fc+ which was used as an internal 

standard. As a guide, the oxidation of Fc/Fc+ is 0.35 V vs. Ag/AgCl. 

Reduction processes are commonly accepted to occur preferentially on the N^N ligand, 

followed by reductions of the ppy ligand at more negative potentials.37, 38  This is borne out 

by the values observed – the electron accepting nature of the N-containing aromatic 

platform in 2 results in the most facile reduction, at -1.33 V.  The complexes bearing the 

electron withdrawing 4-pyridyl (3) gives the next highest reduction wave at -1.40 V, 

followed by 1 at -1.50 V.  These values again fall between the first reduction wave values 

of [Ir(ppy)2(bpy)]+and [Ir(ppy)2(HAT)]+at -1.79 V and -1.13 V, respectively. The 

reductions at higher potential occur at -2.0 V and are independent of the nature of the 

pyridazine ligand, and can be ascribed to ppy reductions.  The HOMO-LUMO gap can be 

estimated from the ΔE1/2, the trends of which follow the complex’s emission energies at 77 

K, i.e. 1>3>2, as expected.  As stated earlier, this order of emission wavelength changes in 

solution, and is ascribed to differing solvation effects. 

Taking the reversible nature of the oxidations and the obviously pyridazine derived nature 

of the reductions into account, the principal emissions observed from complexes 1 - 3 can 

be described as 3MLCT emissions, arising chiefly from an electron from the metal dπ 
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orbitals to the pyridazine ligand π* (i.e. showing a low “SBLCT” contribution).  As 

covalency plays such an important part in the photophysics of cyclometalated iridium 

complexes, a degree of admixing of Ir-C/ppy phenyl in the HOMO should not be 

discounted, hence the MLLCT designation is the most appropriate.  The shoulders 

observed at λ 800 nm could arise from an unequilibrated SBLCT state - although invoking 

dual emission in room temperature solution is somewhat controversial as it would be 

extremely unusual for excited states in a small molecule not to equilibrate at room 

temperature.  Dual emission is common in iridium complexes at low temperature however, 
77, 78 and not unknown in room temperature solution.79  As it is known that enhanced 

rigidity causes 3CT states to increase in energy (sometimes even crossing the 3LC level at 

extreme temperatures of ca. 10 K),80 it could be tentatively suggested that these shoulders 

disappear in the 77 K spectra due to the level’s enhanced rigidochromic blue shift resulting 

in their overlap with the MLLCT bands.  This overlap is staggered in 2, resulting in the 

appearance of two bands at low temperature, one 3MLLCT and one 3MLCT.  

[Ir(ppy)2HAT] also displays two maxima at low temperature (590 cm-1 apart) and the 

bands are given the same designation.  The fact that it is the complex bearing the highly 

electron-accepting HAT ligand (which should bring the Ir-C and Ir-dπ closer in energy) 

which displays such behaviour is not addressed.  Two MLCTs, one to the ppy and one to 

the pyridazine ligand cannot be discounted either, but is deemed unlikely by Kirsch-De 

Mesmaeker as by again comparing with the HAT complex, relative stabilization of the 

ligand π* should induce a red shift in the (dπ→π*HAT) derived MLCT emission relative to 

[Ir(ppy)2bpy]+ (as is observed), but also a small blue shift in the (dπ→π*ppy) emission due 

to stabilisation of the metal orbitals.  This is not observed in the HAT case or in the case of 

2.  Again, attempting to rationalise observed behaviour through using “pure” MLCT and 

“pure” SBLCT arguments appears pedantic and does little to progress understanding of the 

photophysical nature of such systems.   
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Table 1.2: Photophysical and electrochemical properties of Ir(III) complexes 1, 2 and 3. 

 !!"#!"# /!"a Medium (T/K) !!"#!" /nm  !!/!!" /Vb,d 

(ΔEp/mV) 

!!/!!"#/Vb, d 

(ΔEp/mV) 

ΔE1/2/Vb, 

d 

1 271, 299, 380, 519 solid (298) 605 0.92 (110) -1.50 (80), 

-2.00 (85) 

2.42 

CH2Cl2(298) 665, 795shd 

glasse (77) 617 

2 268, 294, 376, 432(sh), 

432, 519. 

solid (298) 617 0.86 (100) -1.33 (88), 

-2.02 (86) 

2.19 

CH2Cl2(298) 683, 796shd 

glass (77) 594, 638 

3 255, 295, 372, 520 

(broad) 

solid (298) 632, 652 0.91 (65) -1.40 (81), 

-1.87c 

2.31 

CH2Cl2(298) 693, 798sh d 

  glass (77) 624  -2.05 (120)  

a10-5 M in CHCl3; bin CD3CN – see Experimental for further details; cirreversible couple, peak potential (Ep) 

quoted, dsolvents degassed by bubbling with argon for 15 mins, ebutyronitrile. 

1.2.3.3 Rhodium complexes 

 

Figure 1.38: Absorption spectra of 4 (purple), 5 (yellow), 6 (green) (all solid lines) and 

their corresponding free ligands (dotted lines) in CHCl3.   
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The absorption spectra of compounds 4, 5 and 6 are presented in Figure 1.38.  The general 

profiles of the spectra are similar to their Ir(III) counterparts, though a blue shift is 

observed in the presumed MLLCT derived bands (λ 367 nm and λ 362 nm for 4 and 6 

respectively) due to the lower energy of the Rh(III) valence electrons. Compound 5 also 

displays a blue-shifted charge transfer, but at lower energy, λ 402 nm.  The spectrum of 5 

is highly complex, with many overlapping transitions (possibly LLCT) contributing to this. 

The amount of the red shift in its lowest energy band may indicate a different designation 

to the MLLCT assumed for 4 and 6, although the LC π* orbital of 5 would be expected to 

be significantly stabilised relative to its counterparts.   

The room temperature solution and frozen butyronitrile (77 K) spectra are shown in Figure 

1.39 and tabulated in Table 1.3.  The emission in solution was very weak, although the 

emission positions follow the predicted pattern, based on the predicted lowest-energy π* 

orbitals i.e. λmax 5<6<4.  While 4 and 6 display broad featureless spectra, 5 presents 

distinct vibronic structure.  The compounds display a yellow emission in solution (λ 590 

nm – 675 nm) and 4, 6 undergo a significant rigidochromic shift which pushes 4 into the 

green-emitting region of the spectrum.  On the other hand, compound 5 displays only a 

minimal blueshift.  The unusual behaviour of 5 is discussed further below.   

Unlike the other members of the series, which display fairly broad and relatively 

featureless emission indicative of significant CT character, 5 displays a heavily structured 

emission, both in the solid state, 77 K glass and in degassed solution. At low temperature 

this  resolves to give three progressions at 562 nm, 614 nm and 667 nm, corresponding to 

energy differences of 1507 cm-1 and 1294 cm-1, which can be ascribed to the C=C 

stretching modes of a polycyclic aromatic system.  It is also notable that, unlike the other 

emissions, only a negligible rigidochromic shift of 403 cm-1 is observed (relative to 2026 

cm-1 in the case of 4, and 1151 cm-1 for 5).  This is suggestive of a less polar excited state 

which is far less destabilised by the solvent’s inability to solvate it.  Again, this rules out a 

heavily MLCT-derived emitting state, and is more suggestive of LC emission.   
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Figure 1.39: Emission spectra of 4 (purple), 5 (orange), 6 (green) in degassed CH2Cl2 

solution (solid lines) and in butyronitrile glass at 77 K (dotted lines).  Images of the 

complexes emitting at 77 K are inset.   

Ligand centred emission is usually assumed to arise from the cyclometalated ligand.  This 

thesis mostly arises from work carried out by Balzani and co-workers,81 in which the 77 K 

emission spectra of various [Rh(L^X)(bpy)]+ complexes [L^X being a cyclometalating 

ligand such as N,C3-ppy and N,C3-2(2-(thienyl)pyridine (thpy)] were compared with both 

the free ligand emission and with pure 3LC emitters [such as [Pt(L^X)(CH2Cl)Cl] (a Pt(IV) 

photooxidation product PtII(thpy)2 in CH2Cl2)].  In the thpy case, the emitting 3LC state 

was found to be on the cyclometalating ligand.  This was deduced as the form of the 77 K 

emission matched that of the Pt(IV) analogue, and had kr of less than 102 s-1 (3MLCT 

emission is generally in the kr~105 s-1 region). Assigning the emitting ligand was less 

straightforward in the ppy case – the emissions did not match very well, and the lifetime 

data was contradictory.  Assignment was therefore largely based on the 77 K emission of 

[Rh(ppy)2(bpy)]+ being quite dissimilar to that of [Rh(bpy)3]3+. This assumed that 3LC 

emission from this complex would be the same as a 3LC bpy emission from 

[Rh(ppy)2(bpy)]+.  The validity of comparing the properties of cyclometalated and non-

cyclometalated Rh(III) complexes appears somewhat questionable, however.   

In order to investigate further, the photophysics of the free ligand (Lc) were revisted.  The 

ligand’s UV-vis absorption spectrum (Figure 1.38) is more structured than that of La or 
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Lb, indicative of the increased number of possible transitions available to the system due 

to the presence of the highly aromatised diazafluoranthene moiety.  The relatively intense 

lowest-energy band at λ 370 nm (ε = 13,400 dm3mol-1cm-1) is typical of such highly 

aromatised N-containing systems (viz. phenazine absorptions in Chapter 4).  The band 

decreases slightly in intensity and undergoes a red-shift, indicative of a primarily π,π* 

transition with a significant n,π* component.  The compound is non-fluorescent in neutral 

medium, but upon addition of aliquots of CF3COOH to a CH2Cl2 solution of the 

compound, a pale green yellow emission is observed (see Figure 1.40).  This is indicative 

of an n,π* lowest excited state in the free ligand. Such states are rarely emissive, as 

transitions (both radiationless and radiative) from 1(n,π*) to the S0 ground state are 

forbidden – these excited states have a longer lifetime and generally perform intersystem 

crossing to populate a triplet state.82 

 

Figure 1.40: Emission behaviour of Lc upon protonation (10-5 M, dichloromethane, RT; 

addition of 10 µl aliquots of 0.1 M CF3COOH).  Included is a qualitative schematic of the 

change in lowest-energy excited state from n-π* to π-π* upon protonation. 

Upon protonation of the lone pair, the n-orbital becomes a low energy σ bonding orbital.  

As the electrons are more tightly held in the positively charged molecule, a lowering in 

energy of all orbitals can be predicted, particularly in the LUMO.  This results in the 

lowest-energy state becoming the emissive π,π* state (Figure 1.40).  As triplet states 

possess long radiative lifetimes, phosphorescence in purely organic systems is rarely 

observed due to deactivation arising from bimolecular collisional processes.  As with the 

metal complexes, phosphorescence can be favoured through reducing the rate of such 
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collisions by freezing the sample as a glass in a suitable solvent (butyronitrile in this case) 

at liquid nitrogen temperatures.  The low-temperature emission spectrum of Lc is shown in 

Figure 1.41. 

 

Figure 1.41: (top) Triplet emission from Lc, 77 K butyronitrile glass; (bottom) probable 

singlet and triplet state arrangements. 

The spectrum shows a highly structured phosphorescent emission with λmax values at 548 

nm, 566 nm, 592 nm and 653 nm.  A small singlet emission is observed at 450 nm, but a 

hundred times less intense than the triplet emission.  This is strongly suggestive of the 

lowest 1(n,π) state efficiently transferring energy to the triplet, indicating a 3(π,π*) rather 

than a 3(n,π*) state, as required by El Sayed’s rules. These rules state that rates of ISC 

from the singlet to the triplet manifold are higher if there is a change of orbital type.  This 

arises from the mixing of triplet and singlet states (through a spin-orbit interaction) being 

forbidden if the states are of the same configuration i.e. 3(π,π*) cannot “borrow” singlet 

character from a 1(π,π*) state.82, 83  A favourable ΔE(S1-T1) is also important in the 

efficiency of ISC – a small value can give strong phosphorescence and weak or absent 

fluorescence (as observed in this case).  In some aromatic ketones, the ΦP/ΦF ratio can be 

greater than 1000 due to the small ΔE(S1-T1) allowing for an ΦISC ~ 1 – this can be 

contrasted with hydrocarbons such as napthalene which has a ΦP/ΦF ratio of 0.11.82  



  Chapter 1 

55 
 

Wilkinson and Horrocks suggest two likely configurations for the arrangement of excited 

states in systems with a lowest-lying 1(n,π*), these are reproduced in Figure 1.41, labelled 

as Type A and Type B.84  Type A, in which a the 3(n,π*) lies lowest is most commonly 

found in diazines and aromatic carbonyls, whereas Type B with a lower 3(π,π*) is more 

common in quinolines and phenazines and is most likely for Lc.  The C=C vibronic 

progressions observed in the emission give a strong indication of a type B system in this 

case.  Due to the mixing rules mentioned above, the transition probabilities observed for 

singlet to singlet transitions are reversed - 3(π,π*) to S0 transitions are less allowed than 

their 3(n,π*) to S0 counterparts.  Emission lifetimes are therefore also good indicators of 

the identity of the lowest state.  The lifetime of the weak singlet emission at λ 450 nm is 

short, at 10.5 ns (in 77 K butyronitrile glass) and highly indicative of a 1(n,π*) state.  The 

more intense emission at λ 592 nm appears far longer lived, indicative of disallowed 

emission from a 3(π,π*) state.  The longest component of the measured biexponential 

lifetime was of the order of 20 µs, but the value was unstable with regard to changing the 

TAC (time-to-amplitude converter) window size and is therefore treated with caution.  

Figure 1.42 compares the emission of 5 in degassed room temperature solution and at low 

temperature with the observed triplet emission of Lc.  

 

Figure 1.42: Comparison of the emission properties of 5 (orange) in room temperature 

CH2Cl2 solution (dotted line) and at 77 K in a butyronitrile glass (solid line) with the 

triplet emission of Lc, also at 77 K in butyronitrile.  
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It is very clear that the emission observed from 5 is very similar in both shape and energy 

(taking solvation and rigidochromic effects into account) with the triplet emission of the 

pyridazine ligand.  As the emission cannot arise from any ligand impurity (as these bands 

are not observed in degassed solutions of Lc at room temperature), a strong argument can 

be made that the character of the emitting state of 5 is pyridazine-ligand centred 

phosphorescence, facilitated by the heavy atom effect provided by the Rh centre.   

Branchi et al. have synthesised a series of molecular clips containing a 

benzo[k]fluoaranthene substituent, and the low energy portion of the 77 K-glass emission 

spectrum is shown in Figure 1.43 (a).  

 

Figure 1.43: Low temperature emission spectra of (a) Branchi’s molecular clip,85 (b) 

Balzani’s [Rh(ppy)2(bpy)]+.  Hppy is shown in a dashed line. (c) and (d) Show Salinas-

Castillo’s indirectly measured fluoranthene phosphorescence at room temperature 86, 87.  

Iem, Iau, IRTP and R.P.I are measures of emission intensity, and the units can be considered 

as arbitrary. 

As the low energy 77 K emission spectra remain unchanged throughout Branchi’s series 

(unlike the higher energy room temperature fluorescence, which does change), this 

emission clearly arises from the fluoranthene portion of the molecule.  The similarity with 

the triplet emission of 5 and Lc is striking, and gives weight to the assignment of an 

emitting 3(π,π*) state.  The observation of the same triplet emission as from the parent 

hydrocarbon is in fact considered diagnostic of a lowest 3(π,π*) state.84  Room temperature 
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triplet emission spectra of unsubstituted fluoranthene obtained by indirect methods by 

Salinas-Castillo86, 87 are also shown [Figure 1.43(c) and (d)], and correspond well to the 

emission of 5, although the Branchi system is the more convincing comparison as the 

measurement conditions are similar.  Balzani’s low temperature spectrum for the emission 

of [Rh(ppy)2(bpy)]+ [Figure 1.43 (b)] bears a striking resemblance to the emission obtained 

from 5, but hypsochromically shifted by approximately 4000 cm-1.   

1.2.3.4 Electrochemical measurements 

Although the SBCLT concept is somewhat pedantic, it does give a useful insight into some 

of the behaviour observed.  For example, looking at Figure 1.8 we can predict that 

exchanging the Ir centre for the lower energy Rh t2g will result in a better match with the 

orthometalated carbon, which Kirsch-de Mesmaeker asserts will result in the Rh-C level 

being higher than the Rh-dπ level.  Walking this theory into the more correct MLLCT idea 

means that we can predict a still higher contribution from the orthometalated phenyl ring 

in the HOMO.  

 

Figure 1.44: Cyclic voltammetry results of 4 (purple), 5 (orange) (including Fc/Fc+ 

broken line), and 6 (green) carried out in dry degassed CH3CN with a scan rate of 0.1 V/s.  

See Experimental section for further details.  Results shown vs. Ag/AgCl reference 

electrode.  Values in text/tables are quoted vs. Fc/Fc+ which was used as an internal 

standard.   
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This is reflected in the cyclic voltammograms shown in Figure 1.44 – the oxidation 

processes are all irreversible, although 5 shows a high degree of quasireversibility, 

possibly indicating a metal perturbed oxidation of the pyridazine ligand.  The peak 

potentials are similar to those of the similar [Rh(ppy)2(bpy)]+ and [Rh(ppy)2(HAT)]+ 

complexes.  These display irreversible oxidation peaks at 1.16 V and 1.33 V vs. Fc/Fc+, 

respectively.  This compares well with 1.1 V – 1.3 V observed here. Each compound 

displays a fully reversible reduction ascribed to electron gain by the pyridazine ligand.  It 

is apparent that the ligands are more difficult to reduce when bound to a Rh(III) centre 

compared to Ir(III), as expected.37  Unusually, 6 has the most positive first reduction, 

though the generally distorted form of this voltammogram prevents adding too much 

weight to the observed potentials.  Each complex also displays a reversible/quasireversible 

ppy reduction at approximately -2.0 V.   

Huang et al. have revisited [Rh(ppy)2(L)]+ (L= HAT and bpy) from both a computational 

and experimental standpoint.88  This study was initially based on the extreme cases of Rh 

complexes incorporating the electron rich HDPA and the electron poor dpk ligands. As 

Figure 1.45 shows, the [Rh(ppy)2(dpk)]+shows a broad featureless emission at 77 K, 

similar to that of 4 and 6, whereas [Rh(ppy)2(HDPA)]+ shows an emission more 

characteristic of a ligand-centred emission, such as [Rh(ppy)2(bpy)]+ (a blue shifted 5-like 

emission).  The density of states calculations gives some insight into the behaviour.  The 

HOMO of both compounds is dominated by a ppy contribution (found to almost entirely 

consist of the phenyl rings), with only a very minor Rh contribution.  For [Rh(ppy)2(dpk)]+ 

however, the LUMO is entirely found on the N^N ligand [Figure 1.45 (A)], this contrasts 

with [Rh(ppy)2(HDPA)]+, where the LUMO is clearly an admixture of ppy and HDPA 

orbitals.  It indicates that transitions in these compounds have a minimal Rh contribution, 

and are chiefly 3LLCT (C^N → N^N) as in [Rh(ppy)2(dpk)]+, or 3LC (ppy) with a lesser 
3LLCT (C^N → N^N) contribution.  These two groups can elegantly be discriminated 

through plotting the first reduction potential against the emission energy at 77 K.  Huang 

carried this out for a range of published compounds, discovering that the data neatly 

divided into two groups: one with high reduction potentials and an emission around 455 

nm (the HDPA complex group) and those displaying a lower first reduction potential and a 

more red-shifted emission (the “dpk” complex family see Figure 1.46).   
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Figure 1.45: Emission spectra at 77 K (glass) and partial density of states plots from DFT 

calculations for [Rh(ppy)2(dpk)] and[Rh(ppy)2(HDPA)]+. 

 

Figure 1.46: A modified version of Huang’s potential vs. emission energy plot for 

[Rh(ppy)2L]+-type complexes. Revised from reference Huang et al.88 
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Table 1.3: Photophysical and electrochemical properties of Rh(III) complexes 4, 5, 6. 

 !!"#!"# /!"a Medium (T/K) !!"#!" /nm !!/!!" /Vb 

(ΔEp/mV) 

!!/!!"#/Vb,d 

(ΔEp/mV) 

ΔE1/2/Vb,d 

4 252, 261, 296, 367. solid (298) 532 1.09 c -1.60 (85), 

-2.08 (85) 

2.66 

CH2Cl2(298) 590 

glasse (77) 527 

5 263, 295, 336, 365, 402. solid (298) 568, 595, 610, 

695sh 

0.9 (107) -1.52 (75), 

-2.02 

2.42 

CH2Cl2(298) 574, 620, 675 

glasse (77) 561, 609, 667 

 

6 261, 293, 362. solid (298) 552 1.29c -1.47 (92), 

-1.87c 

~2.5 

CH2Cl2(298) 610 

  glasse (77) 570  -2.05 (120)  

a10-5 M in CHCl3; bin CD3CN – see experimental for further details; cirreversible couple, peak potential (Ep) 

quoted, dsolvents degassed by bubbling with argon for 15 mins, ebutyronitrile. 

1.3 Rhenium carbonyl compounds 

 

Figure 1.47: Synthesis of [ReI(L)(CO)3Cl] complexes from the pyridazine-centred ligands. 

Rhenium tricarbonyl chloride compounds were initially synthesised by refluxing the 

required ligand with one equivalent of [Re(CO)5Cl] in benzene for ca. 3 hrs.  It was later 

found within the Draper group by visiting researcher Prof. KSD Perera that the same 
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yields (between 66 % and 98 %) could also be achieved using the relatively less toxic 

chloroform as solvent, again refluxing for approximately three hours. Only benzene (and 

toluene) reflux has been found in the literature, and this is a step forward in making 

{Re(CO)3} complexes more amenable to larger-scale syntheses (after the prohibitive cost 

of the metal is also lowered!). 

The 1H NMR spectra are similar to the previous cases (though simplified by the lack of 

protons on the auxiliary ligands) and will not be described in any great length.  

Representative compounds 7 and 8 are shown in Figure 1.48.  Compound 8 is the simplest 

owing to the fixed nature of the fused acenaphthalene substituent.   

 

Figure 1.48:1H NMR spectra of 8 (top, teal) and 7 (below, navy), (CDCl3 [residual signal 

at δ 7.26], RT, 600 MHz). 

Spin systems were easily assigned using COSY spectra, and the coordinated pyridyl ring 

was discriminated from its free counterpart through examining the H3/H3’ signals.  H3 is 

fixed in position due to the coordination of the metal centre, obliging it to face into the 

plane of the aromatic fused moiety.  This results in a significant shielding effect relative to 

H3’, as this ring can twist away from the induced shielding field of the fused aromatic 

portion.  This effect causes H3 to appear at δ 9.01 ppm, relative to H3’ at δ 8.58 ppm.  The 

other members of the spin system were then easily assigned, with H6 being the most 
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downfield signal, a doublet at δ 9.28 ppm.  NOESY analysis did not allow for the 

fluoranthene protons to be fully assigned and the labelling was left ambiguous, as shown 

in the figure.  The assignmnet of the coordinated ring in 7 was achieved using similar 

thinking – in this case the 4,5- substituents are not fused, making it is possible for the 

phenyl rings to twist.  This results in the coordinated ring’s H3 proton to be obliged to face 

perpendicularly into the phenyl ring’s π cloud as was observed in 4 and 5.  Similar to the 

complexes previously encountered in this chapter, this effect is quite large with H3 being 

found at δ 8.02 ppm, with the shielded H3’ appearing at δ 6.93 ppm.  Again the 

coordinated H6 proton is the most deshielded at δ 9.15 ppm.  Unfortunately, assigning the 

phenyl rings is not as straightforward.  Due to the positions enforced by coordination, the 

coordinated pyridyl and the phenyl rings appear to be locked in a gear-like configuration.  

Movement appears to be completely halted on the NMR timescale, as indicated by the 13C 

spectrum (Figure 1.49), in which ten phenyl signals instead of the expected six are 

observed.  This suggests that the rings are locked to such an extent that positions which 

would be expected to be equivalent in fact experience differing environments, and are 

therefore observed as separate signals (as previously postulated for compounds 3 and 6).  

Figure 1.48 shows an inset of the 1H NMR spectrum (in the region between δ 7.0 and 7.5 

ppm), the unlabelled signals are those of the phenyl rings.  Between δ 7.23 and 7.12 ppm 

three doublets are observed, and can be ascribed to three of the four protons at the H7(‘) 

positions.  A series of triplets and pseudotriplets are observed in this region, with the total 

integration adding to eight protons, with a further 2 protons found in a very broad signal at 

δ 6.90 ppm.  The broadness of this signal (and the less pronounced broadness of the 

(pseudo-) triplet δ 7.06 ppm) indicates a possible very slow rotation in one ring (most 

likely the ring bearing 7’, 8’, 9’), contrasting with the highly defined multiplets arising 

from the fully locked ring.  The rotation must be very slow however, as the 13C NMR 

spectrum (with its relatively slower timescale) registers each twin signal.  This is in 

contrast with the previous cases in which rotation appeared to be fast enough to average 

the broadened signals into the noise.  The carbonyl signals are also observed in the 

spectrum, with typical extremely deshielded values, δ 198.2, 196.3, 189.3 ppm.   
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Figure 1.49: 13C NMR spectrum of compound 7, with the carbonyl and phenyl portions 

inset (CDCl3, 600 MHz, RT). 

1.3.1 Crystallographic analysis 

Crystals of 8 were obtained through layering a CH2Cl2 solution of the complex with 

diethyl ether.  Although a structure was obtained (R1 = 9.6 %), non-positive definite atoms 

were found after refinement, possibly due to bad crystal quality or mis-assignment of the 

space group.  Therefore the unit cell obtained is shown in Figure 1.50 in order to illustrate 

the general form of the molecule, but no structural parameters are quoted. 

 

Figure 1.50: Crystal structure of compound 8. 
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1.3.2 Photophysical/electrochemical study 

 

Figure 1.51: Normalised absorption spectra of the [Re(CO)3(L)Cl] complexes in CH2Cl2. 

The absorption profiles consist of chiefly ligand-based transitions at higher energy, with an 

MLCT absorption at approximately λ 425 nm.  Again, the diazafluoranthene-containing 9 

shows a more complex spectrum compared with its less aromatic counterparts (Figure 

1.51).  The complexes were weakly emissive in degassed solution.  Intense orange 

emission was observed from the complexes as thin films on a glass substrate, and as a 

glass in frozen butyronitrile solution, as shown in Figure 1.52.  As thin films, 8 and 9 emit 

at λ 682 nm, the most red-shifted emissions indicative of their lower π* orbitals.  This is 

compared with 7, which emits at λ 658 nm. 8 presents the lowest energy emission at 641 

nm at low temperatures, having undergone the smallest (938 cm-1) rigidochromic shift (a 

term which was apparently coined during studies of such systems).60  7 and 9 undergo 

rigidochromic shifts of 1195 and 1311 cm-1, giving λemvalues of 610 nm and 626 nm, 

respectively.  The absence of vibrational structure in the emission (even at low 

temperature), the highly symmetrical nature of the emission and the consistent and 

predictable rigidochromic shift make the assignment of MLCT-derived emission most 

plausible in these cases. 
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Figure 1.52:  Thin film (298 K, solid line)) and butyronitrile glass (77 K, broken line) 

emission from complexes 7 (navy), 8 (teal) and 9 (red). 

1.3.2.1 Electrochemical measurements 

The cyclic voltammograms obtained (Figure 1.53) are typical of such systems, which 

generally consist of an irreversible Re(I) to Re(II) oxidation at approximately 1 V vs. 

Fc/Fc+, with reduction processes generally occurring on the ligand.89 The oxidation 

processes of 7, 8, and 9 are in line with this observation, falling within the range 0.98 V – 

1.1 V (see Figure 1.53 and Table 1.4).  The initial reductions observed are pyridazine 

ligand based, and appear as quasireversible couples at -1.48 V and -1.27 V for 7 and 8 

respectively, demonstrating the more facile reduction of the diazafluoranthene-cored 

system.  The second waves in such [Re(CO)3XL] complexes are sometimes ascribed to 

Re(I) to Re(0) reductions,58 however the values observed are broadly similar to those 

observed in the previous cases and can be described as a second ligand–based reduction.  

All the reductions processes are sluggish and at the extreme end of quasireversible if not 

completely irreversible, and dissociation cannot be discounted.  This is particularly evident 

in the case of 9, the reduction of which is significantly distorted.  Discounting this 

voltammogram’s ΔEp, the HOMO – LUMO gap of the remaining complexes (estimated 

from the ΔE of the redox onset waves) follow the observed emission energies, as expected.  

This adds further weight to the MLCT assignment of the emission bands observed. 
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Figure 1.53: Cyclic voltammograms of 7 (navy), 8 (teal) and 9 (red) in dry, degassed 

MeCN with a scan rate of 0.1 V/s.  Results shown vs. Ag/AgCl reference electrode.  Values 

in text/tables are quoted vs. Fc/Fc+ which was used as an internal standard.   

Table 1.4: Photophysical and electrochemical properties of 7 - 9. 

 !!"#!"# /!"a Medium (T/K) !!"#!" /nm !!/!!" /Vb 

(ΔEp/mV) 

!!/!!"#/Vb,d 

(ΔEp/mV) 

ΔEon/Vbd, f 

7 274, 424 film (298) 658 0.98c -1.48q (46) 

-1.92c 

2.25 

glasse (77) 610 

  

8 292, 325, 369, 436sh film (298) 682 1.01c -1.27q(67) 

-2.04c 

2.03 

glasse (77) 641 

  

9 270, 309sh, 416 film (298) 682 1.10c -1.13c 

-2.04c 

1.92 

glasse (77) 626 

a10-5 M in CHCl3; bin CD3CN – see experimental for further details.  Potentials quoted vs. Fc/Fc+; cirreversible couple, peak potential 

(Ep) quoted, d solvents degassed by bubbling with argon for 15 mins, e butyronitrile.q = quasireversible, fΔE of the onset values quoted 

due to irreversible behaviour. 
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1.4 RhIIICp* complexes 
 

 

Figure 1.54: Synthetic scheme for the synthesis of complexes 10 (green), 11 (orange), 12 

(purple). 

In order to synthesise rhodium(III) pentamethycyclopenatadienyl (Cp*) chloride 

complexes of ligands La, Lb and Lc, the dichlorobridged dinuclear starting material was 

synthesised in 90 % yield through refluxing the metal trichloride with HCp* in methanol 

overnight, furnishing [Cp*MIIICl2]2.90  By refluxing the relevant ligands with half an 

equivalent of [Cp*MIIICl2]2 in dichloromethane and NH4PF6 saturated methanol for one 

hour yielded the required compounds in yields of between 77 % and 95 % (Figure 1.54).  

The method used for assigning the NMR is sufficiently explained in the previous sections, 

and compound 12 presents a very clear example of the “ring locking” observed in the 

complexes of ligand Lb (Figure 1.55).  Interestingly, no acid treatment was required for 

this complex, which also gave the most resolved cyclic voltammogram of the Lb series, 

indicating that the stacking interactions are not as pronounced in 12.  Due to the locking 

effect, protons H7 and H8 are both observed as two well-resolved separate doublets.  A 

limited amount of freedom appears to be available to the other pyridyl ring, as proton H8’ 

appears as a resolved (though slightly broad) doublet, with its counterpart H7’ appearing 

as a very broad signals at δ 7.00 ppm. 
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Figure 1.55: 1H (bottom) NMR and a portion of the 13C NMR (inset) spectra of 12 

(CD3CN, 600 MHz).   

The absorption profiles of the complexes are unremarkable, consisting chiefly of ligand 

centred transitions of both the pyridazine and Cp* (Figure 1.56). Charge transfer bands 

result in a significant broadening which almost obscures the low energy ligand absorption 

of 12, and results in a long tail in each complex’s spectrum which results in the 

compounds’ orange/yellow colouring. 

 

Figure 1.56: UV-vis absorption spectrum of 10 (green), 11 (orange), 12 (purple) in MeCN. 
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The electrochemical measurements proved far more interesting.  Due to the absence of a 

cyclometalating ligand, the Rh(III) proved impossible to oxidise in the solvent potential 

window available.  At negative potentials however, each compound presented two 

reduction processes: one fully reversible process, followed by a further process at lower 

potential (Figure 1.57). 

 

Figure 1.57: Cyclic voltammogram of 10 (green),11 (orange), 12 (purple). (in CD3CN, 

shown vs. Ag/AgCl, values quoted vs. Fc/Fc+, Fc/Fc+ 0.35 V vs. Ag/AgCl). 

The highest potential reduction process is almost coincident in each complex, appearing at 

-1 V, indicating that it is essentially independent of (and therefore not occurring on) the 

varying pyridazine ligands.  Conversely, the waves at lower potential appear to be heavily 

influenced by the pyridazine ligands: the more electron accepting nature of Lc giving the 

most facile (and reversible) reduction in the series at -1.79 V, followed by 12, which bears 

the electron-withdrawing 4-pyridyl groups.  This complex gives a quasireversible couple 

at -2.05 V.  Complex 10 presents the most difficult and irreversible reduction in the series, 

at Ep -2.38 V.  The wave at -1 V (see Table 1.5 for individual values) also gives quite high 

ΔEp values.  Although sluggish electron transfer kinetics have been a feature of this work 

(ΔEp> 59 mV), comparing the ΔEp values of the system with the highest degree of 

reversibility in both of its processes, 12, reveals that this process (at -1.01 V) has a ΔEp 

which is greater than twice that of the process at -1.79 V.  This indicates a two electron 
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and one electron process, respectively.  These data are highly indicative of a reduction at 

the metal centre at -1 V, converting Rh(III) to the stable Rh(I), followed by a pyridazine-

ligand based reduction. 

 

Figure 1.58: The reduction processes observed by Caix et al.91 for [RhCp*(bpy)2Cl]+(the 

reference used was Ag/10 mM Ag+ which is converted to Fc/Fc+ by subtracting 0.145 V.  

Also shown is the mechanism for the ECE’ postulated process. 

Such behaviour has also observed in many RhCp* systems, with [RhCp*(bpy)2Cl]+ being 

described by Caix.91  The process fits an ECE’ (electrochemical–chemical-

electrochemical) model and is described in Figure 1.58.  Alongside the postulated 

mechanism is the cyclic voltammogram observed by Caix for [RhCp*(bpy)2Cl]+, which 

bears a striking resemblance to that of 10, in which the metal reduction is observed at -1.01 

V.  The mechanism consists of an initial two electron reduction of the metal centre, 

yielding a negatively charged complex (labelled “2” in the figure).  This then expels a Cl- 

ion from its coordination sphere, giving a neutral complex (“3”) which undergoes another 

reduction process, this time located on the N^N ligand.  This entire process appears to 

show quite good reversibility, particularly in the case of complex 11. 
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Table 1.5: Absorption and electrochemical data for compounds 10 - 12. 

Compound λmax/nm (ε/dm3 mol-1 cm-1) !!/!!"#/Vb,d 

(ΔEp/mV) 

10 294 (34,000) -1.00 (285), -2.38c 

11 299 (41,000), 357 (10,000)  -1.01 (190), -1.79 (67) 

12 298 (72,000), 296 (39,000) -0.96 (280), -2.05q (135) 

a10-5 M in CH2Cl2; bin CD3CN – see experimental for further details; cirreversible couple, peak potential (Ep) quoted, 
dsolvents degassed by bubbling with argon for 15 mins, q = quasireversible 

1.5 Conclusion 
A wide series of polypyridyl complexes have been synthesised and structurally 

characterised to an unprecedented degree using a range of NMR experiments.  A method 

has been devised which utilises a range of techniques which are rarely applied to such 

complexes (e.g. NOESY and inversion recovery techniques), and the method should be 

reasonably general for use with many diverse cyclometalated polypyridyl complexes. The 

NMR studies showed interesting “ring locking” peculiarities in complexes of ligands La 

and Lb, and pH dependent aggregation in the case of Lb.  Crystal structures of one 

complex in each class (i.e. {M(ppy)2}, {Re(CO)3Cl} and {RhCp*Cl}) were also obtained, 

although, unfortunately, some were not of publishable quality.   

The Ir(III) and Rh(III) complexes containing cyclometalated phenylpyridine auxiliary 

ligands proved to be phosphorescent in both solution and in the solid state, although the 

emission was highly susceptible to quenching by even trace amounts of acid in solution.  

This renders them unsuited to many applications which require robust emitters (e.g. 

LECs).  For the Ir(III) complexes the emission was characterised as 3MLLCT emission 

through studying their electrochemical and spectroscopic responses. The emission 

observed for the Rh(III) complexes appeared to be of a 3MLLCT/3LLCT origin, apart from 

that of Lc, which was found to be pyridazine ligand-centred phosphorescence.  The 

emission of some fac-chlororhenium(I)tricarbonyl complexes was also similarly studied, 

and found to be 3MLCT in origin.   

Electrochemical studies of the series of pentamethyl rhodium(III) complexes were 

particularly informative, being diagnostic of an ECE’ mechanism.  This involves the 

reversible reduction of the metal, followed by the extrusion of a chloride ion, followed by 

a reduction of the pyridazine ligand.   
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2. A study of some novel compounds arising from the Diels-

Alder cycloaddition of tetrazines and various 

stilbene/terminal acetylenes 
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2.1 Introduction 
This chapter describes the synthesis and structural/photophysical characterisation of a 

family of organic compounds, each related through their 1,2,4,5-tetrazine-derived 

precursors.  The chapter begins with a comprehensive review of the vast synthetic utility of 

the 1,2,4,5-tetrazine motif in the realm of cycloaddition chemistry.  A series of 1,4-

dihydrotetrazines are then discussed, with an emphasis on their interesting emissive 

properties. Following this, the structural properties of related phenyl-centred, trisubstituted 

pyridazines are explored.  The chapter concludes with a study on thermally robust, 

triphenylamine-centred pyridazine derivatives. 

2.1.1 Tetrazines in organic synthesis 

The Diels-Alder reaction is possibly the most widely used and convenient synthetic 

method for creating substituted and heteroatom-containing 6-membered rings. The 

reaction is characterised by its stereospecificity and predictable regiochemistry.  The vast 

utility of these concerted reactions was recognised through the Nobel Prize for Chemistry 

being awarded to Diels and Alder in 1950, 22 years after they first published their results. 

The “Alder Rule” details the increased yield and rate observed where electron donating 

groups are present on the diene and electron accepting groups are located on the 

dienophile.  This is now known as “normal electron demand”, and can be rationalised as 

follows: Diels-Alder reactions are controlled by the HOMO - LUMO pair closest in 

energy.  The interaction between the diene HOMO and dienophile LUMO is often the 

most important.  In the “normal” case, donating groups on the dienophile raise the energy 

of all orbitals, while the accepting group on the dienophile lowers all orbitals.  This brings 

the diene HOMO and dienophile LUMO closer in energy, facilitating the reaction.  This is 

shown schematically in Figure 2.1.  Bachmann and Deno92 proposed that the opposite 

could also occur – in dienes in which the HOMO is very low lying, it is more feasible to 

increase the energy of the dienophile’s HOMO, resulting in a diene-LUMO – dienophile-

HUMO controlled reaction.  This is known as the inverse electron demand case, and 

requires the opposite configuration of donating and accepting groups to the normal case.  

The intermediate situation is also possible, in which the energy difference between both 

paths is negligible.  It is also possible for the HOMO-LUMO gap to be too large, in which 

case the cycloaddition can often proceed via a non-concerted stepwise/radical mechanism. 
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Figure 2.1: Schematic showing the effects of substituents on the course of the Diels Alder 

reaction.  The green arrows show the most favourable orbital interaction (A: electron 

accepting group; D: electron donating group). 

1,2,4,5-Tetrazines, reported by Hantzch and Lehmann as early as 1900,93 were found to be 

excellent candidates for such cycloadditions.  A series of pyridazines, synthesised via 

Diels-Alder reactions of 3,6-bis(polyfluoroalkyl)-1,2,4,5-tetrazine with simple olefins and 

alkynes, were reported by Carboni and Lindsey in 1959.  Alongside these were 3,6-

diphenyl and 3,6-dimethyl analogues which were found to react more sluggishly due to 

their weaker/absent electron withdrawing properties.94  The reaction proceeds via an initial 

Diels-Alder [4 + 2]π cycloaddition, with the resulting adduct quickly undergoing a 

cycloreversion (retro Diels Alder, rDA) step in which N2 is expelled.  This leads to the 

product being “locked”, as cycloreversion to the starting materials is now impossible.  This 

cycloaddition-cycloreversion sequence is now commonly known as the Carboni-Lindsey 

reaction (see Scheme 2.1).  

DA
=

rDA

 

Scheme 2.1: The mechanism of the Carboni-Lindsey reaction. 
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Sauer and co-workers subsequently undertook kinetic studies on the cycloaddition of many 

tetrazine systems, showing conclusively that the 1,2,4,5-tetrazine moiety itself represented 

an electron deficient diene. The system was in fact the second case of an“inverse electron 

demand” diene discovered at the time.95, 96  Since then a wide range of varied systems have 

been synthesised using the 1,2,4,5-tetrazine building block - its popularity derived from the 

voracious nature of its reaction, coupled with therapid expulsion of N2 which acts as a 

“lock”, preventing cycloreversion to the starting materials.   

Tetrazine derivatives, particularly 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) and its 

descendant compounds, have found wide application in inorganic chemistry, and have 

been used extensively in the past to construct a variety of organometallic complexes,97 

polynuclear assemblies98 and metal ligand grids,99 as discussed in Chapter 1.  Outside the 

realms of coordination chemistry, the 1,2,4,5-tetrazines have proven to be valuable 

precursors for the synthesis of a range of organic systems, and this section attempts to 

highlight the wide application of this reactive diene (diagrams shown in Scheme 2.2 and 

Scheme 2.3).  Sauer’s initial interest turned to the synthesis of fluxional and non-Hückel 

aromatic systems, and these syntheses often strategically employ tetrazines as a key 

building block. One such set, the semibullvalenes, are an interesting class of organic 

system showing valence tautomerism. The one-pot synthesis of substituted 

semibullvalenes was introduced by Sauer in 2002.100 It involves reacting 3,6-disubstituted 

1,2,4,5-tetrazine with 3,3′-bicyclopropenyl derivatives to produce a 1,2-diazanorcaradiene 

in the initial cycloaddition−cycloelimination sequence.  Gentle heating of this product in a 

non-polar solvent results in a second intramolecular cycloaddition.  This forms a transient 

diazasnoutene which rapidly extrudes N2 to furnish the semibullvalene, with an overall 

yield of ca. 50 % (Scheme 2.2).  More recently, the synthesis of a homoaromatic 

homotropilidene molecule has been accomplished through the cycloaddition of two moles 

of cyclopropene to the tetrazine (Scheme 2.2).  Incorporating various groups onto the 

cyclopropene and tetrazine building blocks made possible a study of the substituent effects 

on the [3,3]-sigmatropic rearrangements undergone by the system.  The tetrazine synthon 

again allows some flexibility in the substituent patterns possible in these complex systems. 
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Scheme 2.2: A summary of some the varied classes of compounds synthesised from the 

1,2,4,5-tetrazine centre. 

The observation of a second Diels-Alder reactions to the initial pyridazine is generally 

very rare, being aided in the previous examples by the reactivity of the cyclopropenyl ring, 

with entropic considerations also playing a role in the semibullvalene case.  Indeed, it has 

been found that the “double Diels-Alder” can only be achieved with highly reactive 

dienophiles such as cyclopropenes and cyclobutenes.  In a fascinating study on aromaticity 

and its limits, the product of the reaction between an Fe(CO)3-stabilised benzocyclobutene 

and diphenyl-1,2,4,5-tetrazine was studied.101  The compound was utilised as a precursor 

of “stretched benzene”: a model compound designed by Paquette and Kelly in order to 

investigate pseudoaromaticity.  The concept of pseudoaromaticity is based on increased 

stability in neutral molecules consisting of (4n + 2)π electrons which have been partitioned 

into olefinic and radical components. The dibenzolog of exo,exo-11,12-

diazatetracyclo[4.4.2.02,5.07,10]dodeca-3,8,11-triene (see Scheme 2.2) was synthesised 

through liberating a free cyclobutene in situ using ceric or ferric ionoxidation.  This rapidly 

reacts with the tetrazine, with addition of the second mole of cyclobutene being so fast that 

only the di-cycloaddition products are detected. Thermolysis of this product results in the 

loss of N2, furnishing the diradical pseudoaromaticity candidate in which the p electrons 

are partitioned in a (2 + 2 + 1 + 1) manner.  Kinetic studies showed that the radical species 
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does not possess any additional stability, as it quickly collapses to form a stable 

dihydrochrysene derivative (Figure 2.2). 

 

Figure 2.2: The diazatetracyclo derivative collapsing to dihydrochrysene via the 

“stretched benzene” species (-Ph and benzo moiety removed for clarity in the lower 

diagrams). 

Pagodanes have long been a structural curiosity since their initial synthesis by Prinzbach 

and co-workers in a 14 step sequence from isodrin.  In order to incorporate an N-N portion 

into the molecule, Prinzbach later included a tetrazine into the synthesis (some key steps of 

which are shown in Scheme 2.2).102  A benzo-substituted system consisting of two fused 

bicyclics containing an olefinic group was reacted with 3,6-disubstituted tetrazine.  The 

resulting dihydro derivative (not shown) was re-aromatised through first initiating a 

thermal isomerisation, followed by an N-chlorination step and subsequent HCl 

elimination.  The aromatised product was then irradiated, initiating a face to face 

benzo/pyridazino [6 + 6] photocycloaddition, yielding a fused “dimer”.  Taking advantage 

of the low reactivity of the pyridazine-derived portion, the carbo-dienyl moiety was 

reacted with maleic anhydride to yield an adduct in which a double bond sits adjacent to 

the N-containing diene.  An intramolecular reaction then yields the pagodane derivative 

shown in Scheme 2.2. 

Although the chemistry of 1,2,4,5-tetrazine is dominated by [4 + 2] cycloadditions, other 

cycloadditions are possible, e.g. the [4 + 1] cycloaddition of carbenes.  An example of 

such a reaction involving the highly nucleophilic dimethoxycarbene is shown in Scheme 

2.2.  The initial post-addition bicyclic product undergoes a [4 + 2] cycloreversion, yielding 

an isopyrazole species.  The [4 + 1] cycloaddition itself is obviously not concerted, 

consisting of an initial carbene addition followed by a cyclisation.  Not all [4 + 2] 

cycloadditions of 1,2,4,5-tetrazines are concerted either – the reaction of 3,6-diphenyl-
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1,2,4,5-tetrazine with a ketene-N,N-acetal results in the expected product at room 

temperature.  However, when the reaction is carried out below -15 oC, the zwitterion 

shown (Scheme 2.2) crystallises in high yield.  Warming this mixture results in the 

expected pyridazine.  Through protonation and other studies the authors also proved that 

the zwitterion was not in equilibrium with the starting materials (i.e. able to dissociate and 

then react in a concerted manner). 

1,2,4-triazines

(  )

R = Ph, 2-Pyr

R= CF3

R = 2-Pyr, CO2Me
R1 = CO2Me, Ph...
R2 = H, NEt2, CO2Me...
 

(  )

n = 1
R = Ph

-H2O

pyridazines

diazocinones

C60 monoadducts 

n = 2-5
R = Ph

(  )

(  )

an azepine

R = Ph, 4-anisolyl, 
       4-tolyl

OH-

R = 2-Pyr

 

Scheme 2.3:  Further examples illustrating the breadth of reaction available in tetrazine 

Chemistry. 

C60 has been found to behave as an electron poor dienophile in a range of Diels-Alder 

reactions.  This characteristic was exploited by Tetreau and Miller in the formation of the 

first C60-diaryltetrazine monoadducts (see Scheme 2.3).103  The reaction, carried out in the 

dark in refluxing toluene, gives exclusively mono tetrazine adducts in yields of 50 – 60 %.  

Carrying the reaction out in the presence of light results in a hydrogenated derivative, 

which the authors suggest arises from photoexcited, unreacted tetrazine converting to its 

dihydro derivative in the presence of adventitious water.  This species subsequently reacts 

with a photoexcited molecule of the C60 monoadduct through an electron transfer which is 

followed by H atom abstraction.  This yields a racemic mixture of a 1,4-dihydrogenated 

C60 species.  This is significant, as 1,2-hydrogenation is highly favoured in C60 – evidently 

the presence of the diaryl pyridazine adduct renders the typically more favourable 
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hydrogenation isomers sterically disadvantaged. This is in fact the first 1,4-dihydrogenated 

C60 derivative described in the literature. 

In an attempt to isolate a tricyclic system from the reaction of diaryltetrazine with 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU), Kurth et al. synthesised a novel fused 

tetraheterocyclic azepine.104  The mechanism has not been fully unravelled, but involves 

an initial cycloaddition followed by a rearrangement.  Subsequent loss of Ar-CN is 

followed by two oxidations and a cycloaddition step, each carried out by the 1,2,4,5-

tetrazine reactant.  The incorporation of large non-aromatic rings to the pyridazine 

backbone has been a feature of Kurth’s work, as the following examples show.105, 106  The 

treatment of ketones with methanolic KOH results in the formation of the enolate 

tautomers, in which the olefinic moiety undergoes the typical (possibly stepwise) [4 + 2] 

cycloaddition reaction with the tetrazine starting material.  Interestingly, the product 

depends strongly on the nature of the starting enolate.  Reactions with acyclic systems 

(such as acetophenone) or cyclic ketones (from five – to six- membered rings) result in the 

formation of the 4,5-dihydropyridazine adduct which, in protic solvent, leads to 

protonation and ultimately dehydration to yield the aromatic pyridazine (Scheme 2.3).  The 

situation is different for cyclobutanone.  The same initial 4,5-dihydro adduct forms, but the 

final product isolated is a 7-membered 1,2-diazocinone ring.  Two mechanisms for the 

formation of this product have been proposed by the authors: an oxyanion accelerated 

electrocyclic ring opening reaction followed by a protonation, or carbonyl generation 

could be envisioned, expelling a delocalised carbanion which is then protonated.  The 

diazocinones exist in a 5:1 mixture of isomers.  In-depth kinetic, NMR, computational and 

crystallographic analysis has shown that the main form at equilibrium has the 

thermodynamic twist-boat-chair conformation, whilst the kinetic form exists as a twist-

boat conformer.   

2.1.2 Tetrazines – The Draper group perspective 

The tetrazine synthon has long been known within the Draper group, particularly in the 

synthesis of pyridazine ligands for the formation of transition metal complexes.   

Interesting results have also been achieved with purely organic systems, particularly by Dr. 

S Varughese in the field of crystal design (see Figure 2.3).107, 108  Starting from phenyl 

terminal acetylenes and 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine (bptz) Varughese synthesised 

the compounds in Figure 2.3 via toluene reflux in a pressure tube, giving yields of over 80 

%.  The compounds crystallised readily, forming fascinating lattice arrangements, e.g. the 

“para” compound [Figure 2.3 (a)] forms triangular sub-units which self assemble to create 
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a hexagonal porous framework; and the “meta-meta” compound [of which a space-filling 

representation is shown in Figure 2.3 (b)] forms a helical arrangement.  Similar 3,6-

diphenyl-1,2,4,5-tetrazine derivatives synthesised as part of this work will be described 

later in this section.   

 

Figure 2.3: “para” and “meta-meta” substituted phenyl-centred 3,6-bis(2-pyridyl)-

1,2,4,5-tetrazine derivatives synthesised by Varughese.107, 108 

Constable and co-workers have studied the ligand capabilities of similar systems, 

synthesising 3,6-bis(2-pyridyl)-4-aryl pyridazines and3,6-bis(2-pyridyl)-4,5-diaryl 

pyridazines by reacting various acetylenes with bptz (bipyridyl-1,2,4,5-terazine).109  

Reaction with terminal acetylenes again proved efficient, while reaction with 

diarylacetylenes (tolanes) proved far less so, requiring heating to high temperatures in the 

absence of solvent for between 3 and 10 days, depending on the substituents.  Schröder et 

al. had previously synthesised the “para” compound, but using a different route – the 

dienophile used was 1,4-divinyl benzene.  Using olefinic dienophiles results in the 

formation of a 4,5-dihydro pyridazine, which often undergo a rapid trace-acid catalysed 

imine-enamine tautomerism, giving the 1,4-dihydropyridazine product (Scheme 2.4).  A 

series of such reactions were performed by Schröder, though the dihydropyridazines were 

not isolated, being oxidised by the addition of [bis(trifluoroacetoxy)iodo]benzene to the 

reaction mixture.  The yield for these reactions was generally low - between 0.5 % to 25 

%, with the “para” compound being recovered at 18 %, far lower than that achieved by 

Varughese.   
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-N2

4,5-dihydropyridazine 1,4-dihydropyridazine

DA rDA

Scheme 2.4: The reaction sequence for bptz and an olefinic dienophile (DA = Diels-Alder 

reaction, rDA = retro Diels-Alder reaction). 

Contemporaneously, the Draper group also synthesised 3,6-bis(2-pyridyl)-4,5-diaryl 

pyridazines, but at far higher yields and efficiency, using a similar route to that employed 

by Schröder, but using diarylethenes (stilbenes) as dienophiles.  The resulting dihydro 

product was aromatised using a modified oxidation procedure, similar to that used by 

Boger.110  This involves the production of nitrous gases from the reaction of acid with 

sodium nitrite. The liberated gas is then bubbled into solutions of the dihydropyridazine to 

furnish the aromatised pyridazine ring.  Yields of the dihydropyridazine product are high, 

generally over 80 %, with the oxidation step being slightly lower, between 40 % and 80 %.  

The respectable yields and good efficiency of the reaction has resulted in the ligands being 

used in a range of complexes, such as heteroleptic and homoleptic ruthenium and iron 

complexes.72 Further studies of iridium and rhodium phenylpyridine and η6-

pentamethylcyclopentadienyl systems were discussed in Chapter 1. 

2.1.3 Triphenylamine derivatives 

The photophysical properties of π-conjugated organic materials have been extensively 

researched, with application demonstrated in electroluminescent devices such as 

OLEDs,111 liquid crystal displays112 and dye sensitized solar cells (DSSCs).113  

Triphenylamine (TPA) in particular is a promising core unit for incorporation into 

optoelectronic devices due to its excellent electron donating properties as well as the 

ability of the oxidised species to transport charge efficiently.114, 115  These excellent 

properties have been applied in the growing DSSC field, particularly in the work of 

Hagfeldt et al. who have synthesised a series of sensitiser dyes incorporating the TPA 

core. Through introducing a push-pull effect via the strategic incorporation of 

acceptor/TiO2 attachment moieties onto a TPA core through a conjugated linker, Hagfeldt 

has achieved a system of high molar absorptivity which possesses a LUMO potential 

sufficiently negative to match the conduction band edge of TiO2.  The system also 

possesses a HOMO potential higher than the electrolyte, allowing for dye regeneration.  

Tuning the properties of both the HOMO and LUMO has led to systems which show 
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efficiencies comparable to their metal containing counterparts, e.g. L2 below shows a solar 

to energy conversion efficiency of 5 %, relative to the established N719 dye’s 6 %.  A 

significant contribution to the excellent behaviour of such TPA compounds in DSSCs is 

thought to arise from the resistance of TPA systems to aggregation.  Aggregation in DSSC 

dyes results in self quenching, sensitizer instability and reduced electron injection 

capacity.114 

 

Figure 2.4: Some novel TPA-centred systems - Hagfeldt’s DSSC dye L2, and OLED 

components: Tong’s TTPPPA and Zhu’s TBPQA. 

TPA has found application in OLEDs, particularly as a hole transporting material (HTM).  

Ideal HTMs have high thermal and morphological stability – i.e. a high glass transition 

temperature Tg.  Such a material has been created by Lee, in which polyphenyl substituents 

have been attached to the TPA unit in a starburst motif – TTPPPA (Figure 2.4).116  The 

substituent-induced non-planarity of the system was found not only to improve thermal 

stability (giving a Tg of 202 oC, far higher than the commercial NPB material, Tg 98 oC) 

but also to decrease aggregation/stacking and improve film forming properties.  The 

material was incorporated into a device consisting of ITO/TTPPPA/Alq3/LiF/Al, and 

compared with the existing ITO/NPB/Alq3/LiF/Al device.  Efficiency increased from 3.0 

cd/A to 5.3 cd/A, which is ascribed to a better balance of hole and electron injection into 

the TTPPPA device.  Related TPA-centred quinoline-containing starburst compounds 

have been synthesised via a Friedländer reaction by Zhu et al.117  These compounds (such 

as TBQPA, Figure 2.4) can be considered as being multifunctional due to the presence of 

both an electron donating/hole transporting (TPA) and the electron transporting quinoline 

moieties.  The compounds show intense blue emission, with a relatively high quantum 
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yield of ca. 0.6.  Novel compounds which attempt to marry the properties of both the TPA 

fragment and diaryl-tetrazines can be found in Section 2.4 of this chapter. 

2.1.4 Aims of this work 

This work aims to broaden the library of compounds based on the cycloaddition reaction 

3,6-diaryl-1,2,4,5-tetrazine precursor.  Three classes are presented in this chapter  

• 1,4-dihydropyridazines 

• phenyl-centred 3,4,6-trisubstituted pyridazines 

• triphenylamine-centred 3,4,6-trisubstitutes pyridazines. 

Each compound is is represented in Figure 2.5: 

 

Figure 2.5:  Some of the principal compounds discussed as part of this chapter. 

In the 1,4-dihydropyridazine case, the aim is to synthesise some novel members of this 

family and to investigate their photophysical and structural properties. Of particular 

interest is the investigation of the intense emission observed in these species. 
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Phenyl-centred 3,4,6-trisubstituted were synthesised with the aim of assessing the 

differences in packing observed when the 4-pyridyl substituents in Varughese’s systems 

are replaced by phenyl groups.   

In the final section, novel trisubstituted, triphenylamine-cored molecules incorporating the 

3,4,6-trisubstituted pyridazine motif were synthesised.  As previously discussed, TPA 

molecules typically have high thermal stability and reasonable emission quantum yields. 

The aim of this work is to assess the effects of the incorporation of the pyridazine motif on 

these and other photophysical/electrochemical properties.   

2.2 Dihydropyridazines  
Dihydropyridazines have remained practically unstudied, apart from a short description by 

Dubreuil et al.118 following the compounds’ isolation as by-products from the 

electrochemical synthesis of pyrroles from pyridazines. Within the Draper group, Dr. 

Belén Gil observed that the dihydropyridazine derivatives synthesised by Cooke15, 71, 72, 107 

had many interesting optical properties, as illustrated in Figure 2.6. Figure 2.6 (a) attempts 

to show the more intense emission of 13 relative to La (see Chapter 1) by comparing the 

emission intensity of the solids (similarly densely-packed in quartz tubes) at 298 K under 

identical instrumental conditions (slit width etc.) under irradiation of light at their 

respective absorption maxima.  The emission is an intense yellow-green, and displays a 

long tail into the red spectral region.  Gil also found that the solid state emission lifetimes 

of 13 are also far longer, and are best fit by a biexponential decay – 1.1 µs (81 %) and 0.16 

µs (19 %) at λem 503 nm compared with 33.5 ns (at λem 375 nm) for La.  Addition of acid 

also appeared to have a significant effect on the photophysical properties of the system.  

Although the changes in the UV-vis absorption spectrum [Figure 2.6 (b)] are not very 

dramatic (apart from the sudden change on the first addition, and lack of clear isosbestic 

point), the effect on the emission properties is striking [Figure 2.6 (c)] – the initial decrease 

in the emission is soon replaced by the growth of a new band at lower energy which 

continues to increase in intensity even at high acid concentrations.  This is illustrated in 

[Figure 2.6 (d)].  As three new members have been added to this family as part of this 

work (14, 15 and 16), these will receive the most emphasis. Additional work has been 

carried out on some of the previous members of the series, and this will also be presented.   
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Figure 2.6: A brief summary of some of the work carried out by Dr. Belén Gil on 

compound 13. (a) Comparison of fluorescence intensity of 13 relative to its oxidised 

counterpart, La (solid state measurement, 298 K).  (b) UV-vis absorption spectrum of 13 

(red, thick line) along with the changes observed upon addition of CF3COOH.  (c) The 

effects of acid addition on the emission properties of 13.  (d) Intensity vs. acid 

concentration plot for the maxima observed in (c). 

2.2.1 Synthesis 

The preparation of the 1,4-dihydropyridazines was achieved by refluxing the tetrazines 

with the desired stilbene derivative in toluene or xylene in a pressure tube.  The stilbene 

was generally kept in a slight excess, as any remaining unreacted tetrazine was found to 

oxidise some of the dihydro products to the pyridazine, itself converting to orange 3,6-

diaryl-1,2-dihydro-1,2,4,5-tetrazine.  Traces of this by-product were challenging to remove 

from the product.  As previously described, the reaction proceeds via a [4 + 2]π 

cycloaddition-cycloreversion sequence (Scheme 2.4).  A large series of these compounds 

was synthesised, all of which are peculiar to the Draper group, and many of which are 

precursors to some of the novel systems presented in other sections of this thesis (Scheme 

2.5). 
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Scheme 2.5:  The series of 3,6-bis(2-pyridyl or -pyrazinyl)-1,4-dihydropyridazines studied. 

The products were all recovered as bright yellow powders.  Although the compounds 

slowly oxidise in solution (over the course of weeks), the dry solids are surprisingly air 

stable.  In fact, 3 year old samples were found to show no signs of degradation by NMR.  

Interestingly, when 3,6-diphenyl-1,2,4,5-tetrazines are used in the reaction (see Chapter 5) 

only the aromatic pyridazine is isolated.  This is presumably due to aerial oxidation of the 

dihydro intermediate under the more forcing conditions (200 oC in benzophenone) required 

to induce reaction in the more deactivated diphenyl tetrazine. Numerous attempts to isolate 

this dihydropyridazine intermediate (i.e. through carrying the reaction out under argon 

under strict control of the stoichiometry) were undertaken, though this resulted in no 

reaction under any conditions used.  In such a situation an equilibrium between products 

and starting materials could generally be invoked, where the low concentration of the 

intermediate product is consumed by oxidation to form the product.  This is impossible in 

this case, as conversion back to the starting materials cannot occur due to the extrusion of 

N2 gas by the initial adduct.  It is interesting to note that in the synthesis of bis(2-pyridyl)-

1,2,4,5-tetrazine a 1,4-dihydrotetrazine is initially formed, whereas a 4,5-dihydrotetrazine 

derivative is formed in the 3,6-phenyl-1,2,4,5-tetrazine case.  This indicates that the nature 

of the 3,6-substituent affects the stability of the dihydrotetrazine isomers.  This could also 

be applied to the dihydropyridazines – such that enhanced stability could arise from the 

presence of the 2-pyridyl substituents in the 3,6- positions. 
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Figure 2.7: 1H-NMR spectrum of 15 (CDCl3, RT, 600 MHz). 

Figure 2.7 shows the 1H NMR spectrum of compound 15.  The pyridyl region of the 

spectrum is typical of the series: the presence of the sp3 nitrogen and carbon atoms remove 

the molecule’s plane of symmetry, resulting in the two pyridyl rings appearing as separate 

spin systems.  Similar to many more complicated examples discussed in greater detail in 

Chapter 1, the spin systems were isolated through examination of 1H-13C correlations 

arising from a HSQC experiments.  Attempts to differentiate the pyridyl rings using 

through space correlations [utilising selective ROESY (Rotating-frame nOE 

SpectroscopY) analysis] failed to link any H3(‘) signals to a H8(‘) on an adjacent ring, and 

therefore the thiophene rings were not differentiated further.  The H8/8’ signals appear at δ 

7.72 and 6.36 ppm, with the small (ca. 2 Hz) 4J coupling to H8/8’ resulting in the signals 

being split into doublets.  The H8/8’ triplets appear at δ 6.33 and 6.29 ppm.  The separate 

pyridyl rings were tenuously assigned by examination of a crystal structure.  The structure 

(vide infra) suggests some form of interaction between the signal labelled as H3 (see 

Figure 2.7) and the imine nitrogen, as the ring is the same plane as the C=N portion of the 

dihydropyridazinyl ring.  Comparisons between the solid state and solution cannot be 

relied upon too heavily, but comparing this ring with similarly “fixed” rings in the 

trisubstituted pyridazines discussed later in Chapter 4 suggests that this ring should have 

the most deshielded H3-type doublet (H3 identified as the doublet having the largest J 

value in the spin system).  The signal at δ 8.06 ppm was therefore labelled H3, with the 

ordering of the other members of the spin system being elucidated by selective TOCSY 
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analysis.  The -OCH2- triplets appear at ca. δ 4.0 ppm, presenting as complicated 

overlapping signals due to the molecule’s lack of symmetry.  The methyl signals 

(occurring between δ 2.5 and 1.7 ppm) appear as a broad singlet integrating for six protons 

and as two signals integrating for 3 protons each.   

2.2.2 Crystallographic analysis 

 

Figure 2.8: Representations of the crystal structure of 15: (a) ORTEP plot; (b) and (c) 

views of theintermolecular interactions 1 and 2 (see text for discussion), (d) a view of the 

V-shaped dihydropyridazine centre.   

Compound 15 crystallised in the monoclinic C2/c space group following the slow 

evaporation of a CH2Cl2/diethyl ether solution of the compound.  Figure 2.8 (a) shows the 

molecular structure obtained, along with various representations, labelled (b) to (d).  The 

presence of two sp2 centres in the molecule’s central ring obviously has a great effect on 

the structure.  The tetrahedral carbon shows little sign of strain – the angles observed fall 

between 108.5o and 111.4o, not far from the ideal 109.5o expected.  These opposing sp3 

centres result in the dihydropyridazine taking up a v shape, as shown using mean-planes in 

Figure 2.8 (d).  The nitrogen atom of the pyridyl ring closest to the tetrahedral carbon, ring 

C, faces away from the dihydropyridazine nitrogen atoms, and lies almost coplanar with its 

corresponding mean plane (red), making an angle of only 9.36o with it.  This is in contrast 

with ring A, which deviates from its associated mean plane (green) by 37.18o.  A relatively 

strong intermolecular interaction [labelled “1” in Figure 2.8(b)] is observed between the 
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dihydropyridazine nitrogens of two molecules of 15, which lie inverted and opposing one 

another.  Both N···H-N distances are identical, at 3.232 Å.  A secondary intermolecular 

interaction between the A ring nitrogen and the adjacent H3 of a C ring is also possible 

(3.377 Å), although the angles appear large for a classical H-bond.  A further interaction is 

observed between the thiophene methyl group and ring A’s N-atom (interaction “2”, d(C-

H···N) = 3.374 Å), and results in the system adopting a chain-like configuration in the 

lattice. 

The sum total of these and other lesser interactions results in the fascinating lattice shown 

in Figure 2.9.  The view along the a axis is particularly interesting, as the effects of 

interaction “1” and “2” can be seen quite plainly: “2” causes the system to adopt a linear 

elongated habit in which the dihydropyridazine nitrogen atoms face outwards.  Interaction 

“1” then results in these linear arrays becoming locked in a layered structure.   

 

Figure 2.9: Representations of the expanded lattice of 15, showing views along the a and c 

axes, respectively. 

2.2.3 Photophysical measurements 

The absorption spectra of compounds 14, 15 and 16 (Figure 2.10) in dichloromethane 

consist of three bands, each of which are considered to be predominantly π-π* in origin 

due to their high absorbance. For 14 and 15, the highest energy absorption is masked by 

the solvent cut-off, but appears to arise at λmax ~ 240 nm.  The highest energy band 

observed in 16 (which contains the electron-withdrawing pyrazinyl groups) are slightly red 

shifted (at λ 274 nm) compared to those of 14 and 15, which bear stronger electron 

releasing substituents (both appear at λ ~ 230 nm). 
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Figure 2.10: UV-vis absorption spectra of 14, 15, and 16 in dichloromethane (10-5 M). 

The compounds were found to be very emissive both in solution and in the solid state, 

giving a bright green emission centred at ~ 500 nm.  The emission is relatively unaffected 

by changing the aryl substituents, indicating that the emission arises primarily from the 

rigid enamine/imineamine backbone.  Overall, there is little difference between the solid 

state and solution measurements.  Trends in the solution measurements are more 

predictable however, i.e. the compounds bearing electron donating groups have the highest 

energy emission. 

 

Figure 2.11:  Solid state emission spectra 13, 14, 15, 16 and 17.  CH2Cl2 solution emission 

spectra are also presented (all λexc 360 nm).   
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The UV-vis absorption spectrum obtained from the sequential addition of acid to 14 is 

shown in Figure 2.12.  The first addition results in a dramatic change, with the protonated 

form giving an intense new absorption at λ 440 nm.  This is ascribed to a form protonated 

at the most basic site, presumably the amino nitrogen.  A drop in absorbance is also 

observed in the band at λ 370 nm.  This spectrum is more in line with that obtained by Dr. 

Gil [Figure 2.6 (b)], indicating that her starting spectrum was indeed that of a protonated 

form.  All the compounds in this series were treated with base before measurements were 

undertaken, as many showed an intense band at λ ~ 440 nm in their initial spectra.  Further 

addition of acid reveals an equilibrium between two protonated forms, as a sharp isosbestic 

point is observed at λ 338 nm.  Continued addition of 0.2 M CF3COOH solution results in 

little change as the diprotonated form appears to be by far the predominant species under 

these acidic conditions.  A further protonation could be achieved by adding aliquots of 6.5 

M CF3COOH, heralded by the loss of the isosbestic point at λ 338 nm and the 

establishment of a new one at λ 437 nm.  The absorbance at λ 370 nm also underwent a 

significant hyperchromic shift, while the absorbance at λ 300 nm continued to drop – a 

trend that had been established from the beginning. 

 

Figure 2.12: UV-vis absorption spectra arising from the addition of trifluoroacetic acid to 

a CHCl3 solution of 14. 
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As previously discussed, addition of acid has a significant effect on the emission properties 

of the system.  Figure 2.13 shows the effects of adding aliquots of CF3COOH to 

chloroform solutions of 14, 15 and 16.  The behaviour can easily be related to that 

previously seen in the UV-vis absorption spectra – the initial protonation results in a 

decrease in the emission, being replaced by the less intense red shifted emission upon 

further acidification. This possibly arises froma diprotonated form.  For compound 16, the 

emission at λem 509 nm is completely replaced with a new emission at λem 554 nm at a low 

degree of acidification, possibly due to the higher basicity arising from the electron 

withdrawing pyrazine substituents [Figure 2.13 (a)].  Compounds 14 [Figure 2.13 (b)] and 

15 [Figure 2.13 (c)], on the other hand, have a small pH range in which little emission 

occurs, before a low intensity emission emerges on further addition, possibly following a 

second protonation (14: λem 474 nm → λem 568 (598sh) nm; and 15: λem 492 nm → λem599 

nm). 

 

Figure 2.13: Emission spectra (λexc 360 nm) spectra obtained upon the addition of 20 µl 

aliquots of 0.2M CF3COOH to 10-5 M chloroform solution of compounds 14 (teal), 15 

(orange) and 16 (purple).   

Each compound was gradually treated with a great excess of acid, even resorting to conc. 

HCl.  In no circumstance was the dramatic increase observed by Dr. Gil observed – the 

low intensity emission shown for 14 and 15 above was the most intense observed.  Further 

addition of 6.5 M acid solution resulted in little change, apart from a slow gradual 

quenching, with some distortion effects caused by scattering arising from the large amount 
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of acid present.  As 15 gave the most similar response to the previous study, and as 15 was 

found to have a persistent impurity of 3,6-dipyridyl-1,4-dihydrotetrazine, it was 

hypothesised that it was in fact protonated 3,6-dipyridyl-1,4-dihydrotetrazine which gave 

the high intensity fluorescence –neither this compound nor 3,6-dipyridyl-1,2,4,5-tetrazine 

was found to be emissive at any pH value studied, however.  The emission must therefore 

come from a protonated dihydropyridazine derivative.  This indicates that the starting 

sample used by Dr. Gil in fact was already partially protonated (as evidenced by the UV-

vis absorption spectrum), and therefore having fluorescence of diminished intensity 

relative to its protonated form.  Recent protonation studies by Constable et al. on pyrene-

substituted bipyridyl compounds show almost identical features in the absorption spectra – 

decrease in the intensity of the fluorescence upon protonation, followed by slow growth of 

a new red shifted band of far lower intensity.119 

The acid-addition studies and comparison with the fully aromatised analogues also 

strengthen the hypothesis that the emissive nature of the compounds lies in the 

dihydropyridazine moiety.  While quenching in acid possibly indicates some n-π* 

contribution, the intensity of the emission is characteristic of a dominantly π-π* emitting 

state.  Upon aromatisation the lower state becomes the n-π* level, which results in the very 

weak emission observed in the pyridazine ligands.  This is discussed in detail for Lc in 

Chapter 1.  The long (>1µs) fluorescent lifetimes observed in the solid state by Dr. Gil are 

puzzling if this is the case.  Their biexponential nature can be explained by invoking a 

possible mixture of protonated and neutral forms (bearing in mind that the initial UV-vis 

absorption spectra proved to be of the protonated form).  The reason for the observed long 

lifetimes may lie in the method of measurement.  Dr. Gil’s measurements were carried out 

using powdered sample packed into a glass NMR tube.  It can be hypothesised that such a 

setup would be subject to a high degree of scatter, which would distort the results.  

Measurements carried out in CH2Cl2 as part of this work give more reasonable values – 

approximately 2-3 ns monoexponential decays, as would be expected for organic 

molecules emitting from a π-π* state.  The solution results are presented alongside 

measurements run by Dr Gil/run using Dr. Gil’s methodology in Table 2.1, with some 

representative emission decay fits shown in the Annex. As reconvolution failed in each 

case, each was fit by tail fitting.  These short lifetimes are nearing the resolution limits of 

the instrument when tail fitting is used, and this should be borne in mind when interpreting 

these results. 
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Table 2.1: Photophysical properties of 13 - 17. 

 !!"#!"# /!"a Medium !!"#!" /!"(τ) 

13 230, 296, 423shc ssd 

CH2Cl2 

500 (1.089 µs, 81 %; 0.159 µs, 19 %) 

490 (4.3 ns) 

14 230, 304, 367sh ssc 

CH2Cl2 

520 (423 ns, 94 %; 23 ns, 6 %) 

474 (2.1 ns) 

15 230, 318, 361sh ssc 

CH2Cl2 

484 (64.1 ns, 70 %; 4.5 ns, 30 %) 

493 (2.8 ns) 

16 274, 340, 380 ssd 

CH2Cl2 

490 (9.870 µs, 83 %; 0.942 , 17 %) 

502 (4.5 ns) 

17 - ssd 

CH2Cl2 

500 (4.615 µs, 78 %, 0.600 µs, 22 % 

505 (2.1 ns) 

aCHCl3 solvent, c as a thin film on a glass substrate,cprotonation effect, dsolid state sample – lifetimes subject to high 

degree of scatter.  

2.2.4 Metal complexes – Initial studies 

Although lacking the bipyridine-like coordination site of its pyridazinyl counterpart, the 

imine nitrogen of the dihydropyridazine ring and its adjacent 4-pyridyl substituent 

provides a bidentate site for coordination.  Due to the unsymmetrical nature of the ligands 

it was decided that simple square planar Pt(II) dichloride complexes would be good 

candidates from a characterisation standpoint. Only [Pt(14)Cl2] (18) will be discussed here, 

and synthesis of other members of this family is ongoing.  

Compound 18 was synthesised by stirring an equimolar mixture of 14 and 

[Pt(DMSO)2Cl2] in chloroform at room temperature for 2 hours.  The solution was layered 

with hexane, yielding dull red-orange crystals.  The 1H NMR spectrum of the complex is 

shown in Figure 2.14. A 1D selective ROESY experiment (Figure 2.14, inset) in which the 

signal at δ 6.50 ppm was irradiated proved particularly useful.  Due to the rigidity of the 

coordinated ring’s conformation, a through space response could be assigned to the H3 

doublet at δ 7.56 ppm.  This allowed both the pyridyl and methoxylated rings to be 

distinguished.  The ROESY analysis also gave through space responses between it and its 

adjacent methoxy group and the H9 signal on the sp3 carbon.  Although close in terms of 

chemical shift, no residual through space interactions were observed from the nearby H8’ 

signal – in fact a separate ROESY experiment in which this signal was irradiated yielded 
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only a response from its neighbouring methoxy group (-OMeA’), verifying the 

assignment.  The most notable feature of the spectrum is the 2 ppm downfield shift in the 

N-H proton relative to the free ligand, bringing it to the extremely deshielded shift of δ 

11.27 ppm.  Each of the pyridyl signals of the coordinated ring have also experienced a 

deshielding effect, for example H6 has shifted from δ 8.62 ppm in the free ligand to δ 9.38 

ppm in the complex.   

 

Figure 2.14: 1H NMR spectrum of 18 in CDCl3 (unlabelled residual signal at δ 7.26 ppm), 

(RT, 600 MHz).  A 1D selective ROESY is shown inset in red. 

The crystals obtained from layering the CHCl3 solution of 18 with hexane were of 

sufficient quality to allow single crystal X-ray crystallographic analysis.  An ORTEP 

representation is shown in Figure 2.15 (a), alongside a representation of the lattice packing 

arrangement observed.  The molecule crystallised in the triclinic P-1 space group, with one 

complex unit and one CH2Cl2 found in the unit cell.  The bond lengths and angles 

surrounding the Pt centre are typical:120 the Cl-Pt-Cl angle is almost a perfect right angle at 

89.67(8)o.  The N-Pt-N angle is more constrained at 79.3(3)o due to the smaller bite of the 

imine-pyridyl coordination site.  The imine N-Pt distance is 1.984(6) Å, slightly shorter 

than the pyridyl N-Pt distance of 2.003(7) Å. Due to its two opposing sp3 hybridised 

centres, the dihydropyridazine ring itself is bent into a V-shape, through an angle of 

143.3o.  Indeed the constraints of the ring distort the tetrahedral carbon somewhat, the 
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angle internal to the ring being distorted to 106.3(6)o from the ideal 109.5o.  The pyramidal 

geometry of the N atom is also distorted, making an internal angle of 117.4(6)o.   

 

Figure 2.15: (a) ORTEP representation of the asymmetric unit of 18·CH2Cl2; (b) a 

representation of the packing observed.  Pt: magenta.  The thermal ellipsoids in both 

drawings are at 50 % probability. 

The packing observed consists of rows of back-to-back complex units in which the 

methoxylated rings interdigitate, leaving the PtCl2 moieties exposed on the outside of the 

row.  These rows then interdigitate with neighbouring rows via a stacking arrangement of 

their PtCl2 moieties.  The arrangement is therefore stabilised by two major interactions – 

those between the Pt centres, and those between the methoxylated rings.  Figure 2.16 

attempts to show these interactions more clearly. 

The most interesting aspect of the interactions observed is the weak platinum-platinum 

interaction, measuring 3.382 Å (Figure 2.16).  While the sum of the Van der Waals radii of 

Pt is larger, at 3.40 Å, a “bond” cannot be invoked due to the neutrality of the dimer.  Its 

weakness aside, the interaction’s impact on the packing structure is very significant, as 

Figure 2.16(b) shows.  True Pt···Pt bonds are often quite long, with Yam describing her 

terpyridyl Pt-acetylide system in Dalton Trans. in 2007: “Astonishingly, the 

intramolecular Pt · Pt distance is found to be 3.272 Å”121–though this system bore bulky 

groups which would be expected to destabilise such an interaction.  Even more 
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astonishingly short Pt···Pt bond lengths have since been discovered – an unpublished 

system from our group, also synthesised in 2007 shows a very short length of 3.181 Å.122 

The record, however, seems to belong to Lalinde and Diez’s recent studies on mixed 

chloro-isocyanide cyclometalated platinum(II) complexes where they achieved a bond 

length of 3.145 Å.123 

 

Figure 2.16: Further representations of the lattice-stabilising interactions observed in 18. 

There are two major forms of interactions (colour coded blue and green in Figure 2.16) 

observed arising from the methoxy substituents.  The longer of these (interaction 1, in 

green) is a weak H bond between a methoxy group B oxygen (using the numbering scheme 

from Figure 2.14) and H3’of another complex unit.  The donor-acceptor distance is quite 

long, at 3.648 Å, although the angle is almost linear, at 178.14o.  An “A” methoxy group 

oxygen forms a bifurcated H – bonding interaction (in blue) with both a methyl group from 

an adjacent A’ methoxy (3.463 Å) and another “A” methoxy methyl group (3.517 Å) (both 

intermolecular).   

As is typical with many L2PtCl2 complexes, the compound was found not be luminescent.  

This can be attributed to the low-field chloro ligands causing deactivating metal-centred 

energy levels to be accessible to the excited molecule due to the small 10 Dq.  As 

excitation results in the population of the highly antibonding dx2-y2 level, the excited state 

becomes distortedrelative to the ground state.  This facilitates non-radiative relaxation 

through internal conversion or intersystem crossing processes.29  MLCT or ligand-centred 

levels arising from the presence of a nitrogen donor ligand need to be significantly lower 
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in energy than the MC states, as energy can still “leak” into the deactivating metal centred 

states.  In order to induce emission from the system, a higher field ligand would be 

required in place of the chloro ligands, e.g. phosphine or acetylide groups.   

 

Figure 2.17: Cyclic voltammogram of 18 ([1 x 10-3 M] in acetonitrile, supporting 

electrolyte: 0.1 M nBu4NPF6). 

The cyclic voltammogram (Figure 2.17) shows an irreversible wave at Ep = 0.834 V vs. 

Fc/Fc+, which can be ascribed to a ligand based oxidation due to its similarity to the ligand 

oxidation properties (both in terms of its potential and its irreversibility) and due to 

oxidation to the very unstable Pt(III) not being observed at normal CV potentials.124  

Unlike the free ligand which presents unresolved reduction processes, 18 shows a broad 

(ΔEp = 130 mV) quasireversible reduction wave at Eo = -1.73 V vs. Fc/Fc+.  Due to its 

difference from the free ligand processes, it is tempting to suggest this is a metal-based 

reduction.  While Klinger et al. observed a reversible wave at Eo = -1.76 V in their study 

on [Pt(bpy)Cl2] and claimed it to be as a result of a Pt(II) to Pt(I) reduction,125 this was 

later disputed by Braterman et al. who observed the same wave and ascribed it to metal-

perturbed ligand oxidation.124  On balance, due to the instability of Pt(I), the process is 

most likely ligand based, though obviously highly perturbed by the metal centre.   
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2.3 3,4,6-Trisubstituted pyridazines 

2.3.1 Synthesis and NMR characterisation 

In an extension to the work of Varughese described above, the analogous systems were 

synthesised using 3,6-diphenyl-1,2,4,5-tetrazine (dptz) as the diene.  Using the same 

method employed in the previous work,107 dptz and 1,4-di or 1,3,5-triethynyl benzene 

were suspended in toluene and heated to reflux in a pressure tube.  Indicative of its lower 

reactivity in Diels-Alder reactions, up to 11 days were required in order for the reaction to 

reach completion.  This is compared with 2 days for the analogous bptz reaction.  Yields 

were reasonable considering the long reaction time, with the disubstituted phenyl 

compound (19) reaction giving 19 %, while the trisubstituted compound (20) gave a yield 

of 55 %.  Both compounds were purified by column chromatography, and the lower yield 

of 19 can be attributed to the fact that separation of the pure compound from the dihydro-

bptz degradation product proved difficult.  This was not an issue with 20. 

 

Figure 2.18: HSQC spectrum of 19 (CDCl3, RT, 400 MHz).  

As expected, the 1H NMR spectra were crowded due to the absence of the pyridyl 

substituents.  In the case of 19, however, it was possible to group the signals into spin 

systems using COSY methodology as previously discussed.  The HSQC spectrum of 19 is 
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shown in Figure 2.18, with the separate spin systems colour coded.  Due to the proximity 

of the pyridazinyl nitrogen, the H3’ signal is the most downfield, presenting as a doublet 

of doublets (J = 8.0, 1.7 Hz) at δ 8.18 ppm.  The other signals from this spin system appear 

in a multiplet centred at ca. δ 7.50 ppm, with the C5 carbon signals being easily 

distinguishable due to their having the lowest intensity as they represent only a single CH 

signal.  H3’ appears as a doublet of doublets at δ 7.48 ppm, and is more shielded than H3 

due to the effects of the phenyl ring, as has been discussed in the Chapters 1.  The singlets 

for H7 and H8 were assigned based on similarities to unpublished ligands, as NOE 

experiments were unsuccessful in this case.   

Though simplified by symmetry, the highly encumbered nature of 20 results in broadened 

and overlapping signals. These arise due to the presence of slowly 

interconvertingconformers in solution. The degree of overlapping precluded the signals 

from being grouped reliably into their respective spin systems, and the labelling in Figure 

2.19 has been left ambiguous.  The 13C spectrum was very well resolved however, with 

even the pyridazinyl quaternary carbons appearing with high definition, appearing at δ 

158.0 and 157.8 ppm.  Unlike 19, the lower intensity CH signals are not both C5 signals –

the HSQC shows that the 13C signals for C5/5’ and C4/4’ overlap, giving a large signal at δ 

130.5 ppm.  The small signal at 130.2 ppm corresponds to C7. 

 

Figure 2.19: 13C (top) and 1H NMR (bottom) spectra of 20 (CDCl3, RT, 400 MHz). 
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2.3.2 Crystallographic analysis 

 

Figure 2.20: Representations of the X-ray crystal structure of 19. Hydrogens omitted for 

clarity. 

Crystals of compound 19 were obtained from a CH2Cl2/MeOH mixture.  X-ray diffraction 

studies revealed that the system crystallised in the orthorhombic Pbcn space group, with 

one formula unit contributing to the unit cell. Unfortunately, the refinement quality was 

not as required and bond lengths and angles should not be relied upon too heavily.  

Representations of the structure can be found in Figure 2.20.  Although the asymmetric 

unit is the whole molecule, the interactions of rings A, B, C can be related accurately to 

their unlabelled counterparts through symmetry.  Phenyl ring C and pyridazine B are 

almost coplanar [see Figure 2.20 (a)], only deviating from planarity by 5o.  Due to the 

proximity of the disubstituted phenyl ring, the conjugation effect observed between rings 

B and C is not observed between rings A and B, with ring A twisted out of B’s plane 

through 41.19o.  Looking down the pyridazine-phenyl axis [see Figure 2.20 (b)] we see 

that the pyridazine and phenyl rings make an angle of 53.5o with one another, with both 

pyridazines, in turn, making a 70.77o angle with respect to one another.  Figure 2.20 (c) 

shows the principal interaction stabilising the lattice: a pyridazine – phenyl π-π stacking 

arrangement with a distance of 3.617 Å.  This results in an undulating chain-like 
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construction.  Representations of the resulting lattice packing arrangement can be seen in 

Figure 2.22 (a) and (b).  Figure 2.22 (b) quite clearly shows the herringbone arrangement 

taken up by the system.  The R1 parameter of the solved data set is unacceptably high, at 

21 %.  Figure 2.22 (a) could reveal the reason behind this – very large cavities exist in the 

structure (of approximately 347 Å3), giving it an almost zeolite-like structure.  This is very 

unusual when only weak intramolecular forces appear to stabilise the lattice.  Therefore it 

can be postulated that highly disordered solvent molecules are “smeared” throughout these 

cavities, giving low diffraction but contributing greatly to the lattice packing arrangement.  

This theory can be related to the far better-refined structure of 20 (R1 = 0.0814) in which 

the cavities formed contain ordered molecules of methanol.  Crystals of 20 were grown 

using the same method used for 19, with the molecule crystallising in the triclinic P-1 

space group.  The formula unit is [20·(CH3OH)3], of which one contributes to the unit cell 

[Figure 2.21 (a)].  Due to greater steric crowding, all the monosubstituted phenyl rings are 

twisted out of plane, with the rings analogous to ring C in the previous example (i.e. the 

ring farthest from the central phenyl ring) twisted out of the pyridazine plane through 

approximately 26o, with the other rings twisted through approximately 46o. 

 

Figure 2.21.  Representations of the crystal structure of [20·(CH3OH)3].  Hydrogens 

omitted for clarity. 
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Figure 2.22:  Representations of the lattice packing arrangements of 19 [(a) and (b)] and 

20 [(c) and (d)].  Hydrogens omitted for clarity. 

Figure 2.21 (b) attempts to give an overall view of the lattice packing with the methanol 

molecules in space filling mode.  Each interaction (labelled 1 to 4) is then shown more 

clearly in the subsequent subfigures.  As in the previous case, an important interaction 

appears to be the π-π interaction (interaction 1) between a phenyl and a pyridazine ring, 

again of similar distance, at 3.604 Å [Figure 2.21 (c)].  Due to the order observed in the 

co-crystallised methanol molecules, their interactions with the pyridazine rings can be 

readily observed.  There are three principal interactions involving the methanol molecules 

[Figure 2.21 (d)]: the first, interaction 2, displays an N···H-O distance of 2.903 Å.  

Interaction 3, between the π-stacking pyridazine and another methanol molecule, is 

significantly shorter, at 2.787 Å.  This methanol also interacts with the third methanol 

molecule, giving an O···H-O distance of 2.715 Å.  Figure 2.22 (c) shows the cavity created 

by the interaction of two formula units; 20 is represented in space-filling mode, with the 

six (one is obscured) methanol guests shown as ellipsoids.  The lattice is not a true porous 

structure as the cavities become very constricted at both ends and therefore do not bore 
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through fully.  The methanol guests are restrained in linear arrays however, as shown in 

Figure 2.22 (d).   

2.4 Triphenylamine derivatives 

2.4.1 Synthesis 

Scheme 2.6 shows the retrosynthetic analysis for the formation of the novel tris(4-(3.6-

diaryl)pyridazine-4-yl)phenylamine systems, which are synthesised via the Diels-alder 

cycloaddition reaction between the terminal acetylene of tris(4-bromophenyl)amine and an 

aryl substituted 1,2,4,5-tetrazine. 

Ar: 

 

Scheme 2.6: Retrosynthetic analysis of the triphenylamine-cored tris-pyridazinyl systems. 

The 3,6-diaryl-1,2,4,5-tetrazines were synthesised through the reaction of the aryl 

carbonitrile derivative with hydrazine hydrate.  Two of the resulting imine derivatives 

condense to yield a dihydrotetrazine derivative.  This can be oxidized to the required 

tetrazine through adding a saturated aqueous NaNO2 solution to an acetic acid solution of 

the compound.  This proved too harsh for the reactive 2-thienyl derivative, which was 

successfully oxidised in 45 % yield by stirring the dihydrotetrazine in ethanol with an 

excess of NaNO2 overnight, as suggested by Hapiot et al.126  Crystals of 3,6-bis(2-thienyl)-

1,2,4,5-tetrazine (bttz) were obtained from the reaction mixture, and an X-ray crystal 

structure was obtained, as shown in Figure 2.23.   
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Figure 2.23:  Representations of the crystal structure of 3,6-bis(2-thienyl)-1,2,4,5-tetrazine 

(bttz) (a), (b): a view along the c-axis, (c) representation of the principal intramolecular 

interactions observed.   

The molecule crystallised in the monoclinic P21/n space group, with 4 molecules in the 

unit cell.  The molecule is planar due to the high degree of conjugation inherent in the 

system, with both thiophene rings pointing in opposite directions [Figure 2.23 (a)].   The 

molecule forms offset stacks, with an interplanar distance of 3.362 Å [Figure 2.23 (b), a 

view along the c-axis].  These arrays exist in two different orientations which make an 

angle of 84.05o with one another, resulting in a herringbone motif.  The lattice is stabilised 

by very weak interactions which appear to be N···H and S···H in origin, although the 

A···H-D angles observed (considered in conjunction with the acceptor-donor distances) do 

not fit the parameters typically defined as H-bonds.  The interactions leading to the planar 

arrays arise from the pyridazine nitrogen atoms and C3-H and C4-H of the thiophene rings, 

as drawn in red in Figure 2.23 (c).  The N···H-C4 distance is 3.358 Å, with an angle of 

146.53o (N···Hcalc = 2.524 Å).  A weaker interaction between the other pyridazinyl 

nitrogen and C3-H exists, although the N···H-C3 distance is considerably longer, at 3.767 

Å (N···Hcalc = 3.212 Å, with the angle further deviating from linearity with no 

compensating decrease in length.  The “inter-array” interaction occurs between the 

thiophene S atom and the C4-H group of an adjacent molecule.  The interaction, indicated 

by the green dashed line in Figure 2.23 (c), has an S···H-C4 distance of 3.629 Å (S···Hcalc 

= 2.870 Å) and an angle of 137.68o. 
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NBS, silica

NEt3, CuI

DCM

Pd(PPh3)2Cl2

THF/MeOH

5M NaOH

 

Scheme 2.7: Schematic showing the synthesis of tris(4-ethynylphenyl)amine. 

Using a modification of the method of Cremer and Bäuerle,127 triphenylamine was 

brominated using N-bromosuccinimide (NBS) in the presence of silica in dichloromethane.  

Asghari et al. suggest that silica catalyses the reaction through promoting the formation of 

the reactive Br· species produced during the reaction through stabilising interactions with 

the silica surface.128 The 1H NMR spectra of the product initially obtained revealed the 

characteristic AMX pattern of an ortho-para substituted product, which proved impossible 

to separate from the tri-bromo product via column chromatography.  This was resolved by 

carrying the reaction out at high dilution.  An acetylenic coupling using typical 

Sonogashiramethodology was then carried out to yield the trimethylsilyl-protected tris(4-

ethynylphenyl)amine in 70 % yield.116  Removal of the protecting group proved lower 

yielding than expected, though a reasonable yield of 60 % was eventually achieved by 

treating the compound with NaOH in THF/MeOH, as KF/TBAF in MeOH gave 

disappointing yields (<40 %).   

The novel tris(4-pyridazyl) compounds were synthesised via the inverse electron demand 

Diels-Alder [2+4] cycloaddition of the electron-poor tetrazine-derived diene with the 

ethynyl dienophile, followed by a rapid in situ retro Diels-Alder reaction which extrudes 

an N2 molecule and yields the final pyridazine ring. The syntheses were carried out by 

refluxing both reagents in xylene in a pressure tube for 18 hours.   
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Scheme 2.8: Synthesis of compounds 21 and 22. 

The reactions utilising the 2-pyridyl and 2-pyrazinyl tetrazines were very successful, as the 

electron withdrawing nature of the substituents promoted the reaction significantly - the 2-

pyrazinyl system was obtained in a 93 % yield, and the 2-pyridyl system was isolated in a 

58 % yield.  The products precipitated from the reaction mixture and were obtained in high 

purity via filtration followed by recrystallisation from a CH2Cl2 solution using hexane.  

Reflecting the electron donating properties of the thiophene ring, the bttz cycloaddition 

reaction failed.  Harsher conditions were attempted, such as heating the reagents to 230 oC 

in a benzophenone melt for 2 days. No product was obtained, however.   

2.4.2 NMR analysis 

The 1H NMR spectra of both compounds were well resolved, as can be seen in the fully 

assigned 1H NMR spectrum shown in Figure 2.24.  The singlet at δ 8.71 ppm stands out as 

H7, as do the protons in the H6/6’ positions, due to their typically small coupling 

constants.  Their resonances appear at δ 8.79 ppm (J = 4.9 Hz) and δ 8.54 ppm (J = 4.1 

Hz), respectively.  Using H6 and H6’ as starting points, it was possible to identify the 

separate members of both pyridyl spin systems through 1H-1H COSY experiments [Figure 

2.25 (a)], while selective TOCSY proved invaluable in determining the order of these 

signals: Figure 2.25 (c) shows that using a delay time (d9) of 20 ms, a response from H6’s 

nearest neighbour, H5, is obtained.  At 60 ms, the entire spin system can be observed.  

With H5 and H4 distinguished, the entire ring can be confidently assigned.  The remaining 

“roofed” doublets at δ 7.22 ppm and δ 7.07 ppm are coupled to each other (J = 8.6 Hz) and 

are obviously those arising from H8 and H9.  In order to ascertain both the correct ordering 

of H8 and H9, and to simultaneously differentiate the pyridyl rings, a 1D selective ROESY 

experiment was carried out. 
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Figure 2.24: 1H NMR spectrum of 21 (CD2Cl2, RT, 600 MHz). 

 

Figure 2.25: (a) 1H-1H COSY of the pyridyl region of 21; (b) selective ROESY of H5, 

distinguishing H8 and H8’; (c) 1D selective TOCSY, establishing the order of the signals 

within a pyridyl spin system (all 21).   
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This was attempted by irradiating both H8 candidates, the correct H8 was expected to 

bring about a positive through-space response from H7 (and H3), so as to discriminate 

between both pyridyl rings.  While this did not occur, H5 gave a positive response upon 

irradiation of the signal appearing at δ 7.22 ppm, indicating that the latter had to be H8 

[Figure 2.25 (b)].  The pyridyl signals gave no response due to their fast rotation 

prohibiting a strong through-space interaction.  The pyridyl rings were then assigned as 

indicated in the figure, basing the assignment on trends commented upon in Chapter 4. 

The complete assignment of the NMR spectrum of 22 proved more complicated, as all but 

one proton signal (H7 at δ 8.68 ppm) is α to a nitrogen atom, limiting the usefulness of the 

HSQC relative to the previous case.  A significant issue was that all the signals were 

observed as singlets of varying broadness (even on the 600 MHz spectrometer) due to the 

enhanced relaxation provided by the nitrogen quadrupole.  The multiplicities were 

resolved through a signal enhancement carried out via the Gaussian multiplication method, 

which mathematically amplifies the existing data.  Although the signal to noise ratio 

suffers from this process, there is clear improvement in the resolution of multiplicities 

[Figure 2.26].   

 

Figure 2.26: (left) The effect of Gaussian multiplication on the spectrum of 22; (right) 1D 

selective TOCSY experiments used in order to identify the individual pyridyl signals. 

This exercise also revealed a very small coupling in the most downfield pyrazinyl H3 

signals to the H5 proton.  Therefore, again using 1D selective TOCSY methodology but 

with longer mixing times, it was possible to allow the energy from the irradiated signal H3 
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to mix with H5, and subsequently to H6 at longer mixing times [Figure 2.26 (right)], 

identifying both the members and the order of the spin system.  It is reasonable to assume 

that the most upfield H3 signal is that nearest to the phenyl spacer due to its shielding 

effects.  The fully assigned 1H NMR spectrum is shown in Figure 2.27.  The pyrazyl 

protons (e.g. H3’ at δ 10.00 ppm) are found at more deshielded shifts than their 

counterparts in compound 21 due to the greater electron withdrawing nature of the 

pyrazine ring.  H7 remains relatively unchanged as a sharp singlet at δ 8.79 ppm.  The para 

disubstituted phenyl’s typical roofed doublets appear at δ 7.12 ppm and at δ 7.23 ppm (J = 

8.6 Hz), again with H9 (nearest the central nitrogen) being the most upfield. 

 

Figure 2.27: Assigned 1H NMR spectrum of 22 (CD2Cl2, RT, 600 MHz).  

2.4.3 Crystallographic analysis 

Crystals of both compounds were grown from a CH2Cl2/MeOH solvent mixture.  

Compound 21 crystallised in the triclinic P-1 space group, with two molecules of 21, four 

molecules of MeOH and approximately two CH2Cl2 molecules (the refinement model 

giving a partial occupancy of 0.8 to each CH2Cl2) contributing to the unit cell.  The 

difficulty in modelling the solvent molecule, and some unstable behaviour in the thermal 

ellipsoids of ring F resulted in a high final R1 value of 7.7 %.  Representations of the 

crystal structure are shown in Figure 2.28 (a).  The layered nature of the lattice packing is 

particularly evident in the view along the c axis, which is also presented.  Compound 22 

crystallised in the same space group, and takes up an almost identical overall conformation 

[see Figure 2.28 (b)], though an additional methanol molecule was found in the 
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asymmetric unit.  This molecule also presented more difficulties in the overall modelling 

of the system, resulting in a higher final R1 of 10 %.  The packing diagram attempts to 

show the layered nature of the packing which arises from almost identical interactions to 

the previous system, although the layers are very slightly stepped, which makes the 

layering less obvious relative to 21.  Due to this similarity, only the packing of 21 will be 

discussed in any depth.  The central N atom of the triphenylamine is planar in both 

compounds, with the outer phenyl rings taking up a propeller-like configuration.  In 21, 

rings B and C make angles of 65.46o and 62.03o, respectively, with ring A.  This is 

mirrored in 22, where corresponding angles of 65.34o and 67.96o are observed.  The “ring 

F” type aryl substituents lie almost co-planar with their attached pyridazine rings 

(deviating by between 3.11o to a maximum of 17.97o), while the ring D-type substituents 

deviate more dramatically, between 43.30o and 57.68o.   

 

Figure 2.28: ORTEP plot (top) and a representation of the packing structures (bottom) of 

compounds 21 (a), 22 (b). 

Figure 2.29 shows a portion of a near planar “layer” of units of 21.  Two principal 

interactions have been found to contribute to the stability of this layer:  the first [Figure 
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2.29 (a)] is a CH···N interaction of approximately 3.428 Å between the pyridazine N of 

ring E and C6 atom of an adjacent pyridyl ring.  The second interaction is observed 

between the remaining pyridazine rings and the C3 and C4 atoms of a neighbouring 

pyridyl ring, as shown in Figure 2.29 (b).  Both interactions of this type are equivalent, 

with CH···N distances of 3.390 Å and 3.313 Å.  The layers are held together via many π-π 

interactions, the most significant of which is shown in Figure 2.29 (c).  In this interaction, 

two pyridyl substituents from separate layers form reciprocal CH···N interactions of 3.320 

Å.  Overall, taking the mean plane of the molecules on each layer, the inter-layer spacing 

is quite close, at approximately 3 Å.  Such a close interplanar distance indicates stacking 

stability which is of course not ideal for many optoelectronic applications.  The fact that 

aggregation occurs in the crystalline state need not translate into thin films of the 

compounds doing the same.  Both methanol molecules also H bond to one another, with an 

OH···O distance of 2.744(5) Å (the higher accuracy arising from the fact that this bond 

was refined in the model).  A methanol also interacts with a free pyridyl ring, with an 

interaction-length of 3.368 Å. 

 

Figure 2.29: Crystal structure of compound 21, insets highlighting the principal 

interactions observed. 
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2.4.4 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was carried out on compound 22, heating from room 

temperature to 900 oC in air.  The first loss observed represents approximately 11% by 

weight, and occurs at 160 oC.  This can be ascribed to the loss of solvent, as by removing 

the contribution of a single molecule of 22 from the empirical formula obtained by X-ray 

analysis (C57.80H46.60C11.60N19O3), one is left with the solvent contribution to the lattice.  

The ratio of the solvent contribution to the overall weight calculated in this way is 10.2 %, 

which is in excellent agreement with the observed loss.  The compound is found to be 

thermally stable until the onset of the second mass loss at ca. 475 oC.  The remaining 89 % 

of the sample’s weight slowly decays, presumably via stepwise loss of N2 gas, until the 

sample is completely degraded by 700 oC.  The onset value of 475 oC compares favourably 

TTPPPA (Tdecomp 500 oC).116  The high thermal stability is impressive owing to the high 

nitrogen content (28.07 % by weight) in the molecule, compared with the nitrogen weight 

percentage in Tong’s system, 1.01 % 

 

Figure 2.30: Thermogravimetric plot of 22, heating at a rate of 10 oC/min, carried out in 

air. 

2.4.5 Photophysical studies 

The UV-vis absorption spectra of the compounds are similar, consisting of three main 

bands, which are all ascribed to principally π-π* transitions based on their high molar 

absorption coefficients.  The two highest energy bands arise from the pyridyl/pyrazinyl 

pyridazine moiety, while the similarly broad (taking the reciprocal nature of the X-axis 

scale into account) band between λ 320 nm to λ 450 nm is a typical feature of 

triphenylamine spectra.  This band is minimally red shifted from λ 382 nm in 21 to λ 390 
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nm in 22 due to the slightly more electron withdrawing effect of the pyrazinyl ring relative 

to its pyridyl counterpart. 

UV-vis absorption spectra were obtained at a range of concentrations, with the linear Beer-

Lambert plots (R2> 99 % for both compounds) indicating that the system does not 

aggregate at the concentrations tested (see Figure 2.31).  This method also yields more 

accurate molar absorption coefficients (as the various concentrations arose from different 

stock solutions).  These are compiled in Table 2.2. 

 

Figure 2.31: UV-vis absorption and Beer-Lambert (inset) plots of 21 (left) and 22 (right) 

at various concentrations. 

The acid-addition absorption spectra in Figure 2.32 were generated through the addition of 

10µl aliquots of 0.1 M CF3COOH to a solution of the compound.  The lower energy 

triphenylamine band decreased in intensity upon acid addition, indicating an n-π* 

contribution to the chiefly π-π* transition (as substantiated by the red shift in the band on 

increasing acid concentration as well as its high molar absorptivity).  The stepwise 

protonation spectra of compound 21 show two isosbestic points, indicating clean 

conversion from starting material to a protonated form.  Compound 22 shows no such 

behaviour, possibly due to the increased number of protonation sites resulting in an 

equilibrium between a number of protonated forms.   
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Figure 2.32: UV-vis absorption behaviour of 21 (left) and 22 (right) upon addition of 10 µl 

aliquots of 0.1 M CF3COOH to a 1 x 10-5 M solution of the compound in CH2Cl2 (inset). 

Photograph showing the colour change observed upon addition of acid, 21. 

Both compounds display an intense, broad and unstructured emission both in the solid 

state and in solution.  In CH2Cl2 solution (Figure 2.33), compound 21 emits at λ 520 nm, 

compared with 22 which emits at λ 560 nm.  

 

Figure 2.33: Normalised emission spectra of 21 (blue) and 22 (red) in CH2Cl2. 
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The lower energy emission is due to the greater electron withdrawing effect of the 

pyrazine ring.  Indeed, the inclusion of the pyridazine system has a great effect on tuning 

the emission. Tong’s similar polyphenyl-substituted triphenylamine system TTPPPA has 

a higher energy emission of λ 410 nm, a significant ca. 5000 cm-1 tuning of the energy 

through the addition of the pyridazinyl groups.  Pronounced solvatochromism is also 

observed.  This is most evident in 21 [Figure 2.34(a)], with the emission spanning an 

energy difference of 3071 cm-1 (from λ 480 nm in toluene to λ 560 nm in the polar medium 

of methanolic solution).  This is due to the polar excited state being better stabilised by 

more polar solvents.  The intensity of the emission is lower in toluene and methanol than 

in CH2Cl2, hence the Raman scatter elements seen in the high energy tails.  A similar 

solvatochromic effect is seen in 22, although only a negligible shift is observed on going 

from CH2Cl2 to methanol. 

 

Figure 2.34: (a) Solvatochromism in compound 21, (b) Emission quenching in 22 due to 

the addition of 5 µl aliquots of 0.1 M CF3COOH.  (inset) A plot of emission intensity vs. 

concentration of acid added. 

The emission intensity of both compounds is rapidly quenched by the addition of acid.  5 

µl aliquots of 0.1 M CF3COOH were added to a CH2Cl2 solution of the compounds, 

resulting in an almost complete quenching of the emission, as shown in the case of 

compound 22 in Figure 2.34 (b).  This indicates an n-π* contribution to the emission.  

Fluorescence quantum yields (Φ) of the compounds were calculated by the comparative 

method.129, 130 Quinine sulfate monohydrate (ΦST=0.54) and coumarin 6 (ΦST=0.78) were 

used as standards for comparison with 21 and 22, respectively, as these references absorb 

strongly at the chosen excitation wavelength of the sample and emit in a similar region. 
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Figure 2.35: Quantum yield determination: absorbance vs. area under the emission curve 

for 22 and the standard, coumarin 6.  The equation used: Grad = gradient, η = solvent 

refractive index, x = sample, ST = standard. 

Figure 2.35 shows a graph of absorbance vs. area under the emission curve for 22 and the 

standard, coumarin 6.  The fits are linear, with high R2 values of over 99 %.  Using the 

formula shown, Φ was determined from the slopes to be 0.17, with an error of 

approximately 10 %, as accepted for such measurements.  The linear fits for 21 also had R2 

values of over 99 %, and yielded an emission quantum yield of 0.29. These values were 

verified by repeating the experiment through the use of an absolute method of 

measurement – using an integrating sphere.  The values obtained were very much within 

the error limits of the above values.  The lower quantum yield of 22 can possibly be 

ascribed to the pyrazinyl substituent which disrupts the extended conjugation of the system 

and hence decreases its quantum efficiency.131  The quantum yields measured are quite 

low, as similar compounds often have fluorescence quantum yields of approximately 60 

%.117 

Solid state measurements were carried out at room temperature and at liquid nitrogen 

temperatures, and are compared with the room temperature CH2Cl2 measurements inFigure 

2.36 (and tabulated in Table 2.2).  There is not a marked rigidochromic response – in 

compound 21 a small 10 nm shift is observed on going from solid state room temperature 

to 77 K, though the band is noticeably less broad and its tail more pronounced.  Compound 

22 shows only a negligible 4 nm blue shift on cooling.  In both cases, a very small red shift 

is observed on going from dichloromethane solution to solid state.  This is somewhat 

unusual as solvent interactions generally stabilise excited states – this observation is not 
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unique however,132 and it is difficult to model and predict the effects of solid state 

interactions on emission properties.   

 

Figure 2.36: Solid state and solution emission spectra for compounds 21 (blue) and 22 

(red). 

Lifetime measurements were carried out on dilute, air-equilibrated dichloromethane 

solution using the TCSPC method.  Both lifetimes were best fit using a biexponential 

decay regime.  The biexponential nature of the decays remains unexplained, and could 

arise from unequilibrated excited states, or scattering processes (although attempt were 

made to account for scatter in the measurements).  The values (tabulated in Table 2.2) are 

in the low ns range, as is typical with such systems.133 

The cyclic voltammogram of 22 presents a reversible oxidation wave at 0.71 V vs. Fc/Fc+. 

This is an oxidation of the triphenylamine nitrogen, indicative of the excellent electron 

donating capabilities of the triphenylamine core.114  The HOMO seems to be little affected 

by the pyridazine substituents, as the value obtained is the same as that observed for bare 

triphenylamine.134  The designation is endorsed by comparison with dipyridylpyridazine 

derivatives, which shows that they tend to have higher oxidation potentials, and often are 

not observed at all in the usual CV solvent window.15 
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Figure 2.37: Cyclic voltammograms of 21 (blue) and 22 (red) (ca. 10 mmol in CH2Cl2, 0.1 

M TBAPF6as supporting electrolyte, scan rate 100 mV/s, potentials quoted vs. Fc/Fc+). 

Under negative potentials the reduced species is less stable, with only broad peaks 

observed: an irreversible wave at Ep = -1.93V, a quasireversible couple at E1/2 = -2.00 V 

and an irreversible peak at Ep = -2.34 V are observed.  Compound 21’s reduction cycle 

consists of two irreversible reductions which are slightly better resolved than those 

observed in the case of 22.  These appear at more negative potentials, with Ep = -2.04 V 

and -2.25 V, as the more electron withdrawing pyrazinyl substituents render 22 easier to 

reduce.  The significantly large substituent effect suggests that the reduction processes are 

occurring on the aryl-pyridazine portion due to the substituent’s distance from the 

triphenylamine core.  The triphenylamine-ascribed oxidation of 21 has a peak potential (Ep 

= 0.70 V) which is almost identical to the peak of its pyridyl counterpart (Ep = 0.76), and 

shows only a slightly more positive potential due to the very small enhanced electron 

withdrawing effect of the distant pyrazine ring relative to the pyridyl substituent of 21. The 

process is not reversible, however. 
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Table 2.2: Photochemical and electrochemical properties of 21 and 22.  Electrochemical 

measurements: 10 mM solutions in CH2Cl2, 0.1 M TBAPF6as supporting electrolyte, scan 

rate 100 mV/s, potentials quoted vs. Fc/Fc+. a= irreversible process, peak potentials (Ep) 

quoted; q = quasireversible couple. 

 Medium λmax/nm (ε/dm3mol-1cm-1) λem/

nm 

τ/ns Φ ∆!!/!!" /V 

(ΔEp/mV) 

∆!!/!!"#/V 

(ΔEp/mV) 

21 CH2Cl2 

(RT) 

250 (56,200), 285 (59,100), 

382 (30,100) 

520 13.6 (69 %), 

3.4 (31 %) 

0.29 0.70a -1.93,a 

-2.00q 

(180) 

-2.34a 

 Solid 

(RT) 

 522     

 Solid (77 

K) 

 509     

22 CH2Cl2 

(RT) 

245 (43,500), 290 (63,500), 

390 (24,800) 

560 31.0 (12 %), 

6.1 (88 %) 

0.17 0.71 (100) -2.04a 

-2.25a 

 Solid 

(RT) 

 568     

 Solid (77 

K) 

 564     

 

2.5 Conclusion 
In this chapter a series of compounds derived from Diels-Alder reactions of 3,6-

bis(azinyl)-1,2,4,5-tetrazines with various stilbenes and terminal acetylenes were explored.  

In the first part, the synthesis of 1,4-dihydropyridazines is discussed.  Their structural 

properties were investigated by both NMR spectroscopy and X-ray crystallography, and 

photophysical studies were carried out. Some initial conclusions arrived at by Gil et al. 

have been revisited, e.g.  long emission lifetimes observed are now thought to arise due to 

scattering from the solid samples, and far shorter emission lifetimes obtained in solution 

point to typical π-π* emission.  The reasoning behind the aromatic pyridazines being less 

fluorescent than their 1,4-dihydropyridazine counterparts can then easily be deduced – as 

studies on Lc (see Chapter 2) have shown, the emitting level in these compounds is a 

weakly emissive n-π* state.  The dramatic increase in the new band’s fluorescence 
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intensity upon protonation appears to be due to Gil’s starting sample having been 

protonated to some degree. A new red-shifted band is observed in the neutral form’s 

spectra, but never achieves the intensity of the neutral form’s band. While many of the 

compounds’ peculiarities have been resolved, they still represent an interesting class which 

remain unpublished.  The ligand capability of the system has also been touched upon: A 

square-planar PtCl2 complex of one 1,4-dihydropyridazine was also synthesised, with X-

ray crystallography showing a weak Pt···Pt interaction.  This compound is non-emissive 

due to deactivation of the excited state via low-lying d-d states. 

The second part of this chapter dealt with two compounds synthesised initially as 

cyclodehydrogenation candidates, which later showed interesting structural properties.  

The X-ray crystal structures show host-guest interactions and fascinating lattice 

architecture.  The packing observed cannot be directly contrasted with those in 

Varughese’s pyridyl compounds due to the incorporation of solvent molecules into the 

lattice.   

In the third part, small triphenylamine “starburst” compounds are synthesised.  The 

compounds display intense yellow fluorescence with lifetimes in the ~10 ns range, 

although emission quantum yields have unfortunately been lowered significantly through 

the inclusion of the electron-withdrawing pyridazine moiety.  The thermal stability 

displayed by the compounds is comparable to many modern OLED hole-blocking layer 

materials, and 22 in particular shows stable reversible electrochemistry.  While these are 

positive results, the potential for incorporation into devices is hampered by the low 

quantum yields. 
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3. Introduction to metal-containing molecular switches 
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3.1 Introduction 
Thiophene based molecular switches were a natural progression for the direction of the 

Draper group following the extensive studies of thiophene systems carried out by Martin135 

and Ollagnier,136 amongst others.  As this is a relatively new departure for the Draper 

group, an extended study was carried out on metal containing molecular switches in order 

to facilitate familiarisation with the current literature in the area.  This work was published 

in Spectroscopic Properties of Inorganic and Organometallic Compounds,137 and sections 

are reproduced here.  A table compiling some of the properties of compounds discussed 

can be found in the Annex at the end of this thesis. 

3.2 Metal-based Molecular Switches Generated From Dithienyl Ethene 

(DTE) 
Photoresponsive molecules have become lead targets in the drive to miniaturise opto-

electronic devices.  They can respond almost instantaneously to external stimuli (e.g. light) 

by registering the event at a molecular level. Once excited, these molecules can undergo a 

range of processes, from luminescence and energy transfer to bond forming/breaking.  As 

a result they offer an exciting prospect for high-density data storage and fast data 

processing.  Taking diffraction-limited spot size into consideration, an estimated 2 x 109 

data bits cm-2 can be realised.138  Photophysical processes on the subpicosecond timescale 

can be exploited, leaving the development of instrumentation with suitable response times 

as the only limiting factor.  The use of fast, high quantum yield processes can also 

potentially reduce the heat load of computing devices, and provide us with a route to more 

energy efficient systems.139  The molecular switch is fundamental in all such future 

technologies.   

The use of molecular switches in integrated molecular devices is still in its infancy, but 

nature presents us with some effective and elegant examples of their application. Vision is 

essentially the ‘readout’ of a nerve impulse, triggered as a response to the 

photoisomerisation of the polyenyl chromophore retinal, and its conformational 

consequences on the protein to which it is bound. For synthetic molecular switches the 

potential readout responses include light-induced changes in refractive index, chirality and 

geometric/structural transformations.  Amongst these however, it is the photoisomerisation 

of photochromic materials that has become a particularly promising and a deliberate line of 

enquiry.  
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Photochromism is the reversible, light-driven conversion of a molecule between two forms 

with differing absorption properties.  Molecular examples are numerous and include 

fulgides, dihydropyrazine, spiropyrans, spirooxazines and diarylethenes.  The 

reorganisation of the electrons involved in the transformation means that photochromism is 

often accompanied by the modulation of other attributes such as fluorescence intensity, 

redox properties, magnetic interactions and non-linear optical (NLO) responses. Such 

changes are indicative of the switching state and can be exploited as the readout.   

As outlined by Irie in his seminal review140, an ideal switching system requires certain 

physical properties: namely, thermal stability of both isomers, high fatigue resistance, high 

sensitivity and rapid response.  Thermal irreversibility is also an important property in the 

application of photochromic compounds but it can be difficult to achieve. Theoretical 

studies carried out by Nakamura and Irie141 on cis-diarylethenes have demonstrated that, in 

this class of molecule, the (Woodward-Hoffmann allowed) thermal disrotatory cyclisation 

is prohibited by a large energy barrier, but that no such barrier exists in the photoexcited 

state. As a result, photocyclisation (the fusion of the aryl components) can occur readily 

(as illustrated in Scheme 3.1). The same work established that the height of the thermal 

energy barrier required to undergo cycloreversion is inversely related to the difference in 

the aromatic stabilisation energy of the aryl groups in the open and closed form. The 

greater the energy difference, the lower the barrier. In a series of comparative semi-

empirical MNDO calculations of a number of aryl substituents, thienyl substituents came 

out on top, identifying dithienyl ethenes (DTE) as the most thermally stable systems (an 

energy difference of 4.7 kcal/mol, compared to pyrrolyl at 13.8 kcal/mol). 

 

Scheme 3.1: Photochromic behaviour of a typical DTE. 

Uv

Vis.

antiparallel parallel
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This result has been borne out by countless experimental studies.  As an example, the ring 

closed photogenerated isomer of 1,2-bis(2-cyano-1,5-dimethyl-4-

pyrrolyl)perfluorocyclopentene has a half-life of 37 s at 25 oC, whereas its thiophene 

counterpart (1,2-bis(2-methyl-5-phenylthiophen-3-yl)perfluorocyclopentene) has a half-

life of up to 1900 years at 30 oC.   

While exceeding many other switching systems in terms of their thermal irreversibility, 

diarylethenes also often excel in addressing many of the other requirements. DTEs in 

particularhave held a position at the forefront of molecular switch research for the last 20 

years, with the best performing systems offering the following characteristics142: 

• Both isomers are thermally stable: a well-designed derivative has a half-life time at 

room temperature for as long as 470 000 years 

• Colouration/decolouration cycles can be repeated more than 105 times 

• The quantum yield of colouration is close to 1 (100%) 

• Response times of both colouration and decolouration are less than 10 ps 

• Photochromic reactions occur even in the single-crystalline phase. 

Another particularly important property that sets DTEs apart from other systems is their 

exemplary fatigue resistance. This parameter is important in the construction of an 

efficient and cost-effective molecular device. To give an example, in a notional switch 

which cleanly interconverts between open and closed states, but where there is a 

competing side product generated from the open form with a quantum yield of 0.001; the 

initial concentration of the open isomer will have degraded by 63 % after 1000 cycles.140 

Most DTE derivatives are based on the 1,2-diarylperfluorocyclopentene motif and are 

synthesised by reacting lithiated thiophene fragments with octafluorocyclopentene, thereby 

generating a cis-configuration about the double bond. The non-fluorinated cyclopentene 

analogues can be synthesised via McMurry methodology and are also encountered in the 

literature, despite the fact that their fatigue resistance and the degree of spectral difference 

between the open and closed forms are generally inferior.140, 143 

A difficulty encountered with many DTE derivatives is that, due to steric considerations, a 

mixture of the parallel and anti-parallel conformers co-exist (Scheme 3.1). As only the 

antiparallel configuration is photoactive, the quantum yield of the system is determined by 

the proportion of just this conformer present.  This is generally 50 %, though quantum 

yields are often corrected in the literature, making the values artificially high. Rational 

synthetic designs are often developed to increase the quantum yields by increasing the 
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preponderance of the antiparallel form. Such strategies include increasing the steric bulk at 

the 5-thienyl position,144 encasing the DTE in a cyclodextrin,145 or even tethering the 

thiophene rings.146 In the latter case the quantum yield of photocyclisation was increased 

from 0.40 (untethered) to 0.67 (tethered).   

Despite the wide-range of DTE-derived systems that exist, it is possible to describe their 

fundamental spectroscopic behaviour in solution in general terms – a typical absorption 

spectrum is shown in (Figure 3.1) 

 

Figure 3.1: Absorption spectrum of 1,2-bis(2,4-dimethyl-5-phenylthiophene-3-

yl)perfluorocyclopentene: open (---) and closed- ring (―) isomers and at the 

photostationary state (- - -) by irradiation with UV light.   

Common features of the absorption spectrum of the ring open form are the thiophene n–π* 

and π–π* bands at wavelengths less than ca. 300 nm. Irradiation into these states using UV 

light results in photocyclisation. This eventually leads to a photostationary state (PSS) 

whose composition chiefly consists of the closed isomer. During this process the most 

prominent change is the colouration of the solution due to the growth of the characteristic 

highly red-shifted S0 → S1 absorption band of the thiophene moiety in the visible 

region.143  More subtle changes involve the bands becoming more structured with the 

increased rigidity of the system on closure, and a red shift in some bands due to the 

increased conjugation arising from the cyclisation.  Irradiation into the visible region of the 

PSS absorption spectrum results in decolouration or bleaching of the solution due to 

photocycloreversion.  Photocycloreversion often has a lower quantum yield than the 

photocyclisation process, but the solution is generally bleached within a few minutes of 

continuous irradiation.  A significant challenge is that readout must be non destructive – 

i.e. the probing light must not induce a photochromic response while the data is being read.  
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This requires that both the open and closed isomers have zero absorbance at the readout 

wavelength. 

The concept of introducing a metal centre into the DTE motif is relatively recent. Our 

intention in this report is to expose the rationale behind this fascinating new direction and 

to provide a particular photophysical focus. The marriage of the optical, redox and 

magnetic properties of metal complexes and the desirable characteristics of DTE-based 

molecular switches have numerous advantages. Many of the articles reviewed reveal how 

metal-coordination has modulated the electron transfer, fluorescence and NLO responses 

of the resulting switch. In some cases the inclusion of metal complexes has been used as an 

effective means to lock a certain organic conformation in place. In others there is a clear 

intent to tap into the manifold of states arising from the metal to facilitate cyclisation via a 

different pathway than that adopted by the purely organic analogue.  

The report is divided into sections that reflect similarities in DTE-ligand design. Systems 

with common pendant moieties or coordination modes are discussed together. The 

abbreviations used are based on a compound number given to the ligand and the element 

symbols of the metal centres present in any resulting complexes. 

3.2.1 Pendant 4-pyridyl or 2-pyridyl coordination sites 

 
 
Scheme 3.2: Photochemical interconversion between the open (o) and closed (c) forms of 1 

and 2. 

Seminal work in 1999 by Lehn et al.147 established the effect of incorporating metal 

fragments onto the periphery of perfluorinated DTE and opened the door to a number of 

later investigations. This early work used either one pendant 4-pyridyl moiety on the 

switching thiophene 1a(o)-1b(o) to generate mononuclear tungsten and rhenium 

1a(o) R = p-phenol
1b(o) R = p-methoxyphenyl
1c(o) R = Me
1d(o) R = Ph
2(o) R = 4-Pyridyl
WW2(o) M = W(CO)5, R = N-[W(CO)5]pyridyl
W1a(o) M = W(CO)5, R = p-phenol
ReRe2(o) M = [Re(bpy)(CO)3](CF3SO3), R = N-[ [Re(bpy)(CO)3](CF3SO3)]pyridyl
Re1b(o) M = [Re(bpy)(CO)3](CF3SO3), R = p-methoxyphenyl
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complexes (Scheme 3.2) or two 4-pyridyl moieties 2(o) to generate a dinuclear Re, W and 

Ru complex (Scheme 3.3). Photocycloreversion was readily achieved by irradiation with 

light of λ > 600 nm and the mononuclear complexes displayed efficient photochromic 

behaviour, with conversions of up to 90 % being achieved in 15 mins. Despite the fact that 

the RuRu2(o) complex was found to degrade under UV irradiation, the authors were able 

to postulate that the treatment of the free ligand with RuII might lock-in the switching state. 

The mononuclear complexes exhibited a higher degree of luminescence in their closed as 

opposed to open forms and this demonstrated a potential mechanism for a responsive 

readout in a device.  Although tungsten carbonyls are generally not luminescent as a result 

of photodissociation and efficient non-radiative decay processes, the addition of the 

pyridyl-coordinated DTE gave rise to MLCT-derived emission in both WW2(o) and 

W1b(o). 

 

Scheme 3.3: Synthesis and photochromic processes of the dithienylethene photochromic 

complex RuRu2(o), (M = [Ru(NH3)5](PF6)2). 

A similar monopendant 2-pyridyl perfluorinated DTE (1c(o), in Scheme 3.2) was used by 

Cui et al.148  These authors examined its selective binding to Cu(II) and revealed that both 

protonated and non-protonated versions of this ligand undergo photoswitching. 

Both monopyridyl and bipyridyl perfluorinated diarylethene ligands (1d(o) and 2(o)) have 

been used more recently to prepare metal complexes from M(hfac)2.H2O (M = Zn(II), 

Mn(II), and Cu(II)).149 The absorption maxima of the ligands were λ = 586 nm (1d(o)) and 

λ = 589 nm (2(o)) and both formed their respective closed isomers in over 95% upon 

irradiation at λ = 333nm. On metal complexation, both discrete M:2(1d(o)) complexes 
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(Figure 3.2(a)) and M:2(o) linear coordination polymers (Figure 3.2(b)) were obtained. In 

each case the diarylethene unit adopted an antiparallel conformation and the distance 

between the 2-methyl carbon atoms were in the range 3.53-3.77 Å i.e. within the region (< 

4 Å ) for photocyclisation to occur in the single-crystalline phase. The Cu(II) complexes of 

the closed form of the ligands were discrete 3Cu:2(2(c)) and Cu:(1d(c)) complexes. These 

Jahn-Teller distorted closed forms showed differences in axial Cu-N bond lengths 

compared to their open forms. These differences were explored further using ESR 

spectroscopy.  

The complexes underwent reversible photochromic reactions by alternate irradiation with 

UV (λ = 313 nm) and visible light (λ = 578 nm) in solution, as well as in the single-

crystalline phase. Like the free ligands, the solutions/crystals of the complexes reversibly 

changed (from colourless Zn(II), yellow Mn(II) or pale green Cu(II))  to intense blue (λabs 

620 nm, 580 nm and 600 nm, respectively) upon photoirradiation.  Polarised absorption 

spectra of face-indexed single crystals (Figure 3.2 (c) and (d)) showed that the intensity of 

the blue colour changed on crystal rotation, indicative of an ordered orientation of the 

photoactivated dithienyl units in the crystals. ESR spectra of the linear chain Cu:2(o) 

changed on photoisomerisation of the ligand. While the open form gave an axial-type 

spectrum consistent with elongated tetragonal octahedral metal geometry, the 

photogenerated ring-closed form showed a rhombic type spectrum. It was felt this might 

reflect the conformational changes induced in the complexes by the open and closed forms 

of the ligands (complexes of monodentate 1d(o) being able to undergo shrinkage and axial 

elongation on ring-closure and complexes of 2 unable to undergo this distortion such that 

the ESR spectra remain unaffected). 

Garcia et al.150 have also used 2(o) as a bidentate bridge in the formation of an Fe(II) 

coordination polymer Fe(2(o))2(NCS)2.2MeOH (Fe2(o)).  IR spectroscopy indicated Fe 

coordination of the pendant pyridines and the trans arrangement of the NCS – ligands 

which are N-coordinated to the Fe centres. On UV irradiation (λ = 365 nm) the orange, 

open form of the polymer becomes blue with the emergence of two new bands (λ = 386, 

600 nm). Attempts to record the absorption spectra in MeOH failed due to 

decomplexation. 



Chapter 3 

134 
 

 

Figure 3.2: X-ray structures of (a) discrete Zn:2(o) complexes and (b) Cu:2(o) linear 

coordination polymers. (c) Polarised absorption spectra of M:2(o).  (d) Polar plot of 

polarized absorption of Zn:2(o) measured at 620 nm. 

The ligand and the complex were found to be emissive at λ = 418, 436nm (2(c)) and λ = 

374 nm ((Fe2(c)), respectively. The photocyclisation process was followed by diffuse 

reflectance spectroscopy and was found to survive several cycles. The sample showed 

improvements in crystallinity and lattice rigidity according to powder X-ray diffraction 

data and 57Fe Mossbauer spectroscopy. The latter and magnetic susceptibility 

measurements were carried out between 4 - 293 K and 1bar - 12 kbar. Three resonance 

signals were observed at RT for Fe2(o) in the 57Fe Mossbauer spectrum. The outer lines 

were found to correspond to high-spin Fe(II) with isomer shift and quadruple splitting 

values indicative of a non-cubic environment.  No magnetic order was observed at low 

temperature and, therefore, no super-exchange was occurring through a Fe-NCS-FE 

magnetic pathway. On irradiation (λ = 365 nm) and grinding of the resultant blue material 

to produce a homogeneous sample, Mossbauer revealed three resonances with clear 

identification of Fe(II) and Fe(III) ions. Further careful experimentation ruled out 

photooxidation as the cause and a modification of the FeII – (L) / FeIII – (L.) equilibrium on 

photocyclisation was proposed. The tHS/tLS (area fractions for high spin and low spin) 

ratios before and after irradiation were similar, suggesting negligible spin state change.  

The magnetic susceptibility doubled at room temperature, however. The good fatigue 
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resistance, low addressing power (mW) and other properties of this solid were evidence to 

the authors of its potential in a multi-functional readout/memory device. 

The non-fluorinated version of this bidentate ligand (4(o)) was used in a study by Tian et 

al. to bind in a 1:1 stoichiometric ratio with Zn(II).151  The resulting complexes (Zn4(o) 

and Zn4(c)) showed an almost 3 fold increase in their photocyclisation quantum yield 

compared to the free ligand. 

 

Scheme 3.4: Photochromic behaviour of 5(o) and [Ru(5(o))(porphyrin)(CO)]. 

With a different investigation in mind, Branda and co-workers modified 2(o) further by 

making it undergo a one-step alkylation with 4-bromobenzyl bromide, to yield (5(o)).152 

The aim of this investigation was to use the differences in the π-conjugation of the open 

and closed form of this perfluorinated DTE switch (Scheme 3.4) to alter the electronic 

communication across the molecule and thereby monitor a supramolecular event. On 

irradiation (5(o) λ = 364 nm, 5(c) λ = 490 nm), this DTE ligand reversibly switches 

without degradation over 10 cycles. After prolonged irradiation (λ = 365 nm) a 50:50 

mixture of the open:closed forms could be obtained to which a slightly less than 1 molar 

equivalent of Ru(porphyrin)(CO)(EtOH) was added. Via 1H NMR spectroscopy of the 

resulting mixture of the open and closed axially coordinated complexes, and via 

competitive coordination studies using 3-bromo-2-methyl-5-pyridylthiophene, the authors 

were able to establish that the twisted ring-open form of 5(o) in 

[Ru(5(o))(porphyrin)(CO)] was the more effective coordinating ligand, providing the 

stronger Lewis basic nitrogen. In a series of IR experiments involving the prolonged 

irradiation of a KBr pellet of the complex, the electron donating ability of the DTE 

pyridine could be monitored via the change of the υ(CO) stretching frequency of the axial 
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CO. When the closed form of the complex was irradiated (λ > 490 nm, 1h) the υ(CO) 

changed from 1954 cm-1 to 1949 cm-1 corresponding to the increased Ru-CO back 

bonding in the open form of the complex. In the closed form the coordinated Ru porphyrin 

was clearly electronically responsive to the electron withdrawing pyridinium located on 

the other side of the DTE switch.  

 

Scheme 3.5: Top: Schematic representation of the photochromic reaction of 

[Ir(acac)(6(o))2]. Below: Effects of cyclisation on the (a) emission and (b) absorption 

profiles of [Ir(acac)(6(o))2].  

In an interesting twist on the pendant pyridyl design Tian et al. reported the first 

photochromic iridium(III) diarylethene in which the metal fragment is directly coordinated 

to the photochromic core.153  The free ligand, bis-2-pyridyl DTE (6(o)), exhibits a λmax 

absorption at 320 nm, ascribed to singlet π-π* and n-π* transitions centred on the pyridine 

and thiophene rings (Scheme 3.5).  It is weakly fluorescent (λem = 440 nm). Irradiation of 

6(o) in THF solution (λ = 313 nm) results in the clear solution becoming purple, and the 

emergence of a new absorption maximum band at 560 nm (photocyclisation quantum yield 

ΦOC 330nm = 0.30).  Cycloreversion can also be achieved, but at a lower efficiency 

(photocycloreversion quantum yield ΦCO 550nm = 0.016). The complex [Ir(acac)(6(o))2] has 

a similar absorption profile but with an MLCT band appearing at λ 450 nm (incorporating 

some triplet π-π*and metal-perturbed intraligand π-π* character).  Irradiation (λ ≤ 330 

nm), or excitation into the MLCT bands brings about photocyclisation, and a new band at 

λmax = 647 nm (Scheme 3.5 (b)).  Both open and closed forms are stable in the dark, even 

on heating to 100 oC for seven days.  The complex emits via 3MLCT derived 

phosphorescence which is efficiently quenched upon photocyclisation by intramolecular 
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quenching, as the absorption overlaps with the emission spectra of the closed form 

(Scheme 3.5 (a)).  

3.2.2 Pendant bidentate bipyridyl coordination sites 

In one of the first rigorous investigations of the triplet pathway in metal-containing DTEs, 

De Cola et al.23 incorporated a bipyridyl coordination site onto the perfluorinated DTE 

moiety.  Metal fragments were introduced in order to promote the formation of the 

photoactive antiparallel conformation and to induce triplet sensitised photochromism. 

 

Figure 3.3: (top) Representation of the complexes RuRu7(o), OsOs7(o), RuOs7(o). (below) 

Transient absorption difference spectrum of RuRu7(o), (b), employing a step size of 50 ns 
between frames.  

The ligand 7(o) was synthesised using typical Suzuki methodology and subsequently 

treated with suitable metal precursors to form the homonuclear complexes RuRu7(o) and 

OsOs7(o) as PF6 salts (Figure 3.3 (top)).  RuRu7(o) is yellow in acetonitrile solution, with 

typical metal-perturbed ligand-localised π –π* bands from ca. 245 nm to 345 nm and an 

MLCT band at 458 nm.  This MLCT band is red shifted relative to [Ru(bpy)3]2+, indicating 

that electronic charge is localised mainly on the more conjugated DTE-containing ligand.  

Irradiation with UV light results in almost quantitative conversion to the closed form 

(Figure 3.3 (a)) (PSS composition 97% as determined by NMR studies). Irradiation into 

the broad 1IL band (600 – 740 nm) of RuRu7(c) results in slow photocycloreversion to the 

open form (Figure 3.3 (a) inset).   

RuRu7(c) is non-emissive, and its PSS emission intensity is 3% that of pure RuRu7(o).  

RuRu7(o) is weakly emissive, with emission lifetimes and quantum yields up to 8 times 
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less than those of reported non-photochromic model compounds. These quantum yields are 

highly oxygen sensitive (0.88 in deaerated solution and 0.37 in aearated solution) and 

differ only slightly on irradiation into either the IL or MLCT bands. In combination, these 

results suggest that the emissive 3MLCT state is being quenched by energy transfer into 

the 3IL state and that these two states are comparable in energy. As the free ligand is not 

phosphorescent at low temperatures or when coordinated to an innocent metal ion, a 

determination of the energy of the 3IL was not possible. The authors therefore utilised 

transient absorption studies to explore the relative properties of the excited states more 

closely. 

Using a flow through cell to avoid build-up of the closed photoproduct, nanosecond 

transient spectra were collected of air equilibrated acetonitrile solutions of RuRu7(o).  

Following excitation into the IL (334 nm) and the MLCT (450 nm) states the same spectra 

were obtained, but the absence of an MLCT bleach at 460 nm indicated that the transient 

species was not of CT origin. It was therefore assigned as a 3IL species (Figure 3.3 (b)).  

The photocycloreversion process proved far less efficient, with quantum yields of less than 

0.1.  The slow nature of this process, meant that picosecond transient spectra could be 

recorded of the closed isomer. These showed a bleach of the band at 550 nm – 670 nm 

together with the appearance of structureless bands above 550 nm and below 670 nm 

indicative of 1IL species.  Excitation into the MLCT state of RuRu7(c) resulted in similar 

transient spectra, except that a new band at 525 nm appeared within 5 ps, that overlapped 

with a bleaching of the S0 – S1 between 550 nm and 670 nm.  The long lifetime of this 

transient species (12 nm) and the absence of MLCT bleaching features led the authors to 

associate it with 3IL state of the closed species, and the initial absorption increase at 525 

nm was ascribed to energy transfer from the 3MLCT to the 3IL (Scheme 3.6). 

The dinuclear OsOs7(o) gave similar absorption spectra, apart from 3MLCT absorptions 

between 500 nm and 700 nm which give rise to its green colour.  Irradiation into the high 

energy states resulted in the IL of the closed form appearing at λ =550 nm – 750 nm, and a 

darkening of the green colour.  The quantum yield in this case was found to be 

independent of O2 and very low, (0.0045 whereas the free ligand quantum yield is 0.72). 

The complex degraded on prolonged irradiation, preventing study of its cycloreversion. 

OsOs7(o) gave similar emission quantum yields and lifetimes to non-switching analogues, 

i.e. [Os(bpy)3]2+, and irradiation into the 1MLCT state did not result in photocyclisation, 

suggesting the 3MLCT state lies below the 3IL level, and that cyclisation only occurs 

through the 1IL state.  Photocyclisation quenches the emission – the PSS (73 % from 



  Chapter 3 

139 
 

NMR) composite emission is 25 % that of the open form, and is due to residual OsOs7(o).  

Scheme 3.6 shows qualitative energetic diagrams, summarising these results. 

The synthesis of a mixed metal Ru/Os system was undertaken in order to study the energy 

transfer processes between the two metal centres depending on the switching state of the 

perfluorinated DTE core.22  The heterodinuclear complex was synthesised by reacting the 

ligand 7(o) with one equivalent of [Os(bpy)2Cl2] and isolating the PF6
- salt (Os7(o)).  This 

complex was subsequently treated with [Ru(bpy)2Cl2], resulting in RuOs7(o) in 12 % 

overall yield.  The UV-vis absorption spectrum of the system was an average of RuRu7(o) 

and OsOs7(o) indicating a low level of interaction between the metal-containing moieties.  

Irradiation with light of λ = 334 nm leads to the initially green solution becoming a darker 

green, with a PSS composition of 90 % (as verified by NMR spectroscopy).  The emission 

spectrum of RuOs7(o) was obtained by excitation into an isoabsorptive point of the Ru-

bpy and Os-bpy fragments.  Both Ru (λem = 630 nm) and Os (λem =730 nm) –derived 

emissions were observed. The Ru-based emission was far less intense relative to the Os-

based emission, indicating efficient energy transfer from the Ru to the Os moiety. The 

lifetime of the Ru-based emission was also significantly reduced relative to RuRu7(o), 

while the Os emission lifetime remained relatively unchanged.   

Photocyclisation could be achieved by irradiation into the MLCT band at λ = 450 nm, but 

the quantum yield showed a 2-fold increase when the system was irradiated into the IL 

states at higher energy.  It was postulated that this occurred as a result of the populated IL 

state transferring energy to both the Ru and Os-derived 1MLCT states, while also leading 

to cyclisation (Scheme 3.6).  Following intersystem crossing from the 1MLCT, the transfer 

of energy from the Ru 3MLCT to the Os 3MLCT is sufficiently slow to allow some 3IL 

population and hence triplet sensitised cyclisation.  Excitation into the 1MLCT band results 

in a lower cyclisation yield as the 1IL state is not populated, and only the triplet 

sensitisation pathway, which competes with metal-metal energy transfer, yields cyclised 

product.  Relative to RuRu7(o), the photocyclisation efficiency is reduced by 90 times, 

indicating that photocyclisation competes with efficient Ru to Os energy transfer.  

Emission studies gave a lifetime of 0.56 ns.  This can be considered as being the total rate 

of energy transfer from both the Ru 3MLCT and the 3IL to the Os 3MLCT level, and 

equates to a rate constant of kET = 1.8 x 109 s-1.   

Nanosecond transient absorption spectra obtained by excitation at λ = 334 nm resulted in a 

bleach of the MLCT at λ = 460 nm. The transient species has the same excited state 

lifetime as the Os emission, indicating an Os localised 3MLCT species with the remaining 
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absorptions ascribed to the cyclised isomer.  Excitation into the isoabsorptive point at λ = 

450 nm results in a lower photoproduct absorption, and excitation directly into the Os 

MLCT at λ = 650 nm results in the 3MLCT decaying to the ground state but no 

photoproduct is observed.  Transient spectra of the closed isomer RuOs7(o) results in 

similar spectra to those obtained for the closed forms of the homodinuclear forms, and are 

by analogy ascribed to a 3IL state.  After this state decays, a persistent RuOs7(o) 

absorption is observed, indicating the occurrence of photocycloreversion.  The authors 

indicate this process could happen from a singlet or triplet IL state.  On the picosecond 

timescale, an initial bleach can be observed at λ = 475 nm due to population of both 

MLCTs from the 1IL state.  As this feature disappears, a band grows in at λ = 540 nm, 

accompanied by a further bleach at λ = 660 nm.  The resulting spectrum is attributed to 

arising from a 3IL state.  The authors associate the calculated short time constant of 4 ps to 
3MLCT to 3IL energy transfer, giving a rate constant of kET = 2.5 x 1011 s-1 which is in 

excellent agreement with that observed in RuRu7(o) - kET = 2 x 1011 s-1.  The closed form 

is also non-emissive, as the DTE energy level is below the energy levels of the two metal 

centres, quenching the emission.  The closed switching unit can then trap the excited states 

of both metals, in contrast with its open isomer, which acts as a bridge, allowing efficient 

energy transfer from the Ru to the Os centre.   

 
Scheme 3.6: Qualitative energetic schemes for (a) RuRu7 (b) OsOs7 (c) RuOs7.  

In a rare example in which both NLO investigations and photoresponsive DTE-switches 

were combined, a cationic Ir(III) substituted complex incorporating bipyridyl vinyl 



  Chapter 3 

141 
 

perfluorinated-dithienylethene was generated as part of a series of [Ir(C^N-ppy-R’)2(N^N-

bpy-CH=CH-C6H4R)][X] complexes with varying electron-donor and acceptor 

substituents (R, R’).154 The DTE-based ppy ligand (8(o)) (Figure 3.4) absorbs at λ = 348 

nm, closes on irradiation at 400 nm (PSS 669 nm, conversion 95%) and is non-emissive 

even in frozen EPA glass at 77K. In comparison, irradiation of the complex (Ir8(o) (λ = 

350nm, CH2Cl2) results in a new broad band at λmax = 715 nm, corresponding to the shifted 

So-S1 transition of the closed-perfluorinated DTE unit. The photocyclisation of the DTE 

unit can be triggered by using either UV (λ = 350 nm) or visible light (λ = 450 nm) (79% 

conversion, determined by 1H NMR spectroscopy), the latter suggesting intersystem 

crossing from 1MLCT to 3MLCT and efficient energy transfer into the lowest-lying 3IL 

state. The complex (o) emits (650, 717 nm, τ 23 µs) from what is thought to be a 3IL state, 

localised on the bpy-C=C-DTE. On conversion (79%) to the PSS, efficient quenching of 

this 77 K luminescence occurs but it can be restored upon irradiation at λ = 715 nm.  

 

Figure 3.4: Schematic of ligand 8(o) 

Unlike the dramatic change in NLO activity of the Zn(II) complex of the same ligand on 

photocyclisation, no significant modification of the EFISH value µβ1.907 (Ir8(o) -2190 x 

10-48 esu, Ir8(c) -2000 x 10-48 esu) is observed upon photocyclization. The authors suggest 

that this is evidence that the quadratic NLO response is dominated by the MLCT/L’LCT 

processes, rather than by the intraligand excited states localized on the substituted 

bipyridine ligand. 

3.2.3  Pendant bidentate terpyridyl coordination sites 

Abruña et al.155 have incorporated a terpyridyl coordinating site into the DTE moiety in 

order to exploit the appealing photophysical and electrochemical properties associated 
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with the well-studied motif.  Although possessing photophysical properties inferior to 

related metal bipyridyl complexes, terpyridyl complexes are far better suited to single 

molecular device applications due to their well-defined geometries and their ability to form 

strong connections between electrodes.   

The systems studied were synthesised via Suzuki methodology by reacting the bis boronic 

acid derivative of the DTE core with either the preformed Ru or Os terpyridyl units, to 

give RuRu9(o) and OsOs9(o), respectively (Figure 3.5).   

 

Figure 3.5: (top) Representation of the complexes RuRu9(o), FeFe9(o), CoCo9(o), (below) 

CV of (a) RuRu9 (o) and (b) FeFe9(o) (0.3 mM in acetonitrile) at a scan rate of 100 mV/s.  

Due to their higher rates of ligand exchange, Fe and Co analogues were formed by first 

synthesising the free ligand (9(o)) and subsequently reacting it with the terpyridyl–

coordinated metal fragment. The electronic spectra of all the complexes showed mainly 

tpy based absorptions below 340 nm, with a clear shoulder at λ = 370 nm indicating the 

DTE-localised S0 →S1 transition.  Broad 1MLCT bands were also observed in the visible 

region (from 489 nm – 520 nm) in complexes RuRu9(o), OsOs9(o) and FeFe9(o). 

Irradiation into any of the bands of RuRu9(o), OsOs9(o) and FeFe9(o) failed to elicit ring 

closure. The authors rationalised this as the excited S1 state of the central DTE core being 

quenched through the complex’s MLCT state.  The CoCo9(o) did not display any 

significant absorption above 450 nm, and irradiation at 350 nm indeed resulted in the 

formation of the closed species, though the paramagnetism of the CoII centre made PSS 

composition difficult to establish by NMR.  Photocycloreversion did not take place.  

Electrocyclisation could be achieved with the systems, however. An initial anodic sweep 

resulted in the irreversible oxidation of the thienyl groups at ca. 1.22 V vs. Ag/Ag, 

followed by the oxidation of the metal centres at higher potential (Figure 3.5 (a) and (b)).  
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Subsequent scans showed two reversible waves at + 0.54 V and +0.75 V, ascribed to the 

redox processes of the fused thienyl system. The Co and Os systems did not display 

electrocyclisation due to the oxidation of the metal occurring at lower potentials than the 

DTE core. 

In a modification of their previous MM9(o) systems, Abruña et al.156 synthesised a series 

of M(10(o)R)2 complexes using FeII and CoII metal centres.  The new design 

circumvented ligand exchange issues while allowing terminal groups to be attached to the 

non-coordinated thienyl ring in order to modify the physical properties (Figure 3.6). 

Fe(10(o)Cl)2 showed no switching behaviour on irradiation, though electrochemical 

cyclisation did occur in separate studies. Irradiation of Fe(10(o)Ph)2 showed some 

formation of the closed isomer, though very slowly (10 h). This and its overlapping NMR 

spectra hampered further study.  The cobalt containing compounds had better 

photochromic properties. Irradiation of Co(10(o)Cl)2 at λ= 350 nm for 3 h resulted in the 

“closed” IL peak at λ= 534 nm, indicative of the formation of the closed isomer.  Despite 

its paramagnetic metal centre, 1H NMR study was possible, giving a PSS composition of 

40 % photoconversion. Its diphenyl-terminated counterpart, Co(10(o)Ph)2, gave 

quantitative conversion when irradiated at λ = 380 nm for 4 h, and cycloreversion could be 

achieved by irradiating into the low energy band at 580 nm of the closed form.  The low 

energy bands of both Co(10(o)Cl)2 and Co(10(o)Ph)2 are significantly red shifted (ca. 30 

nm) relative to their closed free ligands due to the electron withdrawing character of the 

conjugated metal centres.  Despite its favourable photochromic activity, Co(10(o)Cl)2  

proved to be electrochromically inactive. Co(10(o)Ph)2 did cyclise under electrochemical 

conditions however, showing the typical two reversible fused thienyl oxidation processes 

(at +0.60 and +0.83 V) after  the initial scan which oxidised the thienyl moiety.   

 
Figure 3.6: Representation of the general M(10(o)R)2 system. R = -Cl, Ph. 

Yi et al. have used a modified version of this DTE-based ligand 11(o) (Figure 3.7), 

replacing one of the pendant phenylterpyridine units with a non-coordinating solubilising 

moiety, C6H4OC12H25.157 Over 5 cycles of irradiation in the UV-visible region [λ = 365 

nm, Φoc 23%, λ = 549 nm, Φco 22%, λ = 650 nm, Φ co 2%] of the ligand showed good 
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fatigue resistance, switching from the colourless, blue fluorescent open form (λ = 440nm, 

ΦF (fluorescence quantum yield) = 0.041) to its non-emissive and slightly purple closed 

form (95% quenching in PSS). 11(o) is found to coordinate to Zn(II) and Cu(II) with some 

decrease in fluorescent intensity, to be unaffected by 3.5 fold excess of alkali and alkaline 

earth metal ions and weakly responsive to the presence of Fe(II), Cd(II) and Hg(II).  

 

Figure 3.7: Representation of 11(o). 

When a THF solution of 11(o) was titrated with an aqueous solution of Zn(NO3)2, a 1:1 

complex was formed (association constant K= 1.76 x 106 M-1) with quenching of the 

fluorescence. The fluorescence could be switched back on by the addition of the chelate 

EDTA (K = 3.16 x 1016 M-1). This effect was examined in KB (human nasopharyngeal 

epidermal carcinoma) cells after incubation with 11(o) and studied using confocal laser 

scanning microscopy. 11(o) was found to have low toxicity (cellular viability 85% after 

24h exposure to 100 µM) and to undergo photoswitching within the cells; on the addition 

of Zn(II) solutions the fluorescence of 11(o) was quenched and restored on exposure to 

EDTA. The ligand was presented as a potential fluorescent probe for metal ion transport 

through the cellular membrane. 

3.2.4 Unusual N,O and P coordinating substituents 

Park et al.158 have synthesised a series of bis-cyclometalated IrIII systems linked to a distal 

perfluorinated DTE moiety via a picolinate-derived ancillary ligand 12(o) (Figure 3.8). 

Ether linkages were used to electronically isolate the separate components of the system, 

as delocalisation of the excited states can interfere with the photochromic reaction.  The 

open forms of each Ir12(o) compound were moderately luminescent, emitting between 

483 and 556 nm, with quantum yields in the range 0.03 – 0.08.  Upon photocyclisation 

with 355 nm light the emission was quenched to some extent due to their spectral overlap, 

despite the differing multiplicities of the emission (being chiefly triplet in origin) and the 

singlet HOMO-LUMO transition of the switching moiety.  This did not occur in a simple 

mixture of the untethered DTE switch and free IrIII complex.   
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Figure 3.8: Representations of 12(o) and 13(o). 

When 13 was synthesised with two DTE moieties, an enhanced change in emission 

intensity was observed on closure, with an open/closed ΦP ratio = 10, compared with 3 – 4 

for the previous complexes.  At PSS however, only 3 % is “bi-closed”, with 87 % having 

just one switching unit closed.  All the systems were fully reversible. Further improvement 

in ΦP open/closed ratio was achieved by doping a polymer matrix with a high 

concentration of the complexes, whereupon intermolecular energy transfer increases it to > 

50. 

3.2.5 Pendant Carboxylic Functionalities  

A dicarboxy perfluorinated DTE ligand, 1,2-bis(2’-methyl-5’-(carboxylic acid)-3’-

thienyl)perfluorocyclopentene 14(o) was used as a bis-monodentate ligand (Figure 3.9).159  

Binding through one carboxylic oxygen on each acid moiety it bridges in three separate 

experiments to distorted square based pyrimidyl Cu(II), Zn(II) and octahedral Co(II) metal 

centres to generate a set of 1D polymers. The single crystal X-ray structures of these reveal 

that in each case the two thienyl rings are antiparallel, with sufficiently short distances 

between reactive carbon centres for photochromism to occur. All three systems behave as 

photoreversible switches in the crystalline phase; one, [Co14(o)(py)2(MeOH)2], shows 

solvation/desolvation dependent properties.  

Colourless 14(o) closes as a solid on irradiation into its intense intraligand absorption band 

(305 nm), producing its purple, closed form with new absorptions at 390 and 610 nm. Its 

blue Cu(II) and colourless Zn(II) complexes become purple on irradiation at 278 nm and 

300 nm respectively, to give the characteristic absorption bands of the closed form at 575 

and 589 nm.  The Zn(II) complex shows less efficient conversion due to considerable H-

bonding and the steric constraints of its auxiliary phenanthroline. On heating, the solid, 

N     C
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red, solvated Co(II) complex loses both coordinated MeOH molecules to give a pale 

purple desolvated form from which the solvated form can be restored by dissolving in 

MeOH. Both forms undergo photoswitching (MeOH solvated, Co14(o) absorbs at 306 nm, 

Co14(c) 575 nm, MeOH desolvated, Cu14(o) absorbs at 295 nm, Co14(c) 551 nm). The 

room temperature χMT of the solvated and desolvated open forms were different (3.55 

compared to 2.89 cm3 K mol-1) as were the ESR spectra. The latter changed reversibly 

with photocyclisation of the ligand. Loss of solvent appears to cause changes in the 

environment of the metal centre but not in the interaction between metal centres. 

 

Figure 3.9:Respresentation of 14(o) 

The same ligand was used to assemble two single molecular magnets containing 

[Cu(II)Tb(III)] units.160 The first (Figure 3.10 (a)) is a green, tetranuclear, ring-like cluster, 

with two [CuTb] units and two 14(o) bound through O to both metal centres. The other is a 

purple 1D ladder-like structure involving a 3[CuTb]:2(14)(c) metal:ligand ratio (Figure 

3.10 (b)).  Both demonstrate ferromagnetic interactions between the Cu(II) and Tb(III) 

ions due to the slow magnetic relaxation of the [CuTb] single molecule magnetic  units and 

frequency dependence of their magnetic susceptibilities.  

 

Figure 3.10: (a) Molecular structure of asymmetric unit of 2[CuTb]:2(14)(c), solvent and 

disorder removed for clarity. (b) Packing of 3[CuTb]:2(14)(c) along the a axis. 

The UV-vis absorption spectrum of the CuTb14(o) complex before irradiation with UV 

light (323 nm) was very similar to that of CuTb14(c) after irradiation with visible light 
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(>480nm) with the appearance of a band due to the closed DTE ligand at 600 nm. This 

corresponded to the colour change observed in powdered samples immersed in a BaSO4 

matrix. IR spectroscopy monitoring of the sample before and after irradiation revealed 

changes in the DTE stretching frequencies. Only the magnetic behaviour of the 3:2 ladder 

material was affected on irradiation as a result of photo-induced changes in its 

intermolecular (most probably inter-ladder) interactions. 

3.2.6 Pendant phenanthroline coordinating units 

A novel symmetric diarylethene 15(o) bearing two 1,10-phenathroline moieties (1,2-bis[2-

methyl-5-(1,10-phenanthrolin-2-yl)-3-thienyl]hexafluorocyclopentene) was found to 

reversibly switch between open and closed forms (Φoc = 0.75, Φco = 0.0066 (366 nm), 

PSS 99.5% conversion, Φco = 0.0035 (578 nm)).161 Complexation of this ligand with 

Fe(II/III), Cu(II), Ni(II), Zn(II) was monitored on the addition of equimolar, 2 and 10-fold 

amounts of metal salts to a fixed concentration of ligand and irradiating the solutions with 

visible light. Only when [Cu(CH3CN)4]PF6 was added was any significant (bathochromic) 

shift observed on irradiation, which could be indicative of complexation. Job plots 

indicated a 1:1 metal:ligand ratio and PM3 semi-empirical MO calculations suggested a 

2:2 cyclic and C2-symmetric CuCu(15(o))2 complex. The complex underwent 

photocyclisation (366 nm, (Φoc 0.026, Φco 0.0028 (366 nm), PSS 92.1% conversion, Φco 

0.0035 (578 nm)) less efficiently than the free ligand due to restraints (long CC-distances) 

in the complex. 15(c) also forms a stable, predicted to be 2:2 symmetric D2 complex 

(λmax(abs) = 643nm) which on irradiation with visible light regenerates the colourless 

CuCu(15(o))2 complex.   

 

Figure 3.11: Representations of 17, 18, DAE-Me. 

17 18 DAE-Me



Chapter 3 

148 
 

Scandola et al.162 have presented detailed photophysical studies of dyads comprising a 

standard Ru(II) polypyridine chromophore attached directly or through a methylene spacer 

to a dithienylmaleimide (DAE) moiety (Ru17).  For comparison purposes, analogues of 

both components of the dyad were also studied, including DAE (Figure 3.11), and 

([Ru(bpy)2(phen)]2+).  The UV-vis absorption spectrum of the complex Ru17 is almost 

identical to the sum of the model compounds’ spectra – indicating that the system is truly 

supramolecular i.e. consisting of separate photochromic and photosensitising moieties 

which are electronically decoupled in the ground state.  The visible portion of the spectrum 

is dominated by the broad MLCT band of the Ru(II) complex unit, centred at 

approximately λ 470 nm.  Irradiation at this wavelength results in the observation of the 

typical closed-form bands at λ 360 nm and 510 nm, with a PSS composition corresponding 

to 90 % photocyclisation, as was confirmed by NMR.  Photocycloreversion is achieved 

using λ >550 nm irradiation and behaves similarly to DAE-Me, indicating that the Ru 

centre minimally perturbs the singlet pathway of cycloreversion.  Irradiation into the 

isosbestic point (λ 470 nm) of the PSS still yields a composition of ca. 90 % - i.e. 

irradiation into the MLCT state of the closed form is not an efficient means of effecting 

ring-opening (while being a very efficient means of closing the open-form). DFT 

calculations show that this is due to the barrier to ring opening along the triplet potential 

energy surface to be slightly higher (by ca. 5 kcal/mol) than for ring-closure. 

Ru17 is weakly luminescent in CH3CN solution, the emission (λmax = 600 nm) assigned to 
3MLCT phosphorescence, with a slight shoulder visible at λ 570 nm arising from the DAE-

like moiety’s fluorescence. The intensity of both emissions is significantly quenched 

(about 100 fold) relative to optically matched solutions of the respective model 

compounds.  In ultrafast spectroscopy studies (MeCN, λexc 400 nm) (see Figure 3.12 (a)), 

ca. 75% of the exciting light is absorbed by the metal complex and 25% by the DAE-

derived chromophore.  Typical signatures of both chromophores are visible in the initial 

spectra (1 ps after excitation): the bleaching of the MLCT band, the flat absorption of the 

reduced ligand, and a persistent absorption at λ 520 nm which is indicative of the 

formation of the closed-form.  In the longer timescale spectra, a build-up of closed-form 

bands is observed.  Kinetic analysis of the biphasic spectral changes (Figure 3.12 (b)) 

show that the initial bleaching of the 1MLCT is replaced by an increase in the differential 

absorbance for t > 80 ps.  This is ascribed to the formation of the DAE-localised triplet.  

From these results it is evident that the excited singlet Ru(II) unit (whether populated 

directly or by singlet energy transfer from the excited DAE moiety) quickly transfers its 
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energy to the triplet state Ru(II) unit.  Intramolecular energy transfer then results in the 

sensitisation of the triplet DAE which results in cyclisation.  This is summarised in Figure 

3.12 (c).  An odd result arising from these measurements indicates that the 

photocyclisation quantum yield is oxygen quenched by a factor of 2, whereas the triplet 

lifetime is oxygen quenched by a factor of ten.  The authors ascribe this anomaly to the 

impossibility of discriminating the excited states of the parallel and antiparallel 

conformers. 

 

Figure 3.12: (a) Transient spectra obtained by femtosecond spectroscopy of dyad Ru17 

(400 nm excitation). (Left) 1-55 ps; (Right) 80-1000 ps. (b) Kinetic analysis of the biphasic 

spectral changes observed in (a). (c) Qualitative energy level diagram for Ru17.   

Ru18 behaviour is broadly very similar, though the singlet energy transfer time constant 

has slowed from 30 ps for Ru17 to 150 ps.  This, however, facilitated the study of the 

system using nanosecond flash photolysis. The spectral changes observed show the 

features of the Ru(II) triplet state: bleaching at 450 nm and emission at 610 nm, evolving 

into the typical spectrum of the DAE triplet (with a time constant of 40 ns, compared to 1.5 

ns in Ru17).  The authors attribute the slower processes arising from insertion of the 

methylene spacer to the difference in energy transfer processes – Förster for the singlet 

singlet processes, Dexter for the triplet energy transfer processes. 
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3.2.7 Inherent Phenanthroline units directly incorporated into the DTE  

 

Scheme 3.7: (a) Schematic of the photochromic process of Re19(o) (b) Qualitative energy 

level diagram for the triplet-sensitised photocyclisation of Re19(o). 

By attaching the switching moiety directly to a phenanthroline unit using Suzuki 

methodology, Yam et al. suceeded in incorporating the ligand itself into part of the overall 

DTE unit.  Treatment of the ligand with [Re(CO)5Cl] resulted in the rhenium(I) diimine 

system Re19(o) (Scheme 3.7 (a)). In collaboration with Phillips,163 an in-depth study of the 

system’s photocyclisation pathways was carried out through spectroscopic studies. The 

electronic spectrum of Re19(o) shows an intense IL (π-π*) band at 300 nm, with a 

shoulder at 400 nm ascribed to a [dπ(Re)→π*(phen)] MLCT derived transition.  The 

complex is emissive in solution, with a relatively broad emission centred at λmax = 595 nm, 

and as a glass at 77 K, with the emission blue shifted by 60 nm due to the rigidochromic 

effect.  Irradiation into the IL or MLCT states results in the formation of Re19(c) 

(Φoc(MLCT) = 0.648), evidenced by the appearance of the typical closed-switch transitions 

as a broad absorbance band at ca. 580 nm, accompanied by a very intense band at 386 nm.  

Both bands were also observed in the photocyclised free ligand.  The emission spectrum of 

the closed form, Re19(c), is red-shifted to ca. 640 nm and shows vibrational progressions 

typical of ν(C-S), both indicative of the emissive state now being chiefly of IL origin due 

to the increased conjugation of Re19(c) resulting in the lowering the energy of the IL state 

below that of the MLCT state.  Irradiation with light of λ = 510 nm resulted in slow 

cycloreversion, with a quantum yield of Φco = 0.009.  Transient absorption spectra of 

Re19 (Figure 3.13 (a)) showed a fast decay (τ = 9 ps) at ca. 460 nm soon after excitation 

(λexc = 400 nm) and was ascribed to vibrational relaxation of the hot 3MLCT, implying that 

ISC from the 1MLCT occurred quickly and far from the equilibrium 3MLCT geometry.  

This is followed by the growth (τ = 1.8 ns) and slower decay (τ = 7 ns) of an absorbance 

feature at 460 nm, indicating the internal conversion of the 3MLCT to the 3IL state, which 

slowly decays giving rise to bands also seen in the steady state spectra of the closed form.  
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The increase in the most intense of these, at 386 nm, was monitored, giving rise to a time 

constant of τ = 7 ps.  The fact that the time constant for the decay of the 3IL state matches 

with that of the formation of the closed form, and the fact that two isosbestic points are 

observed in the transient spectra indicate clean conversion of the excited IL triplet to the 

closed form.  Kerr gated time-resolved emission studies (Figure 3.13 (b)) showed an initial 
1MLCT emission at 500 nm, lasting for 2 ps after excitation with a 300 nm pulse. This 

transient band was soon replaced by emission arising from the vibrationally hot 3MLCT at 

ca. 550 nm. This emission gradually red-shifts as the system relaxes to the equilibrated 
3MLCT state, resulting in emission at 590 nm.  Biexponential fitting of the decay of this 

peak results in a fast (τ = 0.8 ps) and a slow (τ = 8 ps) time constant components.  These 

are ascribed to ISC from the 1MLCT to the 3MLCT, and the relaxation of the hot 3MLCT, 

respectively.  The processes are summarised in Scheme 3.7 (b). 

 

Figure 3.13: Transient absorption spectra of Re19: 400 nm excitation at a series of pump–

probe delays: a) from 1 to 50 ps; b) from 50 to 1500 ps; c) from 1.5 to 6 ns. The insets 

show absorption–time profiles at a) 460 nm, b) 420 nm, and c) 386 nm. The sharp features 

around 400 nm are due to artefacts from the pump pulses. (d) Kerr gated time-resolved 

emission. The time delays from top to bottom are 0.2, 0.5, 1, 2, 5, 10, 30, and 1000 ps.  
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3.2.8 DTE-based N-coordination to Pt(II) acetylide  

 

Scheme 3.8: (left) Schematic of Re19(o). (right) Qualitative energy diagram for the 

photocyclisation process.  

The complex [Pt(19(o))(C2Ph)2] (Scheme 3.8) was synthesised from [Pt(19(o))Cl2] and 

phenyl acetylene using Sonogashira methodology.164  As previously observed with this 

ligand, evidence for parallel and antiparallel conformers is observed in the NMR spectra, 

and X-ray crystal structures of both parallel and antiparallel conformers were resolved 

from a co-crystal of the complex.  The UV-vis absorption spectrum of the complex has an 

MLCT band at 390 nm which probably incorporates some LLCT character.  Irradiation of 

this (λexc ≥ 480 nm) or the IL band (λexc 313 nm) results in photocyclisation, generating the 

expected “closed” band at 560 nm, and the hyperchromic shift of a band at 360 nm.  The 

photocyclisation quantum yields obtained for MLCT and IL irradiation are similar, 

indicating efficient intersystem crossing into the 3MLCT.  This in turn sensitises the 3IL 

state and leads to cyclisation (described in Scheme 3.8 (right)).  Photocycloreversion can 

also be achieved using light of λexc ≥ 500 nm, again with relatively low quantum yields.  

The complex is luminescent in its open form (λmax = 405 nm), possibly arising from a 

phenanthroline-based IL fluorescence.   

3.2.9 Pendant Pt(II) acetylides  

 

 

Scheme 3.9: Photochromic reaction of PtPt20.  

PtPt20(o) PtPt20(c)

530 nm

365 nm
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Although several authors have reported the inter-mixing of MLCT and IL states in a 

perfluorinated DTE metal complex, the recent work of Raithby et al.165 deftly uses single 

crystal analysis to explore the photochromism of an organometallic DTE complex bearing 

two symmetrically placed platinum acetylide units (Scheme 3.9). The striking feature of 

this complex is that the switching process is highly efficient and driven by visible light.  

 

Figure 3.14: (A) Absorption spectra of 20(o) (a), 20(c) (b), PtPt20(o) (c) and PtPt20(c) (d, 

photostationary state) in CH2Cl2 at RT. Inset: An expanded low energy region of the 

absorption spectrum of 20(o) and PtPt20(o). (B) Transient absorption spectra obtained 

following a 7 ns laser pulse: 270 ns after the laser pulse (black circles); 18 ms after the 

laser pulse (unfilled circles). The scaled absorption spectrum of PtPt20(c) is shown for 

comparison (solid line).  

The ground state UV-vis absorption spectra are shown in Figure 3.14 (A). The introduction 

of the {Pt(PEt3)Ph} units  into the uncomplexed ligand results in a new band at 335 nm (ε 

= 5.4 x 104 M-1cm-1) which DFT calculations suggest is a HOMO – LUMO transition, 

incorporating partial charge transfer character from electron density in the 

Pt/alkynyl/thiophene region shifting onto the perfluorocyclopentene.  In addition, the 

spectrum of PtPt20(o) has a broad absorption that extends into the lower energy region 

and slightly beyond λ 400 nm. This is assigned to a disallowed absorption into triplet 

state(s), as is observed in other similar heavy metal containing systems.166  On irradiation 

with visible light (λexc 420 nm, corresponding to an absorption of ε = 240 M-1cm-1) a 

typical broad, intense absorption band at λ ~ 635 nm emerges, characteristic of the ring-

closed DTE species (the same absorption spectrum is also achieved on irradiation with UV 

light).  If the assignments are correct, the implication is that ring closure in the complex 

has been achieved through direct irradiation into a state of triplet multiplicity.  By 

irradiating into the intense absorption of PtPt20(c), an almost quantitative reversion to 
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PtPt20(o) is achieved, albeit at a far slower rate – the reaction takes several hours to 

complete.  

Figure 3.14 (B) shows transient spectra of PtPt20(o) (in acetonitrile) generated from a 7 ns 

laser pulse and acquired after 270 ns, and 18 µs, delays.  The spectrum after the long delay 

is attributed to the closed form of the complex, as it is identical to the steady state UV-vis 

absorption spectrum of PtPt20(c). The spectrum obtained at the shorter delay time, 

however, shows a transient species absorbing at λ = 450 nm with a lifetime of 32 ± 4 µs.  

The intensity of this band is proportional to the concentration of the open isomer, and 

therefore must result from it.  This behaviour, along with its long lifetime and independent 

kinetics (relative to the other persistent band at λ 635 nm), provides strong evidence for its 

assignment as an absorption arising from a twisted triplet excited state. The band is absent 

in similar studies of the cycloreversion of PtPt20(c) to PtPt20(o), which is a purely 

“singlet” phenomenon. Although not without precedent, the band is not significantly 

quenched by oxygen as is more usual for a species attributed to a triplet state.167  The 

absence of any charge transfer character was established from the lack of solvatochromism 

in the band on repeating the experiment in toluene. In this system resonance Raman 

spectroscopy proved a potentially useful method for data readout. The acetylide v(C≡C) 

stretch is a useful marker for monitoring the ring closing/opening reaction as excitation 

wavelengths (λ 632.8/830 nm) are suitable, and do not initiate photochromic behaviour.  

The vibration also exists in a region free from other vibrations, and exhibits a dramatic 

increase in intensity on going from PtPt20(o) to PtPt20(c). UV irradiation of crystals of 

PtPt20(o) (over 20 mins) results in a “single crystal to single crystal” transformation to the 

ring closed form with an impressive (though insufficient for many applications) 

conversion of 80 %. Unfortunately, irradiation with longer wavelength light does not result 

in cycloreversion, probably due to the low ΦOC or constraints within the lattice. The 

powder form of the compound also demonstrates photocyclisation (60% conversion as 

determined by NMR spectroscopy).  

Figure 3.15: Representations of Pt21(o)tpy and Pt22(o)tpy. 
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A perfluorinated DTE ligand comprising an acetylene coupled Pt(II) terpyridine was 

investigated in order to observe how photoswitching would perturb the metal-based 

excited state and thereby its application as a photosensitiser for water reduction and in the 

photoinduced oxidation of alkenes.168  Pt21(o)tpy exhibits both intraligand and mixed 

MLCT/LLCT states (λmax 285 nm, ε= 52,800 dm3 mol-1 cm-1), 465 nm (ε 6,700 L mol-1 cm-

1) and photocloses on irradiation into either the DTE chromophore (λexc 302 nm) or the 

MLCT/LLCT absorption bands (λexc 465 nm) to produce Pt21(c)tpy. The latter has a new 

band at 600 nm which is a combination of the red shifted MLCT and the π−π* transition of 

the ring-closed DTE unit. The red-shift is induced by the increased π-conjugation in 

Pt(21)tpy(c) and more particularly the higher energy of the HOMO of the ring-closed 

isomer, which DFT indicates has a lesser contribution from the metal. Indirect excitation 

produces a lower amount of Pt(21)tpy(c) at PSS, however electronic coupling allows 

energy transfer between adjacent 3MLCT/LLCT and 3IL states.  DFT calculates these as 

>/= 2.0 eV and 1.9eV, respectively.  

Building on the work of Castellano who demonstrated that DABCO is an efficient 

reducing agent for the transient hole localized on Pt-acetylides in charge separated excited 

states169, Wolf et al. followed up their earlier work by performing quenching studies on 

Pt(21)tpy(c) in the presence and absence of DABCO.170  At high concentrations of 

DABCO, the cyclisation process in Pt(21)tpy(c) is inhibited when the CT state is 

irradiated with visible light. Cyclisation is relatively unaffected when the DTE-localised IL 

states are directly irradiated using UV light. The metal sensitized ring closure is a slower 

process (ns range) and, therefore, more susceptible to intermolecular quenching, unlike the 

faster IL route (ps timescale). The rate of energy transfer was found to reduce on cooling: 

an EtOH:MeOH (4:1) frozen 85 K solution of Pt(21)tpy(o) did not undergo cyclisation 

under visible irradiation, and only began to increase at the melting point of the glass (130 – 

150 K).  Photocyclisation was found to occur down to 90 K when UV light was used.  

DFT calculations indicated a 0.02 eV barrier to energy transfer from the 3CT to the 3IL 

states but below temperatures of ca. 140 K there was insufficient thermal energy to 

surmount this barrier.  At low temperatures phosphorescence also competes with 

photocyclisation, and a strong orange emission is observed at λmax ca. 550 nm at 85 K, 

disappearing at temperatures above 125 K.   
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Figure 3.16: Transient absorption difference spectrum of Pt21(o)tpy (black) and 

Pt21(c)tpy (red ) measured at 800 ps following a 355 nm laser pulse. 

The transient spectrum of Pt21(o)tpy, (Figure 3.16) was measured at 800 ps following a 

355 nm pulse. This was assigned to the 3IL state of the DTE, which is formed faster than 

the time resolution of the instrument.  Excitation of Pt21(c)tpy, resulted in the intense 

bleaching of the band due to the closed form (560 nm – 700 nm), indicative of 

photocycloreversion.  The addition of the ether linkage in Pt22(o)tpy results in limited 

interaction between the 3CT and 3IL state. Although the excited states were proven to be 

similar to those of Pt21(o)tpy, the processes involved in photochromic behaviour were 

slower due to poorer orbital overlap. Irradiation of the CT state of Pt22(o)tpy induces 

photocyclisation, but at a slower rate.  The quantum yields of cyclisation are about four 

times lower for Pt22(o)tpy. The transient absorption spectra of Pt22(o)tpy obtained at 800 

ps following 355 nm excitation is again ascribed to the 3IL state due to comparison with 

the spectrum of a similar complex not containing the photochromic unit.  The transient 

spectra of Pt21(c)tpy and Pt22(c)tpy were essentially identical, and were ascribed to the 

DTE-delocalised 3IL state.  This state is characterised by bleaching of the “closed” π – π* 

band, accompanied by a new band at higher energy.  Considering that the ring closed form 

of the DTE exhibits strong π – π* absorption around 355 nm, the authors considered that 

direct excitation of the 1IL state is followed by rapid intersystem crossing to the 3IL state, 

facilitated by the metal. Initial population of the 3CT followed by population of the 3IL 

state was not discounted, however.   
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Figure 3.17: Representations of compounds 23 – 28. 

Yam et al.171 have synthesised a range of Pt acetylides containing a DTE moiety attached 

to either a thienyl (26, 27 and 28) or a fused bis-thienyl core (23-25). The complexes 

dissolve in benzene, giving clear yellow solutions. Their intense absorptions in the λ = 300 

– 350 nm region are ascribed to intraligand transitions centred on the phosphine and 

thiophene portions of the complexes, while lower energy bands centred at 370 – 390 nm 

are ascribed to MLCT transitions [dπ(Pt) - π*(thiophene-containing alkynyl)] due to their 

sensitivity to both the auxiliary ligands on the Pt(II), and to the nature of the thiophene 

core.  The large ε of this low energy band (in the order of 104 dm3 mol-1 cm-1) also points 

toward a significant IL [π - π*(thiophene- containing alkynyl)] contribution.  Excitation 

(λexc = 360 nm) results in a red emission (λem 630 – 670 nm).  The long lifetimes (µs) and 

the large Stokes shift both indicate phosphorescence, and hence the emission is tenuously 

assigned to arise mainly from 3IL states.  An assignment of the emission as arising from a 
3MLCT state was deemed improbable due to the lack of any obvious trend in the 

luminescence of the compounds relative to one another. Low temperature studies showed 

well-defined vibrational progressions.  These were characteristic of the ligands, and 

confirm the 3IL nature of the assignment.  The authors hint at a possible 3MLCT 

contribution due to small changes observed upon changing the ancillary ligand, however.   

Exciting the complexes (λexc = 370 nm) resulted in the purple colouration of the solutions 

and the emergence of the typical low energy band at ca. 560 nm of the closed form.  This 

band is only slightly perturbed by the Pt centre and ancillary ligands and is indicative of an 

allowed transition in the ring-closed 8a,8b-dimethyl-1,8-thia-as-indacene moiety.  As 

evidenced by the appearance of clear isosbestic points in its UV-vis absorption spectrum 

during irradiation, 28 does not undergo dual cyclisation due to one adjacent closed form 

quenching the photocyclisation step of the second.  Photocyclisation quantum yields are 

relatively high (between 0.226 and 0.117). The lower of these was associated with 

complexes bearing weak field chloro ligands, as these give rise to a low lying ligand field 
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excited state which undergoes facile deactivation and competes with cyclisation and 

luminescence.  The thermal stability of the closed form of 28 was determined, and found to 

be 1270 minutes at 298 K, falling to 257 minutes at 313 K (Figure 3.18). 

 

Figure 3.18: Thermal stability studies of 28(c).  

Despite much effort, it has proved challenging to create a polymer which incorporates a 

series of perfluorinated DTE components in a single conjugated backbone while still 

retaining the photochromic behaviour of the individual constituents.  Jung et al.172 have 

constructed a rigid macrocyclic system consisting of four DTE moieties bridged by two Pt 

centres, 29 (Scheme 3.10). 

 

 

Scheme 3.10: Photochromic behaviour of 29. 

Irradiation in chloroform solution with light of λ 325 nm results in a new band at 628 nm, 

giving rise to a dark blue colouration to the solution.  The blue compound was isolated 

using HPLC techniques and NMR characterisation showed the formation of a closed-open-

closed-open (COCO) isomer.  The fact that no further cyclisation would occur is thought 

365 nm

532 nm
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to be due to the excited states of the open form being efficiently quenched by energy 

transfer to the adjacent closed form.  Exposure to light of λ > 532 nm for 3 mins, results in 

the solution becoming completely bleached to the open form.  The quantum yield from 

OOOO to COCO was determined to be 0.64, the high value being attributed to the 

photoactive antiparallel conformation being enforced by the restrictions of the ring.  To 

circumvent the quenching of adjacent DTEs, Wolf et al. have designed a system consisting 

of two acetylene-terminated DTEs coupled in a trans geometry to a Pt –phosphine centre 

(Pt21(o)21(o)).  Pt acetylides are ideal for this purpose as calculations show that the 

singlet state is generally located on one conjugated ligand, not on the entire oligomer. This 

means that successive cyclisations of adjacent DTEs can be triggered through the triplet 

states localized on the ligand (via irradiation with visible light), without the open form 

having the possibility of transferring its energy to an adjacent closed form.   

 

Scheme 3.11: Schematic of the photochromic processes in Pt21(o)21(o). 

In this example173 the sequential manner in which the photochromic process takes place is 

evidenced by the observation of isosbestic points which arise upon irradiating the system 

with UV light (< 415 nm), and mark the presence of two species (Pt21(o)21(o) and 

Pt21(o)21(c)) in equilibrium. The isosbestic points disappear on further irradiation as the 

formation of the third component Pt21(c)21(c) establishes a more complex equilibrium.  

The relative concentration of each species was monitored using 31P NMR spectroscopy. 

This revealed that significant amounts of Pt21(o)21(c) were formed before Pt21(c)21(c) 

(PSS composition 80% Pt21(c)21(c) and 20% Pt21(o)21(c)).  A significant red shift (20 

nm) is observed when Pt21(o)21(o) is irradiated to the PSS. This is ascribed to the singlet 

state becoming delocalized over the entire conjugated system upon closure, a view that 

was further supported by DFT investigations.  Differential pulse voltammetry of 

Pt21(o)21(o) shows a single oxidation at 1.00 V (vs. SCE), corresponding to oxidation of 

< 415 nm

< 415 nm
> 470 nm> 470 nm
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the DTE portion of the complex (Figure 3.19(a)). Two additional oxidations appear on 

conversion to the Pt21(o)21(c) form (0.65, 0.90 V) and a single oxidation process is 

observed for Pt21(c)21(c) (0.74 V). The cathodic shift in the DTE oxidation of 

Pt21(c)21(c) relative to the others is a result of the increased electron-accepting character 

of the conjugated fully-closed form, with increasing backbonding to the Pt centre.   

 

 

Figure 3.19: (a) Changes in the differential pulse voltammograms of Pt21(o)21(o) as it is 

irradiated with 365 nm light. (b) Vis-NIR absorption spectra of Pt21(o)21(o)/ Pt21(o)21(c) 

(black) and Pt21(o)21(c)/ Pt21(c)21(c) (blue) before oxidation and after 1 equivalent of 

oxidant is added to generate Pt21(o)21(o)+/ Pt21(o)21(c)+ (dash) and Pt21(o)21(c)+/ 

Pt21(c)21(c) + (red).   

Ground state electronic communication in the fully-closed Pt21(c)21(c) was investigated 

by studying the vis-NIR spectral properties of the chemically oxidised PSS solution.  

Oxidation with [SbCl6]- generates several new bands not observed in solutions containing 

a mixture of Pt21(o)21(o) and Pt21(o)21(c). The most notable of these at λ = 1301 cm-1 

was assigned to Intervalence Charge Transfer (IVCT) and arises from the optically-

induced exchange of charge between the DTE moieties through the Pt bridge of 

Pt21(c)21(c)+ (Figure 3.19 (b)).  This is clear evidence for a large degree of electronic 

coupling between the linked DTEs in the delocalised singlet state. 
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4. The synthesis and evaluation of novel photochromic systems 
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4.1 Introduction 
This chapter begins with a discussion of the synthesis of two novel thienyl-containing 

ligands (and their complexes), with the aim of creating novel molecular switches.  This is 

followed by an appraisal of their photophysical properties, using both steady state and 

transient spectroscopy.  The synthesis of a perfluorocyclopentene-containing switch which 

makes use of a 1,2,4,5-tetrazine precursor is then discussed, alongside a discussion of its 

photophysical properties, and those of its RuII and ReI complexes.  As a guide, Figure 4.1 

summarises the principal compounds synthesised as part of this chapter. 

 

Figure 4.1: The principal compounds synthesised as part of this chapter. 

4.2 Aims 
The aims of the work presented in this chapter are to: 

• synthesise a novel photochromic compound based on the phenanthroline 

coordinating platform.  Using a spacer, it is hoped to prevent steric hindrance and 

thereby prevent the formation of the photochromically inactive parallel conformer. 

• synthesise two photochromic ligands using the bptz building block - one ligand in 

which the photochromic moiety is directly attached to the pyridazine core, and 

another in which the pyridazine moiety acts as a pendant metal-coordinating site of 

a perfluorocyclopentene-type DTE.   
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• prepare metal complexes of each ligand and assess their photochromic properties 

alongside other photophysical/electrochemical properties. 

4.3 Synthesis of a pyridazine-cored dithienyl system as a potential 

molecular switch 
(Where applicable, the state of the photochromic compounds will be identified by the 

addenda “o” (open) and “c” (closed) to the reference number). 

Compound 23 was designed in an attempt to exploit the excellent coordination properties 

of the 3,6-dipyridyl pyridazine moiety in the field of metal-containing molecular switching 

materials.  The synthesis involved the typical Diels-Alder reaction of 3,6-bis(2-pyridyl)-

1,2,4,5-tetrazine, as encountered in previous chapters.  The dienophile, a novel dithienyl 

ethene derivative (24), required the development of a synthetic route, however.  

 

Figure 4.2: Retrosynthetic analysis of compound 23, synthesised from 24 and bptz. 

In order to synthesise 24 via McMurry coupling methodology, it was necessary to 

synthesise 2,5-dimethylthiophene-3-carbaldehyde.  This was readily carried out through 

the Vilsmeier Haack reaction, in which 2,5-dimethylthiophene was added to a mixture of 

POCl3 in DMF at -10 oC.174  The desired product was found to have formed following 

hydrolysis of the reaction – however a persistentresidual DMF impurity remained which 

could not be removed by distillation or chromatography.  In an attempt to isolate the 

product in pure form, the crude solution was treated with Brady’s reagent.  The resulting 

2,4-dinitrophenyl hydrazone derivative was readily isolated in quantitative yield through 

filtration. The deprotection of the hydrazone product to liberate the required aldehyde 

proved challenging.  A steam distillation in the presence of acid produced only miniscule 

amounts of the free aldehyde. Attempts to oxidatively cleave the imine bond through 

treatment with the mild oxidising agent CTAP (cetyltrimethylammonium permanganate)175 

as outlined by Vankar176 were equally unsuccessful.  McMurry’s method177 involving the 

treatment of the 2,4-DNP derivative with TiCl3 (in the hope of either bringing about the 
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reduction of an –NO2 group to an –NH2 or the conversion of the imine to an amine) also 

proved unsuccessful. Such conversions often lead to the quantitative regeneration of the 

aldehyde in high yield, although in this case only a yield of under 10 % was obtained.  As 

a result, a modified version of the Vilsmeier-Haack reaction – the Rieche reaction- was 

attempted.178 The reactions are mechanistically quite similar, except that in the case of the 

Rieche reaction the electrophile is formed through the reaction of α,α-dichloromethyl 

methyl ether with titanium(IV) chloride.  The electrophile reacts with the 2,5-

dimethylthiophene to yield an unstable compound which hydrolyses to give the desired 

aldehyde in high yield (Scheme 4.1).  The great benefit of this reaction is that it was 

carried out in a more volatile solvent than the Vilsmeier-Haack, and all the impurities were 

easily removed through distillation, giving a yield of 94 %. 

-H+

TiCl5-

 

Scheme 4.1: Synthesis of 2,5-dimethylthiophene-3-carbaldehyde using Rieche 

methodology. 

This aldehyde was subjected to McMurry coupling reaction conditions, initially utilising 

those reported by Castedo et al. for the formation of a similar system.179  These involved 

the reaction of the aldehyde with titanium(III) chloride and LiAlH4 or Li metal as reducing 

agents.  Although moderately successful, these reactions were low yielding (ca. 25 %) and 

unreliable.  A more typical McMurry reaction, previously utilised in the formation of 

photochromic tetrathienylethenes,178 was attempted.  In this reaction titanium(IV) chloride 

was added to THF at 0 oC to furnish the yellow adduct [TiCl4(THF)2].  Zinc powder, the 

aldehyde and pyridine were added and the mixture was refluxed overnight.  The pure 

product 24 was readily obtained from the reaction mixture as light yellow needles via 

recrystallisation. 
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Crystals of 24 were isolated through recrystallization from CH2Cl2/hexane.  The 

compound was found to crystallise in the P21/c space group, with one molecule in the unit 

cell.   

 

Figure 4.3: (top left) ORTEP representation of 24, ellipsoids shown at 50 % probability.  

Hydrogen: white empty sphere, Carbon: black outline, sulfur: yellow.  (top right) Oblique 

view down the a axis, showing the molecules contributing to the unit cell.  (bottom) 

Visualisation of the weak interactions observed in the lattice. 

Figure 4.3 shows some representations of the molecular structure of 24.  The molecule was 

found to be in the trans configuration, as generally observed in the coupling of bulky 

aromatic aldehydes.  The molecule is planar, indicative of the high level of conjugation 

inherent in the system.  The lattice is composed of a series of dimers, held together by a 

weak intermolecular C-H···C interaction between the ethene carbon and a methyl C-H 

group, with a C-(H)···C distance of 3.718 Å.  

The Diels-Alder reaction between 24 and bptz was carried out by refluxing the reactants in 

xylene for three days.  The orange crude mixture was then passed through an SiO2 column 

using diethyl ether as eluent to yield the dihydro derivative of the product, though a 

persistent 3,6-di-pyridin-2-yl-1,4-dihydro-1,2,4,5-tetrazine impurity remained.  A 

sufficiently pure product was isolated through repeated precipitation.  The dihydro product 

was previously studied in Chapter 2.  In order to yield the aromatised 23, the dihydro 

product was oxidised by dissolving it in acetic acid and adding aqueous NaNO2.  Yields 



  Chapter 4 

167 
 

were improved by cooling the reaction to 0 oC.  23 was found to be slightly air/light 

sensitive, and was stored in the dark under argon.   

The 1H NMR spectrum of 23 is shown in Figure 4.4.  It is evident that the system exists in 

two conformers as all the signals appear “doubled”.  The pyridyl rings could not readily be 

resolved into their respective multiplicities due to the overlapping between the signals of 

the conformers. This effect is far more evident in the thiophene-derived signals, where the 

difference in chemical environment between both conformers is most pronounced: the 

thienyl H2 appears as two well-separated signals at δ 6.31 ppm and 6.18 ppm and the 

methyl signals appear as 4 separate signals between 2.18 ppm – 1.69 ppm.  The pairs of 

methyl groups in each conformer were readily distinguishable (inset, Figure 4.4) through 

comparing the relative integration values.  As the sample was completely soluble, the 

relative integration of H2 and H2’ gives the relative proportions of both conformers in 

solution as 1:0.75, similar to the typical 1:1 proportion observed in such systems.23 

 

Figure 4.4: 1H NMR spectrum of 23 (600 MHz, RT,DMSO-d6). The alkyl region is inset, 

the purple spheres indicating one conformer. Primes used to distinguish between 

conformers. 

In an attempt to distinguish which signals belonged to the anti or parallel conformers, NOE 

analysis was carried out.  Both H2/2’ resonances were separately irradiated in order to 

obtain evidence of a through-space interaction with the pyridyl H3 resonance.  For this 

experiment, it was assumed that the interaction with H3 would be smaller in the parallel 

form as the thiophene rings are virtually at right angles to the pyridazine plane and facing 
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away from the pyridyl substituents.  This attempt was unsuccessful, as each experiment 

gave a positive response for H3, as each H2 and H2’ signals were too close in shift, 

resulting in the inversion of both signals upon irradiation.  NOE experiments from the 

more well-separated methyl signals resulted in a verification of the methyl groups’ 

association to their proximal H2(‘), but no indication of which sets of signals belonged to 

which conformer could be obtained.   

The 13C spectrum of 23 was easily assigned using DEPT analysis and HSQC experiments.  

The “twinning” of signals is very pronounced in the 13C spectrum, as shown in Figure 4.5.  

 

Figure 4.5: 13C NMR spectrum (RT, 151 MHz, DMSO-d6), with “doubled” signals inset.  

Linked thiophene signals marked in purple.  Numbering as in Figure 4.4, primes utilised to 

distinguish corresponding signals from both conformers. 

Complex 25 ([Re(23)(CO)3Cl]) was synthesised by refluxing 23 and [ReI(CO)5Cl] in 

toluene overnight.  The product was obtained as an air-stable yellow powder which gave a 

very complex proton NMR spectrum, exhibiting 16 methyl signals and 8 thienyl protons.  

This situation arises from metal coordination locking one pyridyl ring in place, which 

subsequently locks the thiophene groups.  Four main isomers are envisaged, resulting in 4 

x 4 = 16 methyl signals, 4 x 2 = 8 thienyl H2 signals.  This is exactly what is observed in 

the 1H NMR spectrum, shown in Figure 4.6.  Attempts to associate the methyl groups 

within a molecule using NOESY experiments failed.   
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Figure 4.6: 1H-NMR of 25 in CDCl3 (600 MHz). 

4.3.1 Photophysical study 

 

Figure 4.7: Unexplained behaviour observed in the UV-vis absorption spectrum of 25 

upon irradiation at λex 360 nm in benzene. 

Prolonged exposure of degassed solutions of the free ligand to UV radiation failed to bring 

about any changes in its absorption profile.  25, however, did show some odd behaviour in 

benzene solution (Figure 4.7).  Under UV irradiation (λmax = 254 nm) the UV-vis 

absorption spectrum of [Re(25)(CO)3Cl] in benzene underwent significant changes – the 

π-π* transitions at 300 nm became far more intense, and a new series of bands appeared 

centred at 400 nm.  This process was not reversible on exposure to visible light.  NMR 
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spectra recorded of samples irradiated in a quartz tube showed little change, possibly due 

to the higher concentration of the samples. 

Taking into account that the free ligand is not photochromic, that the new bands appear at 

higher energy than the MLCT at λ 430 nm (making metal-mediated sensitisation of 

photochromism impossible) and that expected transitions for condensed fused thienyl 

systems appear at wavelengths greater than λ 550 nm – it is reasonable to assume that 

photochromism is not occurring in the complex.  Any in-depth investigations into the 

process would be hampered by the many conformers in solution and further investigation 

was deemed superfluous.   

 

Figure 4.8: The emission spectrum of 25 at 77 K in butyronitrile (λex 360 nm).   

Although non-emissive in room temperature as a solid or in solution, the compound was 

found to be phosphorescent in butyronitrile glass at 77 K. The emission, centred at λ 585 

nm, is surprisingly featureless when it is considered that it arises from a mixture, 

indicating that the thiophene substituents do not have a large effect on the presumed 
3MLCT-derived emission.  The emission spectrum is shown in Figure 4.8. 

4.4 Synthesis of a sterically unencumbered 1,10-phenanthroline switch: 

2,3-bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-f][1,10]phenanthroline 

(26) and a selection of its transition metal complexes 

The inevitable presence of an inactive isomer is an important concern in the application of 

a molecular switch.To illustrate this, the impressive photocyclization quantum yields 

quoted by Yamet al. for the 1,10-phenanthroline derived switch [Figure 4.9 (left)] (Φ = 

0.33 for the free ligand,180Φ = 0.52 for its Re complex)55, 163 are in fact corrected for the 
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inactive atropisomer, the percentage concentration of which appears to lie between 72 % at 

room temperature and 50 % atthermal equilibrium (65 oC).  This gives observed 

“uncorrected” quantum yield values of between Φ 0.17 –0.23 (free ligand) and Φ 0.26 – 

0.37 for the complex.  Coupled with the 10 % error generally associated with quantum 

yield measurements, it is obvious that a preponderance of the inactive isomer is 

undesirable.   

 

Figure 4.9: (left) Yam’s switch,163 (centre) our modification containing a pyrazine spacer 

(compound 26): 2,3-bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-f][1,10]phenanthroline, 

(right) dppz. Clar sextets are shown in blue. 

With this in mind, a new switch was developed using Yam’s switch as a design template.  

It was decided to introduce a pyrazine spacer between the thienyl and 1,10-phenanthroline 

portion of Yam’s ligand.  The choice of the pyrazine spacer was due to both the relative 

ease of synthesis, the fact that similar dipyrido[3,2-a:2’,3,-c]phenazine (dppz) systems are 

known to have many fascinating properties, and because this spacer would separate the 

metal ligating moiety from the active switching portion, while maintaining the potential for 

a high degree of interaction between them.  Most importantly, a phenazine spacer would 

also prevent the steric clash between the thiophene H4 and the phenanthroline H4’ (Figure 

4.9).  This would be expected to prevent the molecule from becoming sterically locked in 

the photochromically inactive parallel form.   

Dppz complexes have been of interest for many years as the planarity of the phenazine 

portion renders it an effective DNA intercalating agent.  Due to the prevalence of dppz 

systems in such research, their photophysics have been well studied.  

[Ru(polypyridyl)2(dppz)]2+-type compounds are particularly popular, as they behave as 

molecular “light switches”: their emission is quenched in aqueous solution due to 

interactions with the phenazine N atoms.  These N atoms are “protected” from such 

interactions upon intercalation, and emission is observed.  This phenomenon arises due to 
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ruthenium(II) dppz complexes possessing two MLCT states – an emissive MLCT level 

(localised on the phenanthroline portion of the molecule) and a “dark” phenazine-localised 
3MLCT.181  Although 26 is not strictly a dppz complex, the structures are similar enough 

for one to surmise that the photophysical processes are comparable.  A 3MLCT level 

localised on the pyrazine/thiophene moiety would be ideal for efficient energy transfer to a 

triplet intraligand state (3IL), which could facilitate triplet-sensitised photocyclization.   

A potential downside to the design is the fact that an aromatic sextet can be drawn in the 

ring bearing the thiophene units in 26, indicating that, according to Clar’s rules, the system 

is more aromatic and therefore less likely to engage in efficient photocyclisation.  This 

could be somewhat counteracted by the relocalisation effects of the pyrazine N atoms.  

Fully aromatic systems previously synthesised within the Draper group (consisting of the 

thienyl switching moiety directly attached to the phenyl core of a polyphenylene) were 

found to photocyclise, albeit with an extremely low quantum yield.  The reverse reaction 

was not observed however.182,135 

The molecule, the retrosynthetic analysis of which is shown in Figure 4.10, was 

synthesised via a condensation reaction between 1,2-bis(2,5-dimethyl-3-

thienyl)ethanedione and 5,6-diamino-1,10-phenanthroline.  

 

Figure 4.10: Retrosynthetic analysis of 26. 

1,2-bis(2,5-dimethyl-3-thienyl)ethanedione was synthesised using Belen’kii’s method:183  

Friedel-Crafts acylations involving thiophenes are typically low yielding due to the 

reactivity of the carbocation created following the addition of the electrophile.  This leads 

to a side reaction which is outlined in Scheme 4.2 (red).  Belen’kii et al. also observed a 

large amount of starting material following work-up.  This they ascribed to the formation 

of a stable σ-complex [Scheme 4.2 (blue)] between a protonated thiophene (the proton 

arising from a successful electrophilic addition and rearomatization of a previous 

molecule) and AlCl3.  This stable complex persists until work-up, whereupon the starting 
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thiophene material is liberated.  In order to prevent this, pyridine is added to the reaction 

mixture to consume the liberated H+.  This simple modification increases the yield of the 

desired product from 18 % to 45 %, though it does not decrease the yield of side product.  

Although difficult to isolate, it was found during the course of the current work that dry-

loading the sample SiO2 column aided the isolation of a sufficiently pure product 

significantly. 

-

-H+-AlCl4-

AlCl3

-H+sigma complex

 

Scheme 4.2: Friedel-Crafts reaction of 2,5-dimethythiophene, yielding 1,2-bis(2,5-

dimethyl-3-thienyl)ethanedione.  The pathway leading to side products (in red) and the σ-

complex (blue) are also shown. 

1,10-Phenanthroline was converted to 1,10-phenanthroline-5,6-dione via oxidation using a 

H2SO4/HNO3 mixture in the presence of KBr.184  Conversion to the corresponding oxime 

was readily achieved by refluxing the dione with hydroxylamine hydrochloride and barium 

carbonate in ethanol overnight.185  The product was then treated with Pd/C and hydrazine 

monohydrate in refluxing ethanol to yield the 5,6-diamino-1,10-phenanthroline in 51 % 

yield.186  This method was found to be quite cumbersome from a purification viewpoint, 

and a more facile treatment of the oxime with sodium dithionite in aqueous ammonia was 

utilised to effect the desired reduction.186  The pure product was isolated in 58 % following 

filtration and washing with water.  Compound 26 was synthesised by refluxing 5,6-

diamino-1,10-phenanthroline and 1,2-bis(2,5-dimethyl-3-thienyl)ethanedione in ethanol in 

the presence of potassium carbonate.  Although the required product was obtained, 

purification was hampered by a black oily side product, probably arising from impurities 

in the thiophene derivative.  It was found to be far more efficient to stir the reactants in 

deaerated acetic acid, the completion of the reaction indicated by the dark brown solution 

becoming a clear red after approximately 2 hours.  Addition of acetic anhydride and/or 

gentle heating to 60 oC promoted the reaction when it proved sluggish.  The product was 

easily purified by recrystallisation.   
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(a) (b) (c) or (d)

Scheme 4.3: Synthesis of 5,6-diamino-1,10-phenanthroline from 1,10-phenanthroline. (a) 

KBr, H2SO4/HNO3, 12 hrs, 47 %, (b) NH2OH.HCl, BaCO3 in EtOH, reflux 12 hrs, 85 %, 

(c) Pd/C, NH2NH2.H2O in EtOH, reflux 30 mins, 58 %, (d) Na2S2O4, NH4OH in EtOH, 

Reflux 70 mins, 58 %. 

The 13C and 1H NMR spectra are shown in Figure 4.11.  Most significantly, the methyl 

groups appear as two singlets.  This indicates that only one isomer (or rapidly 

interconverting isomers at room temperature) exists in solution. 

 

Figure 4.11: 1H NMR spectrum (400 MHz, CDCl3,RT) and (inset) 13C spectrum (101 MHz, 

CDCl3, RT) of compound 26. 

As the photochromically inactive parallel isomer generally arises due to steric factors that 

have been deliberately removed from 26 (i.e. steric encroachment at H3), we can surmise 

that the molecule is not locked in the parallel conformer.  This implies that “mechanical” 

steric factors should not restrict in the photocyclisation process of 26.  The NMR spectra 

are very straightforward due to the molecule’s symmetry.  The dd signal of H6 at δ 9.30 

ppm is instantly recognisable from its characteristically small 3J value (4.5 Hz) relative to 

H3, the other downfield dd at δ 9.53 ppm (3J = 8.0 Hz).  H5 appears as a dd at δ 7.80 ppm, 

with the expected coupling constants of J = 8.0, 4.5 Hz arising from coupling from H6 and 

H4.  The thienyl signals are the most upfield: H3 appears at δ 6.67 ppm and the methyl 
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groups at δ 2.46 and δ 2.40 ppm.  The 13C spectrum was easily assigned using HSQC 

experiments.  Carbon C6, being α to an N atom, is the most downfield (at δ 151.9 ppm) 

and the methyl carbons are the most shielded signals at δ 15.2 and δ 14.3 ppm. 

4.5 Synthesis of metal complexes of compound 26. 
Compound 27, the bis-bipyridyl ruthenium(II) complex of ligand 26, was synthesised 

using a method similar to that utilised by Cooke for the formation of pyridazine centred 

Ru(II) complexes.72  Ligand 26 was dissolved in an argon-purged 1:1 mixture of 2-ethoxy 

ethanol and water and refluxed for 6 hrs in the presence of [Ru(bpy)2Cl2].  The product 

was then precipitated via the formation of its PF6
- salt.  The 1H NMR spectrum is shown in 

Figure 4.12.  As shown in Figure 4.13, a three-spin system and two four-spin systems 

could be observed in the 1H-1H COSY, corresponding to the coordinated phenanthroline 

moiety of ligand 26 and the two bipyridyl systems, respectively.  

 

Figure 4.12: 1H NMR spectrum of 27 in MeCN (600 MHz, RT). 

The bpy ligands are equivalent; therefore bpyA and bpyB (as assigned in the figure and in 

the Experimental Section) are separate spin systems on the same bipyridyl ligand.  The two 

pseudotriplets and two doublets expected for each bpy spin system were very well resolved 

and easily linked using the 1H-1H COSY experiments shown. The most dramatic shift 

relative to the free ligand is that of H6, which has undergone an upfield shift of Δδ = 1.13 

ppm, from δ 9.30 ppm to δ 8.17 ppm.  The assignment of this resonance can be confirmed 

from the HSQC spectrum: The 2-D spectrum (Figure 4.12, inset) clearly shows three 

resonances in the 150 ppm – 155 ppm region. These signals can be assigned to the 
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pyridyl/phenanthryl carbons directly attached to a nitrogen atom.  The carbon signal at 

153.1 ppm corresponds to a proton in a three-spin system.  This confirms its identity as 

H6, as the others belong to four spin systems (as verified by the 1H-1H COSY).  

 

Figure 4.13: 1H-1H COSY of compound 27, a portion of the HSQC is inset. 

The iridium complex of 26 was synthesised by refluxing the ligand with a dichlorobridged 

iridium(III) phenylpyridine dimer in chloroform overnight in the presence of NH4PF6.  

Compound 28 was isolated as a bright yellow solid. 

 

1/2

NH4PF6
CH3Cl/MeOH

 

Scheme 4.4: Synthetic scheme for compound 28. 

The NMR spectra were assigned as with compound 27, and selected spectra are shown in 

Figure 4.14.   
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Figure 4.14: NMR spectra of compound 28.  The proton spectrum is shown at the top, with 

the selective TOCSY “deconvolution” of the H5 signal, the methyl proton signals and a 

portion of the HSQC are inset (labelled). 

Again the phenanthryl and pyridyl moieties were easily distinguished from the number of 

signals in their respective spin systems.  The H6 proton is again shielded relative to the 

free ligand, this time with Δδ = 0.93 ppm.  The H5 signal is completely masked by the 

large auxiliary ligand signal, but was located (and effectively deconvoluted) by carrying 

out a selective TOCSY experiment, which revealed the resonance as a broad pseudo-triplet 

at δ 7.93 ppm (Figure 4.14, inset). The cyclometalated phenylpyridine rings appeared as 

two four-spin systems which could be discriminated on the basis of the HSQC spectrum – 

unlike 27, only one four-spin system has a characteristic 13C signal (151.7 ppm) due to 

being α to an N-atom.  This is the pyridyl portion of the phenylpyridine ligand, and its 

corresponding proton is the broad singlet observed at 7.54 ppm.  This leaves the remaining 

four-spin system as being due to the cyclometalated phenyl substituent.   

In order to synthesise compound 29, ligand 26 was refluxed overnight in toluene with 

slightly less than one equivalent of [Re(CO)5Cl].  The product was isolated as a light 

yellow powder, the NMR spectrum of which is shown in Figure 4.6.  As expected, the 
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NMR is very simple, differing only from the free ligand spectrum by a downfield shift in 

the phenanthroline signals.  A trace impurity (> 10 %) is also observed in the spectrum.  

Proving impossible to remove via chromatography, it was initially assumed to be a small 

amount of the closed form. However, as irradiation had no effect on these signals, they can 

perhaps be ascribed to an isomerisation from mer to fac or to the loss of the chlorine 

ligand.  A mixture of parallel and antiparallel conformers is also a possibility, although its 

absence in the other similar systems casts doubt over this. 

 

Figure 4.15: 1H NMR of 29 in CDCl3 (400 MHz, RT). 

In the following section, photophysical studies on 4 and 27 will initially be discussed, 

followed by a shorter study on compounds 28 and 29. 

4.6 Photophysical and electrochemical studies of 2,3-bis(2,5-dimethyl-3-

thienyl)pyrazino[2,3-f][1,10]phenanthroline and complexes 

4.6.1 Studies on compound 26 

The UV-vis absorption spectrum of 26 [shown in Figure 4.16 (left)] consists of three main 

bands.  The highest energy band at λ 248 nm (ε = 35,400 dm3mol-1cm-1) is ascribed to a π-

π* transition of the phenanthroline moiety. A shoulder at λ 296 nm (ε = 20,300 dm3mol-

1cm-1) is ascribed to the π-π* transitions localised on the thiophene portion, with possible 

admixing with n-π* transitions.  The lowest energy band at λ 389 nm (ε = 12,000 dm3mol-

1cm-1) is typical of quinoxaline and phenazine - cored systems.187 
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Figure 4.16: (left) UV-vis absorption spectrum of 26 (2.5 x 10-5 M in chloroform; (inset) 

effects of addition of acid on the spectrum. 

Addition of acid to the UV-vis sample of the molecule did not have a large effect on its 

absorption profile.  Indeed, no significant change was observed until ten equivalents of 

trifluoroacetic acid had been added.  Even then, a large excess (the extent of which is 

indicated by the large CF3COOH absorption visible at 227 nm) was necessary to produce a 

notable effect.  A red shift of under 20 nm was observed in both the lower energy bands, 

typical of π-π* red shifting in a more polar solvent mixture.  Specific effects arising from 

protonation are possibly masked by the intensity of the π-π* transitions. 

 

Figure 4.17: Normalised absorption, excitation and emission spectra of 26 in chloroform. 
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Compound 26 is a strong blue emitter (λem 445 nm), as shown in Figure 4.17 (see also 

Table 4.2). The excitation and absorption spectra match very well, indicating that the 

emitting species is indeed 26 and not a fluorescent impurity.  The emission spectrum is a 

long-tailed unstructured band with a maximum at λem 445 nm and primarily of π-π* origin.   

Unlike the absorption spectrum, the emission spectrum is very sensitive to the addition of 

acid, with protonation of the phenanthryl N-atoms resulting in quenching of the 

fluorescence, indicating a degree of n-π* contribution to the emission.  A large excess of 

acid did not quench the residual emission completely. 

 

Figure 4.18: Acid titration of 26: Addition of 10 µl aliquots of CF3COOH (4 mmol in 

CH2Cl2) to 26 (3 ml of 0.0125 mM solution). The artefact at 409 nm is a Raman scatter 

band, exacerbated by the large excess of acid.  Inlaid: Change in the intensity at λmax 447 

nm following each addition of acid. 

Irradiation of a solution of 26 with monochromatic light was carried out in a range of 

solvents (λex = 380 nm/375 nm, see Figure 4.19).  Each gave similar results: a new red-

shifted band at approximately λ 450 nm in the absorption spectrum, with a concomitant 

decrease in the band at λ 380 nm. 

The process was found to proceed more quickly in more polar solvents (ca. 30 mins for 

completion in acetonitrile and chloroform) than in non-polar benzene (1 hr).  Although the 

new band was consistent with photochromic behaviour, the absorption band due to the 

closed-form would be expected to occur at longer wavelengths and have a higher molar 

absorption coefficient than observed – i.e. in Yam’s system, the “closed band” occurs at 

approximately λ 540 nm.163  On irradiation in benzene, the intensity of the fluorescence 
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(λmax blue shifted to 428 nm due to the non-polar nature of the solvent destabilising the 

polar excited state) was found to drop dramatically.   

 

Figure 4.19: UV-vis absorption spectra of 26 on irradiation with monochromatic light 

from a xenon lamp in (a) chloroform (λexc = 380 nm), (b) acetonitrile (λexc = 375 nm). 

 

Figure 4.20: UV-vis absorption spectra of 26 under irradiation with monochromatic light 

from a xenon lamp in benzene solution. Inset: the fluorescence spectra of 26 following 

irradiation with 313 nm light (also in benzene).  
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In an attempt to elicit a more pronounced response, laser irradiation was carried out with 

the expectation that a more intense source would increase the concentration of the 

converted form of 26. Using the frequency tripled harmonic of a 1064 nm Nd:YAG laser 

(i.e. λexc 355 nm), 26 was irradiated continuously with a frequency of 10 Hz.  It was found 

that, although the rate of the process had increased (reaching “completion” within 2 

minutes of irradiation), the same spectral changes were observed. Assuming that the 

system had undergone photocyclisation, it was attempted to irradiate into the new band at 

λ 430 nm to cause photocycloreversion.  Neither the UV-vis absorption nor fluorescence 

spectra registered any changes in their absorbance/emission profiles.  To rule out 

protonation from the photodegradation of the solvent/molecule (as the process was found 

to be slower in the non-polar solvent) base was added to the converted form.  

Unexpectedly, the addition of base reversed the changes observed, indicating that some 

form of protonation process was indeed responsible for the changes, even though the 

concentration of acid expected from photodegradation would be far lower than that 

experienced by the system during the initial acid addition experiments.  

4.6.2 Photophysical and electrochemical studies on compound 27 

In order to study the photophysics of compound 27, a non-photochromic model compound 

was selected to act as a control.  [Ru(bpy)3]2+was chosen as it has similar absorption and 

emission properties to 27, as shown by the optically matched solutions of both compounds 

in Figure 4.21 (see also Table 4.2). 

 
Figure 4.21: UV-vis (left) and emission (right, λex = 450 nm) spectra of optically-matched 

acetonitrile solutions of compound 27 and [Ru(bpy)3]2+(L = 26).   
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The UV-vis absorption spectrum of 27 chiefly consists of an intense high energy π-π* 

transition at λ 285 nm (arising from both the bpy and ligand 26) and the “quinoxaline 

band” at λ 383 nm.  The latter overlaps with an absorption at λ 451 nm (and its λ 421 nm 

shoulder) which arises from a dπ →π* charge transfer transition and is coincident with the 

corresponding 1MLCT band of the model complex. The emission profile of both 

complexes is practically identical, comprising a broad featureless emission at 612 nm with 

a slight shoulder at λ 643 nm. The similarity between the lowest energy absorptions and 

emissions of both compounds appears to suggest emission from a bpy-based MLCT for 

both, indicating that ligand 26 surprisingly does not possess the lowest π* orbital. 

Comparison with [Ru(dppz)(bpy)2]2+ (in which the dppz-based 3MLCT is known to be the 

lowest emitting level) shows that this is not the case: unexpected similarity between the 

MLCT absorption positions of [Ru(bpy)3]2+ and of similar complexes containing highly 

conjugated ligands is not unknown, although not fully understood.188, 189 This is 

particularly evident in the case of [Ru(dppz)(bpy)2]2+, in which the lowest absorption 

appears at λ 451 nm190 – exactly the same as that observed in the present case. Also, the 

emission wavelengths of [Ru(dppz)(bpy)2]2+ (λem 615 nm)191 and [Ru(bpy)3]2+ (λem 611 

nm)30 in acetonitrile are almost identical, even though they are thought to arise from 
3MLCT states of differing origin.  Assigning the emission of 27 as phosphorescence 

arising from charge transfer from the metal to a “ligand 26”- based π* orbital is therfore 

valid.   

 

Figure 4.22: Cyclic voltammogram of 27 in MeCN, vs Ag/AgCl. Values in the text are vs 

Fc/Fc+, which was used as an internal standard.   
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The cyclic voltammogram of 27 is shown in Figure 4.22.  The general form of the 

reduction is typical, consisting of three closely spaced reversible waves.  These correspond 

to the reduction of the dppz ligand, followed by the stepwise reduction of the bpy ligands.  

Each reduction appears to be more difficult than the corresponding processes in 

[Ru(dppz)(bpy)2]2+ (-1.34 V, -1.62 V, -1.85 V in [Ru(dppz)(bpy)2]2+compared with -1.68 

V, -1.87 V, -2.03 V for 27).  The most significant difference is in the first reduction, which 

can be ascribed to the electron-donating nature of the thiophene rings rendering the ligand 

more difficult to reduce than its dppz counterpart.  The metal-based oxidation appears at a 

typical Ep = 1.10 V, though the process is surprisingly irreversible.  This may be due to the 

rapid irreversible oxidation of the thiophene which quickly follows at -1.20 V resulting in 

an insoluble product.  Some cloudiness of the sample solution was observed on repeated 

cycling, which was carried out to find if electrocyclisation was occurring following 

thiophene oxidation.  Only a decrease in both oxidation waves was observed, with no 

evidence for any cyclisation processes. 

 

Figure 4.23: Effects on absorbance (top left) and emission (top right) brought about 

through the addition of CF3COOH (2 M in CH2Cl2) to a solution of 27 (1.73 x 10-5 M, 

CH2Cl2). (bottom right) Decay in the intensity at 595 nm with each successive addition. 
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The addition of CF3COOH to a CH2Cl2 solution of the complex had almost no effect on its 

absorption properties, the spectrum in Figure 4.23 showing only concentration effects.  

The emission was quenched by acid addition however, though a higher concentration of 

acid (relative to 26) was required in order to protonate the less basic pyrazinyl nitrogen 

atoms (Figure 4.23). The intensity of the emission maximum at λ 595 nm (blue shifted in 

CH2Cl2 due to solvatochromic effects) drops dramatically upon the addition of acid, as 

plotted in Figure 4.23 (right). During the protonation experiment a contemporaneous blue 

shift was observed as the intensity of the emission dropped.   

The assignment of the lowest energy state as a “ligand 26”-derived MLCT is verified by 

the quenching in emission intensity upon protonation.  De Cola et al.192 elegantly showed 

that emission is only quenched upon protonation of the MLCT acceptor ligand by 

constructingtwo RuII bisbipyridyl systems, both containing an attached free bipyridyl 

moiety.  One, however, was linked using a conjugated linker, making its supporting ligand 

the lowest energy MLCT acceptor. The other was connected via a saturated linker, 

minimally affecting its supporting coordinated ligand.  Upon acid addition, only the 

system containing the conjugated linker was quenched.   

Excitation at λ 355 nm using a frequency tripled Nd3+:YAG laser in both aerated and 

degassed acetonitrile solution yielded kinetic information on the behaviour of the transient 

excited state species.  

 

Figure 4.24: Absorbance recovery (aerated) (left), and emission decay(aerated and 

deaerated) of 27 in acetonitrile.   

Monitoring the recovery of the 1MLCT band following a bleaching by the laser pulse 

yielded a curve which could be fitted to a monoexponential growth, yielding a lifetime of 
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152 ns.  This matches quite well with the monoexponential emission lifetime in aerated 

solution (161 ns).  The deaerated emission decay yielded an emission lifetime of 789 ns. 

This is typical with such systems ([Ru(phen)(bpy)2]2+ has an emission lifetime of 760 ns in 

CH3CN)193 and is consistent with the MLCT arising from the phenanthryl ligand, 

considering [Ru(bpy)3]2+ has a longer emission lifetime of 870 ns in CH3CN).  The 

bleaching of the 1MLCT is clearly evident in the absorption spectrum of the transient 

species, captured 130 ns after a 355 nm pulse.  The spectrum is typical of Ru(II) 

polypyridyl systems.  The main features are the negative response at λ 457 nm, 

corresponding to the 1MLCT bleach, and the growth of a new band centred at λ 334 nm 

which is the reduced ligand, most likely the phenanthroline-containing ligand 26.   

 
Figure 4.25: Transient absorption spectrum of 27 in deaerated acetonitrile, at a delay-

time of 130 ns. 

No response was found in the spectral region in which the “closed” switch’s transient band 

(ca. 500 – 700 nm) would be expected at any delay time measured. A band at λ 750 nm is 

apparent but did not persist, indicating that it is not a condensed thienyl transient 

absorption.   

In order to study any photochromic behaviour which could be sensitised by the metal, the 

compound was irradiated with monochromatic λ 370 nm light from a xenon lamp light 

source.  As shown in Figure 4.26 (left), only a small change was observed in the 

absorbance spectrum – a slight decrease in the absorbance at λ 370 nm.  As the output of a 

xenon lamp is quite low at this wavelength, the sample was irradiated with a medium 

pressure mercury-vapour lamp in an immersion reactor.  Although a low pressure lamp 

would initially seem a better choice, with its sharp absorption at λ 254 nm, a medium 
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pressure lamp was chosen.  This is due to the fact that the output wattage is higher, and its 

main wavelength distribution is centred ca. λ 350 – 400 nm, coinciding with the complex’s 

MLCT band.  Significant output also exists in the λ 500 – 550 nm spectral region. 

Although this could induce the reverse reaction, it is a feature of DTE switches that the 

quantum yield of the reverse reaction is quite low relative to the forward cyclisation 

reaction.  From the previous experiment it is evident that the forward reaction itself would 

have a small quantum yield, and that the photocycloreversion effects of the λ 500 – 550 

nm lamp output would be negligible, particularly in such a qualitative experiment.  

Samples were withdrawn approximately every 5 minutes, and the absorption spectra 

revealed a dramatic decrease in the band at λ 375 nm, accompanied by the coalescence of 

the MLCT derived λ 426 nm and 450 nm bands into one broad featureless band of lower 

absorbance at λ 434 nm [Figure 4.26 (right)].  This broad band’s tail results in the growth 

of an absorption band at approximately λ 530 nm.  Although not altogether consistent with 

cyclisation, the clear isosbestic point at λ 481 nm reveals that the molecule is reacting 

cleanly to give one product, and the addition of base also had no effect on the appearance 

of the spectrum, indicating a different process to that occurring with the free ligand 

 

Figure 4.26: (left) Absorption spectra of 27 with irradiation using a monochromated 

xenon lamp λexc 370 nm; (right) absorption spectra of 27 using a medium pressure 

mercury vapour lamp, the 300 nm – 600 nm region is inset. 

A more controlled experiment was subsequently carried out using laser irradiation. Direct 

irradiation into the MLCT band using the λ 355 nm harmonic of a Nd:YAG laser in 

continuous mode (10 Hz) replicated the results obtained using the mercury vapour lamp.  

The emission was also found to be quenched during irradiation, falling to 20 % of its 
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original intensity within 35 minutes of irradiation.  Prolonged irradiation was found to 

quench the emission fully.  The change of shape observed in the MLCT absorption band 

suggested decomplexation of some form, though no indication of the free ligand’s 

fluorescence was observed in the emission spectra, nor was there any change in an 

irradiated sample’s NMR, though this could be due the high concentration required for 

NMR studies resulting in difficulty in converting enough of 27 to the product to be 

observed.  

 

Figure 4.27: The absorption (left) and emission (right) spectra of 27 under laser 

irradiation (in acetonitrile).   

 

Figure 4.28: Attempted photocycloreversion of 27 using ND:YAG laser irradiation λexc 

532 nm. 

Assuming that photocyclisation had taken place, an attempt was made to elicit 

photocycloreversion.  The relevant low intensity band observed which could be ascribed to 

a closed form is found at 530 nm, which usefully coincides with the frequency-doubled 
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Nd:YAG laser wavelength of 532 nm.  Irradiation for over 40 minutes only brought about 

further decrease in the MLCT band and no recovery in the luminescence (Figure 4.28). 

In conclusion, no evidence for photochromic behaviour has been found for either 

compound 26, nor its Ru(II) complex, 27. It was not possible to ascertain the 

photochemical reactions that the systems were undergoing. The reversibility in the 

presence of base observed in 26 indicates protonation, though it is not completely 

consistent with the acid-addition spectra obtained. The behaviour of compound 27 is very 

similar to that of the free ligand - a decrease in the absorption of the “quinoxaline” band 

and broadening of the lowest energy absorption.  However, the reaction proved irreversible 

on the addition of base.  Excited states often have very different acid/base behaviour to 

their ground states – i.e. benzene irradiated in the presence of D2O has been found to 

undergo H/D exchange due to the initial deuteronation of the excited state.  Even in the 

case that the excited system would be basic enough to deprotonate a solvent molecule or 

any residual water, or that photodegraded solvent would provide an acidic medium, it is 

very unlikely that these mechanisms could provide enough acidity to bring about the 

considerable changes observed in the UV-vis absorption spectra. These changes could not 

be observed even in the presence of 80 equivalents (Figure 4.23) or over 200 equivalents 

(Figure 4.16) of trifluoroacetic acid.   

4.6.3 Rhenium and iridium compounds (28 and 29) 

The UV-vis absorption spectrum of compound 28 is similar to that of the Ru(II) 

compound, comprising a principally phenanthroline-based π-π* transition at λ 236 nm, a 

pronounced thienyl π-π* band at λ 301 nm and the overlapped “quinoxaline” ππ* and 

MLCT bands at λ 400 nm. A broad, shouldered emission is observed in room temperature 

solution at 634 nm, the large Stokes shift (10,067 cm-1), indicative of the phosphorescent 

nature of the emission [Figure 4.29 (b)]. A solvatochromic shift of 455 cm-1 is observed on 

going from the relatively non-polar CH2Cl2 solvent to CH3CN, and is indicative of an 

MLCT phosphorescence.  George et al. indicate that the excited state of 

[Re(CO)3Cl(dppz)] appears to have a significant IL/phenazine MLCT character in less-

polar solvents, with the phenanthroline moiety MLCT becoming the lowest state in more 

polar solvents.  Emission is quenched upon protonation of the phenazine nitrogen atoms 

with concentrated acid, indicating a certain role for phenazine portion, whether in 3IL 

emission or contributing to an MLCT state [Figure 4.29 (b)]. The cyclic voltammogram 

shows very sluggish behaviour on the reduction side, showing three irreversible processes: 

one of which can be ascribed to reduction of the metal centre, with perhaps two reductions 
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of the ligand, though the distorted nature of the bands makes it difficult to make any 

conclusive assignments. 

 

Figure 4.29: (a) Absorption, excitation and emission spectra for 28 in acetonitrile; (b) 

slow emission quenching through the addition of CF3COOH to a CH2Cl2 solution of 28 

(tail of Raman scatter peak at 460 nm is observed. (c) Cyclic voltammogram of 28 in 

MeCN.   

The photophysical and electrochemical results obtained for the Ir(III) ppy complex (29) 

are shown in Figure 4.30.  In the UV-vis absorption spectrum, the quinoxaline band and 

the MLCT absorption appear to overlap at λ 401 nm, and a very weak triplet absorption 

band is found at λ 473 nm.  The excitation and absorption spectra match well, indicative of 

a single emitting species in solution.  The compound presents a reasonably symmetrical 

featureless emission at λem 595 nm, ascribed to an MLLCT phosphorescence.  A single 

quasireversible oxidation is observed at 0.91 V vs Fc/Fc+, and can be described as arising 

from the loss of an electron from an orbital that spans the metal and the phenyl group of 

the orthometalated ppy ligand (see Chapter 1).  The first reduction (a reversible wave at -

1.76 V) is thought to be a reduction of the N^N ligand, and is followed by a distorted 

quasireversible reduction of the ppy, at -1.91 V.   
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Figure 4.30: (a) Absorption, emission and excitation spectra for 29 (in CH2Cl2).  (b) 

Cyclic voltammogram of 29 in MeCN, 0.1 M TBAPF6 as supporting electrolytes.  Potential 

shown vs Ag/AgCl reference electrode, quoted values vs Fc/Fc+. 

4.7 Synthesis and studies on a dithienylperfluorocyclopentene-centred 

switch. 
Mindful of the efficiency of dithienylcyclopentene-derived switches described in the 

literature (See Chapter 3), a new system was devised which marries this centre to the rich 

coordination chemistry of the 3,6-bis(2’-pyridyl)pyridazine fragment.   

4.7.1 Synthesis of the starting materials – application of microwave synthesis 

The retrosynthetic analysis of the system, 31 (1,2-bis(2-methyl-5(3,6-dipyridin-2-yl-

pyridazin-4-yl)-3-thienyl)perfluorocyclopentene), is shown in Scheme 4.5.  This entails the 

synthesis of a DTE core containing pendant ethynyl groups, which can undergo a Diels-

Alder reaction with bptz.  In order to synthesise the DTE portion, 2-methylthiophene was 

first brominated in the 3,5- positions through the addition of bromine to a 0oC acetic acid 

solution of the compound.194  The resulting compound was converted to 3-bromo-2-

methyl-5-(trimethylsilylethynyl)thiophene (30) by carrying out a Sonogashira coupling 

with trimethylsilyl acetylene, using the method of Irie et al.195  In order to ensure that only 

the least sterically encroached bromine atom reacted, a large excess of the dibrominated 

thiophene was used.  Although the yield was reasonably high, comparable to Irie’s yield of 

61 %, this actually equates to 21% conversion of 30 to the required product.  Recovery of 

the 79 % of unreacted 3,5-dibromo-2-methylthiophenefrom the reaction mixture proved 
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difficult, and the reaction was felt to be very inefficient from a starting material and 

catalyst point of view.  Microwave heating was considered as a potentially more efficient 

method. 

 

Scheme 4.5: Retrosynthetic analysis for compound 31. 

Microwave mediated heating is a relatively new advent in chemical synthesis, but it has 

quickly made an impact in a wide variety of common reaction types such as Stille 

couplings,196 Suzuki couplings,197 Negishi couplings,198 Heck couplings,199 cyanation 

reactions200 and Sonogashira cross couplings.201, 202  The main benefit of microwave 

heating is the speed with which reactions can be brought to completion.  This aids more 

than time efficiency – by dramatically increasing the rate of a reaction it is often found that 

less side products are obtained as the favoured products are formed so quickly that 

processes of a lower rate have less time to compete.  Microwave heating was first applied 

to synthesis in the field of Inorganic Chemistry in the 1970s, with its popularity in Organic 

Chemistry growing in the 1980s.  The slow development of specialised equipment was in a 

large part due to the reputation the technique had as being difficult to control and having 

low reproducibility.  These issues, though not eliminated, have been vastly improved upon 

by an increased knowledge of the mechanisms by which microwave heating works, and by 

the arrival of custom-made microwave synthesisers.  Domestic microwaves are “multi-

mode” – i.e. the microwaves bounce off the walls in the cavity, resulting in a 3D pattern of 

of standing waves (“modes”).  This results in hot and cold spots which are disastrous in the 

efficient heating of a reaction, particularly in small vessels which can either overheat or 

not heat at all, depending on where they are placed in the cavity.  Modern synthetic 
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microwaves are therefore single mode – the heating is concentrated to one area at the 

centre of the reaction vessel.  This also allows higher field strengths to be applied. 

Microwaves are only of sufficient energy to cause rotational transitions in the molecules– 

the energy required to break a bond is approximately 3000 times greater than the energy of 

a microwave.  Microwave heating is a purely a kinetic effect, arising from polar solvent 

molecules being forced to rotate in order to align themselves with a continuously 

oscillating electric field.  Due to the speed of the oscillation and the proximity of other 

molecules preventing instantaneous alignment, a phase difference arises between the polar 

molecule and the oscillating field. The polar molecule then sheds its excess energy through 

collisions with the reactants. It is for this reason that non-polar molecules such as dioxane 

(which will not align) or gases (which are sufficiently spaced to align with ease) will not 

heat under microwave irradiation.  The efficacy of heating by dipole rotation is dependent 

upon the reaction mixture’s characteristic dielectric relaxation time, which is itself 

dependent on the viscosity of the reaction mixture.  Another mechanism by which heating 

arises is through ionic conduction.  This process occurs due to charged particles following 

the applied field, increasing their collision rate and, therefore, the temperature.  An 

illustrative example of this is that tap water heats approximately 20 oC higher than 

deionised water. The choice of an appropriate solvent is paramount in a successful 

reaction.  Important factors in conventional reactions, where boiling point and the 

solubility of the reactants are often the main concerns, are less important in microwave 

synthesis.  Superheating of solvents is routine, particularly under pressure, and many 

superheated solvents undergo drastic changes in their properties –for example water at 300 
oC is comparable to a room temperature organic solvent as its dielectric constant drops 

from 78 to 25 – the same as acetone.  The choice of solvent is, therefore, based on the 

capabilities of the solvents to absorb and generate heat from microwave irradiation.  These 

can be quantified using parameters such as the loss tangent, the dielectric constant and the 

dissipation factor, which are discussed further in the referenced literature. 203-206 

TMSA (0.78 eq)

Pd(PPh3)2Cl2
CuI

DMF:NHEt2 (2:5)
µW

 

Scheme 4.6: Sonogashira reaction scheme for the conversion of 3,5-dibromo-2-

methylthiophene to 30. 



Chapter 4 

194 
 

After several failed attempts, a suitable solvent mixture for the successful formation of 30 

was found.  DMF (being a medium absorbing aprotic solvent) was chosen, with 

diethylamine as base (Scheme 4.6).  Unlike the 3 fold excess used by Irie, only a 1.2 fold 

excess of 3,5-dibromo-2-methylthiophene was used.  The solvent mixture was bubbled 

with argon for 10 minutes and the reaction heated under microwave irradiation for 10 

minutes at 120 oC.  Following work up and purification by column chromatography and 

precipitation with methanol, the product was recovered in 51 % yield.  Although lower 

than the Irie method when calculated based on the limiting reagent, the conversion of 3,5-

dibromo-2-methylthiophene rose from 21 % to 41 %.  The time for the reaction was cut 

from 7 hrs to ten minutes, and most significantly, no double Sonogashira products were 

found at the 1:1.2 ratio used.  Extensive drying of solvents was not necessary, and the 

amount of solvent required for the reaction (on the same scale) was cut from 200 ml to 20 

ml.  The amount of CuI utilised was halved, and the amount of expensive Pd catalyst cut to 

a fifth of the literature amount.  Further modifications to the process are underway, and 

initial results show even higher levels of conversion. 

Compound 30 was lithiated by stirring with nBuLi at -78 oC in dry, degassed THF for 2 

hrs.  The resulting species was reacted with perfluorocyclopentene overnight, furnishing 

the trimethyl-silyl protected DTE core (Scheme 4.7).195  The trimethyl silyl protecting 

groups were then removed by stirring the compound in NaOH in THF/MeOH, to give 1,2-

bis(2-methyl-5-ethynyl-thien-3-yl)perfluorocyclopentene (Scheme 4.8).   

n-BuLi

THF
-78°C

-LiF

THF
-78 °C  

Scheme 4.7: Reaction of nBuLi, 30 and perfluorocyclopentene to yield 31. 
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1,2-bis(2-methyl-5-ethynyl-thien-3-yl)perfluorocyclopentene was then reacted with two 

equivalents of 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine in refluxing toluene for two days.  The 

initial [2 + 4] cycloaddition is followed by a cycloreversion which results in the formation 

of the final aromatised pyridazine ring and extrusion of nitrogen gas (Scheme 4.8). 

Following purification on a SiO2 column using ethyl acetate with 10% methanol as mobile 

phase, 31 was obtained as a light blue photochromic powder in 46 % yield.  The low yield 

is mainly attributed to the streaking of the product on the column.   

2.

(a)
NaOH

(b)

4:1 MeOH:THF

-N2

Toluene, 150 °C
Pressure tube

2 days

 
Scheme 4.8: (a) Deprotection and subsequent (b) Diels-Alder cycloaddition (alongside its 

mechanism) to yield 31. 

Interestingly, the NMR spectrum of 31o (Figure 4.31) shows only one conformer (or a 

rapid interconversion between two conformers), which, due to the photochromic behaviour 

observed even in sunlight, can be confidently attributed to the antiparallel form.  The 

proton spectrum was assigned using a combination of selective TOCSY and COSY 

experiments.  No NOE response was found for H7 of H8, making it difficult to distinguish 

the two pyridyl rings.  Previous work in the group71, 72 and by others10 has shown that in 

similar trisubstituted pyridazines, the general trend of the proton at the 6 position of the 

attached 2-pyridyl group being the most deshielded signal is broken.  In these cases the 

H3’ proton (as numbered below) becomes the most deshielded signal.  The large coupling 

constant (J = 7.9 Hz) of the most deshielded doublet indicates that it is not a H6(‘) signal, 
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and the signal can therefore be assumed to be H3’.  The other members of this spin system 

were readily grouped and ordered through selective TOCSY experiments.   

 

Figure 4.31: 1H NMR of 31 (600 MHz, RT, CDCl3). 

H6’ and H6 appear at δ 8.77 ppm and δ 8.62 ppm, respectively, sharing the 

characteristically small coupling constant of J = 4.5 Hz.  The singlets H7 and H8 were 

distinguished by comparison to similar compounds in which NOE analysis was 

successful.71  The highly deshielded nature of H7 (δ 8.70 ppm) indicates a strong 

interaction with the N atom of its neighbouring 2-pyridyl substituent, facilitating a similar 

interaction between H3’ and the adjacent pyridazinyl nitrogen.  This rationalises the 

unusually deshielded H3’ signal found in trisubstituted pyridazine systems when compared 

with their tetrasubstituted counterparts.  This theory is borne out in the crystal structure of 

31o (vide infra) in which this pyridyl ring is oriented as described above, and is virtually in 

the same plane as the pyridazine.  The methyl group is found as a singlet at 1.88 ppm. 

The 13C spectrum (Figure 4.32) was readily assigned using HSQC experiments.  As 

expected, the most deshielded CH groups are C6’ and C6 as they are attached to an 

electronegative N atom.  H3 and H3’ are found in the more typical 120 – 125 ppm region, 

as the deshielding effects described above for H3’ have little effect on the attached carbon.  

The most interesting feature of the 13C NMR spectrum is the splitting pattern observed in 

the quaternary carbons bearing the fluorine atoms.  C2 [as labelled in Figure 4.32 (inset)] is 

found at δ 115.6 ppm, and is split into a triplet of triplets, with coupling constants of J = 
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258 Hz and 24 Hz.  C1’s splitting pattern (at δ 110.6 ppm) is less well defined due to the 

low intensity of the resonance, arising from their being only one contributing atom (as it is 

the only atom on the compound’s axis of symmetry) and due to intensity being further 

decreased by the higher multiplicity expected for the signal – a triplet of quintets.  

Although the outer lines in particular are not resolved, it is possible to obtain coupling 

constants of J = 267 and 24 Hz.   

 

 

Figure 4.32: 13C NMR spectrum of 31o, (inset) magnification of the -CF2 quaternary 

carbon resonances (151 MHz, RT, CDCl3). 

4.7.2 Synthesis of the Ru and Re complexes of 31 

The dinuclear bis bipyridyl ruthenium(II) complex of 31was synthesised by refluxing two 

equivalents of [Ru(bpy)2Cl2] with the ligand in a degassed ethoxyethanol/water mixture 

overnight, followed by the precipitation of 32 using an aqueous solution of NH4PF6.  The 

precipitate was collected and purified by passing it through an SiO2 column, eluting with 

an acetone:KNO3:NH4OH mixture (20:3:0.5).72 The rhenium(I) complex was synthesised 

by refluxing the ligand with two equivalents of [Re(CO)5Cl] in chloroform overnight.  The 

resulting bright red microcrystalline solid was isolated by filtration and deemed to be 

sufficiently pure without further purification.  The compound was found to be quite 

insoluble in most solvents, making 13C NMR impossible. Mass spectrometry verified the 

presence of the compound.   
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Scheme 4.9: Synthesis of Ru(II) (32) and Re(I) (33) complexes of 31. 

As is often the case with the NMR spectra of ruthenium polypyridyls, particularly those 

with unsymmetrical ligands, the 1H NMR spectrum was quite complicated (Figure 4.33), 

consisting of many overlapping multiplets which could not be easily assigned.  Cooke et 

al.72 describe the use of expensive deuterated bipyridine ligands in order to simplify the 

complicated spectra of similar compounds, as the fact that almost all resonances exist as 

part of an overlapping multiplet hinders the useful interpretation of 1D selective TOCSY 

or 2D experiments.  The spectrum in Figure 4.33 can, however, be confidently attributed to 

the structure of 32 shown in Scheme 4.9.  This is due to the fact that the methyl signal at δ 

1.84 ppm exists as a singlet, and the area under the peak integrates for three times that of 

the signal at δ 8.67 ppm, the signal associated with the H7 position on the pyridazine ring, 

as numbered in Scheme 4.9).  HSQC analysis, cross referenced with the coupling constant 

magnitudes where possible, allowed the identification of the signals found alpha to a 

nitrogen, but as to whether they arise from the bipyridine ligands or 31 could not be 

established.  The identity of the compound is further substantiated by the mass 

spectrometry evidence ([M-PF6]+; calculated: m/z  = 2095.1388. obtained m/z = 

2096.1484).  The ligand comprises four coordination sites, and the evidence for the 

molecule existing as presented in Scheme 4.9 is discussed at the end of this section. 
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Figure 4.33: 1H NMR spectrum of 32 (CD3CN, 600 MHz, RT) 

A 1H NMR spectrum was obtained from a dilute CD3CN solution, and is shown in Figure 

4.34.  The methyl signal overlaps with the solvent signal, though enough of the peak is 

clear of the solvent resonance to allow for a rough integration, which is three fold that of 

the singlets (the thienyl and H7 protons), as expected for the methyl signal.  

 

Figure 4.34: 1H NMR of 33 (acetonitrile, RT, 600 MHz).  The spectrum has been 

truncated, and the scaling of the separate portions is not the same.  The rough integration 

of the methyl peak is approximately three times that of the singlets. 

For control purposes, two “model” compounds were synthesised.  As in the previous 

section in which [Ru(bpy)3]2+was used, it is important for the model to have a similar 

structure and absorption profile to the compound under investigation, and that any 

deviations in its properties are understood.162 The design of a model compound in the area 
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of photochromic materials is quite simple – the replacement of the switching portion for a 

similar non-switching moiety is generally sufficient.  This allows us to make deductions 

regarding the photochromic behaviour of the lead compound more confidently through 

reference to its non-photochromic counterpart i.e. the model gives approximate expected 

values for emission lifetimes and quantum yields in the absence of photochromic 

processes. 

CHCl3
170 °C
30 mins

µW

 

Scheme 4.10: Microwave assisted synthesis of the model ligand 34. 

The model ligand chosen was 4-phenyl-3,6-dipyridylpyridazine.  This ligand was 

previously synthesised through conventional heating108 however in this instance 

microwave irradiation was utilised.  By heating bptz and phenylacetylene at 170 oC for 30 

mins the product was recovered in high yield and purity through recrystallisation.  The 

Ru(II) and Re(I) model complexes were synthesised in the same manner as described for 

the corresponding complexes of 31o. 

4.7.2.1 Metal coordination sites 

 

Figure 4.35: Possible coordination isomers available for dinuclear complexes of 31. M = 

metal fragment.  
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It is a feature of compound 31 that multiple coordination sites exist, and that a mixture of 

isomers could potentially be formed upon reaction with a metal fragment, as shown 

diagrammatically in Figure 4.35.  This short section attempts to explain the rationale 

behind the assignment of the actual metal coordination sites, as shown in Scheme 4.9.   

Rao et al. have recently performed a study207 in which ligand 34 was used to form an array 

of platinum group metal complexes:  for example, the reaction of 34 with [(η6-arene)Ru(µ-

Cl)Cl]2 (arene = C6H6 or p-iPrC6H4Me), [(η5-C5Me5)Ir(µ-Cl)Cl]2 and [(η5-Cp)Ru(PPh3)2Cl] 

(Cp = C5H5, C5Me5 or C9H7) was found to result in the exclusive formation of type A 

mononuclear complexes (i.e. coordination to the pyridazinyl nitrogen meta to the aryl 

substituent, see Figure 4.35).  The use of [(η6-C6Me6)Ru(µ-Cl)Cl]2and [(η5-C5Me5)Rh(µ-

Cl)Cl]2 led to the formation of type B complexes (i.e. coordination to the pyridazinyl 

nitrogen para to the aryl substituent, again see Figure 4.35), the configurations of both 

types were verified by NMR and crystallographic studies.  Most significant to our study is 

that in no case was a mixture of type A and type B found to have formed during the 

reactions.  DFT calculations carried out on the complexes were confusing at best, with 

trends difficult to typify.  From the DFT results the authors have gleaned that with electron 

rich donor co-ligands type B is preferred (though only by ca. 0.95 kcal/mol and this result 

only arises from studies with Ru), and that the oxidation state (though this appears to have 

been comparing two different metal centres) and steric nature of the ligands of the metal 

have only a small effect (though discounted by the authors, this has the largest effect of 

any factor studied, with an energy difference of 1.96 kcal/mol).  In a homologous series, 

metal atom size was deemed to be a significant factor:  in [(η5-

C5Me5)M(34)Cl]+complexes, type A coordination was favoured over type B when M = IrIII 

(but only by 0.35 kcal/mol) and type A favoured (by only 0.95 kcal/mol) when M = RhIII.  

The effectively exclusive nature of the configurations actually obtained cannot be 

explained by such small energy differences, and must be due to other factors.  Mulliken 

analysis also shows that the nitrogen atoms which donate in a type B regime are in fact 

better donors due to their higher predicted atomic charges.  While the work certainly 

displays that the reactions are indeed effectively specific to either type A or type B, some 

of the NMR analysis appears to oppose certain trends observed in this and in some similar 

work carried out by the Draper group in the past.  Some points are illustrated in Figure 

4.36. 
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Figure 4.36: A typical Type A complex, sourced (modified) from the work by Rao et al.207 

The principal peculiarity is the assignment of signals H3’ and H3 (as numbered in the 

figure).  In all 4-aryl substituted derivatives of 3,6-(2-pyridyl)-pyridazines studied in this 

work, and in crystallographic studies by Cooke71, 107 (for the free ligand) and Constable109 

[where  4-aryl = 3,5-dimethoxy phenyl, and also in its type A silver complex) show that a 

significant interaction occurs between H3 and a pyridazinyl nitrogen, and H7 and a pyridyl 

nitrogen (numbering as in Figure 4.36).  As previously described for 31, this results in H3 

and H7 appearing markedly downfield in the 1H NMR spectrum (in Constable’s silver 

complex H3 appears at 8.62 ppm and H7 appears at 8.73 ppm).  The interaction of H3’ 

(which coordination has locked in place) with the π face of the neighbouring benzene ring 

should cause significant shielding (i.e. this results in a shift from δ 8.11 ppm in the free 

ligand to δ 7.41 ppm in the silver complex).109  Examination of Rao’s NMR shows the 

opposite.  His typical type A spectrum has an extremely shielded H3 at below δ 7.00 ppm, 

a deshielded H3’, and a H7 which is 0.3 ppm upfield of its type B H7 counterpart.  No 

explanation of how the NMR assignments were achieved is provided and, therefore, an 

element of doubt remains as to the assignment.  The main information arising from Rao’s 

work is that the reactions are generally specific to type A or type B, and that the reasons 

are not straightforward. 

The model complexes proved useful in the structural assignment of 32 and 33.  Crystals 

were grown by ether diffusion into a saturated CH2Cl2 solution of 36.  The large crop of 

crystals obtained showed similar morphology and colour, and it was assumed that the 

structure obtained was representative of the whole sample. 
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Figure 4.37: Molecular structure of 36, thermal ellipsoids shown at 50 % probability. 

A non-positive definite carbonyl carbon unfortunately remained following refinement, as 

well as a worryingly distorted thermal ellipsoid on its oxygen.  Therefore, no discussion of 

the structure can be confidently made except to state that the complex exists as a type A 

complex.  A comparison of the 1H NMR spectra of 33 and 36 shows that they are almost 

identical, and therefore we can be confident that the switch-containing system (33) is also 

in a type A configuration.  The NMR of the model complex was quite readily assigned 

using COSY and selective TOCSY techniques, and comparison of the spectra allowed the 

assignment of the 1H NMR of 33, as a full study was precluded by its insolubility in 

common deuterated solvents. 

 

Figure 4.38: Comparison of the1H NMR spectra of 33 and 36 (CD3CN, RT, 600 MHz) 

Although the NMR spectra for the ruthenium bis bipyridyl complexes are complicated, 

Figure 4.39 shows that they are very similar to that of the model complex, again with H7 
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appearing as a sharp singlet in both spectra, strongly suggesting only one possible 

configuration exists in solution.  The general pattern of the spectra also very closely follow 

the intractable multiplets reported by Cooke71, 72 for analogues of 35 in which the phenyl 

group has been replaced by either 4-pyrimidyl and 4-(2-pyridyl) groups [Figure 4.40 (c)].  

Although a crystal structure has not been obtained for 35, crystal structures do exist for the 

analogues described above, and these are shown in Figure 4.40 (a) and (b).  The crystal 

structures clearly show that, unlike the Re analogue, the complex exists in a type B 

configuration.  Although no powder pattern was taken for comparison purposes, we are 

confident that the crystals are representative of the bulk sample. 

 

Figure 4.39: Comparison of the 1H NMR spectra of 33 and 36 (CD3CN, RT, 600 MHz) 

 

Figure 4.40: (a) and (b): Representative crystal structures of model complexes synthesised 

by Cooke71 (c) The 1H NMR of [Ru(bpy)2(3,4,6-tris(2-pyridyl)pyridazine)][PF6] (green) 

along with its bpy-d8 analogue (yellow) are also shown.  
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As Rao has shown, attempting to formulate a general rule for explaining the preference of 

complex systems to adopt one type of configuration over another is difficult.  Due to the 

fact that Rao’s work was based on the thermodynamic stabilities of the products, it can be 

surmised that the kinetic factors may be important.  It should be noted that the reaction 

between 34 and Re(CO)5Cl, yielding a type A complex, is carried out in refluxing 

chloroform (b.p 61 oC).  The analogous reaction using [Ru(bpy)2Cl2] requires overnight 

reflux in a 2-ethoxyethanol/water mixture (b.p.2-ethoxyethanol135 oC) in order to react.  For the 

presumably faster Re(I) reaction it could be postulated that the interaction between H3 and 

a the pyridazinyl nitrogen and H7 and a pyridyl nitrogen (Figure 4.36) may persist to some 

extent, even at relatively high temperatures, resulting in a preference of the N-atom to face 

away from the coordinating side of the molecule, leaving only a type A configuration 

available.  At the higher temperature required for the Ru(II) reaction, it can be assumed 

that the rings are rotating freely, and in this case that the stronger donors displace the 

chlorine atoms, resulting in a type B complex.  Although plausible, this conjecture does 

not completely explain the vast preponderance/possible specificity of the reaction, though 

the answer would appear to lie in a fuller study of the kinetics of the reactions.  This, 

however, is outside the scope of the current investigation. 

4.7.3 Photophysical analysis of 31 

 

Figure 4.41: UV-vis absorption spectra of 31o (red) 31c (closed/photostationary state) 

(black) (1.2 x 10-5 M, CHCl3, irradiating at 330 nm).  Inset are photographic 

representations of the colour change observed in dilute chloroform solution, along with 

representations of the molecular structures. 
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The UV-vis absorption spectrum of 31o is shown in Figure 4.41 (red plot).  The spectrum 

consists of a high energy π-π* band at 285 nm (66,000 dm3mol-1cm-1) and a shoulder at 

322 nm (31,000 dm3mol-1cm-1).  The latter band is ascribed to transitions localised on the 

thiophene moiety.  Irradiation with UV light of 254 nm quickly resulted in the solution 

becoming a deep blue/purple.  Examination of the UV-vis absorption spectrum [Figure 

4.41 (black plot)] reveals that the dramatic colour change arises due to the appearance of 

an intense new band (the S0→S1) at 586 nm, with the remarkably high molar absorption 

coefficient of 14,000 dm3mol-1cm-1 at PSS.  As previously discussed in the Introduction, 

this band is the characteristic “closed form” band which arises due to the fusion of the 

thiophene moieties via an electrocyclic mechanism.  This fusion results in an extended 

(planar) conjugated system which extends across the condensed thienyl portion and into 

the aromatic substituents.  Due to the high level of conjugation, the HOMO and LUMO 

levels are moved closer in energy, resulting in the dramatic shift in the thienyl π-π* band 

from λ 322 nm to λ 586 nm.   

The extended conjugation of the fused portion into the aromatic substituted pyridazines 

has a significant effect on the S0→S1 band.  Replacing the pyridazinyl substituents with a 

methyl group (1,2-bis(2,5-dimethyl-3-thienyl)perfluorocyclopentene) or a phenyl group 

(1,2-bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene) decreases both the λclosed and 

the molar absorption coefficient to λclosed 534 nm (5,000 dm3mol-1cm-1) and λclosed 562 nm 

(11,000 dm3mol-1cm-1) respectively.140  The increased separation of the open and closed 

bands found in 31 is of benefit in potential device applications due to the accompanying 

increased colour purity.  The increased molar absorption coefficient not only results in 

better colour intensity, but also points towards an increased efficiency in the reverse 

reaction due to higher absorption of the “closing beam” photons.   

Processes involved in both the photocyclisation and photocycloreversion were then studied 

in a more quantitative manner under the supervision of Prof. M. T. Indelli in the University 

of Ferrara.  Using 355 nm laser pulses, the sample was quickly converted to the coloured 

closed form.  Unfortunately, the frequency doubled output of the available laser (532 nm) 

is unsuited to bringing about efficient photocycloreversion.  Therefore, the experiment was 

carried out with the far less intense monochromated light from a xenon lamp [Figure 4.42 

(bottom)].   
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Figure 4.42: (top) Photocyclisation of 31o, brought about by irradiation with 7 ns 355 nm 

laser pulses (concentrated sample used in order for A355nm> 1).  (inset) Absorbance 

increase at 585 nm plotted as a function of the number of 7 ns 355 nm pulses. (bottom) 

Cycloreversion of 31c, brought about by irradiation with a 580 nm monochromated xenon 

lamp source, (inset) absorbance decrease plotted as a function of irradiation time. 

The compound was found not to be appreciably fluorescent.  This is of benefit, indicating 

that emission processes do not compete with the photocyclisation process.  

Chromatographic separation of the open and closed isomers was found not to be feasible, 

and attempts to record an NMR spectrum of the PSS solution was hampered by the 

insolubility of the closed form in chloroform and the insolubility of the open form in 

DMSO.  Attempts to exploit this as a method for separating the forms proved impossible 

on a large enough scale. The proportion of 31c formed was therefore calculated as outlined 

below, basing the calculation on the following two assumptions:   

• the absorbance at 580 nm completely arises from the closed form 
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• at early time increments of the photocyclisation process, the vast excess of open 

form means that absorbance at 330 nm is due only to the open form 

A UV-vis sample of 31o was prepared in CH2Cl2 and irradiated with white light to ensure 

that no closed form was present.  The sample was then irradiated with monochromated 

light of 330 nm for 90 s, with the absorbance at the points undergoing most significant 

change (i.e. 330 nm and 580 nm) noted at t0 and at 30 s intervals.  In order to maximise 

absorbance of the incident photons the concentration of the sample was adjusted to ensure 

an absorbance of between A = 1.6 - 2 at 330 nm.  Using Equation 4.1 it was possible to 

calculate the drop in the concentration of 31o (∆!!) from the change in absorbance at 330 

nm from t0 to 30 s (∆!!!!"!!"), utilising ε330 nm = 29,452 dm3mol-1cm-1.  As the drop in 31o 

concentration must be equal to the amount of 31c formed, Equation 4.2 can be used to 

calculate a molar absorption coefficient for 31c. 

∆!! = !
∆!!!!"!!"
!!!"!!"

 

Equation 4.1 

 

!!"#!!" = !∆!!
!"#!!"

∆!!
 

Equation 4.2 

 

This procedure was repeated for ∆!! and ∆!! using the absorbance changes from t0 to 60s 

and t0 to 90 s respectively.  The data is tabulated below (Table 4.1). 

Table 4.1: Calculation of ε580 nm for 31c. 

n ∆!!!!"!!" ∆!!/M !!"#!!"/dm3mol-1cm-1 

1 0.02437 8.26 x 10-7 24201 

2 0.0459 1.56 x 10-6 23823 

3 0.06689 2.271 x 10-6 24355 

The values obtained were highly self-consistent, and anaverage molar absorbance 

coefficient of ε580 nm = 24,012 dm3mol-1cm-1 was calculated for 31c. 

The photostationary state was achieved through irradiating the sample at 330 nm until no 

further changes in absorbance were observed.  In conjunction with the initial and PSS 
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spectra, the known and calculated molar absorption coefficients for 31o (ε330 nm = 29,352 

dm3mol-1cm-1) and 31c (ε580 nm = 24,012 dm3mol-1cm-1) were used to calculate the ratio of 

31c:31o at PSS as 1:0.75.  The fraction converted (i.e. basing the calculation on the initial 

31o concentration) is 0.572. In order to verify this, the initial and PSS spectra were 

recreated with fresh solutions, irradiating with 355 nm laser light.  The converted 

fractioncalculated, 0.520, was in good agreement with the previous result.   

The approximated UV-vis absorption spectrum of 31c was calculated by taking advantage 

of the additive nature of absorbances.  Therefore, for each wavelength measured: 

!!"!#!!"" = !!!"#$!"" + !!"#$%&!""  

∴ !!!"#$%&!"" = !!!"!!"" − !!"#$!"" = !!"!!"" − !!"#$[!"#$]!"" 

In practice this involved obtaining a molar absorption coefficient for every wavelength 

measured in the spectrum of pure 31o and multiplying these values by the concentration of 

the open form at the PSS.  This gives rise to an appropriately scaled absorbance spectrum 

of 31o which can be subtracted from the observed PSS spectrum to yield the closed form 

(31c) spectrum.  The resulting spectrum, rescaled to molar absorbance coefficient units, is 

shown in Figure 4.43.  The calculated spectrum appears credible, evidenced by the 

retention of a sharp isosbestic point, and the small drop in intensity at λ 288 nm with a 

concomitant increase in the S0→ S2 and S0→ S1 transitions at λ 390 nm and λ 580 nm 

respectively.  A significant fault, however, is the erroneous negative ε value obtained at 

340 nm.  This obviously is due to the absorbance of the scaled open form spectrum being 

greater than that of the PSS spectrum at this point.  It was assumed that this error arose 

from rounding and was exacerbated by error multiplication. Adjusting this value to zero 

was unsuitable, as it resulted in the isosbestic point being compromised, and in an 

excessively high ε330 nm of over 7 x 104 dm3mol-1cm-1. The negative value was therefore 

ascribed to error arising from the approximations discussed at the beginning, with perhaps 

a small contribution from the low response of the detectors arising from the high 

concentrations required by the experiment – i.e. A ~ 1.7 gives a transmittance of less than 

2 %.   
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Figure 4.43: Calculated absorption spectrum for 31c. 

Considering the overall ε range of the spectra, the negative value deviates by only 3 % 

from A = 0. It was felt that the use of the calculated spectrum is valid, although some 

caution must be exercised with the values obtained.  The calculated ε values are broadly in 

line with those of similar systems (i.e. De Cola’s system23 επ-π*= 48,000 dm3mol-1cm-1, 

ε(S0→ S2)closed = 13,000 dm3mol-1cm-1 and ε(S0→ S1)closed = 20,000 dm3mol-1cm-1 relative 

to 31c επ-π* = 60,000 dm3mol-1cm-1, ε(S0→ S1)closed = 14,000 dm3mol-1cm-1 ε(S0→ S1)closed 

= 24,000 dm3mol-1cm-1).  

Measurements for the quantum yields for both photocyclisation and photocycloreversion 

were carried out according the following equation: 

! = ! [!"#$%&!!"#$]
!ℎ!"!#$!!"#$%"&' 

The concentration of 31c was used as the variablefor both photochromic processes due to 

its intense absorbance in a region in which 31o does not absorb.  The ‘photons absorbed’ 

term cannot be measured directly, and was substituted for the value of incident photons 

emitted by the source.  A number of measures were taken in order to ensure the validity of 

this approximation.  Irradiation was carried out using a monochromated xenon source, and 

an iris diaphragm was placed between the excitation slit and the sample in order to focus 

the beam onto the sample.  Relatively concentrated solutions were again used in order to 

ensure high absorptivity at the relevant wavelengths, adjusting the absorbance at the 

excitation wavelengths to approximately A = 2 (%Transmittance at A = 2 is 1 %).  The 

photon flux under these conditions was measured using a radiometer, giving a power of 
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175 µW at 330 nm with 5nm slit width, and 393 µW at 580 nm with a 10 nm slit width.  

These values correspond to an output of 4.82 x 10-10 einstein/s and 1.31 x 10-3 einstein/s 

respectively.  These were used to ascertain the number of photons the sample was 

subjected to during the time intervals indicated in Figure 4.44.  The concentration of 

closed form per cuvette was calculated following each irradiation step using the molar 

absorption coefficient value for λ 580 nm, which was obtained as outlined in the previous 

section.  Again, both solutions were irradiated for prolonged periods with the appropriate 

wavelength light before analysis to ensure that the solutions at t0 were either pure 31o or at 

the PSS, as required.  Measurements were only carried out for the beginning of the 

photochromic processes to ensure, as far as possible, that only the required form of the 

molecule was absorbing at the wavelength being monitored.  This requirement for the 

measurement of photochemical quantum yields avoids the plots from “tailing off” from 

linearity due to the build-up of the other absorbing species (as observed in Figure 4.42).  

Measurements were also carried out in the dark to prevent ambient light from bringing 

about a confounding photochromic response. 

Compound 31o was irradiated with λexc 330 nm for 5 minutes, measuring the absorbance at 

30 second intervals.  The data was plotted according to the following equation: 

!!"#!!"
!!"#$%&

! = !!!→! ∙ !"#!$%"&!!ℎ!"!#$  

A is the absorbance, εclosed is the approximated value for the molar absorption coefficient 

of 31c at 580 nm (vide supra), and V is the volume of the cuvette, making the first term 

equal to the moles of closed form formed per cuvette.  The plot of the data was linear, and 

was fitted with a y = a + bx regime, i.e. the intercept was allowed to deviate from zero in 

order to facilitate the best fit to the data while allowing for small deviations due to 

instrumental and random variation factors.  The observed value obtained, Φo→c = 0.15, is 

quite low, particularly as the concentration of the photochromically inactive isomer was 

negligible from NMR.  The linear fit has a very high adjusted R2value of 99.8 %, 

indicating an excellent correlation. The same procedure was carried out for a PSS solution 

in order to calculate the quantum yield of the photocycloreversion reaction.  The drop in 

the concentration of 31c was plotted as a function of increasing photon dose, yielding a 

low Φc→o = 0.013 with an even higher adjusted R2 value of over 99.9 %.  The quantum 

yield of the reverse reaction is typically ca. ten times lower than cyclisation, as observed 

here - however both Φ are quite low for DTE based compounds.   
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Figure 4.44: Photocyclisation (top) and photocycloreversion (bottom) quantum yield 

measurements for compound 31. 

4.7.4 Solid-state characterisation 

Crystals of X-ray quality were grown in a long vessel by the evaporation of a solution of 

31o in a CH2Cl2/diethyl ether mixture. The crystals had a six sided prismatic habit, and 

crystallised in the triclinic P-1 space group, with two molecules in the unit cell.  The 

refinement converged with R1=0.0963 and wR2=0.2634 for all data.  These values are quite 

high, and can be attributed to the disorder observed, primarily in the perfluorinated 

cyclopentene portion of the molecule. The two insets in Figure 4.45 attempt to illustrate 

this disorder.  The first inset, showing no bonds, displays the atoms coloured 

corresponding to their site occupancy – deep blue (carbon) and light blue (fluorine) atoms 

had the most intense contribution, and have been modelled with a partial occupancy of 

0.838(5).  The carbons of the double bond were not disordered and are coloured in both 

red and blue.  The red set of atoms were modelled with a partial occupancy of 0.162(5).  
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The other inset shows the disordered ring more clearly (coloured in opaque red), the top 

three carbons of which have has twisted slightly out of the plane.   

 

Figure 4.45: Crystal structure of 31o; yellow: sulfur; green: fluorine.  Thermal ellipsoids 

shown at 50 % probability.  The two are representative images of the observed disorder. 

The main interactions observed in the lattice of 31o are illustrated in Figure 4.46.  As 

previously discussed, rings B and C are practically in the same plane (deviating from 

planarity by less than 8o) as is typical in such systems [Figure 4.46(a)].  Examination of the 

structure leads to the conclusion that no intermolecular interaction can be implicated in this 

observation. The observed planarity between rings B and C can mostly be ascribed to the 

overlap of the p-orbitals of the adjacent aromatic rings, facilitated by the lower steric 

hindrance presented by the N lone pair compared with a C-H – i.e. the crystal structure of 

p-terphenyl is twisted (only becoming planar at pressures over 1.0 – 1.5 GPa),208 while 

2,5-diphenyl-pyridazine gives a completely planar structure.209  The carbon atoms which 

form the C-C bond upon irradiation (C9 and C14) are separated by a distance of 3.448 Å in 

the open form [Figure 4.46 (b)].  This is actually quite short relative to many published 

DTEs, with successful photocyclisations reported in systems with a C···C distance of up to 

4.2 Å.210, 211  The thiophene rings make an angle 53.12o with respect to one another. 
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Figure 4.46: (a) and (b): Representations of the principal intramolecular interactions in 

the lattice of 31o. (c) A representation of the principal intermolecular interactions 

observed in 31o. 

Figure 4.46(c) shows the principal intermolecular interactions which stabilise the lattice.  

A linear array of molecules is held together by an S···S interaction (indicated in the figure 

by a blue dotted line), with a distance of 3.460 Å (ΣrVdeW = 3.6 Å).  Another identical array 

occurs above this, but inverted.  Both columns are connected through short F···F 

interactions of 2.778 Å (ΣrVdeW = 3.0 Å) (dotted red line in the figure).  The crystals were 

also found to show reversible photochromic behaviour in the crystalline phase.  Irradiation 

of the clear light yellow crystals with UV light quickly resulted in a deep blue colouration.  

The crystals were completely bleached by irradiation with visible light, many cycles of 

which were performed with no obvious signs of damage to the crystal’s integrity.  

Attempts to obtain a crystal structure of the closed form are ongoing. 

 

Figure 4.47: Photochromic behaviour in the crystalline phase, imaged at 100 x 

magnification. 
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4.7.5 Photophysical study of 32 and 33 

The absorption profiles of 31o, 32, 35 are shown in Figure 4.48.  The spectrum of 32 is 

essentially a sum of the model complex 35 and the free ligand 31o spectra – such 

additivity can be indicative of a degree of decoupling of the metal-containing portion from 

the switching-portion in the ground state (termed “supramolecularity” by Scandola et 

al.).162  Such decoupling can be attributed to a large angle of intercomponent twist 

breaking the π overlap.  The intercomponent twist angle would be expected to be quite 

high in our bulky system, though complete decoupling cannot be assumed due to the 

proximity of the two fragments.  The 1MLCT region observed in 32, consisting of two 

bands at λ 490 nm and λ 430 nm, has molar absorption coefficients of 36,900 dm3mol-1cm-

1 and 33,800 dm3mol-1cm-1, respectively.  These are approximately twice the values 

observed for the 1MLCT of 35 (λ 484 nm, ε = 19,147 dm3mol-1cm-1 and λ 433 nm, ε = 

21,557 dm3mol-1cm-1), illustrating the dinuclear nature of 32.  The π-π* transitions of both 

32 and 35 at 285 nm are also more intense (than in 31o due to the added contributions of 

the bipyridyl and phenyl π-π* transitions (See Table 4.2 for values).  The wavelength and 

molar absorbance values are very much in accord with those observed in similar 

compounds, for example De Cola’s dinuclear Ru(II) polypyridyl dithienylethene system.23  

 

Figure 4.48: Comparison of the UV-vis absorption spectra of 31o, 32, 35 in acetonitrile. 

The thienyl π-π* transition, predictably absent from the model compound’s spectrum, is 

found at 346 nm (ε = 35,200 dm3mol-1cm-1) in 32.  The shift and increased molar 

absorption coefficient relative to the corresponding band in 31o indicates some coupling to 
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the metal centre, however this band is the purest ligand-based transition available, and is a 

useful point for selectively irradiating the ligand.   

Irradiation with light from a monochromated xenon lamp light source had no effect on the 

absorption spectrum of 32, whether irradiating into the thienyl π-π* or 1MLCT transition.  

Using laser irradiation, a degree of photocyclisation was observed, but up to 5000 pulses 

were required to bring about a new band at 580 nm with an absorption coefficient of 

approximately 8200 dm3mol-1cm-1. This is quite small relative to similar photochromic 

molecules: De Cola’s Ru(II) system gives an intense closed S0→ S1 band at 614 nm (ε = 

32,000 dm3mol-1cm-1), compared to λ 605 nm (ε = 20,000 dm3mol-1cm-1) in the closed free 

ligand at PSS.23  The Indelli group attempted to quantify the quantum yield for this very 

inefficient reaction.  The linear fit was relatively poor (adjusted R2 = 0.92), but an 

estimation of Φ~ 5 x 10-5 was made from the data.  

 

Figure 4.49: UV-vis absorption spectra of 32 indeaerated acetonitrilesolution upon 

irradiation with 355 nm Nd:YAG laser.  (A > 1 in order to ensure a high degree of 

absorption of the incident laser beam) 

Compound 32 has a relatively strong, unstructured 3MLCT-derived emission at 700 nm.  

The excitation spectrum (λem = 700 nm) matches the absorption spectrum well, with only 

minor distortions in intensity around the MLCT region, as expected in systems where the 

spread of intensities is quite large (Figure 4.50).  The Stokes’ shift is also quite large due 

to the triplet character of the emission, at 6249 cm-1.  Emission quantum yield and lifetime 

measurements were carried out in the Indelli group using the method of Crosby and 

Demas129, with [Ru(bpy)3] (Φ = 0.059) used as reference.  The Φem of 32 (Φem 0.01) is 
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quite comparable to the non-photochromic model complex (Φem 0.023), indicating little 

competition to phosphorescence arising from photocyclisation.  The lifetimes of the 

emissive species of 32 was found to be τ 206 ns.  The value is short, yet similar to that of 

[Ru(bpy)2(phen)]2+in CH2Cl2 (τ 310 ns).30 The short lifetime is unfortunately not linked to 

a competing cyclisation pathway, as 35 was found to, apparently, have the same lifetime 

(see Figure 4.51).  The extraordinary similarity between the data clearly indicates that the 

same (non-photochromic) quenching pathways exist in both compounds. 

 

Figure 4.50: Normalised absorption, excitation and emission spectra of 32 in acetonitrile 

solution (RT, deaerated). 

 

Figure 4.51: Transient emission decay curves for (left) 32 and the model complex 35 

(right) (MeCN, deaerated, RT). 



Chapter 4 

218 
 

Broadly speaking, there are two possible outcomes in attaching a photoactive metal centre 

to an organic molecular switch – either an enhanced/modified switching process due to the 

possibility of tapping into the previously inaccessible triplet states, or the on/off switching 

of the emission response of the metal, depending on the state of the switch.  In the case of 

32, neither of these outcomes is evident as the metal fragment appears to have in fact 

retarded the photochromic capabilities of the ligand.  The reason for this can be deduced 

from comparing the structure of the sluggish switch (32) with De Cola’s successful Ru(II) 

switch, and the unsuccessful Ru(II) ammine switch synthesised by Lehn et al.147 (Scheme 

4.1).  It is immediately evident that the degree of insulation of the metal centre and the 

switching moiety from one another is proportional to the success of the switch.  In Lehn’s 

case, somewhat similar to 32, the metal coordinating centre is directly attached to the 

thienyl segment.  This results in the MLCT being completely delocalised over the entire 

system – instead of the metal-containing moiety sensitising the fusion of the thienyl 

portion through energy transfer from the 1MLCT indirectly to the 3IL state, in this case the 

thienyl portion becomes part of the MLCT state itself, resulting in no closure being 

observed. 

 

Scheme 4.11: Comparison of the structures of De Cola’s Ru(II) polypyridyl switch (top), 

32o (centre), and Lehn’s Ru(II) ammine switch. 
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In compound 32 a degree of decoupling was noted due to the complex’s spectrum being 

effectively an addition of the model complex and free ligand’s spectra. The key to the 

cause of the cyclisation inefficiency is to be found in Figure 4.50.  The red shift in 32’s 

emission and lowest energy 1MLCT absorption relative to [Ru(bpy)3]2+ clearly indicates 

that the MLCT state lies on the more conjugated (and more easily reduced) switching 

ligand rather than on the bipyridyl ligands. The presence of the chiefly ligand based 

“thienyl” transition at 346 nm in the excitation spectrum gives clear evidence that energy 

transfer must be occurring from the proximal thienyl portion to the MLCT state, thus 

contributing to the emission.  Although the exact match of excitation spectra with their 

corresponding absorption spectra is a common test for sample purity, the absence or 

presence of certain bands, particularly in decoupled systems (for example in dyads212), 

should be regarded as a means to assay the energetic contribution of the various separate 

moieties to the emitting state.  This can be visualised as the MLCT encompassing the 

thienyl region, draining the energy required for photocyclisation and utilising it in the 

emission.  On the other hand, De Cola’s system has reached a balance between complete 

isolation of the regions (which would negate the reasons for incorporating a metal) and 

complete delocalisation through the inclusion of a semiconducting phenyl spacer between 

the metal fragment and the switching fragment.  This allows the sensitisation of 

photochromic behaviour and the modulation of luminescence through switching. 

 

Figure 4.52: Absorption and emission spectra of optically matched MeCN (air-

equilibrated, RT) solutions of the Re-containing switch (33) and its model compound (36). 
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The absorption and emission spectra of compounds 33 and 36 are shown in Figure 4.52.  

Both complexes show a strong π-π* absorbance at λ 297 nm, and an MLCT at ca. λ 408 

nm.  In common with its ruthenium counterpart and the free ligand, the switch-containing 

complex (33) also displays a thienyl-based absorption at λ 361 nm.  Both complexes 

displayed a weak, broad and unstructured emission at room temperature in acetonitrile, 

with emission maxima of λ 674 nm and λ 695 nm observed for 36 and 33, respectively.  

Irradiation of the sample under the previously used conditions resulted in an extremely 

slow photochemical process occurring (Figure 4.53).  The process was very clean for up to 

1500 pulses at λ 355 nm, with clear isosbestic points at λ 320 nm and λ 457 nm and the 

growth of a new broad band at λ 556 nm.  While the steady decrease in the MLCT band 

could indicate decomplexation under such heavy irradiation (allowing the liberated ligand 

to undergo closure), closer inspection reveals that this band actually appears to be shifting 

to λ 464 nm, as would be predicted if the MLCT was to occur on the more conjugated 

“closed” switch ligand.  Following 1500 pulses however, distortions began to appear in the 

“closed” band and the isosbestic points were compromised.  This indicates another process 

competing with the switching – most likely the loss of a carbonyl or complete 

decomplexation of the metal from the switching ligand.   

 

Figure 4.53: Photochemical process observed upon irradiation of 33 (MeCN RT λex 

=355nm). 

Notwithstanding the instability of the system, the quantum yield of photocyclization was 

measured.  The 100 % “fully closed” spectrum was again calculated as previously 
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described (shown in Figure 4.54), with the slow process aiding in the accuracy relative to 

the previous case.  The experimental work for this process (carried out by the group of 

Prof. Indelli) showed that the quantum yield of cyclisation was extremely low, at 6 x 10-4 

(with an adjusted R2 of 0.99583).  The reverse process was also measured and gave a 

relatively high quantum yield of 0.013.  The value obtained is same as the free ligand, and 

possibly is a measure of the photocycloreversion of the decomplexed ligand.  It should be 

borne in mind that this solution was irradiated for a prolonged period in order to obtain a 

PSS composition – and had accordingly already received a substantial degree of 

destructive irradiation before the measurement took place.  The % conversion (i.e. at 1500 

pulses) was also measured using the predicted spectrum (Figure 4.54), and found to be 

reasonably high, at 0.41.   

 

Figure 4.54: The spectrum of 33(o), along with the predicted spectrum of 33(c). 

4.8 Conclusions 
This chapter begins with attempts to use the 3,6-bis(2-pyridyl)-1,2,4,5-tetrazine synthon in 

the field of molecular switches.  Initially, a novel dimethylthienyl ethene derivative was 

synthesised via a McMurry coupling.  The resulting system does not show any 

photochromic behaviour but slowly decomposes in sunlight/air.  Its rhenium(I) compound 

is air stable, but the steric properties of the system cause considerable ring-locking, 

resulting in a complex mixture.  It displays some odd behaviour upon irradiation in 

benzene, with the appearance of some structured peaks at high energy.  These, however, 

are not due to photochromic behaviour.  Another complex, structurally similar to one 

synthesised by Yam et al.,55 was also prepared.  Through its design, it attempted to solve 
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the atropisomer issue experienced by Yam through having less steric hindrance at the 

thienyl region.  This part was successful, as only one isomer is observed in the NMR. The 

system proved not to be photochromic however.  The lack of photochromic properties is 

attributed to the pyrazine spacer, as is explained through invoking Clar’s rules.  The 

complete absence of any photochromic behaviour is puzzling however, and DFT 

calculations are currently underway to assess whether the thiophene rings are in some way 

locked in the inactive parallel conformation.  The Ru(II) complex was found to 

photodegrade under the intense irradiation conditions used, and showed no evidence of 

photocyclisation.  Ir(III) and Re(I) complexes of the system were synthesised and were 

also not photochromic.  A more common DTE moiety was then introduced, while also 

retaining the tetrazine-derived portion.  The free ligand showed good photochromic 

behaviour, while its Ru(II) and Re(I) complexes showed extremely inefficient 

photocyclization due to the MLCT states encompassing the thienyl region, draining the 

energy required for photocyclisation into the emission process.   

Table 4.2: Compiled photophysical data for compounds 25 - 34. 

  !!"#/!"(ε/103 dm3mol-1cm-1) Medium (T) !!"#!" /nm) 

(τ/ns) 

!photovhromic!

 

Φem  

 25 303, 438 Butyronitrile (77 

K) 

585 0 - 

 26 248, 298, 384 MeCN (RT) 445 0 - 

 27 286, 380, 425, 452 MeCN (RT) 610 (789) 0 - 

 28 238, 302, 393 MeCN (RT) 633 0 - 

 29 268, 325sh, 398, [473, 3MLCT] MeCN (RT) 595 0  

 31o 288 (65), 325 (31)  CHCl3 (RT) - 0.15 - 

 31c 289 (64), 388 (16), 585 (25) CHCl3 (RT) - 0.013 - 

 32o 286 (15.5), 350 (34.6), 430 

(35), 490 (38) 

MeCN (RT) 698 (206) 0.01 ~5 x 10-5 

 35 286 (74), 429 (14.7), 488 (13.5) MeCN (RT) 671 (206) 0.023 - 

 33o 269 (36), 299 (32.6), 361 

(19.7), 413 (16) 

MeCN (RT) 698 - 6 x 10-4 

 34 297 (24.6), 407 (5.6) MeCN (RT) 671 - - 
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5. Attempted cyclodehydrogenation of pyridazine-derived 

polyphenyl systems 
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5.1 Introduction 
This chapter discusses the attempted synthesis of a novel set of pyridazine-derived 

molecular graphene fragments through wet synthetic techniques.  The chapter begins with 

a discussion of the state-of-the-art in the chemical synthesis of all-carbon systems, 

followed by an examination of more recent research in which heteroatoms are incorporated 

into the planar framework.  The attempted synthesis of four N-containing, long-chain 

substituted derivative is first explored, followed by the study of a methoxy-substituted two 

N-containing species.   

5.2 The synthesis of “molecular graphenes” 
Despite the high cost (and high toxicity in many cases) associated with their manufacture, 

semiconductors such as gallium arsenide and inorganic silicon have dominated the 

semiconductor industry for many years.  The principal benefit of such systems is that they 

have exceptionally high electron mobility, allowing their use in devices with high 

switching speed requirements.  In the early 1970s it was discovered that certain organic 

polymers are capable of conducting electricity, opening up the possibility of their use in 

electronic devices such as photovoltaic cells and field effect transistors.  Such organic 

systems offer lightweight, mechanically flexible materials which can generally be 

processed easily and relatively cheaply via solution-based methods such as spin-coating or 

inkjet printing.  Not only does the chemical synthesis of suitable organic molecules offer 

less demanding conditions relative to that of inorganic silicon or GaAs, it also allows a 

high level of control in terms of the precise composition of the material.  Tuning of the 

system’s properties can be achieved through the intelligent incorporation of substituents 

which can be used to alter numerous characteristics, ranging from the magnitude of the 

HOMO – LUMO gap to improvement of the material’s film-forming capabilities.  The 

research investment in the field has grown exponentially, and the significance of the 

discovery was acknowledged by the presentation of the Nobel Prize in Chemistry to 

Heeger, Shirakawa and MacDiarmid in 2000 for their discovery of conductive polymers.  

With such accolades and investment it is interesting to note that in 2002 the global 

semiconductor industry was worth US$142 billion, with only US$300 million of that 

arising from organic semiconductors.  The principal challenge which remains in the field 

of organic semiconductors is that the electron mobility of most organic systems studied 

has proven to be far lower than their inorganic counterparts – often up to three orders of 

magnitude less.  This results in organic semiconductors being unable to compete in 

applications requiring high switching speeds, although organic systems have recently been 
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successfully incorporated into commercial devices.  One potential material suitable for 

many electronic applications is graphene and its derivatives. 

5.2.1 Graphene, polycyclic aromatic hydrocarbons and “molecular graphenes” 

Graphene is a planar sheet composed of a honeycomb structure of sp2 carbons, often 

described as having a structure analogous to an “unrolled” nanotube.  Its existence was 

described in the early 1960s by Boehm et al.,213 although sufficient isolation and 

characterisation was not carried out until the pioneering work of Geim and co-workers.214  

Geim described a remarkable material of unprecedented strength and unusual 

optoelectronic properties which has found research application in a staggeringly wide 

variety of fields, from electronic integrated circuits215 and solar cells216 to more unexpected 

areas such as seawater desalination through filtration217 and even as an antibacterial 

agent.218  The most fascinating area, however, is in the exploitation of graphene’s high 

electrical conductivity and appreciable transparency in transparent conducting 

electrodes.219  Due to its high mechanical strength and flexibility, graphene-containing 

flexible OLEDs can be manufactured – such a property would be quite impossible using 

inorganics such as GaAs. 

While the discovery and appraisal of graphene’s properties is primarily a concern of 

physics, Chemists have made, and continue to make, a vast contribution to the area.  While 

the ability to synthesise large sheets of graphene is as yet outside the capabilities of 

synthetic chemistry, chemical knowledge allows for the creation of well-defined small 

“molecular graphene” systems.  These can be designed to incorporate a wide variety of 

substituents which can be specifically chosen in order to tune various properties of the 

system.  The ability to design systems to such specificity is absent in the 

exfoliation/epitaxial growth methods used in the manufacture of graphene.   

The first rigorous attempts to achieve the chemical synthesis of extensively planarised 

PAHs can be traced back to the first half of the century with the initial work by Scholl 

which was built upon by Clar, Ironside and Zander.220, 221  The syntheses described 

involved extraordinarily harsh conditions and were extremely unreliable.  For the next fifty 

years the situation hardly improved – Halleux and co-workers’ attempts to cyclise 

hexaphenyl benzene to yield hexabenzocoronene (HBC) in molten AlCl3/NaCl resulted in 

yields of less than 3 %, while more recently in 1986, Schmidt et al. attempted a similar 

cyclisation, achieving a yield of less than 0.4 % following aromatisation with copper metal 

at 400 oC.222  The origin of efficient, mild and controllable synthesis of such PAHs 
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eventually came about through a strategy pioneered by Müllen et al., which is outlined in 

Scheme 5.1.223, 224 

 

 

Scheme 5.1: Synthesis of HBC derivatives via cyclotrimerization (resulting in a sixfold 

symmetric HBC) (top) and via a stepwise route to lower symmetry HBCs (bottom). (a) 

Co2(CO)8, dioxane, 105°C. (b) Oxidative cyclodehydrogenation (c) double aldol 

condensation reaction, NaOH, methanol. (d) Diels-Alder cycloaddition reaction. 

Two principal methods for the creation of the polyphenyl core exist – the first involves the 

synthesis of a symmetrical hexaaryl benzene through the cobalt–catalysed trimerization 

route, while the second consists of a more laborious route involving the Diels-Alder of a 

suitable tolan derivative with a substituted tetracyclone.  These molecules are then 

aromatised using a Scholl-type reaction, which will be discussed in more detail in a 

following section.  Using these methods, Müllen and co-workers have created a wealth of 

varied systems, all based on the oxidative cyclodehydrogenation step.  A small indication 

of the diversity and scale of these systems is found in the following figures (Figure 5.1 and 

Figure 5.2).   

R = R1 = R2

(b)

(b)

(c)

(d)

(a)
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Figure 5.1: Some HBC-derived systems:PMI-LchHBC and the dimeric interaction 

observed in a similar system, as modelled at the RI-DFT/SV(p) level.  The non planar 

perOMeHBC and the X-ray crystal structure of its co-crystal with buckminsterfullerene. 

As the aggregation of such systems influences both order in thin films and photophysical 

characteristics, it is desirable to control this behaviour.222  This control can take the form of 

the incorporation of long alkyl chains which can induce liquid crystalline behaviour, or, as 

in the case of PMI-LChHBC (Figure 5.1) and its counterparts, dendritic portions which 

suppress the formation of columns.  These prevent π-π stacking to some extent, with only a 

slow monomer-dimer equilibrium observed in the NMR spectra.  The incorporation of the 

electron accepting PMI (perylene monoimide) moiety results in efficient intramolecular 

energy transfer from the excited HBC fragment to the PMI, thus creating a HBC-PMI 

dyadic system.225 

The permethoxylated HBC perOMeHBC was found to be highly distorted from planarity 

due its highly sterically encumbered nature.  Both its electron rich and double-concave 
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nature, however, rendered it an excellent host for perfluorobenzene and, due to 

electrostatic interactions, an excellent host for C60, as shown in Figure 5.1 (b).226 

 

 

Figure 5.2:  (a) A discotic molecular triangle with swallowtail-alkyl long chains, (b) an 

indication of the limits of molecular graphene synthesis – some of the larger systems 

attempted. 

The synthesis of larger systems is an obvious goal.  Enhanced columnar stability would be 

expected to result, leading to a higher degree of π overlap and, in turn, improved charge 

carrier transport properties.227 The challenge in this regard is the accompanying 

insolubility, leading to difficult processing.  By varying the nature of the solubilising long 

alkyl chains on the extended aromatic molecular triangle [Figure 5.2 (a)], Müllen achieved 

not only a readily processible system, but could also exert a high degree of control on the 

thermotropic properties of the system.  The incorporation of swallow-tailed chains resulted 

in a broad liquid-crystalline temperature range, and thin films of the compound displayed 

self-healing at low processing temperatures.227 Figure 5.2 (b) shows the limits of size 

found in the synthesis of unsubstituted graphitic molecules.  The enormous systems shown 

are extremely insoluble and impossible to isolate, although their presence has been verified 

by mass spectrometry.228 

5.2.2 Oxidative coupling – molecular graphenes from polyphenyl systems 

Cyclodehydrogenation is obviously the key step in the formation of systems such as those 

discussed here.  The mild Lewis acid/oxidant catalysed reactions used by Müllen and co-

workers were developed in the 1960s by Kovacic and Koch using AlCl3 as a catalyst for 
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the polymerization of benzene and its derivatives.229  A great number of similar systems 

are known to bring about intramolecular arylation, including: AlCl3/CuCl2, 

Cu(OTf)2/AlCl3/CS2 and FeCl3/CH3NO2, Pd(OAc)2/DMF, MoCl5 (with or without TiCl4 in 

CH2Cl2), Tl(O2CCF3)3/BF3·Et2O,230,231  and DDQ in the presence of MeSO3H.232  The 

most popular method utilised by Müllen employs FeCl3/CH3NO2, and often accomplishes 

yields of >80 % in all-carbon superbenzenes.233  The closure of a staggering 126 bonds has 

been achieved in a single molecule, as shown in Figure 5.1.228 

The reaction mechanism remains highly controversial.  King and co-workers have 

conducted extensive investigation, both computational and experimental, on this reaction.  

Both radical cation234 and arenium cation based mechanisms231 have been proposed for the 

cyclisation of aromatic systems, though B3LYP/6-31G* calculations suggest that the high 

activation energy of the radical cation pathway renders it unfavourable.  Recent findings 

showing that activating o,p directing groups (e.g. –OMe groups) encourage bond 

formation at the para position, while suppressing the intermolecular reaction231 which 

results in oligomerisation of starting materials.  The arenium cation based mechanism of 

such a methoxylated system is outlined in Scheme 5.2.   

 

Scheme 5.2: Main steps in proposed mechanism for the cyclisation of a dimethoxy 

terphenyl derivative following protonation (B= Lewis Acid). 

Although the most basic site would be expected to be carbon 6 or 2 (para/ortho to methoxy 

group, respectively), protonation, facilitated by the Lewis acid (“BH”), appears to occur at 

carbon 5.  This places a positive charge on carbon 6, which undergoes intramolecular 

electrophilic attack from the contiguous aromatic group.  The authors assert that the 

prototropic tautomers are in rapid equilibrium and that the Curtin/Hammett principle 

therefore applies, and the reaction will proceed through this transition state. 

The initial protonating species remains mysterious in most studies on the subject.  King 

tenuously suggests adventitious water being involved in its generation, even though 

rigorously dry conditions are recommended.231, 235, 236 Although protonation is 
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acknowledged as being the slow step, the statement that a rapid equilibrium exists between 

the various protonated forms hints that protonation of the phenyl rings is relatively trivial, 

which is not the case.  It is interesting to note that almost all published discussions on the 

mechanism begin with a proton already in situ in a favourable position, with no mention of 

from where it arose or why the protonation occurred at that position.   

Calculations also show that following the first bond closure, each successive closure has a 

smaller energy barrier than the one preceding it.  This is termed the slippery slope 

effect.231, 235, 236 

5.2.3 Introducing heteroatoms 

 

Figure 5.3: Some of the heteroatom-containing systems synthesised in the Draper group.  

Also included is a recent addition to the heteroatom-doped PAH category, BDPPP, 

synthesised by Réau et al.237 

N-HSB is a fascinating compound which is highly soluble in a range of organic solvents, 

exhibits strong solvent dependent emission [quantum yield 0.40, emission lifetime 13 ns in 

toluene] and shows high thermal stability (see Figure 5.3).  The cyclodehydrogenation 

reaction also produces “daughter compounds” of varying degrees of 

cyclodehydrogenation, which are interesting in their own right.  N-HSB’s ruthenium bis 
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bipyridyl complex, [Ru(bpy)2(N-HSB)]2+
, reveals the highly electron accepting nature 

conferred by the N-atoms: its MLCT absorption is found at λ 620 nm (cf. [Ru(bpy)3]2+ = λ 

452 nm), and its emission is so broad that it can be termed a “black absorber”.  Its 

emission is also red shifted into the NIR region, at λ 840 nm in chloroform.  Sulfur doped 

compounds (e.g. S-HSB) have also been synthesized in the group, and show fascinating 

emission and electrochemical properties.135  The group of Prof. Regis Reau has introduced 

a new phosphorus-containing system into the heteroatom-doped category – BDPPP.237  

This is synthesized via the creation of a sulfur containing phosphole around which the 

PAH backbone is built.  The polyphenyl is cyclodehydrogenated photochemically, and the 

resulting phospole is then desulfurised, resulting in a reactive σ3,λ3-P moiety.  This 

reactivity can be utilised to readily functionalise the molecule, allowing the tuning of both 

the absorption and the emission properties.   

Another recent addition to the growing number of hetero-atom containing PAHs is Saito’s 

inclusion of a planar boron atom at the centre of a thiophene-doped aromatic platform 

[Figure 5.4 (a)].238  . 

 

Figure 5.4:  Saito’s boron-centred PAH. (a) The molecular structure alongside its X-ray 

crystal structure.  (b) Thermochromism displayed in the presence of pyridine. 

The compound displays a rather high energy “benzothiophene”-centred HOMO and a low-

lying borylanthracene LUMO, which results in a low energy NIR emission at λ 729 nm 

(Φem = 0.016).  An interesting feature of the compound is that even in the restrained 

planarised surroundings in which it finds itself, the boron atoms still retains Lewis acid 

capabilities, although at a diminished level.  Figure 5.4 (b) shows the thermochromic 
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behaviour shown by the compound in the presence of pyridine.  At higher temperature the 

pyridine does not associate.  As the temperature is lowered, however, binding becomes 

more favourable and the dramatic colour change shown is observed 

The fact that the N-HSB daughter compounds arise from the cyclodehydrogenation 

reaction reveals that the “slippery slope” mechanism appears to fail in the case of 

heteroatom-containing systems.  Yields are far lower in N-containing systems, yielding 

approximately 35 % each of N-HSB and N-1/2HSB, with other partially fused systems 

arising at lower yields. King suggests that cyclodehydrogenation reactions involving N-

doped polyphenylenes also proceed through the arenium cation pathway, though 

mechanistic study is complicated by the chelating nature of the substrate.  The protonated 

pyrimidyl rings of the open N-containing polyphenylene would be expected to behave as 

electrophilic centres, explaining the formation of the partially closed systems.  The net 

positive charge maintained by these protonated moieties will also make further protonation 

of the tert-butyl phenyl groups difficult.  Even if protonation is achieved, it will render the 

adjacent aromatic rings poor nucleophiles.235  A more recent example of the difficulty 

inherent in the cyclodehydrogenation of such systems comes from a recent paper by 

Gracyzk, in which a terpyridyl moiety is grafted into a polyphenyl system.  Successful 

cyclodehydrogenation occurs in the all-carbon portion, while the major product contains a 

completely unfused terpyridyl site.239 

Although aromatic systems are resistant to Diels-Alder reactions, the electronic 

distribution in the bay regions of large PAHs does allow for some diene-like reactivity, as 

predicted by the aromatic Sextet rules.240  It is this reactivity which was used by Clar220, 241, 

242 to pioneer the synthesis of a series of polycyclic aromatic hydrocarbons (previously 

discussed in the introduction), and is now being touted as the means by which organic 

chemists shall be able to build nanotubes from small PAH templates in a controlled and 

metal-free manner.243  Tokita makes excellent use of this property in order to incorporate 

N-atoms into synthesis of DPPT244 (Scheme 5.3).  This involves the oxidation of a cyclic 

hydrazide with a lead(IV) salt, giving an avaricious dienophile which reacts with 

dibenzo[p,n]perylene to create an aza bridge spanning the bay region.  Neither the initial 

adduct nor its oxidised form are isolated from this one pot reaction, which furnishes DPPT 

in yields of up to 67 %.  
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Scheme 5.3: Tokita’s synthesis of diphenanthro[9,10,1-def:1’10’,9’-hij]phthalazine 

(DPPT). 

This compound formed part of a study by Tucker and Acree, examining the suitability of 

nitromethane as a selective quencher for a vast array of N-PAHs.245, 246  The compound 

was found not to be a good probe for solvent polarity (this required two emission bands 

whose ratio could be used as a polarity indicator) and the emission observed was quenched 

by the N-PAH’s promoted electron being donated to the quencher LUMO, thus 

transferring energy via a Dexter mechanism. 

Bodwell et al. attempted to synthesise a similar bowl-shaped 1,2-

diazadibenzo[d,m]corannulene from a brominated diazafluoranthene derivative via flash 

vacuum pyrolysis (FVP).  This strategy was based on the successful creation of the all-

carbon analogue by Scott et al through using FVP and via Pd catalysis [Scheme 5.4 

(top)].247  Following the failure of the Pd catalysed route due to possible coordination, 

Bodwell’s FVP product was found to have lost its N atoms and undergone a complex 

rearrangement to form the all-carbon product shown in Scheme 5.4 (bottom). 
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Scheme 5.4: (top) Scott’s bowl shaped fullerene fragment,247 (bottom) Bodwell’s attempted 

synthesis of 1,2-diazadibenzo[d,m]corannulene, and the resulting isolated product. 

5.2.4 Pyridazines as precursors to higher levels of N-doping in PAHs 

 

Scheme 5.5: An N-doped tribenzo[b,n,pqr]perylene system derived from 4,5-diphenyl-3,6-

bis(2-pyridyl)pyridazine 

Following the synthesis of the novel N-HSB system,248 it became desirable to increase the 

level of N doping in graphitic systems.  This was instigated in order to assess both the 

electronic effects of four nitrogen atoms on a smaller aromatic platform and to enhance the 

ligand capability of this unique class of materials.   A lead compound for this work was 

anitrogen doped tribenzo[b,n,pqr]perylene, the proposed synthesis of which is shown in 

Scheme 5.5.  The molecule was also considered to be an excellent potential mesogenic 

core for liquid crystalline systems, and the stacking properties of the system were of great 

interest.  Much of the initial work in the attempted cyclodehydrogenation of polyphenyl 

systems derived from 3,6-dipyrimidyl-s-tetrazine (bptz) was carried out by Dr. Gareth 

Cooke.71  A large family (see Figure 5.5) of such compounds was synthesised through the 

FVP

FVP
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Diels-Alder cycloaddition reaction of bptz and suitable terminal aromatic acetylenes or 

stilbene derivatives.72  Although a range of cyclodehydrogenation conditions were utilised, 

cyclisation failed in each case. 

 

Figure 5.5: Cyclodehydrogenation attempts by Cooke, potential fusion sites shown in red. 

A complicating factor is that the 3,6-dipyridyl-pyridazine motif is an excellent ligand for a 

range of metal centres, and complexes with many of the reagents used in 

cyclodehydrogenation.  This is particularly dramatic with the most popular 

cyclodehydrogenation catalyst, FeCl3, which produces an almost intractable mixture of 

complexes in the presence of such systems.  As previously discussed, studies by King et 

al.231 show that the inclusion of electron releasing groups onto the aromatic moieties 

activate the para position to intramolecular bond formation. 

Py1 Py2 Py3

AlCl 3, CuCl 2
CS 2

 

Scheme 5.6: Moderately successful cyclodehydrogenation of Py1 carried out by 

Cookeyielding Py2 and Py3 in yields 8 % and 5 %, respectively. 
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Due to low yield and insolubility this compound was not explored further.  Its insolubility, 

however, indicated extensive stacking, which could be exploited in the formation of 

columnar liquid crystalline materials thorough the incorporation of long alkyl chains.  

Such nitrogen doped tribenzo[b,n,pqr]perylene derivatives are rare in the literature, and 

would be expected to be viable candidates as mesogenic units in discotic liquid crystals.249  

Though early research in this area was dominated by calamitic liquid crystals, their 

discotic counterparts are now coming to the fore due to their unique structural and 

electronic properties.250 

5.3 Aims 
The aim of the following work was to: 

• synthesise a novel N-doped molecular graphene fragment from an unfused 

pyridazine-derived precursor 

• attempt to facilitate the obstinate cyclodehydrogenation reaction by studying 

substituent effects and altering reaction conditions 

• study any cyclised/partially cyclised products structurally (NMR/ X-ray 

crystallography) and photophysically (UV-vis absorption and luminescence 

studies) 

Figure 5.6 shows some of the main compounds discussed in the following sections of this 

chapter. 

 

Figure 5.6: The principal compounds discussed in this chapter. 



Chapter 5 

238 
 

5.4 Synthesis of 3,6-diaryl-1,2-pyridazyl derived polyphenylenes and 

their attempted cyclodehydrogenation 

5.4.1 Synthesis and attempted cyclodehydrogenation of a long alkoxy chain-

containing 3,6-bis(2-pyridyl)pyridazyl system 

Through incorporating long alkoxy chains into the system previously synthesised, it was 

hoped to marry the promoted C-C bond fusion properties of methoxy substituents with the 

solubilising/liquid crystal phase inducing effects of long alkyl chains.  In order to 

synthesise a long-chained derivative of Py1, (E)-3,3’,5,5’-tetramethoxy stilbene was 

converted to the corresponding alcohol [(E)-3,3’,5,5’-tetrahydroxystilbene] using BBr3 in 

CH2Cl2, as described by Zhao and co-workers.251  The final stage in the functionalisation 

involved the deceptively straightforward looking Williamson ether synthesis, an SN2 

reaction between the deprotonated phenol and 1-bromododecane to yield 37, which is 

surprisingly unknown in the literature (Scheme 5.7). 

 

Scheme 5.7: Williamson ether synthesis, converting (E)-3,3’,5,5’-tetrahydroxystilbene to 

37; followed by a Diels-Alder cycloaddition and an oxidation step to furnish 38.  Also 

shown is the target planarised compound. 

Being a polyphenol, a relatively weak base would have been expected to suffice in 

deprotonating at least one of the phenol groups, allowing stepwise nucleophilic attack on 

successive –OH groups as the previous is converted to an ether.  The molecule proved, 

however, quite resistant to forming the desired product. An exhaustive number of attempts 

using common literature methods for similar systems - such as potassium/caesium 

carbonate in acetone (with and without a catalytic amount of 18 Crown 6252), alkali metal 

hydroxides in ethanol,253 the use of long chains with better leaving groups (such as 

toluene-4-sulfonic esters) all proved fruitless.  The more “sledgehammer” approach of an 
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excess of NaH in DMF at 60 oC proved very successful however, leading to almost 

quantitative yields of the ether, which was readily purified via column chromatography.   

Compound 37 was easily characterised using DEPT (Distortionless Enhancement by 

Polarization Transfer) and HSQC NMR experiments.  The NMR spectra are as expected, 

being quite similar to that of the methoxy derivative.  The most downfield signal 

corresponds to the alkenyl protons H1 at δ 7.01 ppm.  H2 appears as a doublet at δ 6.66 

with a small coupling constant of J = 2.3 Hz, corresponding to a 4J interaction. H4 arises 

as a triplet at δ 6.41.  The –OCH2– methylene triplet of the alkyl chain (integrating for 8 

protons) is deshielded to δ 4.00 ppm by the electronegative oxygen atom, with the ten 

remaining methylene signals overlapping in a series of multiplets further upfield, between 

δ 1.5 – 2 ppm.  The triplet at δ 0.91 (integrating for twelve protons) corresponds to the four 

terminal methyl groups (Figure 5.7).   

 

Figure 5.7: 1H NMR (navy) and 13C DEPT-135 NMR (black) spectrum of 37 (CDCl3, RT, 

400 MHz). 

The absorbance profile is the same as the excitation spectrum, with the λmax of 305 nm 

(also observed for 3,3’,5,5’-tetramethoxystilbene) being red shifted compared to that of 

trans stilbene (λmax 230 nm) due to the presence of polar substituents.254  The compound 

was also found to emit strongly at λem 390 nm, with a Stokes shift of 6617 cm-1 (Figure 

5.8). 
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Figure 5.8: Excitation and emission spectra of 37 in dichloromethane, RT (absorption 10-4 

M, emission 10-6 M). 

The Diels-Alder reaction between 37 and bptz was found to be quite sluggish, requiring 3 

days refluxing in toluene in a pressure tube to reach completion, heralded by the 

disappearance of the tetrazine’s intense purple colour.  The dihydropyridazine fluorescent 

adduct (discussed in Chapter 2) was obtained in 60 % yield.  This product was oxidised by 

dissolving the compound in acetic acid and adding an aqueous solution of NaNO2 to the 

solution in order to produce oxidising nitrous gas in situ.  The yield for this step was 

disappointing, yielding 24 % of a reddish-grey waxy solid. 

 

Figure 5.9: 1H NMR spectrum of 38. 
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The NMR spectra were readily assigned using selective TOCSY experiments, which 

allowed the order of the pyridyl signals to be ascertained using the most downfield signal 

(δ 8.56 ppm) as a starting point, its broad nature and small coupling constant (J = 4.5 Hz) 

identifying it as H6, α to the nitrogen atom.   

Cyclodehydrogenation of 38 was attempted using a wide variety of methods, including 

with FeCl3, AlCl3 and CuCl2, and DDQ with MeSO3H.232  In each case only starting 

material or an intractable viscous deposit was obtained from which no evidence of the 

required product could be found.  One issue appeared to be the cleavage of the alkyl 

chains, resulting in water soluble products which were difficult to isolate and purify.  Mass 

spectrometry showed these products to be merely de-alkylated starting material. 

5.5 3,6-Diphenylpyridazyl systems 

5.5.1 Synthesis 

As attempts to synthesise extensively planarised systems from 3,6-bis(2-pyridyl)-1,2-

pyridazine derivatives was proving a challenge, it was decided to decrease the number of 

N atoms in order to facilitate cyclodehydrogenation.  The synthesis of 40 was proposed to 

be carried out in an analogous manner to that of the bptz derivatives, yielding systems 

more akin to DPPT (Scheme 5.8). 

 

Scheme 5.8: Proposed synthesis of 40 (CDH = cyclodehydrogenation, ‘O’ = oxidation). 

Although this new design decreases the possibilities of using the compound as a ligand, it 

still would be expected to display fascinating properties in its own right.  The main issue 

with the efficient synthesis outlined by Tokita is the difficulty inherent in the synthesis of 

the PAH starting material, which results in only milligram-scale syntheses being carried 

out.  The starting materials for the method outlined in Scheme 5.8 can easily be 

synthesised on the multigram scale, and some scope for functionalisation exists, although 
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the constraints of both the cycloaddition and cyclodehydrogenation steps must be borne in 

mind.   

Diphenyl tetrazine (dptz) was synthesised by refluxing benzonitrile and hydrazine hydrate 

in ethanol.  Unlike bptz, sulfur must be added to the reaction mixture in order to elicit 

reaction– this requirement has long been known,255 although it is only relatively recently 

that a mechanism has been suggested by Audebert et al. as outlined in Scheme 5.3.126  

Basing the mechanism on the observed evolution of H2S throughout the reaction, Audebert 

suggests the formation of a N-thiol group on the hydrazine molecule.  Due to the alpha 

effect255 the thiolated N atom is rendered a stronger nucleophile, attacking the nitrile 

carbon of benzonitrile.  A further nucleophilic attack is followed by the extrusion of 

hydrogen sulfide and a pericyclic ring formation.   

 

Scheme 5.9: Audebert’s proposed mechanism for the formation of 1,2-dihydropyridazines 

in the presence of sulfur. 

As referred to in the Chapter 2, studies on the cycloaddition reactivities of 3,6-diaryl-

substituted 1,2,4,5,-tetrazines carried out by Carboni and Lindsay94 indicated that the 3,6-

diphenyl-1,2,4,5-tetrazine (dptz) was significantly less reactive than its bis(2-pyridyl) 

counterpart (bptz).  This can be ascribed to the replacement of the electron withdrawing 2-

pyridyl group for a phenyl substituent affecting the efficiency of the inverse electron 

demand nature of the reaction.  Further work by Lang and Sauer96 show that the reactivity 

of 1,2,4,5-tetrazines is decreased when the dienophile is a disubstituted alkene, possibly 

due to steric reasons.  Combined, both these factors were found to adversely affect the 

progress of the Carboni-Lindsay reaction of dptz and hexamethoxy stilbene.  Refluxing 

the reactants in toluene, xylene or DMSO (both under ambient pressure and under pressure 
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tube conditions for extended periods) all proved unsuccessful.  Microwave irradiation of 

the reactants in superheated chloroform (120 oC for 20 minutes) yielded the desired 

product, but in yields of less than 20 %, and the reaction proved to be very unreliable.  

While the retro-Diels Alder reaction of bptz (which results in rapid decomposition to 

benzonitrile and N2) restricted the temperature range available, it was decided to heat the 

reaction under an inert atmosphere at a temperature close to the decomposition 

temperature of bptz, 225 oC.  Studies were carried out using reaction times from 1 to 7 

days and varying the temperature.  Regular monitoring of the reactions using mass 

spectrometry as well as simple TLC analysis showed either starting materials or expected 

decomposition products.  A final attempt, however, in which the inert atmosphere was 

compromised, was found to have succeeded – 39 was observed in the mass spectrum of the 

crude mixture.  Through quickly cooling the mixture to room temperature without 

allowing the benzophenone solvent to solidify, it proved possible to precipitate the product 

and excess stilbene derivative from the crude mixture using DCM/hexane.  Attempts to 

separate 39 from the stilbene starting material using column chromatography proved 

difficult.  It was found that both compounds had extremely low and similar retention 

factors on silica, even using when highly polar solvent systems or through the addition of 

acetic acid or triethylamine to the solvent system.  It was found that a sufficiently pure 

sample could be obtained through repeated precipitations of the white solid from diethyl 

ether, though this affected the overall yield somewhat, due to 39 being slightly soluble in 

ether.  Although pure from an NMR standpoint (Figure 5.10 - the small peaks observed 

around the methoxy groups are satellites, not impurity), TLC showed a small residual blue 

fluorescent spot.  Attempts to brominate across the stilbene double bond were hampered 

by the activated nature of the methoxylated rings causing 39 to also be reactive.  Even at -

20oC the addition of bromine led to the uncontrolled brominations of both the stilbene and 

the product, meaning that bromination and subsequent removal of the starting material was 

not a feasible purification method.  Notwithstanding the purification difficulties, up to a 

gram of sufficiently pure 39 can be obtained from this method, and it is one of the only 

methods available which allows flexibility in the choice of substituents in the 4 and 5 

position of a pyridazine.  As alluded to in Chapter 1, no “dihydro” form was observed in 

the crude mixture of this or any subsequent synthesis of 39 as would be expected.  

Although this could be due to the “dihydro” form being in some way destabilised in the 

absence of the electron-withdrawing 2-pyridyl substituents, it is interesting that no adduct 

of any kind was found in the reactions carried out in an inert atmosphere.  Oxidation is 

only important after the loss of N2 from the initial adduct, after which there is no 
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possibility to revert to the starting materials.  It is therefore puzzling that no reaction of any 

kind was observed under inert conditions.  

 

Figure 5.10: 13C and 1H NMR spectra of 39 in CDCl3 (600 MHz) 

5.5.2 Crystallographic study of 39 

Crystals of 39 were obtained from the slow evaporation of a saturated CH2Cl2 solution of 

the compound.  X-ray diffraction studies show that the compound crystallised in the 

monoclinic P21/c space group, with the unit cell consisting of four molecules.  The 

asymmetric unit is shown in Figure 5.11 (left).  The four aromatic substituents are 

arranged in an almost propeller-like configuration. Both phenyl rings are twisted out of the 

plane of the pyridazine ring by approximately 46o and 66o, with the methoxylated rings 

twisted by 47 o and 71 o.  The phenyl rings are also pushed forward through 5o due to the 

steric bulk of the trimethoxyphenyl rings. 
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Figure 5.11: Molecular structure of 39. (left) The asymmetric unit. (right) a view of the 

packing along the c-axis. 

The packing of the lattice [shown in Figure 5.11 (right)] comprises stacked columns of the 

molecule which face one another, though slightly staggered.  Figure 5.12 shows the 

interactions which stabilise this lattice arrangement more clearly – the pyridazine N-atoms 

have a very weak intermolecular interaction with the hydrogen atom on the 2 position of 

phenyl substituent of a molecule from a facing “column”.  The N···H-C distances are 

3.260 Å and 3.615 Å, respectively. 

 

Figure 5.12: H-bonding interactions observed in 39. 

5.5.3 Cyclodehydrogenation of 39 

As 39 has no suitable coordination site for most metals, the previous restrictions regarding 

metal-based cyclodehydrogenation reagents did not apply.  Therefore, the most practically 

straightforward iron(III) chloride method was employed initially.  The reaction was carried 

out in still-dried CH2Cl2, and a large excess (3 equivalents per bond to be formed) of 
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anhydrous FeCl3 dissolved in CH3NO2 was added in a dropwise manner.  Following work 

up, an orange fluorescent solid was obtained which was separated into two bands on a 

preparative silica plate using diethyl ether as the mobile phase.  NMR and mass 

spectrometry revealed the products as being 2/3rd (41) and 1/3rd (42) cyclised species 

(Scheme 5.10).  Yields were very low, with approximately 10 mg (16 %) of 41 recovered, 

along with less than 1.5 mg (2 %) of 42.  The reaction proved to be very unreliable; often 

producing no trace of either product, even with air-free and water-free conditions strictly 

adhered to.  Cyclodehydrogenation utilising the boron trifluoride diethyl etherate and PIFA 

system yielded the product in higher yield, though a persistent unknown impurity made 

purification more challenging as it had an identical Rf value in all solvent combination 

utilised.   

 

Scheme 5.10: Cyclodehydrogenation of 39, yielding 41 and 42. 

The NMR spectra of the acidified product was more resolved, and is therefore the one 

presented in Figure 5.13.  The spectrum was easily assigned using selective 1D TOCSY 

and COSY experiments.  At the most deshielded end of the spectrum appears a series of 

doublets, which are assigned to protons H1 (δ 9.72 ppm) and H4 (δ 9.45 ppm).  H6 is 

observed at approximately δ 8 ppm, broadened by restricted rotation arising from the steric 

hindrance caused by the surrounding rigid aromatic portion of the molecule.  Indeed the 

other signals observed for this ring, a pseudotriplet (H7, δ 7.63 ppm) and a triplet (H8, δ 

7.56 ppm) both show a degree of broadening, although it is far less pronounced than in the 

case of H6.  H3 and H2 are far better resolved, appearing as a pair of pseudotriplets of 

doublets at δ 7.87 ppm and 7.81 ppm, respectively. H5 appears as a sharp singlet at δ 7.53 

ppm.  The methoxy groups, rendered inequivalent by the closure of the new bonds, appear 

as six well separated singlets between δ 3 ppm and 4.5 ppm. 
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Figure 5.13: 1H NMR spectrum of compound 41 (CDCl3, RT, 600 MHz). 

The NMR spectrum obtained for 42 is far simpler due to the plane of symmetry in the 

molecule (Figure 5.14).  As is evidenced by the broadening of the signal, H1 obviously 

suffers from the same restricted rotation endured by H6 in the previous case.  The signal 

for H1 appears at δ 7.82 ppm, with those corresponding to H2 and H3 appearing as an 

overlapped multiplet farther upfield, at δ 7.55 ppm.  H4 appears as a singlet at δ 7.10 ppm, 

and the 3 inequivalent methoxy groups appear between δ 3 and δ 4 ppm.   

 

Figure 5.14: 13C NMR (top) and 1H NMR (bottom) spectra of 42 (CDCl3, RT, 600 MHz). 
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Figure 5.15: Spectral changes observed in the 1H NMR spectrum of compound 41 upon 

addition of CF3COOH solution.  Each sample is labelled with the acid concentration 

present.  (CDCl3, RT, 600 MHz). 

5.5.4 Crystallographic analysis of 41 

Evaporation of a concentrated CH2Cl2 solution of 41 yielded very small cubic orange 

crystals of which an X-ray structure was obtained.  The compound was found to crystallise 

in the triclinic space group P-1, with two molecules in the unit cell.  The molecular 

structure is shown in Figure 5.16 (left). 

 

Figure 5.16: X-Ray crystal structure representations of 41 (hydrogen atoms removed for 

clarity, thermal ellipsoids shown at 50 % probability, (left) The asymmetric unit, (right) a 

representation of the bent nature of the core of 41. 
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An unexpected feature revealed by the X-ray studies is the dramatic twist observed in the 

molecule. Figure 5.16 (right) reveals that the central fused core had a dramatic curvature of 

33.1o. This odd conformation arises due to steric clash between the methoxy groups on the 

neighbouring rings - in order to relieve this strain the methoxylated rings bend away from 

one another.  Figure 5.17 attempts to show this effect more clearly, where the 

methoxylated rings can be seen to have bent above and below the pyridazine plane, 

resulting in a double concave configuration, similar to that observed in perOMeHBC.226 

 

Figure 5.17: A view through the “pyridazine plane” of 41. 

5.5.5 Spectroscopic analysis of 39 and 41. 

The high energy portion of 41’s UV-vis absorption spectrum (Figure 5.18) consists of a 

series of three intense bands at λ 233 nm, 296 nm and 302 nm which are chiefly of π-π* 

origin, although the latter band appears to have significant n-π* contribution, as it 

dramatically decreases in intensity upon the addition of acid (vide infra).  At lower energy, 

the absorption profile consists of broad shouldered bands, tailing to almost 500 nm.  These 

are typical of PAHs, although the greater planarity and rigidity of typical PAHs results in 

more structured bands than observed here.  The situation observed for 41 is somewhat 

reminiscent of the polyphenylene/ N-doped PAH hybrid, N-1/2HSB which does not show 

any significant vibrational progressions, whereas its fully fused counterpart (N-HSB) 

shows a far more structured spectrum.  It is possible that bands of certain charge transfer 

character are present in this range due to the opposing electron donating methoxy groups 

and electron accepting N-atoms linked by the planar core.  Such characteristics have been 

verified in N-HSB, in which far more poorly donating tert-butyl groups oppose N-atoms 

across an aromatic platform.256 
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The addition of acid to the UV-vis sample gives a better impression of the nature of the 

bands observed – i.e. the π-π* designation of the two highest energy bands is verified by 

the lack of effect upon acidification, while the decrease in the third band at λ 302 nm 

conveys its partial n-π* nature.  Figure 5.18 shows the dynamic effects of adding 10 µl 

aliquots of 0.05 M CF3COOH to a solution of 41 (10-6 M in CH2Cl2) on the spectrum 

through staggering the spectra.  A sharp isosbestic point is observed between the first and 

14th addition, as shown in the partial spectrum shown in the figure.  This clearly indicates 

an equilibrium between the neutral and monoprotonated forms of the compound.  Further 

acid addition results in the isosbestic point being lost due to the equilibrium being 

disturbed.  It can be presumed that this is due to the introduction of a third absorbing 

species, the diprotonated form, with a persistent amount of neutral form remaining which 

prevents the appearance of a new isosbestic point.  The most dramatic absorption increases 

arising from the protonated forms are centred between λ 300 nm and 400 nm, and also in 

the extension of the “tail” further towards λ 600 nm which results in the deep orange 

colouration of the initially light yellow solution.   

 

Figure 5.18: Sequential addition of CF3COOH (10 µl aliquots of 0.05 M in CH2Cl2) to a 

solution of 41 (10-6 M in CH2Cl2).  The initial (acid free) spectrum is highlighted in blue.  

A photographic image of the colour change observed is inset. 
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The compound emits in the blue-green spectral region, presenting a broad, featureless 

emission at λ 485 nm – the most intense and high energy band in both representations in 

Figure 5.19.  This is in fact in excellent agreement with DPPT, which emits at λ 486 nm.  

Addition of acid to the sample has a very dramatic effect on the emission properties – from 

the very first addition, a new band at λ 592 nm is observed – a dramatic red shift of 3820 

cm-1.  Figure 5.19 (b), in particular, shows how quickly it reaches its maximum.  This 

orange band continues to grow at the expense of its higher energy counterpart until 

equilibrium is reached, the emission of which consists of two maxima – the most red 

shifted band is approximately three times as intense.  This emission is most definitely due 

to two species and not due to dual emission – this observation can be related back to the 

UV-vis acid addition studies in which a second two-species equilibrium cannot be set up in 

the pH ranges tested, due to the persistent remaining neutral form.  Addition of a vast 

excess of acid results in a decrease in the intensity of both emissions.  This spectrum is 

shown as the final addition in Figure 5.19 (b). 

 

Figure 5.19: Emission properties: two representations of the effects of the sequential 

addition of CF3COOH (10 µl aliquots of 0.05 M in CH2Cl2) to a solution of 41 (10-6 M in 

CH2Cl2).  Some Raman scatter artefacts are observed at λ 400 nm. 

In order to fully appreciate the effects of cyclisation, an analytically pure sample of 39 was 

required - a very small amount was obtained through treating the initial mixture with HBr 

and running a preparative plate of the resulting mixture.  The compound was found to be 

dramatically less fluorescent than its partially cyclised counterpart, as displayed by the 
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photographic images of 10-3 M solutions in Figure 5.20.  The photophysical results were 

surprising, as the emission wavelengths were very similar for both compounds (Figure 

5.20).  In neutral CH2Cl2 solution, 39 emits at λ 466 nm, whereas 41 emits at lower energy, 

λ 485 nm, as would be expected due to the smaller HOMO-LUMO gap arising from its 

more aromatic nature.  In acidic solution the emission wavelengths are identical, with both 

being red-shifted to λ 592 nm.  The results are highly suggestive of the emission arising 

from the same species in both samples.  This is confusing, seeing as column 

chromatography would have been expected to intercept any remaining traces of 39 during 

purification.  Also, while no quantum yield measurements were carried out, it was clear 

that 39 was far less emissive than 41.  From the NMR study it is obvious that the vast 

majority of the sample is the 2/3rd cyclodehydrogenated species – in which case a trace 

impurity of 39 in a sample of 41 could not be more fluorescent than a sample of pure 41, at 

any concentration.  Contamination of the sample of 39 by a trace amount of 41 was 

considered very likely, but many repetitions using freshly prepared solutions with new 

samples gave the same results.  It is not a possibility that the emission arises from a trace 

impurity of the highly fluorescent hexamethoxy stilbene, as this compound emits in the 

violet (λem 387 nm), and is not highly solvatochromic or affected by the addition of acid.   

 

Figure 5.20: Comparison of the photophysical properties of 39 and 41 in CH2Cl2.  

Acidified solutions are 0.05 M CF3COOH in CH2Cl2. 



  Chapter 5 

253 
 

The low intensity emission of 39 appeared indicative of an n-π* state lying lowest in 

energy.  This hypothesis was qualitatively tested by adding aliquots of methanol to dilute 

CH2Cl2 solutions of both compounds.  As Figure 5.21 (c) shows, a dramatic 15 fold 

increase in 39’s emission intensity was observed.  This implies that the system possesses 

closely spaced n-π* and π-π* levels.257  In CH2Cl2 the n-π* state lies lowest, resulting in 

weak fluorescence – however, the addition of the more polar and better H-bonding 

methanol results in an increase in the energy of the n-π* level and a stabilisation of the π-

π* level.  Following polarity-induced inversion of the states, the intensity of the emission 

is greatly increased due to the lowest-lying level being a π-π* state. 

The UV-vis absorption spectra of both compounds are quite different, with 39 displaying a 

relatively featureless spectrum consisting of a π-π* band at λ 268 nm, and a less intense 

shoulder at λ 340 nm. Like 41, the UV-vis absorption spectrum of 39 undergoes a general 

broadening upon acidification, presenting a new band at λ 411 nm.  This band’s tail does 

not stretch as far into the low energy region as does the analogous absorption of protonated 

41, and, therefore, compound 39 is a lighter yellow under acidic conditions than its 

partially fused counterpart.   

 

Figure 5.21: (a) Comparative excitation and emission spectra of 39 (navy) and 41 (red). 

Effects upon addition of 50 µl aliquots of methanol to CH2Cl2 (3 ml) solutions of (b) 41 

(red) and 39 (navy). 

In order to ascertain the origins of the compounds’emission, excitation spectra of highly 

dilute samples of both species were measured, and compared with the UV-vis absorption 
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spectra.  The excitation spectrum for 41 appears to be quite a good match [Figure 5.21 (a)], 

indicating that the absorbing species is indeed the emitting species, and is not consistent 

with a fluorescent impurity.  The match for 39 is very poor.  This is possibly due to 

intensity issues – it was quite difficult to balance a suitably high dilution and 

simultaneously achieve a reasonable emission intensity.  An impurity cannot be 

completely ruled out, however. 

The changes in 41 are more stepwise and gradual due to its ππ* state lying at lower energy 

in both solvents.  The observed behaviour arises from the stabilisation of the ππ* excited 

state resulting in a red shift and an increase in fluorescence efficiency.   

5.6 Conclusion 
This chapter documents attempts to create fully-planarised systems arising from the Diels-

Alder reaction of 3,6-disubstituted-1,2,4,5-tetrazine and various stilbenes.  In order to 

facilitate solubility of the reacting species, and in the hope of inducing liquid crystalline 

properties onto the product, a novel intensely fluorescent stilbene bearing four alkoxy 

chains was prepared.  This was utilised to prepare 4,5-bis(3,5-bisdodecyloxyphenyl)-3,6-

di-pyridin-2-yl-pyridazine.  Unfortunately, the alkoxy chains proved unstable when the 

system was treated with CuCl2/AlCl3 or FeCl3, and cyclodehydrogenation of the system 

was abandoned.  In order to further facilitate cyclodehydrogenation, two pyridyl rings 

were replaced with phenyl substituents in order to create systems containing two nitrogen 

atoms.  The lesser number of N-atoms did facilitate the reaction to some extent, with a 

2/3rd and 1/3rd cyclodehydrogenated products recovered.  A crystal structure of the 2/3rd 

closed molecule showed a severe curvature in which one phenyl ring is bent out of the 

plane of its nearest neighbour, possibly hindering the full fusion of the system.  The 

systems were characterised by NMR and their photophysical properties assessed.  

Comparison of the fused and unfused compounds showed little change in their properties – 

emission between λ 450 nm and λ 500nm, with a large shift upon protonation.  While the 

observed behaviour could be indicative of contamination, evidence to the contrary is 

presented, i.e. excitation spectra, emission intensities and NMR arguments.   
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6. Future Work 
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6.1 Introduction 
This section details possible future directions in which this work could progress. 

6.1.1 Molecular switches  

In order to make the metal-containing switch more efficient, it will be necessary to attempt 

to isolate the MLCT state from the thiophene portion of the molecule.  This can be 

achieved by two strategies 

1. isolating the coordinating portion from the switching moiety 

2. attempting to shift the MLCT acceptor from the pyridazine moiety and onto the 

auxiliary ligands.   

The first method is easily achieved through the incorporation of a phenyl group onto the 

thiophene precursor.  By twisting out of plane, this spacer should provide a degree of 

decoupling between the MLCT accepting moiety (the pyridazine), while still allowing 

energy transfer from this MLCT excited state to the switching portion [Figure 6.1 (top)].   

 

Figure 6.1: Alterations to the design of the Ru-containing DTE switch in order to improve 

the switching efficiency: (top) inclusion of a phenyl spacer, (bottom) use of a better 

accepting auxiliary ligands such as picolinate. 

The second method involves replacing the bipyridyl ligands on the ruthenium with ligands 

of better electron accepting character, such as the well-studied picolinate class, shown in 

Figure 6.1 (bottom).  The switching thiophene moiety should not comprise part of the 
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MLCT state, and, assuming that this MLCT state will not be of too-low energy, energy 

transfer from the excited triplet to the switching moiety-centred 3IL state should result in 

efficient triplet-sensitised photocyclization.   

Replacement of the coordinating moiety with large polycyclic aromatic frameworks is also 

currently underway as part of this project.  While rare in the literature,258 a patent 

application has been accepted for a DTE cored molecule containing pendant ethynyl 

pyrene groups.259  Utilising fragments already popularised by the Draper group, e.g. iodo-

HBC,260 extremely large aromatic platforms are being added to the DTE centre.  The 

coupling and decoupling of two such moieties through the switching process of the DTE 

centre should be fascinating, particularly the effects on the emission properties of the 

systems. 

 

Figure 6.2: DTE bearing ethynyl HBC substituents.  

Calculations are being carried out in order to assess the complete lack of photochromic 

behaviour in the dppz-derived switch.  While the aromaticity arguments stand, at least a 

low quantum yield photochromic process would still be expected.  With this in mind, DFT 

calculations aimed at determining the likelihood of the system being locked in the inactive 

parallel form are being carried out.  A profile of the LUMO will also be invaluable in 

assessing electron distribution in the excited state. 

6.1.2 Pyridazines 

At the beginning of this project a series of fluoranthene-containing 3,6-diphenylpyridazine 

compounds were prepared for cyclometalation studies.  As this was unsuccessful, these 

pyridazine ligands remain unexploited.  In a progression of the interesting and highly cited 

work by Piers et al., these systems can potentially be used as starting materials in the 

formation of B2N2C2cored systems [Figure 6.3 (top)].261 Some of Piers’ systems have been 

found to be quite fluorescent, and calculations show interesting properties, e.g. that the 
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pyridazine ring loses aromatic character at the expense of the highly aromatic borazine 

ring.   

 

Figure 6.3: (top) The Table of Contents entry from Piers’ B2N2C2 study.  (bottom) Possible 

future systems using 3,6-diphenylpyridazine derivatives. 

The nature of the possible R groups [see Figure 6.3 (bottom)] is slightly restricted due to 

the sensitivity of tetrazine formation to substituent effects.  Halo-substituents are possible - 

this opens up many possibilities, e.g. the incorporatrion of alkyl chains. The ease of 

brominating the fused fluoranthene benzene rings makes it possible to incorporate long 

alkyl chains in these positions also, possibly leading to the formation of liquid crystalline 

systems.  Issues regarding the steric hindrance between the pendant phenyl rings and the 

air/moisture stability of the systems in general (described as “moderate”) will need to be 

considered.  The inclusion of boron centres appears to be a new direction in PAH systems, 

as Saito’s recent work shows.238 

6.1.3 Cyclodehydrogenation 

Much work remains to be done in improving the efficiency of the cyclodehydrogenation of 

heteroatom-containing polycyclic aromatic hydrocarbons in order for the work to find 

widespread use.  Better synthetic methods need to be found and evaluated in order to 

improve yields and reaction predictability.  Oxidative cyclodehydrogenation has been the 

mainstay of the planarization of polyphenylenes both in the Draper group262-264 and 

elsewhere.202, 228, 265, 266  A lesser known method which has yet to be applied in the group is 

reductive cyclodehydrogenation, which possibly involves a radical anionic mechanism.  

Although rarely encountered, this method was found to be successful in cyclisations with 
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systems containing electron withdrawing groups, for example, in perylene diimide 

nanoribbon synthesis, in which potassium metal in dimethoxyethane is utilised following 

only partial fusion brought about by more popular means.267  Graphene-potassium 

intercalate (C8K) was also found by Rabinowitz et al. to be an efficient catalyst for ring 

closures in small dppz-related molecules,268 and potassium metal in refluxing THF under 

pressure furnishes perylene from 1,1’-binaphthyl.269 Both of these examples involved the 

closing of only one bond, however, although this was achieved in moderate to high yield in 

both cases.  Further attempts need also to be made in bringing about cyclodehydrogenation 

with light; and initial steps have been taken with collaborators with expertise in high 

temperature techniques such as FVP, and very early results with N-HSB have proved 

promising. 

 

Figure 6.4: Revised substitution patterns in order to facilitate cyclodehydrogenation.   

It is also a possibility to re-think the substitution pattern on the partially cyclised system 

created as part of this work.  Crystallographic studies carried out by the group270 have 

found that permethoxylation of the aryl rings results in an “up – down – up – down...” 

configuration of the methoxy methyl groups following cyclodehydrogenation.  By 

removing the central “para” methoxy substituent (which, according to King’s mechanism, 

plays no part in the cyclodehydrogenation process) steric crowding amongst the remaining 

methoxy groups can be reduced.  It is also a possibility to incorporate methoxy groups 

onto the phenyl rings in the 3,6-pyridazine positions.  The inclusion of tert-butyl groups 

would be more trivial from a synthetic point of view, and recent work in the group has 

found that tert-butyl groups in the para position also play a role in the efficiency of the 
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cyclodehydrogenation reaction (see Figure 6.4).271  Following successful 

cyclodehydrogenation, the methoxy groups can easily be converted to long alkoxy chains, 

leading to the possibility of liquid crystalline behaviour.   

6.1.4 Triphenylamines 

The incorporation of the discussed systems into OLEDs as a hole transport layers is a 

feasible aim.  For incorporation into DSSC-type devices, it is necessary to include a 

binding moiety in order to link the system to the TiO2 surface.  Inclusion of an electron 

withdrawing moiety should also induce a “push-pull” effect, hopefully increasing both the 

intensity and spread of the compounds absorbance, creating a true “dye”.  The commonly 

used cyanoacetic acid substituent should suffice in this instance (see Figure 6.5).272, 273  A 

potential advantage of the system would be the large pyridazine based substituents 

preventing aggregation of the dye. The effects of the pyridazine substituents on the 

triphenylamine’s donating power are harder to predict, although the fact that the oxidation 

potential of the molecules synthesised in this work is the same as bare triphenylamine.  

This, at least, indicates that the situation has not been disimproved by the pyridazine 

substituents. 

 

Figure 6.5: Inclusion of a cyanoacetic moiety in the pyridazine substituted triphenylamine 

for potential use in DSSC systems. 
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7. Experimental 
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7.1 A summary of some NMR techniques used throughout this thesis 
1H-1H COSY (COrrelation SpectroscopY): Homonuclear correlated spectroscopy.  2D 

technique in which correlations between protons that are coupled to each other appear as 

cross peaks. 

HSQC (Heteronuclear Single Quantum Coherence spectroscopy): HSQC detects the 
13C-1H correlations in a system through interrogating the 13C signals via 1H detection.  

Detection through the far more sensitive proton channel means higher resolution than in 

the related 13C-1H COSY and HETCOR (HETeronuclear CORrelation) experiments, 

which HSQC has largely replaced.   

TOCSY (TOtal Correlation SpectroscopY): During spin-lock (a pulse sequence which 

keeps the applied magnetisation in the xy plane for a set period of time), all protons in a 

spin system become strongly coupled due to the oscillation of the magnetisation 

throughout the entire spin system.  In the 2D form this gives cross peaks between all 

signals in the spin system (even weakly coupled signals which may not appear in COSY 

spectra).  In the 1D form, individual signals are irradiated. The TOCSY mixing sequence 

then causes the magnetisation of this signal to spread to its J-coupled partners (its nearest 

neighbours) and then to their J-coupled partners.  Over a longer mixing time, the 

magnetisation is spread to all members of the spin system.  If spectra are obtained at 

shorter mixing times, information on the connectivity of the protons can be deduced. 

HMBC (Heteronuclear Multiple Bond Connectivity): In the HMBC experiment, a long 

range delay is incorporated into the HSQC pulse sequence in order to filter out one bond 

correlations.  Being a proton-detected experiment, its sensitivity is relatively high.  The 

experiment’s reliance on the transfer of magnetisation from a proton to a 13C nucleus and 

back to a proton through weak short range interactions (over a long delay time) results in 

the loss of signal intensity to T1 and T2 relaxation processes.  This can result in a high 

degree of noise and expected cross peaks being absent. HMBC, however, is invaluable in 

determining connectivity through 2J and 3J correlations, even through quaternary carbons.   

Inversion recovery (T1 time measurement):  This experiment involves the inversion of 

the nuclear spins into the –z plane using a 180o pulse.  As the nuclear magnetisation 

relaxes along the +z axis through spin-lattice (T1) relaxation, a ‘sample spectrum’ is 

obtained through applying a 90o pulse at a certain time delay soon after the 180o pulse.  

This results in the magnetisation vector being reoriented into the xy plane where it can be 

measured as it rotates about the z axis at the Larmor frequency.  This moving magnetic 
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field produces a signal in the instrument’s receiver coil.  Proton resonances relax at 

different rates depending on a variety of factors which affect the efficiency of the 

relaxation process.  In this case the three main relaxation enhancement factors can be 

predicted – increased relaxation rates due to rigidity in the system, relaxation through 

pathways provided by metal centres, and relaxation due to proximity to a 14N quadrupole.   

EXSY (EXchange SpectroscopY), NOESY (Nuclear Overhauser Effect Spectroscopy) 

and ROESY (Rotating Frame NOESY): Both EXSY and NOESY have the same pulse 

sequence and are obviously subject to heavy interference from one another.  In the EXSY 

case, magnetisation is transferred due to chemical exchange rather than via “through 

space” proton-proton dipolar NOE processes i.e. EXSY detects exchange whereas NOESY 

detects through space interactions.  Distinguishing NOE and EXSY signals obviously can 

be a challenge, but is helped by the fact that EXSY processes are generally in the same 

phase as the diagonal, which is often opposite to the phase of the NOE response.  An 

unfortunate complication is that, unlike EXSY, NOE phase depends on the size of the 

molecule.  The information from ROESY and NOESY is the same – the difference being 

that ROESY is carried out under spin locked conditions.  This is due to certain systems 

with a particular motional correlation time having an NOE of nearly zero in the laboratory 

frame, but a positive value in a rotating frame.  In ROESY the spin lock period is the 

mixing time and, therefore, spin exchange occurs among the components while 

magnetised in the xy plane.  This can be contrasted with NOESY in which spin exchange 

occurs while magnetisation is aligned along the z axis.274 
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7.2 Experimental Details 
Unless otherwise stated, all reactions were carried out under an inert atmosphere using 

Schlenk techniques. The solvents were distilled under nitrogen and dried with appropriate 

drying agents using standard techniques. Flash chromatography was performed using silica 

gel (Aldrich) as the stationary phase. Separations were undertaken in air. All chemicals 

were obtained from commercial sources (mostly Sigma-Aldrich Ltd.) and were used 

without further purification unless otherwise stated.  The syntheses for compounds La, Lb 

and Lc were devised by Dr. Gareth Cooke. 

Microwave reactions were carried out in a CEM Discover S-Class Single Mode 

Microwave reactor. All reactions were performed in specialised sealed ‘snap-cap’ vials 

under pressure.  

IR spectra were recorded in solid form or as a neat liquid on a PerkinElmer Spectrum 100 

FTIR spectrometer fitted with a Universal ATR accessory. Elemental analysis was 

obtained on a Carlo Erba 1006 automatic analyser at University College Dublin. Melting 

points are given uncorrected and were measured in capillary tubes using a Griffin melting 

point apparatus. 

Electrospray mass spectra were recorded on a micromass LCT electrospray mass 

spectrometer, Electron impact mass spectra were measured on a Waters corp. GCT 

Premier electron impact mass spectrometer. MALDI mass spectra were measured on a 

MALDI-Q-ToF Premier mass spectrometer. Accurate MS were referenced against leucine 

enkephalin (555.6 g mol-1) or [Glu1]-Fibrinopeptide B (1570.6 g mol-1) and were reported 

within 5 ppm.  All samples were dissolved in MeCN unless otherwise stated. 

Nuclear magnetic resonance spectra were recorded in deuterated chloroform, 

dichloromethane or 1,1,2,2-tetrachloroethane with (i) a Bruker Avance DPX-400 MHz 

spectrometer operating at 400.13 MHz for 1H, 100.6 MHz for 13C, (ii) a Bruker AV-400 

MHz spectrometer operating at 400.23 MHz for 1H and 100.6 MHz for 13C or (iii) a 

Bruker Avance II 600 NMR spectrometer operating at 600.13 MHz for 1H and 150.9 MHz 

for 13C. The signals for 1H and 13C were referenced against the solvent. 

All photophysical studies were carried out with solutions contained using 1x1 cm2 quartz 

cells in HPLC grade solvents and were degassed using argon bubbling. UV/Vis absorption 

spectra were recorded on a Shimadzu UV-2450 UV/Vis recording spectrophotometer. 

Emission and excitation spectra were obtained on a Perkin-Elmer LS55 fluorimeter or on a 

Horiba-Yvon Fluorolog FL-3-11 spectrofluorimeter.  Emission lifetime measurements 
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were performed with an IBH Datastation HUB 5000F using NanoLED pulsed diode laser 

excitation sources of appropriate wavelength.  Appropriate excitation repetition rates were 

chosen in order to ensure that no re-excitation of the sample occurred until the decay had 

reached the baseline.  TAC (time to amplitude converter) ranges were set at approximately 

twenty times the expected average decay time, and were less than the reciprocal of the 

source repetition rate.  To prevent pile-up, the start-stop ratio (α) was maintained at less 

than 2%.  If the repetition rates required were > 100 kHz, the experiments were carried out 

in reverse mode. Data was fit using monoexponential decays where possible, while 

attempting to maintain a χ2 statistic of ~ 1, a Durbin-Watson statistic of ~ 2, a random 

spread of residuals with approximately 60 % of residuals within one standard deviation of 

the fitted parameter, and over 99 % of the residuals within 3 standard deviations.  When 

these parameters could not be satisfied (particularly where non-random behaviour was 

observed in the residuals plot), biexponential fits were obtained instead.  The same criteria 

as above were applied to these residuals/fits. For shorter lifetimes (in the nanosecond 

range), the instrument response factor (IRF) was estimated through running a scattering 

solution with the detector set to the excitation wavelength.  When reconvolution failed, 

this IRF estimate was used to aid analysis through tail fitting.  The solvents and 

compounds used in this study were of spectroscopic grade. The optical density of the 

solutions at the excitation wavelength was less 0.15 when recorded in a 1 cm pathlength 

cuvette.  Low temperature measurements were carried out in a thin tube in a quartz Dewar 

filled with liquid nitrogen. Emission quantum yield measurements were carried out using 

the method of Demas and Crosby 129 or using an integrating sphere. The integrating sphere 

(diameter of 100 mm), provides a reflectance >99% over 400–1500 nm range and (>95% 

within 250–2500 nm).  This high reflectance results in little fall of the signal intensity or 

changes in the spectrum profile, even after numerous reflections within the sphere.275 

Transient spectroscopy and photoconversion quantum yield work was carried out at the 

University of Ferrara in the group of Prof. Scandola/Prof. Indelli.  Nanosecond transient 

absorption spectra and lifetimes were measured with an Applied Photophysics laser flash 

photolysis apparatus, with frequency doubled (532 nm, 330 mJ) or tripled (355 nm, 160 

mJ), Surelite Continuum II Nd/YAG laser (half-width 6-8 ns). Photomultiplier 

(Hamamatsu R928) signals were processed by means of a LeCroy 9360 (600 MHz, 5 

Gs/sec) digital oscilloscope. The transient absorption decay measurements were performed 

in a single shot mode. Transient absorption spectra were obtained from the decays 

measured at various wavelengths by sampling the absorbance changes at constant delay 

time. To prevent photocyclisation, the probed solution was renewed after each 
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experiment.Photocyclization quantum yields were determined by monitoring the 

increasing visible absorbance of the photoproduct upon irradiation (estimated experimental 

error: 10%). The photoconversion was kept below 10%. The irradiation source was the Xe 

lamp (Cermax, 175 W) of a Perkin-Elmer MPF 44E spectrofluorimeter coupled to a 2nm 

monochromator. The photon flux was determined before and after each measurement by 

using Centronic OSD100-7Q calibrated Si photodiode.  All of the experiments and 

manipulations were performed while protecting the solutions from ambient light. 

All electrochemical experiments were performed with a CH Instruments potentiostat 

model 660B. Cyclic voltammograms were measured on 10 mmol solutions of the 

compounds in acetonitrile, dichloromethane or chloroform and open potential experiments 

were carried out on 0.1 mmol solutions of the compounds in chloroform. Tetra-n-

butylammonium hexafluorophosphate (Bu4NPF6, 0.1 M) was used as supporting 

electrolyte, and a glassy carbon working electrode, a Pt wire counter electrode and an 

Ag/AgCl reference electrode were used. Potentials are quoted versus the ferrocene–

ferrocenium couple (0.0 V) and all potentials were referenced to internal ferrocene added 

at the end of each experiment. All solutions were continuously degassed for ten minutes by 

nitrogen bubbling before the experiments were performed and a flow of nitrogen was 

maintained over the solution for the duration of the experiments. 

Crystal and structural experimental data are summarised in the Annex. The single-crystal 

analysis was performed by Dr. Longsheng Wang, Dr Sunil Varughese or Dr. Thomas 

McCabe in Trinity College with a Bruker SMART APEX CCD diffractometer using 

graphite monochromated Mo-Kα (λ=0.71073Å) radiation at the temperatures given in 

tables. Data reduction was performed using SAINT. Intensities were corrected for Lorentz 

and polarisation effects and for absorption by SADABS. Space groups were determined 

from systematic absences and checked for higher symmetry. The structures were solved by 

direct methods using SHELXS and refined on F2 using all data by full-matrix least-squares 

procedures with SHELX-97. All non-hydrogen atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms were included in calculated positions with 

isotropic displacement parameters 1.3 times the isotropic equivalent of their carrier 

carbons. Absolute structure determinations were based on the Flack parameter. The 

functions minimised were Σw(Fo
2 – Fc

2), with w = [σ2(Fo
2) + (aP)2 + bP]-1, where P = 

[max(Fo)2 + 2Fc
2]/3. In all cases, final Fourier syntheses showed no significant residual 

electron density in chemically sensible positions. 
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[IrIII(3,6-Dipyridyl-4,5-diphenyl pyridazine)(ppy)2][PF6] (1) 

 

 
3,6-Dipyridyl-4,5-diphenyl pyridazine (0.035 g, 8 x 10-5 mol ) and [Ir(ppy)2(µ-Cl)]2 (0.043 

g , 4 x 10-5 mol) were suspended in chloroform (4 ml) and an excess of [NH4][PF6] 

dissolved in methanol (1 ml) was added and the solution was refluxed overnight in air.  

The volume of the now orange solution was reduced by a quarter and the precipitate was 

filtered and washed with water and cold methanol to remove excess [NH4][PF6].  The 

product was collected as a yellow powder in 86 % yield (0.071 g, 6.9 x 10-5 mol). 
1H NMR (600 MHz, CD3CN) δ 8.15 (d, J = 4.4 Hz, 1H, H6’), 8.13 - 8.06 (m, 4H, PpyB6, 

PpyA6), 7.97 - 7.89 (m, 2H, PpyA3, PpyB3), 7.87 - 7.83 (m, 2H, PpyB12, H6), 7.76 (dd, J 

= 7.9, 1.4 Hz, 1H, PpyA12), 7.60 (d, J = 5.6 Hz, 2H, PpyA4, PpyB4), 7.48 - 7.29 (m, 6H), 

7.21 - 7.14 (m, 5H), 7.12 - 7.00 (m, 5H, PpyB11), 6.95 (tdd, J = 7.6, 4.8, 1.3 Hz, 2H, 

PpyA11, PpyB10), 6.82 (td, J = 7.5, 1.4 Hz, 1H, PpyA10), 6.35 (dd, J = 7.7, 1.2 Hz, 1H, 

PpyB9), 6.22 (dd, J = 7.7, 1.2 Hz, 1H, PpyA9). 
13C NMR (CD3CN, 151 MHz): δ = 168.9 (1C, CQ), 168.2 (1C, CQ), 160.7 (1C, CQ), 158.2 

(1C, CQ), 155.3 (1C, CQ), 154.9 (1C, CQ), 152.3 (1C, CH, PpyA6/PpyB6), 152.2  (1C, CQ), 

152.1 (1C, CQ), 151.0 (1C, CH, PpyA6/PpyB6), 150.4 (1C, CH, PpyA6/C6), 149.4 (1C, 

CH, C6’), 145.6 (1C, CQ), 145.0 (1C, CQ), 144.8 (1C, CQ), 142.8 (1C, CQ), 139.60 (1C, 

CH, PpyA3/PpyB3), 139.58 (1C, CH, PpyA3/PpyB3), 139.1 (1C, CH, PpyA4/PpyB4), 

137.4 (1C, CH, PpyA4/PpyB4), 134.9 (1C, CQ), 134.7 (1C, CQ), 132.7 (1C, CH, PpyB9), 

132.3 (1C, CH, PpyA9), 131.2 (1C, CH, PpyB10/PpyB11), 130.7 (1C, CH), 130.6 (1C, 

CH, PpyA10), 130.4, 130.3, 130.2, 130.1, 130.0, 129.5, 128.6, 128.0, 126.1, 125.9 (1C, 

CH, PpyB12), 125.1 (1C, CH, PpyA12), 124.9 (1C, CH), 124.5 (1C, CH), 124.4 (1C, CH), 

123.6 (1C, CH), 122.9 (1C, CH, PpyB10/PpyB11), 121.0 (1C, CH), 120.7 (1C, CH) ppm. 

IR (νbarmax/ cm-1): 1780 (C=C), 1607, 1584 (C=C), 1478, 1426, 1376, 1229, 830, 748. 

HRMS (m/z): [M-PF6]+ (C48H34N6Ir) Calc. 887.2474, Found: 887.2112 
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[IrIII(7,10-Di-pyridin-2-yl-acenaphtho[1,2-d]pyridazine)(ppy)2][PF6]2 (2) 

 
7-(1,2-Dihydro-pyridin-2-yl)-10-pyridin-2-yl-8,9-dihydro-acenaphtho[1,2-d]pyridazine 

(0.044 g, 1.2 x 10-4 mol ) and [Ir(ppy)2(µ-Cl)]2 (0.066 g , 6 x 10-5 mol) were suspended in 

chloroform (4 ml) and an excess of [NH4][PF6] dissolved in methanol (1 ml) was added 

and the solution was refluxed overnight in air.  The volume was then reduced by a quarter 

and the precipitate was filtered and washed with water and cold methanol to remove 

excess [NH4][PF6].  The product was collected as a yellow powder in 89 % yield (0.11 g, 

1.1 x 10-4 mol). 
1H NMR (600 MHz, Acetonitrile-d3) δ: 9.11 (d, J = 7.9 Hz, 1H, H3), 8.86 (m, 2H, H7, 

6’), 8.80 (dd, J = 7.1, 3.2 Hz, 1H, H7’), 8.39 (dd, J = 8.0, 2.8 Hz, 1H, H9), 8.33 (m, 1H, 

H9’), 8.29 (ψtd, J = 7.9, 1.6 Hz, 1H, H4), 8.20 (d, J = 4.9 Hz, 1H, H6), 8.11 (d, J = 8.3 Hz, 

1H, B3), 8.04 (d, J = 5.6 Hz, 1H, PpyA6), 7.98 (m, 2H, PpyA3, PpyB6), 7.92 (ψtd, J = 7.8, 

1.6 Hz, 1H, H8), 7.89 - 7.79 (m, 5H, H8’, H4’, PpyB4, PpyB12, PpyA12), 7.78 (dd, J = 

7.9, 1.4 Hz, 1H, PpyA4), 7.72 (ψtd, J = 7.7, 1.6 Hz, 1H), 7.64 (m, 1H, H5), 7.56 (m, 1H, 

H5’), 7.37 (dψt, J = 7.9, 1.1 Hz, 1H, H3’), 7.09 (ψtd, J = 7.6, 1.2 Hz, 1H, PpyB11), 7.05 

(td, J = 7.6, 1.2 Hz, 1H, PpyA11), 6.95 (m, 3H, PpyB5, PpyB10, PpyA5), 6.89 (ψtd, J = 

7.4, 1.4 Hz, 1H, PpyA10), 6.42 (dd, J = 7.6, 1.2 Hz, 1H, PpyB9), 6.24 (dd, J = 7.7, 1.2 Hz, 

1H, PpyA9) ppm. 
13C NMR (CD3CN, 151 MHz): δ = 168.6 (1C, CQ), 168.2 (1C, CQ), 157.3 (1C, CQ), 156.3 

(1C, CQ), 155.6 (1C, CQ), 155.0 (1C, CQ), 152.2 (1C,C6), 151.4 (1C, CQ), 151.2 (1C, CQ), 

151.1 (1C, PpyB6), 150.5(1C, PpyA6), 150.0 (1C, C6’), 145.2 (1C, CQ), 145.0 (1C, CQ), 

140.2 (1C, C4), 139.7 (1C, CQ), 139.54 (1C, C4’/B4/B12/A12), 139.46 (1C, Ppy A4), 

138.3 (1C, C4’/PpyB4/PpyB12/PpyA12), 136.6 (1C, CQ), 133.9 (1C, C9), 133.5 (1C, C9’), 

133.2 (1C, CQ) 133.0 (1C, PpyB9), 132.5 (1C, PpyA9) 132.4 (1C, C7’), 131.6 (1C, CQ), 

131.2 (1C, PpyB10), 131.1 (1C, CQ), 130.9 (1C, CQ)130.6 (1C, PpyA10), 130.2 (1C, C8’), 

129.9 (1C, C5), 129.44 (1C, C3), 129.40 (1C, C8), 129.35 (1C, C7), 126.5 (1C, C5’), 

125.94 (1C, C4’/PpyB4/PpyB12/PpyA12), 125.88 (1C, C3’), 125.1 (1C, 
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C4’/PpyB4/PpyB12/PpyA12), 124.4 (1C, PpyB5/PpyA5) 124.2 (1C, PpyB5/PpyA5), 

123.6 (1C, PpyB11), 123.0 (1C, PpyA11), 120.9 (1C, PpyB3), 120.5 (1C, PpyA3) ppm. 

IR (νbarmax/ cm-1): 1605(C=C), 1477, 1420 (C=C), 1344, 1269, 836, 755(aryl C-H bend), 

740. 

HRMS (m/z): [M-PF6]+ (C48H30N6Ir) Calc. 859.2161, Found: 859.1782. 

 

[Ir(3,6-Dipyridyl-4,5-di(4-pyridyl) pyridazine)(ppy)2][PF6] (3) 

 

3,6-Dipyridyl-4,5-di(4-pyridyl) pyridazine (0.048 g, 1.2 x 10-4 mol), and [Ir(ppy)2(µ-Cl)]2 

(0.062 g, 6.2 x 10-5 mol) were suspended in chloroform (7 ml).  An excess of [NH4][PF6] 

dissolved in methanol (1 ml) was added and the solution was refluxed overnight in air.  

The red solution’s volume was then reduced by a quarter and the precipitate was filtered 

and washed with water and cold methanol to remove excess [NH4][PF6].  The product was 

collected as a yellow solid in 71 % yield (0.088 g, 8.8 x 10-5 mol). 
1H NMR (600 MHz, Acetonitrile-d3): δ = 8.61 (d, J = 5.1 Hz, 1H, H8), 8.57 (d, J = 5.1 

Hz, 1H, H8), 8.44 – 8.21 (br. m, ~2H, H8’, H8’), 8.15 (dd, J = 5.5, 1.7 Hz, 1H, H6’), 8.13 

– 8.07 (m, 3H, H6, PpyA3, PpyB3), 8.04 (dd, J = 5.9, 1.5 Hz, 1H, PpyB6), 7.95 – 7.88 (m, 

2H, PpyA4, PpyB4), 7.85 (d, J = 6.8 Hz, 2H, PpyA6, PpyB12), 7.77 (d, J = 7.8 Hz, 1H, 

PpyA12), 7.69 (ψtd, J = 8.1, 1.8 Hz, 1H, H4), 7.63 (ψtd, J = 7.8, 1.8 Hz, 1H, H4’), 7.44 

(ddd, J = 7.6, 5.6, 1.0 Hz, 1H,H5’), 7.36 (dd, J = 5.0, 1.8 Hz, 1H, H7), 7.28 (d, J = 8.0 Hz, 

1H, H3), 7.24 – 7.18 (m, 2H, H5, H3’), 7.18 – 7.12 (m, 2H, PpyA5, PpyB5), 7.09 (d, J = 

4.7 Hz, 1H, H7), 7.08 (ψtd, J = 7.8, 1.0 Hz, 1H, PpyB11), 6.98 (ψtd, J = 7.7, 1.0 Hz, 1H, 

PpyA11), 6.96 (ψtd, J = 8.0, 1.0 Hz, 1H, PpyB10), 6.86 (ψt, J = 7.5 Hz, 1H, PpyA10), 

6.82 – 6.75 (br. m, ~1H, H7’), 6.33 (d, J = 7.6 Hz, 1H), 6.24 (d, J = 7.6 Hz, 1H) ppm (one 

H7’ too broad to locate, see text).   
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13C NMR(CD3CN, 151 MHz): δ = 168.8 (1C, CQA), 168.2 (1C, CQB), 158.9 (1C, CQ), 

157.3 (1C, CQ), 154.3 (1C, CQ), 153.6 (1C, CQ), 152.7 (1CH, C6’), 152.0 (1C, Ir-CQA), 

151.8 (1C, Ir-CQB), 151.7 (1C, CQ), 151.66(CH, C8), 151.62 (CH, C8B), 151.0 (CH, 

PpyB6), 150.7 (1CH, PpyA6), 149.4 (CH, C6), 148.7 (broad, 2CH, C8’, C8’), 145.0(1C, 

CQ), 144.9 (1C, CQ), 144.5 (1C, CQ), 142.4 (1C, CQ), 139.72 (2CH, PpyA4, PpyB4), 

139.69 (CH, C4), 139.0(1C, CQ), 137.9 (CH, C4’), 132.7 (CH, PpyB9), 132.3 (CH, 

PpyA9), 131.3 (CH, PpyB10), 130.7 (CH, PpyA10), 130.1 (CH, C3’), 130.0 (CH, C5’), 

126.2 (CH, C3), 126.0 (CH, PpyB12), 125.7 (CH, C5), 125.4 (CH, C7), 125.2 (CH, 

PpyA12), 124.8 (CH, C7B), 124.6 (CH, PpyA5/B5), 124.6 (CH, PpyA5/B5), 123.8 (CH, 

PpyB11), 123.1 (CH, PpyA11), 121.0 (CH, PpyB3), 120.8 (CH, PpyA3) ppm. 

IR (νbarmax/ cm-1): 1620 (C=C), 1500 (C=C), 1342, 1233, 1222, 900, 758(aryl C-H bend), 

740. 

HRMS (m/z): [M-PF6]+(C46H32IrN8): Calc.889.2379, Found: 889.2400. 

 

[RhIII(3,6-Dipyridyl-4,5-diphenyl pyridazine)(ppy)2][PF6] (4) 

 

3,6-Dipyridyl-4,5-diphenyl pyridazine (0.0220 g, 5 x 10-5 mol) and [Rh(ppy)2(µ-Cl)]2 

(0.0220 g , 2.5 x 10-5 mol)were suspended in chloroform (4 ml) and an excess of 

[NH4][PF6] dissolved in methanol (1 ml) was added and the solution was refluxed 

overnight in air.  The volume was then reduced by a quarter and the precipitate was filtered 

and washed with water and cold methanol to remove excess [NH4][PF6].  The product was 

collected as a yellow powder in 76 % yield (0.036 g, 3.8 x 10-5 mol). 
1H NMR (600 MHz, Acetonitrile-d3) δ: 8.18 (d, J = 4.2, 1H, H6’), 8.15 - 8.06 (m, 4H, 

PpyB6, [PpyA6/H6]), 7.99 (ψtd, J = 7.8, 1.6 Hz, 1H, PpyB4), 7.97 (ψtd, J = 8.1, 1.6 Hz, 

1H, PpyA4), 7.93 (d, J = 5.4, 1H, [PpyA6/H6]), 7.89 (dd, J = 7.8, 1.5 Hz, 1H, PpyB12), 

7.80 (dd, J = 7.8, 1.4 Hz, 1H, PpyA12), 7.62 (ψtt, J = 7.9, 1.7 Hz, 2H, 

[PpyA4/PpyB4/H4/H4’/8’]), 7.44 -7.30 (m, 5H, Ph), 7.23 (ddd, J = 7.3, 5.8, 1.4 Hz, 1H), 
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7.19 (m, 4H), 7.13 (ψtd, J = 7.5, 1.2 Hz, 1H, B11), 7.11 - 7.02 (m, 6H), 7.00 (ψtd, J = 7.5, 

1.3 Hz, 2H, Ppy), 6.87 (ψtd, J = 7.5, 1.4 Hz, 1H, PpyA10), 6.39 (d, J = 8.0 Hz, 1H, 

PpyB9), 6.25 (d, J = 7.8 Hz, 1H, PpyA9) ppm. 

 

13C NMR (CD3CN, 151 MHz): δ = 169.1 (1C, d, J = 33 Hz, CA-Rh), 168.6 (1C, d, J = 33 

Hz, CB-Rh), 166.1 (1C, CQ), 165.5(1C, CQ), 160.6(1C, CQ), 157.0(1C, CQ), 155.1 (1C, 

CQ), 154.1 (1C, CQ), 151.6 (1C, CH, B6/PpyA6/C6), 150.9 (1C, CH, PpyB6/PpyA6/C6), 

150.4 (1C, CH, PpyA6/C6), 149.4 (1C, CH, C6’), 145.0 (1C, CQ), 144.9(1C, CQ), 144.8, 

143.1 (1C, CQ), 139.7 (1C, CH, PpyA3/PpyB3), 139.4 (1C, CH), 137.4 (1C, CH), 135.1 

(1C, CQ), 134.7(1C, CQ), 133.8 (1C, CH, PpyB9), 133.3 (1C, CH, PpyA9), 131.0 (1C, CH, 

PpyA11/B10), 130.9 (1C, CH), 130.4, 130.3 (1C, CH), 130.2 (1C, CH), 130.2 (1C, CH), 

130.0 (1C, CH), 129.6 (1C, CH), 128.7 (1C, CH), 128.6 (1C, CH), 128.1 (1C, CH), 126.0 

(1C, CH), 125.7 (1C, CH, PpyB12), 125.0 (1C, CH, PpyA12), 124.8 (1C, CH), 124.5 (1C, 

CH, B11), 124.4 (1C, CH), 123.8 (1C, CH, PpyA11/PpyB10), 121.1 (1C, CH), 120.8 (1C, 

CH) ppm. 

IR (νbarmax/ cm-1): 1738 (C=C), 1605, 1480 (C=C), 1377, 1230, 833, 748(aryl C-H bend), 

736, 703. 

HRMS (m/z): [M-PF6]+ (C48H34N6Rh) Calc. 797.1900, Found: 797.1936.  

 

[RhIII(7,10-Di-pyridin-2-yl-acenaphtho[1,2-d]pyridazine)(ppy)2][PF6] (5) 

 

7-(1,2-Dihydro-pyridin-2-yl)-10-pyridin-2-yl-8,9-dihydro-acenaphtho[1,2-d]pyridazine 

(0.1g, 0.28 mmol) and [Rh2(ppy)2Cl2] (0.124 g, 0.14 mmol) were suspended in chloroform 

(4 ml) and excess [NH4][PF6] dissolved in methanol (1 ml) was added.  The mixture was 

then refluxed overnight in air.  The volume of the solution was reduced through rotary 

evaporation, and the resulting precipitate isolated through filtration.  The yellow-orange 

CQA/B

CA/B-Rh
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solid was first washed with water to remove the remaining water soluble salts, followed by 

cold ether.  The product was obtained in quantitative yield. 

(PpyA and PpyB are two separate ppy ligands which cannot be further differentiated) 

1H NMR (600 MHz, CD3CN) δ = 9.04 (d, J = 7.5 Hz, 1H, H3), 8.90 (d, J = 4.1 Hz, 1H, 

H6’), 8.81 (d, J = 7.5 Hz, 1H, H7), 8.78 (d, J = 7.2 Hz, 1H, H7’), 8.42 (d, J = 8.3 Hz, 1H, 

H9), 8.37 (d, J = 7.9 Hz, 1H, H9’), 8.33 (ψtd, J = 7.9, 1.1 Hz, 1H, H4), 8.26 (d, J = 4.5 Hz, 

1H, H6), 8.14 (d, J = 8.3 Hz, 1H, PpyB H3), 8.12 (d, J = 5.6 Hz, 1H, PpyA H6), 8.04 (d, J 

= 5.6 Hz, 1H, PpyB H6), 8.02 (d, J = 8.7 Hz, 1H, PpyA H3), 7.94 (m, 3H, H8, PpyB H12, 

PpyB H4), 7.86 (m, 3H, H4’, H8’, PpyA H12), 7.80 (ψt, J = 7.5 Hz, 1H, PpyA H4), 7.67 

(ψt, J = 7.5 Hz, 1H, H5), 7.60 (m, 1H, H5’), 7.45 (d, J = 7.9 Hz, 1H, H3’), 7.18 (ψt, J = 7.5 

Hz, 1H, PpyB H11), 7.14 (ψt, J = 7.5 Hz, 1H, PpyA H11), 7.04 (m, 2H, PpyB H5, PpyB 

H10), 6.98 (m, 2H, PpyA H5, PpyA H10), 6.47 (d, J = 7.5 Hz, 1H PpyB H9), 6.30 (d, J = 

7.9 Hz, 1H, PpyA H9) ppm. 

13C-{1H} (151 MHz, CD3CN): δ = 168.6 (1C, CQ, d, 1JRh-C = 33 Hz, CB-Rh), 168.0 (1C, 

CQ, d, 1JRh-C = 33 Hz, CA-Rh), 165.7 (1C, CQ, d, 3JRh-C = 2 Hz, CQA), 165.4 (1C, CQB), 

157.0 (1C, CQ), 155.1 (1C, CQ), 154.8 (1C, CQ), 154.3 (1C, CQ), 151.8 (1C, C6), 150.8 

(1C, PpyB 6), 150.3 (1C, PpyA 6), 149.9 (1C, C6’), 145.0 (1C, CQ), 144.9 (1C, CQ), 140.3 

(1C, C4), 139.5 (1C, PpyB 12/PpyB 4/C8), 139.4 (1C, PpyA 4), 138.7 (1C, CQ), 138.2 

(1C, C4’/C8’/PpyA 12), 136.9 (1C, CQ), 133.9 (1C, PpyB 9), 133.7 (1C, C9), 133.4 (1C, 

C9’), 133.3 (1C, PpyA 9), 132.9 (1C, CQ), 132.3 (1C, C7’), 131.4 (1C, CQ), 130.9 (2C, 

CQ), 130.8 (1C, Ppy B 5/Ppy 10), 130.4 (1C, PpyA 5, PpyA 10), 130.0 (1C, C4’/C8’/PpyA 

12), 129.3 (1C, C7), 129.2 (1C, PpyB 12/PpyB 4/C8), 129.0 (1C, C5), 128.9 (1C, C3), 

126.3 (1C, C5’), 125.7 (1C, C3’), 125.5 (1C, PpyA 11), 124.9 (1C, C4’/C8’/PpyA 12), 

124.3 (1C, PpyB 11), 124.2 (1C, PpyB 5, PpyB 10), 124.0 (1C, PpyA 5, PpyA 10), 123.7 

(1C, PpyB 12/PpyB 4/C8), 120.9 (1C, PpyB 3), 120.5 (1C, PpyA 3) ppm 

IR (νbarmax/ cm-1): 1738 (C=C), 1605, 1480 (C=C), 1377, 1230 (C-O), 833, 748(aryl C-H 

bend), 736, 703. 

HRMS (m/z): [M-PF6]+ (C48H34N6Rh) Calc. 797.1900, Found: 797.1936.  
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[Rh(3,6-Dipyridyl-4,5-di(4-pyridyl) pyridazine)(ppy)2][PF6] (6) 

 

3,6-Dipyridyl-4,5-di(4-pyridyl) pyridazine (0.046 g, 1.2 x 10-4 mol), and [Rh(ppy)2(µ-Cl)]2 

(0.0593g, 5.9 x 10-5 mol) were suspended in chloroform (4 ml).  An excess of [NH4][PF6] 

dissolved in methanol (1 ml) was added and the solution was refluxed overnight in air.  

The red solution’s volume was then reduced by a quarter and the precipitate was filtered 

and washed with water and cold methanol to remove excess [NH4][PF6].  The product was 

collected as a yellow solid in 63 % yield (0.035 g, 3.4 x 10-5 mol). 
1H NMR (400 MHz, Acetonitrile-d3) δ 8.60 (d, J = 5.1 Hz, 1H, H8(‘)), 8.57 (d, J = 5.1 

Hz, 1H, H8(‘)), [8.44 (br.s), 8.36 (d, J = 5.6 Hz), 8.25 (br.s) total integration 2H], 8.18 (dd, 

J = 5.3, 1.7 Hz, 1H, H6’), 8.14 - 8.06 (m, 3H, B3, PpyA6, H6), 8.04 (d, J = 5.5 Hz, 1H, 

PpyB6), 8.02 - 7.92 (m, 3H, PpyA3, PpyB4, PpyA4), 7.89 (dd, J = 8.0, 1.7 Hz, 1H, 

PpyA12), 7.82 (dd, J = 7.9, 1.4 Hz, 1H, PpyB12), 7.71 (ψtd, J = 7.8, 1.4 Hz, 1H, H4’), 

7.65 (dd, J = 7.9, 1.8 Hz, 1H, H4), [7.56 (br.s, 2H)], 7.43 (ddd, J = 7.7, 5.3, 1.2 Hz, 1H, 

H5’), 7.40 - 7.30 (m, 2H, 5, 7(‘)), 7.28 - 7.11 (m, 5H, H3, H3’, PpyA5, PpyB5, PpyB11), 

7.10 - 7.04 (m, 2H, 7(‘), PpyA11), 7.01 (ψtd, J = 7.5, 1.4 Hz, 1H, B10), 6.93 (ψtd, J = 7.5, 

1.4 Hz, 1H, A10), 6.36 (d, J = 7.6 Hz, 1H, PpyB9), 6.29 (d, J = 7.7 Hz, 1H, PpyA9). 
13C NMR (CD3CN, 151 MHz): δ = 169.0 (1C, d, J = 33 Hz, CA-Rh), 168.2 (1C, d, J = 33 

Hz, CB-Rh), 165.9 (1C, CQ), 165.4 (1C, CQ), 157.7 (1C, CQ), 155.9 (1C, CQ), 153.2 (1C, 

CQ), 152.7 (1C, CQ), 152.1 (1C, CH, C6’), 151.6 (1C, CH, C8(‘)), 151.5 (1C, CH, C8(’)), 

150.8 (1C, CH, PpyB6), 150.6 (1C, CH, PpyA6), 149.3 (1C, CH, C6), 149.0 (1C, CQ), 

145.5 (1C, CQ), 145.0 (1C, CQ), 144.9 (1C, CQ), 142.4 (1C, CQ), 141.4 (1C, CQ), 139.9 

(1C, CH, C4’), 139.74 (1C, CH, PpyB4), 139.7(1C, CH, Ppy A4), 138.3 (1C, CQ), 138.0 

(1C, CH, C4), 133.7 (1C, CH, PpyB9), 133.3 (1C, CH, PpyB9), 131.0 (1C, CH, PpyB10), 

130.5 (1C, CH, PpyA10), 129.6 (1C, CH, C3/C3’/PpyA5/PpyB5/PpyB11), 129.2 (1C, CH, 

C5’), 127.5 (1C(br.), CH, C7(‘)), 125.8 (1C, CH, C5), 125.8 (1C, CH, 

C3/C3’/PpyA5/PpyB5/PpyB11), 125.7 (1C, CH, PpyA12), 125.4 (1C, CH, C5/C7(‘)), 

125.0 ((1C, CH, PpyB12), 124.7 (1C, CH, C7/PpyA11), 124.6 (1C, CH, 

C3/C3’/PpyA5/PpyB5/PpyB11), 124.5 (1C, CH, C3/C3’/PpyA5/PpyB5/PpyB11), 124.5 
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(1C, CH, 3/3’/PpyA5/PpyB5/PpyB11), 123.9 (1C, CH, C7/PpyA11), 121.1 (1C, CH, 

PpyB3), 120.9  (1C, CH, PpyA3) ppm. 

IR (νbarmax/ cm-1): 1607 (C=C), 1478 (C=C), 1378, 1230, 834, 758(aryl C-H bend), 736, 

703. 

HRMS (m/z): [M-PF6]+ (C46H32N8Rh) Calc. 799.1805, Found: 799.1791.  

m.p./oC: >250 

 

[ReI(3,6-Dipyridyl-4,5-diphenyl pyridazine)(CO)3Cl] (7) 

 
A suspension containing [ReCl(CO)5] (20 mg, 0.055 mmol) and 3,6-di(3-pyridyl) 4,5-

diphenyl-pyridazine (23 mg, 0.059 mmol) in degassed benzene (3 mL) was heated under 

reflux for 3 h to give a red solution. It was allowed to cool and concentrated to a low 

volume and added hexane to give the desired product as an orange solid (34 mg, 89%). 

1H NMR (CDCl3, 600 MHz) δ = 9.15 (dd, J = 5.6, 1.6 Hz, 1H, H6), 8.33 (d, J = 4.7 Hz, 

1H, H6’), 8.02 (d, J = 7.9 Hz, 1H, H3’), , 7.80 (ψtd, J = 7.9, 1.8 Hz, 1H, H4’), 7.55 (ψtd, J 

= 8.0, 1.7 Hz, 1H, H4), 7.41 (ddd, J = 7.1, 5.6, 1.3 Hz, 1H, H5), 7.39 - 7.34 (m, 2H, Ph), 

7.32 (ψtd, J = 7.1, 6.6, 2.0 Hz, 1H, Ph), 7.23 (ddd, J = 7.8, 4.9, 1.1 Hz, 1H, H5’), 7.15 (d, J 

= 6.9Hz, 1H, Ph), 7.12 (d, J = 7.4 Hz, 1H, Ph), 7.10 - 7.08 (m, 1H, Ph), 7.06 (t, J = 7.2 Hz, 

2H, Ph), 6.93 (d, J = 8.4 Hz, 1H, H3), 6.90, (br. s, 1H, Ph) ppm. 

13C NMR (CDCl3, 151 MHz): δ = 198.5 (CO), 196.5 (CO), 189.6 (CO), 159.3 (CQ), 156.6 

(CQ), 155.0 (CQ), 153.8 (1CH, C6), 153.6 (CQ), 148.8 (1CH, C6’), 143.9 (CQ), 142.4 (CQ), 

137.7 (1CH, C4), 136.9 (1CH, C4’), 133.7 (CQ), 133.4 (CQ), 129.9 (1CH, Ph), 129.81 

(1CH, Ph), 129.75 (1CH, Ph), 129.7 (1CH, Ph), 129.4 (1CH, Ph), 129.1 (1CH, Ph), 128.4 

(1CH, C3), 128.0 (1CH, Ph), 127.6 (2CH, Ph), 127.1, (1CH, C5) 125.6 (1CH, Ph), 124.1 

(1CH, C5’). 

IR (νbarmax/ cm-1): 2016 (C≡O), 1905 (C≡O), 1879 (C≡O), 1589 (aryl C=C), 1474, 1381, 

1240, 1161, 794, 748 and 698. 
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HRMS (THF) (m/z): [M-Cl]+ (C29H18N4O3Re) Calc. 657.0937, Found: 657.0956 

CHN: Calculated for C29H18N4O3ReCl·0.1C6H6: C 50.79, H 2.68, N: 8.04.  Found C: 

50.69, H: 2.58, N: 7.85. 

 

[ReI(7,10-Di-pyridin-2-yl-acenaphtho[1,2-d]pyridazine)(CO)3Cl] (8) 

 
A suspension containing [ReCl(CO)5] (20 mg, 0.055 mmol) and 7,10-di(2-pyridyl)-8,9-

diazafluoranthene (21 mg, 0.058 mmol) in degassed benzene (3 mL) was heated under 

reflux for 3 h to give an orange precipitate. The solution was allowed to cool and 

concentrated to a low volume. The desired product was obtained as an orange solid (36 

mg, 98%). 
1H NMR (CDCl3, 600 MHz) δ = 9.28 (d, J = 5.3 Hz, 1H, H6), 9.01 (d, J = 7.8 Hz, 1H, 

H3), 8.98 - 8.92 (m, 1H, H6’), 8.72 (d, J = 7.2 Hz, 1H, H7/7’), 8.65 (d, J = 7.1 Hz, 1H, 

H7/7’), 8.58 (d, J = 7.8 Hz, 1H, H3’), 8.27 (d, J = 7.9 Hz, 1H, H9/9’), 8.23 (d, J = 8.2 Hz, 

1H, H9/9’) 8.22 ([multiplicity obscured by previous signal], 2H, H4), 8.11 (ψtd, J = 7.7, 

1.7 Hz, 1H, H4’), 7.81 (m, 2H, H8, H8’), 7.69 (dd, J = 7.4, 4.6 Hz, 1H, H5), 7.63 (dd, J = 

7.6, 4.7 Hz, 1H, H5’) ppm. 
13C NMR (CDCl3, 151 MHz): δ = 198.3 (CO), 196.7 (CO), 178.5 (CO), 156.0 (CQ), 155.4 

(CQ), 154.6 (1CH, C6), 154.3 (CQ), 154.0 (CQ), 148.9 (1CH, C6’), 138.4 (1CH, C4), 138.3 

(CQ), 138.1 (1CH, C4’), 136.5 (CQ), 133.0 (1CH, C9/9’), 132.7 (CQ), 132.5 (1CH, C9/9’), 

131.6 (1CH, C7/7’), 131.1 (CQ), 130.4 (CQ), 130.3 (CQ), 129.5 (1CH, C8/8’), 128.0 (1CH, 

C8/8’), 127.62 (1CH, C5), 127.59 (1CH, C7/7’), 127.1 (1CH, C3), 126.0 (1CH, C3’), 

125.8 (1CH, C5’) ppm. 

IR (νbarmax/ cm-1): 2008 (C≡O), 1908 (C≡O), 1861(C≡O), 1604 (aryl C=C), 1579, 1418, 

1380, 1337, 1091, 822, 793, 747. 

HRMS (THF) (m/z): [M-Cl]+ (C27H14N4O3Re) Calc. 629.0624, Found: 629.0602. 

CHN: Calculated for C27H14N4O3ReCl: C 48.83, H 2.13, N: 8.43.  Found C: 48.47, H: 

1.95, N: 8.25. 
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[ReI(3,6-Dipyridyl-4,5-di(4-pyridyl) pyridazine)(CO)3Cl] (9) 

 
A suspension containing [ReCl(CO)5] (20 mg, 0.055 mmol) and 3,6-di(2-pyridyl)-4,5-

di(4-pyridyl)-pyridazine (22 mg, 0.056 mmol) in benzene (4 mL) was heated under reflux 

for 3 h to give a brown precipitate. The solution was allowed to cool and concentrated to a 

low volume. The precipitate was filtered off and washed with hexane (25 mg, 66%).  

 

NMR: Due to ring-locking four “7” signals and four “8” signals are observed.  Due to the 

crowded nature of the spectra it proved impossible to assign these signals to individual 

spin systems and therefore primes have not been included.  10 µl of 5 M CF3COOH were 

added to the sample (approx. 2 mg/ml) in order to suppress aggregation (see text). 
1H NMR (CD3CN, 600 MHz) δ = 9.19 (dd, J = 5.3, 1.5 Hz, 1H, H6), 8.76 (d, J = 5.9 Hz, 

2H, H8, H8), 8.52 (d, J = 6.2 Hz, 1H, H8), 8.51 – 8.48 (m, 1H, H8), 8.43 (d, J = 8.1 Hz, 

1H, H3’), 8.21 (d, J = 4.8 Hz, 1H, H6’), 8.03 (ψtd, J = 7.8, 1.8 Hz, 1H, H4’), 7.89 (d, J = 

5.8 Hz, 1H, H7), 7.85 (dd, J = 8.0, 1.8 Hz, 1H, H4), 7.82 (d, J = 5.8 Hz, 1H, H7), 7.70 (d, 

J = 6.0 Hz, 1H, H7), 7.69 – 7.65 (m, 1H, H5), 7.63 (d, J = 6.0 Hz, 1H, H7), 7.41 (dd, J = 

7.6, 4.8 Hz, 1H, H5’), 7.02 (d, J = 8.3 Hz, 1H, H3). 

Carbonyl signals not readily observed (sample insolubility) and are tenuously assigned. 

13C NMR (CD3CN, 151 MHz): δ = 189.8 (CO), 188.7 (CO), 185.2 (CO), 156.9 (CQ), 

156.4 (CQ), 155.5 (CH, C6), 153.8 (CQ), 153.1 (CQ), 151.6 (CQ), 149.6 (CH, C6’), 149.8 

(CQ), 145.3 (2CH, C8, C8), 145.2 (CH, C8), 142.1 (CH, C8), 140.8 (CH, C4), 139.6 (CQ), 

139.0 (CH, C4’), 137.0 (CQ), 130.0 (CH, C3), 129.7 (CH, C5), 129.0 (CH, C7), 128.9 (CH, 

C7), 128.7 (CH, C7), 128.5 (CH, C7), 126.6 (CH, C5’), 126.1 (CH, C3’) ppm. 

IR (νbarmax/ cm-1):2020 (C≡O), 1909 (C≡O), 1875 (C≡O), 1615 (aryl C=C), 1585, 1473, 

1422, 1380, 1220, 992, 792, 746. 

HRMS (THF) (m/z): [M+H]+ (C27H17N6O3ReCl): Calc. 695.0608, Found: 695.0651. 
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[RhCp*(3,6-Dipyridyl-4,5-diphenyl pyridazine)Cl][PF6] (10) 

 

To [Cp*RhCl2]2 (16 mg, 0.026 mmol) and 3,6-di(2-pyridyl)-4,5-di(phenyl)pyridazine (21 

mg, 0.054 mmol) in dichloromethane (2 mL) was added a solution of NH4PF6 (12 mg, 

0.074 mmol) in methanol (1 mL). The reaction mixture was heated under reflux for 2 h. It 

was concentrated to give a yellow solid (32 mg, 77%).  

Ring locking results in 10 phenyl signals being observed in the NMR.  Phenyl signals 

could not be distinguished. 

1H NMR (600 MHz, Acetonitrile-d3) δ = 8.98 (d, J = 4.7 Hz, 1H, H6), 8.50 (dψt, J = 4.9, 

1.3 Hz, 1H, H6’), 7.81 (ψtd, J = 7.8, 1.8 Hz, 1H, H4’), 7.77 – 7.70 (m, 2H, H4, H5), 7.62 

(dd, J = 7.8, 1.1 Hz, 1H, H3’), 7.49 – 7.33 (m, 4H, 3 x Ph, H5’), 7.25 (d, J = 7.8 Hz, 1H, 

Ph), 7.17 (dd, J = 7.6, 1.6 Hz, 1H, Ph), 7.13 (dd, J = 7.4, 1.4 Hz, 1H, Ph), 7.09 (ψt, J = 7.5 

Hz, 2H, 2 x Ph), 7.02 (br s, 2H, 2 x Ph), 6.86 (d, J = 7.1 Hz, 1H, H3), 1.71 (s, 15H, 5 x 

CH3 (Cp*)). 
13C NMR13C NMR(CD3CN, 151 MHz): δ = 156.3 (CQ), 154.5 (CQ), 153.2 (CQ), 153.8 

(CH, C6), 150.4 (CH, C6’), 146.2 (CQ), 145.7 (CQ), 145.1 (CQ), 144.2 (CQ), 140.3 (CH, 

C4), 137.7 (CH, C4’), 134.1 (CQ), 130.87 (2CH, broad, Ph), 130.7 (CH, Ph), 130.41 (CH, 

Ph), 130.38 (CH, Ph), 130.3 (CH, Ph), 129.9 (CH, Ph), 129.5 (CH, C5),129.2 (CH, Ph) 

128.9 (2CH, C3), 128.5 (2CH, Ph), 126.1 (CH, C3’), 125.1 (CH, C5), 99.4 (d, JRh-C = 8.0 

Hz, CQ (Cp*)), 9.1(5CH3, Cp*). 

IR (νbarmax/ cm-1):3685, 3060, 1599, 1583, 1472, 1377, 1026, 830, 795, 747 and 694 

HRMS (CH3CN) (m/z): [M-PF6]+ (C36H33N4ClRh): Calc 659.1449, found 659.1437. 
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[Rh(7,10-Di-pyridin-2-yl-acenaphtho[1,2-d]pyridazine)Cp*Cl][PF6] (11) 

 

To a solution containing [Cp*RhCl2]2 (14 mg, 0.022 mmol) and 7,10-di(2-pyridyl)-8,9-

diazafluoranthene (18 mg, 0.050 mmol) in dichloromethane (2 mL) was added a solution 

of NH4PF6 (12 mg, 0.074 mmol) in methanol (1 mL). The reaction mixture was heated 

under reflux for 2 h. The resulting yellow precipitate was filtered off and washed with cold 

methanol (31 mg, 89%). 

1H NMR (Acetonitrile-d3, 600 MHz): δ = 9.10 (dd, J = 5.4, 1.4 Hz, 1H, H6), 9.04 (d, J = 

7.9 Hz, 1H, H3), 9.02 – 8.97 (d, J = 4.8 Hz, 1H, H6’), 8.81 (d, J = 7.3 Hz, 1H, H7), 8.43 

(d, J = 8.1 Hz, 1H, H9), 8.39 (ψtd, J = 8.0, 1.4 Hz, 1H, H4), 8.37 (d, J = 8.1 Hz, 1H, H9’), 

8.32 (d, J = 7.3 Hz, 1H, H7), 8.30 (dd, J = 7.8, 1.0 Hz, 1H, H3), 8.22 (ψtd, J = 7.7, 1.8 Hz, 

1H, H4’), 7.99 – 7.93 (m, 2H, H5, H8), 7.84 (d, J = 7.8 Hz, 1H, H8’), 7.77 (ddd, J = 7.7, 

4.8, 1.2 Hz, 1H, H5’), 1.73 (s, 15H, 5 x CH3[Cp*]) ppm. 
13C NMR (CD3CN, 151 MHz): δ = 158 (CQ), 154.7 (CQ), 154.5 (CQ), 153.9 (CH, C6), 

153.4 (CQ), 150.8 (CH, C6’), 141.2 (CH, C4), 139.1 (CH, C4’), 138.4 (CQ), 134.9 (CQ), 

134.2 (CH, C9), 133.9 (CH, C9’), 133.2 (CQ), 131.7 (CH,C7’), 131.1 (CQ), 131.0 (CQ), 

130.8 (CQ), 130.2 (CH, C8’), 130.1 (CH, C7) 129.7 (CH, C5), 129.6 (CH, C8), 128.3 (CH, 

C3), 126.7 (CH, C5’), 125.8 (CH, C3’), 98.8 (d, JRh-C = 8.0 Hz, 5CQ [Cp*]), 9.2 (5CH3 

[Cp*]) ppm. 

IR (νbarmax/ cm-1): 1586, 1476, 1419, 1388, 1023, 833, 773 and 744. 

HRMS (MeCN, m/z): [M-PF6]+ (C34H29N4ClRh) Calc. 631.1136, Found: 631.1112. 

 

 

 

 

 

7' 8'

9'

9

87

6'
5'

4'

3'

6
5

4

3

[PF6]

Rh

Cl

N

N

N

N



Experimental 

282 
 

 [Rh(3,6-Dipyridyl-4,5-di(4-pyridyl) pyridazine)Cp*Cl][PF6] (12) 

 

To a solution containing [Cp*RhCl2]2 (14 mg, 0.022 mmol) and 3,6-di(2-pyridyl)-4,5-di(4-

pyridyl)pyridazine (18.5 mg, 0.047 mmol) in dichloromethane (2 mL) was added a 

solution of NH4PF6 (11 mg, 0.067 mmol) in methanol (1 mL). The reaction mixture was 

heated under reflux for 1 h. It was concentrated to give a yellow-orange solid which was 

filtered and washed with ether (35 mg, 95%).  

1H NMR (600 MHz, Acetonitrile-d3): δ 9.01 (ddd, J = 5.4, 1.6, 0.7 Hz, 1H, H6), 8.63 (dd, 

J = 5.0, 1.0 Hz, 1H, H8B), 8.57 (dd, J = 5.1, 1.0 Hz, 1H, H8A), 8.41 (br d, J = 4.8 Hz, 1H, 

H6’), 8.31 (d, J = 5.1 Hz, 2H, H8’), 7.93 (ψtd, J = 7.7, 1.7 Hz, 1H, H4’), 7.88 (dψt, J = 7.8, 

1.1 Hz, 1H, H3’), 7.83 (ψtd, J = 8.0, 1.7 Hz, 1H, H4), 7.78 (ddd, J = 7.7, 5.4, 1.4 Hz, 1H, 

H5), 7.41 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H, H5’), 7.29 (br d, J = 4.8 Hz, 1H, H7B), 7.19 (br d, 

J = 4.8 Hz, 1H, H7A), 7.06 (dψt, J = 8.2, 1.0 Hz, 1H, H3), 6.97 (very broad s, 1H, H7, 7’), 

1.73 (s, 15H, 5 x CH3 Cp*) ppm.  
13C NMR (CD3CN, 151 MHz): δ = 160.5 (CQ), 155.5 (CQ), 154.0 (CH, C6), 153.4 (CQ), 

152.2 (CQ), 151.9 (CH, C8A), 151.8 (CH, C8B), 150.3 (CH, C6’), 149.8 (2CH, C8’, C8’), 

142.2 (CQ), 141.9 (CQ), 141.7 (CQ), 141.1 (CQ), 140.7 (CH, C4), 138.2 (CH, C4’), 129.8 

(CH, C5), 128.9 (CH, C3), 126.2 (CH, C3’), 125.6 (CH, C5’), 124.8 (CH, C7A), 124.5 

(CH, C7B), 99.5 (5CQ, d, J = 8.2 Hz, Cp*), 9.1 (5CH3, Cp*) ppm. 

IR (νbarmax/ cm-1):1597, 1474, 1380, 1024, 832, 795 and 746.  

HRMS (THF) (m/z): [M-PF6]+ (C34H31N6ClRh): Calc 661.1354, found: 661.1323. 
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3,6-Bis(2-pyridyl)-4,5-diphenyl-1,4-dihydropyridazine (13) 

 

Bptz (0.600 g, 2.540 mmol) and trans-stilbene (0.469 g, 2.600 mmol) were refluxed in 

toluene (20 mL) for 24 hrs. The colour of the solution changed from dark pink to a bright 

yellow. The solvent was removed in vacuo, and the reaction mixture was run through a 

silica column (10% diethyl ether in dichloromethane) to furnish the product as a light 

yellow solid (0.9370 g, 2.210 mmol, 95%). 

1H-NMR (400 MHz, CDCl3): δ 9.43 (s, 1H, H), 8.67 (d, 1H, J = 3.8 Hz, H6), 8.61 (d, 1H', 

J = 4.4 Hz, H6), 8.10 (d, 1H, J = 7.9Hz, H3'), 7.63 (ψtd, 1H, J = 7.8, 1.8 Hz, H4'), 7.57 (d, 

2H, J = 7.0 Hz, H8'), 7.40 (ψtd, 1H, J = 7.8, 1.5 Hz, H4), 7.30-7.17 (m, 11H, H3, 5, 5', 

9,10,8', 9', 10'), 5.82 ppm (s, 1H, H11). 

13C-NMR (100 MHz, CDCl3): δ 154.2, 151.6, 149.0, 148.3, 141.9, 138.9, 136.1, 135.9, 

135.1, 129.9 (2C), 128.5, 128.3, 128.3, 127.2, 126.7, 125.5, 123.0, 122.7, 121.5, 108.2, 

41.5 ppm. 

HRMS: (CH3CN); calculated [MH]+ m/z 389.1766, found: 389.1782. 

CHN: Calc for C26H20N4; C: 80.39; H: 5.19; N: 14.42. Found: C: 80.42; H: 5.26; N: 14.37 

 

3,6-di(2-pyridyl)-4,5-diphenyl pyridazine (La) 

 

3,6-Bis(2-pyridyl)-4,5-diphenyl-1,4-dihydropyridazine was dissolved in acetic acid (20 

ml) and cooled to ca. 0 oC.  A concentrated aqueos solution of NaNO2 (ca. 20 ml, 
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saturated) was added and the neck of the vessel blocked with cotton wool and the mixture 

stirred for 15 mins at room temperature.  The gases were allowed to dissipate by removing 

the cotton wool and stirring vigorously for a further 5 mins.  Some of the solvent was 

removed under vacuum and the reaction mixture was neutralized by the addition of solid 

NaHCO3.  The mixture was extracted into CH2Cl2, dried over MgSO4 and purified using a 

silica column (10% methanol in ethyl acetate). The product was recovered as a white solid 

(0.598 g, 1.6 mmol, 74% . 

1H-NMR (400 MHz, CDCl3): δ 8.42 (d, 2H, J = 4.5 Hz, H6), 7.64 (m, 4H, H3, H4) 7.17 

(ψtd, 2H, J = 6.5, 1.5 Hz, H5), 7.05 (m, 6H, H8, H10), 6.87 ppm (m, 2H, H9). 

13C NMR (100 MHz, CDCl3): δ 158.5 (CQ), 155.6 (CQ), 148.4 (C6), 138.7 (CQ), 135.7 

(C4), 134.2 (CQ), 129.7 (C9), 127.1 (C8), 126.9 (C10), 124.6 (C3), 122.5 ppm (C5).  

IR (νbarmax/ cm-1) 3078, 3054, 3024, 3003, 1587, 1569, 1474, 1377, 1155, 991, 793, 782, 

771, 746, 636, 624, 531, 486. 

HRMS: (CH3CN); calculated [MH]+ m/z 387.1596 found: 387.1610. 

CHN: Calculated for C26H18N4: C, 80.81; H, 4.69; N, 14.50. Found: C, 79.92; H, 4.64; N, 

14.26.  

m.p. 189º-191 ºC. 

 

3,6-di(2-pyridyl)-4,5-di(4-pyridyl)-1,4-dihydropyridazine 

 

Bptz (0.500 g, 2.116 mmol) and (E)-1,2-di(4’-pyridyl)ethene (0.410 g 2.251 mmol) were 

added to toluene (10 mL) and heated in a sealed tube at 1800C for 24 hrs. The solvent was 

removed in vacuo and the reaction mixture purified on a silica column (20% methanol in 

diethyl ether). The product was isolated as a bright yellow solid (0.619 g, 1.6 mmol, 75%). 
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1H NMR (400 MHz, CDCl3): δ 9.50 (s, 1H, N-H), 8.72 (d, 1H, J = 5.0 Hz, H6), 8.61 (d, 

1H, , J = 6.0 Hz H6'), 8.50 (d, 2H, J = 6.5 Hz, H9/9'), 8.41 (d, 2H, J = 6.0 Hz, H9/9'), 8.13 

(d, 1H, J = 8.0 Hz H3',), 7.66 (ψtd, 1H, J = 7.8, 1.5 Hz, H4'), 7.55 (ψtd, 1H, J = 7.5, 1.5 

Hz, H4), 7.46 (d, 2H, J = 6.0 Hz, H8/8'), 7.36 (d, 1H, J = 6.0 Hz, H3), 7.32 (d, 1H, J = 2.0 

Hz, H5), 7.22 (m, 1H, J = 2.0 Hz, H5'), 7.06 (d, 2H, J = 6.0 Hz, H8/8'), 5.86 ppm (s, 1H, 

H11).  

13C NMR (100 MHz, CDCl3): δ 153.4 (CQ), 150.8 (CQ), 150.1 (C9/9'), 150.0 (C9/9'), 

150.0 (C6), 148.4 (C6'), 146.3 (CQ), 140.7 (CQ), 138.7 (CQ), 136.5 (C4), 136.2 (C4'), 125.6 

(C3), 124.1 (C5), 123.9 (C8/8'), 123.3 (C5'), 123.1 (C8/8'), 121.5 (C3'), 102.5 (C11), 39.5 

ppm (CQ). 

HRMS: (CH3CN); calculated for C24H19N6: [MH]+ m/z 391.1671 found: 391.1667. 

CHN: Calculated for C24H18N6; C: 73.83; H: 4.65; N: 21.52. Found: C: 73.85; H: 4.70; N: 

20.93 

 

3,6- di(2-pyridyl)-4,5-di(4-pyridyl) pyridazine (Lb) 

 

The same procedure was used for 3,6-di(2-pyridyl)-4,5-diphenyl pyridazine. Purification 

was carried out using column chromatography (SiO2, 50% ether, 50% methanol). The 

product was recovered as a white solid (0.308 g, 50 % yield). 

1H NMR (400 MHz, CDCl3): δ 8.34 (d, 2H, J = 5.5 Hz, H9), 8.30 (d, 2H, J = 4.5 Hz, H6), 

8.01 (d, 2H, J = 7.6 Hz, H3), 7.81 (ψtd, 2H, J = 7.5, 1.5 Hz, H4), 7.23 (m, 2H, H5), 6.85 

(d, 2H, H8, J = 6.0 Hz) ppm. 

13C NMR (100 MHz, CDCl3): δ 157.0 (CQ), 154.2 (CQ), 148.7 (C9), 148.3 (C6), 142.6 

(CQ), 136.3 (C4), 136.1 (CQ), 124.5 (C3), 124.1 (C8), 123.2 (C5) .ppm  

IR (νbarmax/ cm-1) 3059, 3039, 3027, 1596, 1584, 1568, 1408, 1382, 1374, 1218, 991, 813, 

808, 796, 786, 750, 648, 624, 538, 489. 
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HRMS: (CH3CN); calculated: [MH]+ m/z 387.1504 found: 387.1515. 

CHN: Calculated for C24H16N6: C, 74.21; H, 4.15; N, 21.64. Found: C, 75.23; H, 4.60; N, 

20.88.  

m.p. 119 - 221 ºC 

 

3,6-di-(2-pyrazinyl)-4,5-diphenyl-1,4-dihydropyridazine (16) 

 

The same procedure was used as for 3,6 di(2-pyridyl) 4,5-diphenyl-1,4-dihydropyridazine 

(above) using trans-stilbene (0.240 g, 1.33 mmol) and bpztz (0.310 g 1.30 mmol). 

Purification by column chromatography (dichloromethane: diethyl ether, 10:1) gave the 

product as a yellow solid (0.390 g, 75% yield).  

1H NMR (400 MHz, CDCl3) δ: 9.50 (s, 1H, N-H), 9.43 (s, 1H, H3/3'), 8.57 (d, 1H, J = 2.2 

Hz, H5/5'), 8.51 (d, 1H, J = 2.2 Hz, H5/5',), 8.41 (m, 3H, H6,6', H3/3'), 7.55 (d, 2H, H9/9', 

J = 7.5 Hz), 7.27 (m, 8H, H 8,8',9/9',10,10'), 5.67 ppm (s, 1H, H11). 

HRMS: (CH3CN); calculated for C24H19N6: [MH]+ m/z 391.1671 found: 391.1700. 

CHN: Calculated for C24H18N6: C 73.83, H 4.65, N 21.52. Found C 74.01, H 4.80, N 

20.90. 

 

3,6-Bis(2-pyrazinyl)-4,5-di(4-pyridyl)-1,4-dihydropyridazine (17) 
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The same procedure was used as for 3,6 di(2-pyridyl) 4,5-diphenyl-1,4-dihydropyridazine 

(above) using bpztz (0.300 g, 1.26 mmol) and (E)-1,2-di(4-pyridyl)ethene (0.238 g, 1.30 

mmol). Purification via silica column chromatography (diethyl ether:methanol, 1:1) 

yielded the product as a bright yellow solid (0.437 g, 0.76 mmol, 60%). 

1H-NMR (400 MHz, CDCl3): δ 9.48 (s, 1H, H14), 9.41 (d, 1H, J = 1.0 Hz, H3/3'), 8.70 (d, 

1H, , J = 1.4 Hz H3/3'), 8.51 (m, 8H, H5,5',6,6',9,9'), 7.44 (d, 2H, , J = 5.9 Hz H8/8'), 7.04 

(d, 2H, , J = 5.9 Hz H8/8'), 5.68 ppm (s, 1H, H11). 

HRMS: (CH3CN) calculated for [M+H]+ m/z: 393.1576, found: 393.1592 

CHN: Calculated for C 67.34, H 4.11, N 28.55. Found: C 67.53, H 4.10, N 27.80.  

 

Synthesis of (E)-3,3’,5,5’-tetradodecyloxystilbene (37) 

a1

23

4

 

Under an inert atmosphere, sodium hydride (50% suspension in mineral oil, 0.7009 g, 0.03 

mol) was added to DMF (15 ml) and stirred vigorously for 15 min. at room temperature.  

0.7009 g (3 mmol) of (E)-3,3’,5,5’-tetrahydroxystilbene was then added, stirring for a 

further 20 min.  1-bromododecane (1 ml, 2.4 mmol) was added and the mixture was stirred 

overnight at 60 °C. The brown mixture was then cooled to 0 °C and quenched with a small 

amount of water.  The solvents were removed under reduced pressure and water added to 

the remaining residue.  The mixture was extracted with CH2Cl2 (100ml x 4) and the 

combined organic phases were washed with water.  The solution was dried over MgSO4 

and the CH2Cl2 evaporated off under reduced pressure.  The brown residue was dissolved 

in the minimum amount of CH2Cl2 and the product was precipitated out of the solution by 

adding of methanol (2-3 ml).  The resulting solid was further purified by running it 

through an SiO2 plug using 3:5 CH2Cl2:hexane as eluent, giving the product in 98 % yield 

(2.753 g) as a light green waxy solid.   

1H NMR (400 MHz, CDCl3, δ/ppm): 7.01 (s, 2H, Ha), 6.66 (d, 4H, J = 2.3 Hz, H2), 6.41 

(t, J = 2.3 Hz, 2H, H4), 4.00 (t, 8H, -OCH2-(CH2)10-CH3), 1.81 (m, 8H, -OCH2-(CH2)10-

CH3), 1.61-1.29 ( m, 72H, -OCH2-(CH2)10-CH3), 0.91 (t, 12H, -O(CH2)11-CH3).  13C 

NMR(100 MHz, CDCl3, δ/ppm): 160.48 (CQ, C1), 139.08 (CQ, C3), 129.11 (CH, Ca), 
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105.11 (CH, C2), 100.94 (CH, C4), 68.08 (CH2, -OCH2- (CH2)10-CH3), 31.95, 29.44 

(overlapping), 26.10, 22.73 (-OCH2-(CH2)10-CH3), 14.16 (CH3, -O(CH2)11-CH3).   

IR (νmax/cm-1): 2917 (C-H, alkyl), 2849, 1589 (C=C, arom.), 1469, 1155 and 1053 (C-O-C, 

aryl alkyl ether), 957, 843, 823, 684.   

HRMS (m/z): [MH]˙+ (C62H109O4 ) Calc. 917.8326, Found: 917.8351.   

m.p.:  44 – 49 oC.   

 

4,5-Bis-(3,5-bisdodecyloxyphenyl)-3,6-dipyridin-2-yl-1,4-dihydropyridazine 

 

A pressure tube was charged with (E)-3,3’,5,5’-tetradodecyloxystilbene (0.2169 g, 2.4 x 

10-4 mol), 3,6-di(2-pyridyl)-1,2,4,5-tetrazine (0.06 g, 0.25 mmol) and toluene (10 ml), 

sealed and heated to an external temperature of 180 °C for 68 hours.  The initially pink 

solution became a yellowish /brown colour.  The solvent was removed under reduced 

pressure and the remaining brown oil purified by loading it into a short column of SiO2, 

first eluting with a 1:1 mixture of CH2Cl2:hexane until no (E)-3,3’,5,5’-

tetradodecyloxystilbene starting material remained (TLC), followed by an ethyl 

acetate/10% diethyl ether system to elute the product, which was recovered as a yellow 

waxy solid following drying in vacuo. Yield: 0.169 g (60%). 

1H NMR (400 MHz, CDCl3) δ 9.30 (s,1H, N-H), 8.64 (d, 1H, J =4.0 Hz, H6/6’), 8.59 (d, 

1H, J = 4.4 Hz, H6/6’), 8.14 (d, 1H, J = 8.1 Hz, H3/3’), 7.65 (ψtd, J = 8.1 Hz, 1.8 Hz, 

H4/4’), 7.44 (ψtd, 1H, J = 8.1 Hz, 1.8 Hz, H4/4’), 7.34 (d, 1H, J = 8.1 Hz, H3/3’), 7.18 (m, 

2H, H5 & 5’), 6.72 (d, 2H, 4J = 2.2 Hz, H8/8’), 6.36 (d, 2H, 4J = 1.8 Hz, H8/8’), 6.33 (t, 

1H, 4J = 2.2 Hz, H10/10’), 6.29 (t, 1H, 4J = 1.8 Hz, H10/10’), 5.66 (s, 1H, H11), 3.83 – 

3.68 (m, 8H, -OCH2-(CH2)10-CH3), 1.66 (m, 8H,-OCH2(CH2)10-CH3), 1.28 (m, 72H, -

OCH2(CH2)10-CH3), 0.90 (t, 12H, -OCH2(CH2)10-CH3) ppm.   
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13C NMR (100 MHz, CDCl3) δ = 159.72 (CQ), 159.43 (CQ), 154.34 (CQ), 151.59 (CQ), 

148.34 (CH, C6/6’), 147.83 (CH, C6/H6’), 144.14 (CQ), 141.00 (CQ), 140.67 (CQ), 134.87 

(CQ), 135.44 (CH, C4/4’), 135.34 (CH, C4/4’), 125.19 (CH, C3/3’), 122.42 (CH, C5/5’), 

122.10 (CH, C5/5’), 120.99 (CH, C3/3’), 108.46 (CQ), 107.92 (CH, C8/8’), 106.31 (CH, 

C8/8’), 100.38 (CH, C10/10’), 99.39 (CH, C10/10’), 67.46 (-OC(’)H2-R), 67.42 (-OC(’)H2-

R), 41.38 (CH, C11), 31.48, 29.20 (overlap), 25.53, (-OCH2-(CH2)10-CH3), 13.69 (-

OCH2(CH2)10-CH3) ppm.   

IR (νbarmax/ cm-1): 3372 (N-H), 2921, 2852 (C-H), 1589 (N-H bend.), 1464, 1432, 1159, 

1058 (C-O-C, aryl alkyl ether), 790, 707.   

HRMS (m/z): [MH]˙+ (C74H117N4O4) Calc. 1125.9075, Found: 1125.9009 

 

4,5-bis(3,5-bisdodecyloxyphenyl)-3,6-di-pyridin-2-yl-pyridazine (38) 

 

Nitrous acid gas was passed through a DCM solution of 4,6-Bis-(3,5-

bisdodecyloxyphenyl)-3,6-dipyridin-2-yl-1,4-dihydropyridazine (0.382 g, 0.34 mmol) for 

10 minutes, neutralised with sat. NaHCO3 (aq.) and extracted into DCM (c. 300 ml).  The 

solution was dried over MgSO4 and the solvent removed under reduced pressure, yielding 

a red/brown solid.  The product was purified by passing it through a short SiO2 column 

using 10 % Et2O/ethyl acetate as eluent.  Following evaporation, the product was collected 

in 24 % (0.229 g) as a reddish -grey wax.   

1H NMR (400 MHz, CDCl3) δ 8.56 (d, 2H, J = 4.5 Hz, H6), 7.69 (ψtd, 2H, J = 8 Hz, 1.5 

Hz, H4), 7.57 (d, 2H, J = 8 Hz, H3), 7.23 (ψtd, 2H, J = 6.5 Hz, 1.5 Hz, H5), 6.19 (t, 2H, 4J 

= 2.0 Hz, H10), 6.07 (d, 4H, 4J = 2.0 Hz, H8), 3.60 (t, 8H, J = 6.5 Hz, -OCH2-R), 1.55 (m, 

8H, -OCH2-(CH2)10-CH3), 1.28 ( m, 72H, -OCH2-(CH2)10-CH3), 0.90 (t, 12H, -OCH2-

(CH2)10-CH3) ppm.   

13C NMR (100 MHz, CDCl3) δ 159.03(CQ), 158.34 (CQ), 155.66 (CQ), 148.56 (CH, C6), 

138.37 (CQ), 135.72 (CH, C4), 135.64 (CQ), 124.47 (CH, C3), 122.50 (CH, C5), 108.38 
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(CH, C8), 101.54 (CH, C10), 67.63 (CH2, -OCH2-R), 31.48, 29.27, 29.24 (overlap), 29.18, 

28.93, 28.90, 28.48, 25.47, 22.25 (CH2,-OCH2-(CH2)10-CH3), 13.68 (CH3, -OCH2-(CH2)10-

CH3) ppm.   

IR (νmax/ cm-1):  2921, 2852 (C-H), 1587, 1466, 1434, 1378, 1153.9, 1048.4(C-O-C, aryl 

alkyl ether), 831.9, 788.5, 686.6.   

HRMS (m/z): [MH]+ (C74H115N4O4) Calc: 1123.8918, Found: 1123.7493 

 

4,5-Bis-(2,5-dimethyl-4-thienyl)-3,6-dipyridin-2-yl-1,4-dihydropyridazine (15) 

 

Bis(2,5-dimethyl-3-thienyl)ethene (0.2452 g, 1.0 mmol) and bptz (0.233 g, 1 mmol) were 

heated in toluene (10 ml) in a pressure tube.  The toluene was removed and purification 

was carried out using SiO2 column chromatography, using diethyl ether as eluent.  The 

product was further purified through repeated precipitations from a CH2Cl2 solution using 

diethyl ether.  The product was recovered in 64 % yield as a bright yellow solid (0.29 g, 

0.63 mmol). 

1H NMR (600MHz, CDCl3) δ = 9.37 (s, 1H, N-H), 8.58 (d, J = 5.6 Hz, 1H, H6), 8.50 (br. 

s, 1H, H6’), 8.06 (d, J = 8.2 Hz, 1H, H3), 7.62 (ψt, J = 7.6 Hz, 1H, H4’), 7.43 (ψtd, J = 

7.9, 2.3 Hz, 1H, H4), 7.13 (dd, J = 7.7, 4.7 Hz, 2H, H5, H5’), 7.05 (d, J = 8.2 Hz, 1H, H3), 

6.72 (s, 1H, H8/8’), 6.41 (s, 1H, H8/8’), 5.26 (s, 1H, H11), 2.39 (s, 6H, 2CH3), 2.27 (s, 3H, 

CH3), 1.70 (s, 3H, CH3). 

13C-{1H} NMR (151 MHz, CDCl3) δ = 154.5 (CQ), 151.8 (CQ), 148.3 (2CH, C6, C6’), 

148.0 (CQ), 141.7 (CQ), 138.2 (CQ), 136.3 (CQ), 136.03 (2CH, C4, C4’), 135.4 (CQ), 135.3 

(CQ), 133.1 (CQ), 131.5 (2CQ), 126.5 3 (1CH, C8/8’), 122.9 (1CH, C3), 122.4 (2CH, C5, 

C5’), 120.7 (1CH, C3), 36.5 (1CH, C11), 15.3 (1CH3), 15.2 (1CH3), 13.2 (1CH3), 13.0 

(1CH3). 
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IR (νbarmax/ cm-1): 3314 (N-H), 2905 (C-H), 1575 (C=C), 1575, 1558, 1403, 1429, 1334, 

1173, 1143, 1036, 831, 792, 745.   

HRMS (m/z): [M+H]+ (C26H24N4S2) Calc. 457.1521, Found: 457.1531. 

CHN: Calculated for C26H23N4S2; C68.39, H: 5.30, N: 12.27.  Found C: 67.14, H: 5.07, N: 

12.00 

 

4,5-Bis(3,4,5-trimethoxyphenyl) -3,6-dipyridin-2-yl-1,4-dihydropyridazine (14) 

 

Using the same procedure as in the previous examples, 3,4,5-hexamethoxystilbene (0.360 

g, 1 mmol) and 0.32 g, 1.4 mmol) were reacted for 4 days.  Eluting solvent was diethyl 

ether – gravity column.  Product was a sticky yellow oil, which solidified on continued 

drying in vacuo. Yield: 80 %, 0.8 mmol. 

1H NMR (CDCl3, 600 MHz): δ = 9.25 (s, 1H, N-H), 8.67 (d, J = 4.5 Hz,1H, H6), 8.61 (d, 

J = 4.5 Hz,1H, H6’), 8.15 (d, J = 8.1 Hz, 1H, H3’), 7.65 (ψtd, J = 7.8, 1.8 Hz, 1H, H4’), 

7.46 (ψtd, J = 7.7, 1.9 Hz, 1H, H4), 7.29 (d, J = 4.5 Hz,1H, H3), 7.18 (ddd, J = 9.4, 6.7, 

4.4 Hz, 2H, H5, H5’), 6.86 (s, 2H, H8/8’), 6.39 (s, 2H, H8/8’), 5.62 (s, 1H, H11), 3.81 (s, 

3H, -OMe(B)), 3.77 (s, 3H, -OMe(B)), 3.72 (s, 6H,-OMe(A)), 3.56 (s, 6H, -OMe(A)) ppm. 

13C NMR (CDCl3, 151 MHz): δ = 154.8 (CQ), 153.3 (CQ), 152.9 (CQ), 152.8 (CQ), 152.2 

(CQ), 149.1 (CH, C6), 148.1 (CH, C6’), 138.7 (CQ), 137.6 (CQ), 136.9 (CQ), 136.4 (CQ), 

136.2 (CH, C4’), 136.1 (CH, C4), 135.2 (CQ), 134.8 (CQ), 125.4 (CH, C3), 123.1 (CQ), 

122.9 (2CH, C5/5’), 121.6 (CH, C3’), 109.1 (CQ), 107.1 (CH, C8/8’), 105.5 (CH, C8/8’), 

61.0 (CH3, -OMe(A)), 60.9 (CH3, -OMe(A)), 56.1 (2CH3, -OMe(B)), 56.0  (CH3, -

OMe(B)) ppm. 

IR (νbarmax/ cm-1): 2925 (C-H), 1583 (N-H), 1503, 1461, 1411, 1372, 1238, 1112, 1006, 

7645, 698, 682.   

HRMS (m/z): [M+H]+ (C32H33N4O6): Calc.: 569.2400, Found: 569.2567. 
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CHN: Calculated for C32H32N4O6:C: 72.32, H: 5.71, N: 4.96; found C: 71.70, H: 5.46, N: 

4.78 

 

[Pt(3,6-Di-pyridin-2-yl-4,5-bis-(3,4,5-trimethoxy-phenyl)-1,4-dihydro-pyridazine)Cl2] 

(18) 

 

3,6-Di-pyridin-2-yl-4,5-bis-(3,4,5-trimethoxy-phenyl)-1,4-dihydro-pyridazine (0.095 g, 

1.7 x 10-4 mol) was dissolved in chloroform (2 ml) and [Pt(DMSO)2Cl2] (0.071 g, 1.7 x 10-

4 mol) was added in one portion and the moisture stirred under a nitrogen atmosphere for 2 

hours.  The volume of the red solution was reduced and the product was precipitated by 

the addition of diethyl ether.  The solid was washed with cold water, ethanol and ether, 

dissolved in dichloromethane and recrystallised from diethylether.  The crystals were 

filtered, and the washing cycle repeated.  The product was recovered as red/brown crystals 

in 73 % yield (0.104 g, 1.24 x 10-4 mol). 

1H NMR (600 MHz, CDCl3) δ = 11.27 (s, 1H, N-H), 9.37 (d, J = 5.3 Hz, 1H, H6), 8.67 (d, 

J = 4.1 Hz, 1H, H6’), 7.99 (ψt, J = 7.7 Hz, 1H, H4), 7.56 (d, J = 7.9 Hz, 1H, H3), 7.44 (ψt, 

J = 7.5 Hz, 1H, H4’), 7.23 (m, J = 7.5 Hz, 2H, H5’, H5), 6.99 (d, J = 7.9 Hz, 1H, H3’), 

6.50 (s, 2H, H8), 6.41 (s, 2H, H8’), 4.95 (s, 1H, H9), 3.86 (m, 3H, -OMe B), 3.80 (s, 3H, -

OMe B’), 3.77 (s, 6H, -OMe A), 3.67 (s, 6H, -OMe A’) ppm. 

13C NMR (151 MHz, CDCl3): δ = 157.1 (CQ), 154.0 (CQ), 153.6 (CQ), 149.4 (CQ), 149.0 

(CH, C6’), 148.6 (CH, C6), 142.9 (CQ), 139.7(CH, C4), 138.4 (CQ), 138.3 (CQ), 136.3 

(CH, C4’), 136.2 (CQ), 132.5 (CQ), 130.7 (CQ), 125.2 (CH, C5), 124.2 (2CH, C3 and C3’), 

123.7 (CH, C5’), 113.8 (CQ), 107.1 (CH, C8’), 105.4 (CH, C8), 61.0 (CH3, B’), 60.8 (CH3, 

B), 56.4 (CH3, A), 56.2(CH3, A’), 46.3(CH, C9) ppm. 

IR (νbarmax/ cm-1): 3000 (N-H stretch), 1589 (N-H bend), 1500 (C=C, arom.), 1346 (CH3 

bend), 1234, 1121 (C-O-C, aryl alkyl ether), 1000 (C-N), 771, 743, 690.   

HRMS (m/z): [M]˙+ (C32H32Cl2N4O6Pt) Calc. 833.1347, Found: 833.1411  
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1,4-Bis(3,6-diphenyl-4-pyridazinyl)benzene (19) 

 

Dptz (195 mg, 0.832 mmol) and 1,4-diethynyl benzene (50 mg, 0.369 mmol) were heated 

to 150 oC in toluene (10 ml) in a sealed pressure tube for 11 days.  The solvent was 

removed, a small amount of CH2Cl2 (ca. 2 ml) was added, and the product was crystallised 

using diethyl ether.  The product was obtained as an off-white crystalline solid (49 mg, 28 

%). 

1H NMR (400 MHz, CDCl3) δ = 8.18 (dd, J = 8.0, 1.7 Hz, 4H, H3’), 7.85 (s, 2H, H7), 

7.63 - 7.50 (m, 6H, H4’, H5’), 7.48 (dd, J = 7.8, 1.7 Hz, 4H, H3), 7.44 - 7.29 (m, 6H, H5, 

H4), 7.24 (s, 4H). 

13C NMR (101 MHz, CDCl3): δ = 158.2 (2CQ), 157.9 (2CQ), 138.6 (2CQ), 137.8 (2CQ), 

136.6 (2CQ), 136.1 (2CQ), 130.3 (1CH, C5’), 130.2 (1CH, C3), 129.7 (2CH, C8), 129.2 

(2CH, C4’), 129.1 (1CH, C5), 128.4 (2CH, C4), 127.2 (2CH, C3’), 124.7 (2CH, C7) ppm. 

IR (νbarmax/ cm-1): 1584(C=C), 1564, 1441, 1389, 848 (C-H, p-aryl), 770, 756 and 693 

HRMS (m/z): [M+H]+ (C38H27N4) Calc. 539.2236, Found: 539.240. 

CHN: Calculated for C38H26N4
.0.5CH2Cl2: C, 79.57; H, 4.68; N 9.63:. Found C, 81.03; H, 

4.75; N 9.59 

m.p./oC: 220 – 224 oC 
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1,3,5-tris(3,6-diphenyl-4-pyridazinyl)benzene (20) 

 

3,6-Diphenyl tetrazine (240 mg, 1.02 mmol) and 1,3,5-triethynyl benzene (50 mg, 0.332 

mmol) in degassed toluene (10 mL) were heated at 150 C for 7 days. Chromatography on 

silica using a polarity gradient dichloromethane/methanol eluent (beginning with 10 % 

methanol) gave the required product as an off-white solid. (142mg, 55%).  

1H NMR (CDCl3, 400 MHz): δ 8.10 (dd, J = 6.9, 2.5 Hz, 2H, H3’), 7.67 – 7.56 (m, 3H, 

H5/5’, H4/4’), 7.50 (br. m, 5H, H5/5’, H4/4’, H3), 7.26 (s, 1H, H8), 7.17 (s, 1H, H7). 
13C NMR (CDCl3, 101 MHz): δ = 138.5, 137.6, 136.6, 135.6, 130.6, 130.3, 129.4, 129.2, 

129.1, 128.5, 127.3, 124.3. 

IR (νbarmax/ cm-1): 1570 (C=C), 1444, 1388, 1023, 884, 769, 756 and 696. 

HRMS (MeCN) (m/z): [M+H]+ (C54H37N6). Calc. 768.3080, Found: 769.3095 

CHN: Calculated for C54H36N60.7CH2Cl2: C, 79.30; H, 4.55; N 10.14; found: C, 79.89; H, 

4.55; N 10.58.   

m.p.: 216 – 220 oC 

 

Tris(4-(3,6-di(pyridin-2-yl)phenyl)amine (21) 
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A pressure tube was charged with tris(4-bromophenyl)amine (0.35 g, 1.104 mmol), 

bis(3,6-(pyridin-2-yl)-1,2,4,5-tetrazine (0.944g, 4.0mmol) and xylene (20 ml, 162.8 

mmol).  The mixture was heated to 180°C for 18hrs, resulting in a yellow/orange solution 

which was dried in vacuo.  The obtained yellow/red powder was purified by repeated 

precipitation of the product from a CH2Cl2 solution using hexane.  The final yellow 

powder was collected by vacuum filtration in 58 % yield. 

1H NMR (600 MHz, DCM-d2) δ: 8.81 (d, 3H, J = 7.9 Hz, H3’), 8.79 (d, 3H, J = 4.9 Hz, 

H6’), 8.71 (s, 3H, H7), 8.54 (d, 3H, J = 4.1 Hz, H6), 7.97 (m, 6H, H4’ and H3), 7.90 (ψtd, 

3H, J = 6.0 Hz, 1.5 Hz, H4), 7.49 (ddd, 3H, J = 8.3 Hz, 4.5 Hz, 1 Hz, H5’), 7.37 (ddd, 3H, 

J = 7.5 Hz, 4.9 Hz, 1.1 Hz, H5), 7.22 (d, 6H, J = 8.6 Hz, H8), 7.07 (d, 6H, J = 8.7 Hz, H9) 

ppm. 

13C NMR (151 MHz, DCM-d2) δ = 158.68 (CQ), 158.09 (CQ), 156.48 (CQ), 153.81 (CQ), 

149.84 (CH, C6), 149.15 (CH, C6’), 147.38 (CQ), 140.02 (CQ), 137.46 (CH, C4), 136.87 

(CH, C4’), 132.17 (CQ), 130.42 (CH, C8), 125.31 (CH, C7), 125.12 (CH, C3’), 125.10 

(CH, C5), 124.12 (CH, C9), 123.74 (CH, C5’), 121.85 (CH, C3) ppm. 

IR (neat, υbar/cm-1) 3040 (C-H), 1572 and 1505 (C=C), 1391 (C-N), 1280, 789 (C-H 

bend), and 739.  

HRMS (m/z): (CH2Cl2) [M+] calculated: 941.3451, found: 941.3451. 

m.p.: 306-308 °C.  

 

Tris(4-(3,6-di(pyraziny-2-yl)phenyl)amine (22) 

 

A pressure tube was charged with tris(4-bromophenyl)amine (0.2g, 0.63mmol), bis(3,6-

(dipyrazin-2-yl)-1,2,4,5-tetrazine (0.45g, 1.89mmol) and xylene (20ml, 162.8mmol).  The 
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mixture was were heated to 180°C for 18hrs, yielding a dull red powder which was 

collected by filtration. This powder was purified by repeated precipitation of the product 

from a CH2Cl2 solution using hexane.  A bright yellow powder was collected by vacuum 

filtration (0.5539g, 93%). 

1H NMR (600 MHz, DCM-d2,) δ = 10.00 (s, 1H, H3’), 9.22 (s, 1H, H3), 8.76 (d, J = 2.3 

Hz, 1H, H6’), 8.74 (br. s, 1H, H5’), 8.68 (s, 1H, H7), 8.65 (d, 1H, J = 2.3 Hz, H6), 8.53 

(br. s, 1H, H5), 7.23 (d, 2H, J = 8.6 Hz, H8), 7.12 (d, 2H, J = 8.6 Hz, H9) ppm.  

13C NMR (100 MHz, DCM-d2, δ/ppm) 156.7 (CQ), 156.2 (CQ), 151.4 (CQ), 148.4 (CQ), 

147.2 (CQ), 145.8 (CH, C6’), 145.6 (CH, C3), 144.4 (CH, C6), 143.9 (CH, C5’), 143.6 

(CH, C3’), 143.3 (CH, C5), 140.4 (CQ), 131.0 (CQ), 130.2 (CH, C8), 125.3 (CH, C7), 

124.0 (CH, C9) ppm.  

IR (neat, υbar/cm-1): 3035 (C-H), 1596, 1505 (C=C), 1378 (C-N), 1274, 1015, 835 bend) 

Maldi (m/z): (CH3CN) [M·+] calculated: 947.3166, found: 947.3149 

m.p: 309-312 °C 

 

4,5-Bis(2,5-dimethyl-4-thienyl)-3,6-dipyridin-2-yl pyridazine (23) 

 

In a well ventilated fumehood, 4,5-bis(2,5-dimethyl-4-thienyl)-3,6-dipyridin-2-yl-1,4-

dihydropyridazine (0.54 g, 1.18 mmol) was dissolved in acetic acid (30 ml) and cooled to 

0 oC.  A saturated aqueous solution of NaNO2 (ca. 80 ml) was added dropwise, the neck of 

the flask loosely plugged with cotton wool in order to retain some of the nitrous gases 

produced, and the flask swirled intermittently for 20 minutes.  The plug was removed and 

the flask was allowed to warm to room temperature, stirring vigorously in order to remove 

the nitrous gases remaining.  Dichloromethane was added in order to dissolve the yellow 

precipitate.  The organic phase was isolated and washed with NaHCO3 followed by 

copious amounts of water. The solution was dried over MgSO4 and the solvents removed 
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by rotary evaporation.  The resulting yellow/red oil was dissolved in a small amount of 

dichloromethane and a light yellow solid was precipitated using cyclohexane.  Prolonged 

exposure to air/sunlight results in the compound becoming red.  This can be removed by 

precipitating the coloured impurity using diethyl ether.  The product was recovered as a 

pale yellow/brown solid in 43 % yield (0.23 g). 

(NMR - Integration reflects the fact that the solution is a mixture of two atropisomers, 2 

and 2’ assigned arbitrarily)) 

1H NMR (600MHz, DMSO-d6) δ = 8.50 (d, J = 3.4 Hz, 3.5 H, H6), 7.90 - 7.79 (m, 3.5 H, 

H4), 7.69 - 7.59 (m, 3.5 H, H3), 7.39 – 7.37 (m, 3.5 H, H5), 6.31 (s, 1.75 H, H2/2’), 6.18 

(s, 1.75 H, H2/2’), 2.18 (s, 6 H, Me), 2.14 (s, 4.5 H, Me), 1.82 (m, 4.5 H, Me), 1.69 (s, 6 

H, Me) ppm 

Carbon signals for C: 6, 4, 3, and 5 were split in two or broadened due to the presence of 

the second isomer– the average was taken in each case.  These are quoted as “2CH” 

indicating that the signal represents two Chs, not that the integration would be expected to 

total 2, as is the case elsewhere.  Quaternary carbons were better separated and quoted 

separately. 

13C{1H} NMR (151 MHz, DMSO-d6): δ = 159.2 (CQ), 155.7 (CQ), 148.7 (2CH, C6), 136.3 

(2CH,C4), 135.6 (CQ), 135.5 (CQ), 134.5 (CQ), 134.4 (CQ), 133.7 (CQ), 133.4 (CQ), 130.9 

(CQ), 130.8 (CQ), 127.5 (1CH, C2/2’), 126.7 (1CH, C2/2’), 124.2 (2CH, C3), 123.2 (1CH, 

C5), 14.6 (-CH3), 14.6 (-CH3), 13.5 (-CH3), 13.1 (-CH3) ppm 

IR (νbarmax/ cm-1): 2953 (C-H), 1560, 1490, 1360, 1155, 842, 832, 760.   

HRMS (m/z): [M+H]+ (C26H24N4S2) Calc. 457.1521, Found: 457.1531. 

 

1,2-Bis(2,5-dimethylthienyl)ethene (24) 

 

Titanium(IV) chloride (8 ml, 72.8 mmol) was added dropwise to dry THF (210 ml) at ) 0 
oC, giving the bright yellow [TiCl4(THF)2] complex.  To this was added zinc powder (9 g, 

134.6 mmol) 2,5-dimethylthiophene-3-carbaldehyde (7.6 g, 47.8 mmol), and the mixture 
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was stirred at the low temperature for 2 hours.  Dry pyridine (1 ml) was then added, a 

condenser fitted and the reaction was refluxed for 16 hours.  The now black mixture was 

allowed to cool and poured onto a small amount of ice/water in a very large beaker. K2CO3 

(aq, sat) was added until no more black inorganic precipitate formed. The mixture was 

filtered and the residue washed with a large volume of ether (> 200 ml).  The ether layer 

was isolated and the aqueous layer washed with further portions of ether.  The organic 

washings were combined, dried over MgSO4 and the solvents removed in vacuo (being 

mindful of the presence of pyridine).  The resulting yellow solid was dissolved in 

dichloromethane and the product slowly precipitated through the addition of methanol.  

The product was recovered in 83 % as white/ light yellow needles.   

1H NMR (400 MHz, CDCl3): δ = 6.88 (s, 1H, Ha/H4), 6.71 (s, 1H, Ha/H4), 2.42 (s, 3H, -

Me), 2.41 (s, 3H, Me). 

13C{1H} NMR (101 MHz, CDCl3): δ = 136.0 (1CQ), 135.4 (1CQ), 132.9 (1CQ), 122.9 

(1CH, C4/Ca), 120.6 (1CH, C4/Ca), 15.4 (2CH3, Me), 13.1 (2CH3, Me) ppm. 

IR (νbarmax/ cm-1):3025 (C=C), 2896, 1425, 1199, 1123, 928 and 801. 

HRMS (m/z): [M+H]+ (C14H17S2) Calc. 249.0772, Found: 249.0776 

CHN: Calculated for C, 67.69; H, 6.49 found C: 67.69, H: 6.49. 

 

[Re(4,5-Bis(2,5-dimethyl-4-thienyl)-3,6-dipyridin-2-yl pyridazine)(CO3)Cl] (25) 

 

4,5-Bis(2,5-dimethyl-4-thienyl)-3,6-dipyridin-2-yl pyridazine (0.0778 g, 1.71 x 10-4 mol) 

and Re(CO)5Cl (0.0612 g, 1.69 x 10-4 mol) were refluxed under argon in dry degassed 

benzene overnight.  The resulting brown-red solution was washed through a Celite plug 

using CH2Cl2.  The solvents were removed and the resulting brown viscous oil was 

dissolved in the minimum volume of CH2Cl2 and triturated with methanol until a bright 

yellow powder precipitated.  This powder was reprecipitated using the same method.  The 
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product was passed through a SiO2 column, eluting with CH2Cl2, however purity did not 

improve from an NMR perspective. 

1H NMR (600 MHz, Chloroform-d): As a mixture of atropisomers (see text) 

δ = 9.13 (d, J = 5.2 Hz, 6H), 8.51 (d, J = 2.9 Hz, 2H), 8.48 – 8.43 (m, 3H), 8.03 (d, J = 7.9 

Hz, 2H), 8.01 (d, J = 8.1 Hz, 1H), 7.90 – 7.80 (m, 4H), 7.76 (dtd, J = 15.8, 8.3, 6.0 Hz, 

9H), 7.46 (dd, J = 8.4, 4.4 Hz, 5H), 7.41 – 7.31 (m, 2H), 7.32 – 7.27 (m, 7H), 6.42 (s, 2H), 

6.41 (s, 2H), 6.38 (s, 2H), 6.19 (s, 1H), 6.16 (s, 2H), 6.09 (s, 1H), 5.92 (s, 1H), 2.44 (s, 

6H), 2.41 (s, 3H), 2.37 (s, 4H), 2.34 (s, 2H), 2.30 (s, 5H), 2.28 (s, 3H), 2.25 (s, 2H), 2.22 

(s, 4H), 2.06 (s, 3H), 2.05 (s, 4H), 1.94 (s, 4H), 1.90 (s, 6H), 1.86 (s, 3H), 1.74 (s, 3H), 

1.73 (s, 3H), 1.66 (s, 6H). 

IR (neat, υbar/cm-1): 2015, 1915, 1895 (CO stretches), 1471 (C=C stretch), 1148, 993, 

821, 798 and 756.   

HRMS:Calc for [M+Na]+: C29H31ClN4ReS2Na, calc :744.1134, found: 744.1137. 

Mp/oC: 212 -220 oC 

 

2,3-bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-f][1,10]phenanthroline (26) 

 

1,2-Bis(2,5-dimethylthienyl)ethanedione (0.4 g, 1.5 mmol) was dissolved in acetic acid 

(20 ml) and degassed by bubbling with argon for ten minutes.  5,6-diamino-1,10-

phenanthrolene (0.31 g, 1.5 mmol) was added in one portion, and the resulting dark red-

brown solution was heated to 60 oC.  Over the course of an hour the solution became a 

clear orange (this can be promoted through the addition of 1-2ml of acetic anhydride).  

Most of the acetic acid was removed in vacuo, and hexane was added to precipitate the 

product.  The solid was washed with saturated aqueous NaHCO3, redissolved in 

dichloromethane and reprecipitated using methanol.  The white solid was obtained in 58 % 

yield. 

3 6
5
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1H NMR (400 MHz, CDCl3) δ = 9.52 (dd, J=8.0, 1.5 Hz, 2H, H4), 9.30 (d, J=4.5, 1.5 Hz, 

2H, H6), 7.80 (dd, J=8.0, 4.5 Hz, 2H, H5), 6.67 (s, 2H, H3), 2.46 (s, 6H, -CH3), 2.40 (s, 

6H, -CH3)  

13C-{1H} NMR (101 MHz, CDCl3) δ = 151.9 (2CH, C6), 149.7 (2CQ), 147.4 (2CQ), 137.9 

(2CQ), 137.3 (2CQ), 135.8 (2CQ), 135.4 (2CQ), 133.2 (2CH, C4), 127.2 (CQ), 127.1 (2CH, 

C3), 123.9 (2CH, C5), 15.2 (2C, -CH3), 14.3 (2C, -CH3) ppm 

IR (νbarmax/ cm-1): 2914 (alkyl stretch CH3), 1568 (aryl C=C stretch), 1499, 1389 (CH3 

bend), 1261, 1143, 843, 773, 739, 689. 

MS (MALDI): Calculated for [M+H]+ (C26H21N4S2): 453.1208, obtained: 453.1190. 

CHN:Calculated for C26H20N4S2·0.1CHCl3 C: 67.48, H: 4.36, N: 12.06, found: C:67.2, H: 

4.22, N: 11.72. 

 

[RuII(2,3-bis(2,5-dimethyl-3-thienyl)pyrazino[2,3f][1,10]phenanthroline)(bpy)2][PF6]2 

(27) 

 

2-Ethoxyethanol (5 ml) and distilled water (5 ml) were mixed and degassed by bubbling 

with argon for 10 minutes.  2,3-Bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-

f][1,10]phenanthroline (0.128 g, 0.28 mmol) and [Ru(bpy)2Cl2].2H2O (0.112 g, 0.22 

mmol) were added and the resulting deep red mixture was refluxed at 145 oC overnight.  A 

solution of [NH4][PF6] in methanol (excess) was added, forming an orange precipitate 

which was isolated by filtration.  The solid was dissolved in chloroform and washed with 

water and dried over MgSO4 and dried by rotary evaporation.  The product was again 

dissolved in the minimum amount of chloroform and precipitated with diethyl ether, 

yielding an orange/red solid in 71 % yield (0.2284 g, 0.2 mmol). 

1H NMR (400MHz, CD3CN) δ = 9.52 (dd, J = 8.2, 1.2 Hz, 2H, H4), 8.56 (d, J = 8.0 Hz, 

2H, bpyA3), 8.53 (d, J = 8.0 Hz, 2H, bpyB3), 8.17 (dd, J = 5.3, 1.2 Hz, 2H, H6), 8.13 

(ψtd, J = 7.9, 1.5 Hz, 2H, bpyA4), 8.02 (ψtd, J = 7.9, 1.4 Hz, 2H, bpyB4), 7.90 - 7.84 (m, 
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4H, H5, bpyA6), 7.69 (d, J = 5.5 Hz, 2H, bpyB6), 7.48 (ψtd, J = 6.6, 1.1 Hz, 2H, bpyA5), 

7.26 (ψtd, J = 6.6, 1.1 Hz, 2H, bpyB5), 6.64 (s, 2H, H3), 2.41 (s, 6H, -CH3), 2.39 (s, 6H, -

CH3) ppm 

13C-{1H} NMR (101 MHz, CDCl3): δ = 158.3 (CQ), 158.1 (CQ), 154.3 (1CH, C6), 153.1 

(1CH, bpyA6, bpyB6), 152.4 (CQ), 150.2 (CQ), 140.0 (CQ), 139.0 (1CH, bpyA4), 138.9 

(1CH, bpyB4), 137.8 (CQ), 137.1 (CQ), 136.0 (CQ), 134.3 (1CH, C4), 131.2 (CQ), 128.7 

(1CH, bpyA5), 128.5 (1CH, bpyB5), 128.1 (1CH, C5),128.0 (1CH, C3), 125.4 (1CH, bpy 

B3), 125.3 (1CH, bpyB3), 15.1 (-CH3), 14.5 (-CH3) ppm 

IR (νbarmax/ cm-1):1607 (C=C), 1446, 1440, 836, 789, 749, 736, 702.  

HRMS (m/z): [M-2PF6]2+ (C46H36N8RuS2PF6)Calc.1011.1190, Found: 1011.1260 (i.e. 

505.5630). 

CHN: Calculated for C46H36N8RuS2P2F12·0.5CHCl3 C;46.99, H: 2.968, N: 9.039.  Found 

C: 46.86, H: 2.87, N: 9.29 

 

[ReI(2,3-bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-f][1,10]phenanthroline)(CO)3Cl] (28) 

 

2,3-Bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-f][1,10]phenanthroline (53.6 mg, 0.12 mmol) 

and pentacarbonylrhenium(I) chloride (42.8 mg, 0.12 mmol) were refluxed in toluene (2 

ml) overnight.  The volume of solvent was reduced in vacuo and the product was collected 

via filtration and washed with hexane.  Light yellow solid (69.2 mg, 9 x 10-5 mol, 76 %).  

1H NMR (400 MHz, CDCl3): δ = 9.70 (d, J=7.8 Hz, 1H, H4), 9.48 (d, J=4.9 Hz, 1H, H6), 

8.01 (dd, J=7.8, 4.9 Hz, 1H, H5), 6.65 (s, 1H, H3), 2.46 (s, 3H, -CH3), 2.40 (s, 3H, -CH3) 

ppm 

13C-{1H} NMR (101 MHz, CDCl3): δ = 196.9 (2C, -CO), 189.4 (1C, -CO), 153.8 (2C, C6), 

151.6 (2CQ), 148.3 (2CQ), 139.1 (2CQ), 136.4 (2CQ), 136.2 (2CQ), 135.3 (2C, C4), 134.6 

(2CQ), 130.0 (2CQ), 126.8 (2C, C3), 126.6 (2C, C5), 15.1 (2C, -CH3), 14.4 (2C, -CH3) ppm 

3 6
5
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MS (MALDI): Calculated for [M+Na]+ (C29H20N4S2O3Na Cl Re): 781.0121, obtained: 

781.0154. 

IR (νbarmax/ cm-1): 2014 (C≡O), 1911 (C≡O), 1873 (C≡O), 1440 (C=C aryl), 1138, 836, 

733. 

HRMS (m/z): [M+Na]+ (C20H20N4O3NaClS2Re) Calc. 781.0121, Found: 781.0154  

 

[IrIII(2,3-bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-f][1,10]phenanthroline)(ppy)2][PF6] 

(29) 

 

2,3-bis(2,5-dimethyl-3-thienyl)pyrazino[2,3-f][1,10]phenanthroline (0.0205 g, 4.6 x 10-5 

mol) was dissolved in chloroform (4 ml) and [(Ir(ppy)2IrCl]2 was added, followed by an 

excess of [NH4][PF6] dissolved in methanol (1 ml).  The resulting orange solution was 

refluxed overnight.  The solution’s volume was reduced and the yellow precipitate was and 

washed with water and cold methanol.  Light yellow powder, (36.4 mg, 3.3 x 10-5 mol, 72 

%). 

1H NMR (400MHz, CDCl3) δ = 9.69 (d, J = 6.8 Hz, 2H, H4), 8.36 (d, J = 3.9 Hz, 2H, H6), 

7.95 (d, J = 7.8 Hz, 4H, ppy-pyr, H5 [ψt obscured by ppy-pyr signal, splitting pattern 

observed in selective TOCSY, 7.93, J ≈ 6.9 Hz, H5]), 7.76 (d, J = 7.8 Hz, 4H, ppy-ph, 

ppy-pyr), 7.54 (br. s., 2H, ppy-pyr [α to N]), 7.11 (ψt, J = 7.3 Hz, 2H, ppy-ph), 7.01 (ψt, J 

= 7.3 Hz, 4H, ppy-pyr, ppy-ph), 6.64 (s, 2H, H3), 6.45 (d, J = 7.8 Hz, 2H, ppy-ph), 2.44 (s, 

6H, -CH3), 2.40 (s, 6H, -CH3) ppm 

13C-{1H} NMR (101 MHz, CDCl3): δC 167.7 (2CQ), 151.7 (2C, C6), 151.6 (2CQ), 149.37 

(2CQ), 149.0 (2C, Cppy-pyr), 148.1 (2CQ), 143.7 (2CQ), 139.2 (2CQ), 138.3 (2C, Cppy), 

136.6 (CQ), 136.1 (2CQ), 135.6 (2C, C4), 134.7 (2CQ), 132.0 (2C, ppy), 130.9 (2C, ppy), 

130.8 (2CQ), 127.5 (2C, C5), 126.9 (2C, C3), 124.8 (2C, ppy), 123.7 (2C, ppy), 122.9 (2C, 

ppy-ph), 119.7 (2C, ppy-pyr), 15.1 (2C, -CH3), 14.4 (2C, -CH3) ppm 

IR (νbar/cm-1) 1606, 1477 (C=C, aryl), 1394, 1223, 1144, 834, 755, and 730. 

63
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HRMS (MALDI, MeCN): Calculated for [M-PF6]+ (C48H36IrN6S2): 953.2072, obtained: 

953.2056 

 

3-bromo-2-methyl-5-trimethylsilylethynylthiophene (30) 

4

 

3,5-dibromo-2-methylthiophene (3.0 g, 11.7 mmol) was added to DMF:NHEt2 (2:5, 20 

mL) in a 30 ml microwave vessel, and the solution was bubbled with argon for 10 minutes. 

Bis(triphenylphosphine)palladium(II) dichloride (0.0987 g, 0.14 mmol) and copper iodide 

(0.064 g, 0.34mmol) were added, with continued bubbling. Trimethylsilylacetylene (0.97 

g, 9.88 mmol) was quickly added and the vessel was rapidly sealed.  The colour lightened 

significantly from a brown-yellow to a pale green.  The reaction mixture was heated in a 

microwave at 120°C for 15 minutes.  The now deep red solution was added to aqueous 

HCl (100 ml, 1 M), extracted with diethyl ether and washed with copious amounts of 

water to remove remaining DMF. The organic phase was dried with magnesium sulfate 

and evaporated in vacuo. The product was purified using SiO2 column chromatography, 

using hexaneas eluent.  The resulting product was recrystallised from methanol to yield the 

product as a yellow powder. Yield: 1.37 g, 5.0 mmol, 51%.  

1H-NMR(400 MHz, CDCl3) δ: 7.05 (s, 1H, H4), 2.40 (s, 3H, -CH3), 0.26 (s, 9H, -

Si(CH3)3) ppm. 

13C-NMR: (101 MHz, CDCl3) δ: 136.8 (1C, CQ), 135.2 (1CH, C4), 121.1 (1C, CQ), 109.1 

(1C, CQ), 100.1 (1C, CQ), 96.9 (1C, CQ), 15.3 (-CH3), 0.2 (-Si(CH3)3). 

ESI-MS: (CH3CN, m/z):[M]+calculated for [C10H13BrSSi]+: 271.9691. Found: 271.9691. 

 

1,2-Bis(2-methyl-5(3,6-dipyridin-2-yl-pyridazin-4-yl)-3-thienyl)perfluorocyclopentene 

(31) 
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A pressure tube was charged with bptz (1.09 g, 4.6 mmol) and 1,2-bis(2-methyl-5-

ethynyl-thien-3-yl)perfluorocyclopentene (0.958 g, 2.3 mmol).  Xylenes (40 ml) were 

added and the suspension was refluxed for two days.  The resulting dark mixture was 

subjected to rotary evaporation, dissolved in dichloromethane and precipitated using 

methanol.  The crude grey-blue solid obtained was further purified on a silica column 

using ethyl acetate with 10 % methanol as eluent, furnishing the product as a light blue 

solid in 52 % yield (0.88 g). 

1H NMR (600 MHz , CDCl3) δ = 8.79 (d, J = 7.9 Hz, 2H, H3’), 8.77 (d, J = 4.5 Hz, 2H, 

H6‘), 8.70 (s, 2H, H7), 8.62 (d, J = 4.5 Hz, 1H, H6), 7.94 (d, J = 4.5 Hz, 6H, H4, H4’, H3), 

7.47 - 7.43 (m, 4H, H5, H5’), 6.94 (s, 2H, H8), 1.88 (s, 6H, -CH3) ppm 

13C{1H} NMR (151 MHz, CDCl3) δ = 157.7 (2CQ), 157.1 (2CQ), 155.6 (2CQ), 152.8 

(2CQ), 149.4 (2CH, C6’), 149.0 (2CH, C6), 144.7 (CQ), 137.1 (2CH, C4/4’), 137.0 (2CH, 

C4/4’), 136.1 (2CQ), 132.3 (CQ), 128.8(2CH, C8), 125.4 (2CQ), 124.9 (2CH, C5/5’), 124.8 

(2CH, C3), 123.9 (2CH, C5/5’), 123.8 (2CH, C7), 121.8 (CH, C3’), 115.6 (tt, J = 258, 24 

Hz, 2CA), 110.0 (triplet of quintets (unresolved), J = 267, 24 Hz, 1CB), 14.4 (-CH3) ppm 

IR (νbarmax/ cm-1): 1583 (C=C stretch, arom.), 1399 (C-F stretch), 1330, 1270 (ary C-N 

stretch), 1196 (C-F stretch), 1122, 1093, 1052, 987, 791, 745.   

HRMS (m/z): [MNa]+ (C43H26F6N8S2Na) Calc. 855.1524, Found: 855.1514  

CHN: Calculated for C43H26F6N8S2: C: 61.49, H: 3.09, N: 12.37: found C: 62.01, H: 3.15, 

N: 12.37. 
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[Ru(bpy)2(1,2-Bis(2-methyl-5(3,6-dipyridin-2-yl-pyridazin-4-yl)-3-

thienyl)perfluorocyclopentene)][PF6] (32) 

7

2

2.[PF6]

 

1,2-Bis(2-methyl-5(3,6-dipyridin-2-yl-pyridazin-4-yl)-3-thienyl)perfluorocyclopentene 

(33.8 mg, 4.1 x 10-5 mol) was suspended in ethoxyethanol (1.5 ml) and water (1.5 ml), and 

the suspension was bubbled with argon for 10 mins.  [Ru(bpy)2Cl2] (0.0422, 8.2 x 10-5 

mol) was added, and the mixture was heated to 145o in the dark overnight.  The solution 

was allowed to cool, and a saturated solution of [NH4][PF6] was added.  The resulting red 

precipitate was filtered off and washed with water.  The product was purified through SiO2 

column chromatography, eluting with acetone:KNO3 (aq, sat):NH3 (aq, conc).  Deep red 

solid; yield: 47.6 mg (2.3 x 10-6 mol, 56 %).  

1H NMR (600 MHz, CD3CN): δ = 8.72 (d, J = 8.2 Hz, 1H), 8.68 (d, J = 6.7 Hz, 1H), 8.67 

(s, 1H, H7), 8.57 (dd, J = 14.6, 7.9 Hz, 1H), 8.52 – 8.34 (m, 2H), 8.24 – 8.04 (m, 6H), 7.99 

(ddd, J = 9.9, 6.7, 3.2 Hz, 1H), 7.91 (m, Hz, 4H), 7.87 – 7.77 (m, 2H), 7.77 – 7.72 (m, 1H), 

7.65 (d, J = 5.3 Hz, 1H), 7.62 – 7.54 (m, 1H), 7.54 – 7.36 (m, 4H), 7.35 – 7.24 (m, 2H, 

includes 7.33 singlet, H2)), 7.19 (m, 1H), 1.84 (s, 3H). 

IR (νbarmax/ cm-1) 1472 (aryl C=C), 1442, 1272, 1119, 830, 762 and 732. 

HRMS (m/z): [M-PF6]+C83H58F24N16Ru2S2P3] Calc: 2095.1388; found: 2095.1484  
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[Re(CO)3(1,2-Bis(2-methyl-5(3,6-dipyridin-2-yl-pyridazin-4-yl)-3-

thienyl)perfluorocyclopentene)Cl] (33) 

 

1,2-Bis(2-methyl-5(3,6-dipyridin-2-yl-pyridazin-4-yl)-3-thienyl)perfluorocyclopentene 

(33.8 mg, 4.1 x 10-5 mol) and [Re(CO)5Cl] (3.4 mg, 8.2 x 10-5 mol) were refluxed in 

chloroform (5 ml) overnight in air.  The solution was cooled and its volume reduced to 1 

ml.  Diethyl ether was added with trituration. The resulting bright red precipitate was 

sufficiently pure following collection by filtration and washing with ether.  Yield: 58.6 mg 

(97 %) 

1H NMR (400 MHz, CD3CN): δ = 9.16 (d, J = 5.7 Hz, 1H, H6’), 8.74 (s, 1H, H7), 8.65 

(ψt, J = 7.2 Hz, 2H), H6, H3’), 8.30 (br. s, 1H, H4’), 8.09 (ψt, J = 7.7 Hz, 1H, H4), 7.94 (d, 

J = 7.6 Hz, 1H, H3), 7.79 (ψt, J = 6.8 Hz, 1H, H5’), 7.68 – 7.57 (ψt, J = 6.7 Hz, 1H, H5) 

7.41 (s, 1H, H2), 1.95 (-Me, overlaps with solvent peak) ppm. 
13C NMR (151 MHz, CD3CN): δ = 159.7 (1C, CQ), 159.2 (CQ), 154.6 (1CH, C6’), 154.3 

(1C, CQ), 154.2 (1C, CQ), 150.5 (1CH, C6), 149.3 (1C, CQ), 141.0 (1CH, C4’), 139.0 

(1CH, C4), 135.6 (1C, CQ), 135.4 (1C, CQ), 132.1 (CQ), 129.8 (1CH, C5’), 128.5 (1CH, 

C7), 126.4 (1CH, C3’), 126.3 (1CH, C3), 15.0 (-Me). 

IR (νbarmax/ cm-1): 2021 (C≡O), 1919 (C≡O), 1993 (C≡O), 1587 (C=C), 1404, 1288, 1111, 

1051, 979, 787, 744 and 638. 

HRMS (m/z): [M+Na]+ (C49H26Cl2F6N8O6Re2S2Na) Calc. 1466.9710, Found: 1466.9717 

CHN: Calculated for C23H14ClN4O3Re: C, 44.84; H, 2.29; Cl, 5.75; N, 9.09; found: C: 

40.75, H: 2.92, N: 7.38. 
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[Ru(bpy)2(3,6-bis(2-pyridyl)-4-phenyl-pyridazine)][PF6] (35) 

 
1H NMR (600 MHz, CD3CN) δ 8.69 (dd, J = 4.6, 1.6 Hz, 1H), 8.67 (d, J = 7.0 Hz, 1H), 

8.66 (s, 1H, H7) 8.60 (dd, J = 8.3, 6.9 Hz, 1H), 8.59 – 8.55 (m, 1H), 8.53 (d, J = 8.1 Hz, 

1H), 8.50 (dd, J = 8.3, 2.6 Hz, 1H), 8.45 (d, J = 8.3 Hz, 1H), 8.43 (s, 1H), 8.23 (d, J = 4.8 

Hz, 1H), 8.21 – 8.09 (m, 6H), 8.02 (td, J = 7.9, 1.5 Hz, 1H), 7.98 – 7.90 (m, 3H), 7.87 (dd, 

J = 5.7, 1.4 Hz, 1H), 7.82 – 7.74 (m, 1H), 7.73 – 7.64 (m, 3H), 7.56 (ddd, J = 7.3, 5.6, 1.3 

Hz, 1H), 7.54 – 7.42 (m, 8H), 7.39 (td, J = 8.5, 2.1 Hz, 1H), 7.37 – 7.32 (m, 2H), 7.30 (dt, 

J = 7.0, 2.7 Hz, 1H), 7.20 (d, J = 7.9 Hz, 1H). 

IR (νbarmax/ cm-1) 1500 (aryl C=C), 1448, 1301, 1275, 1100, 839, 762 and 722. 

HRMS (m/z): [M]2+ Calc. for [C40H30N8Ru]: 724.1637, found: 724.1642 (i.e. 362.0821) 

Mp/oC: >250  

 

[Re(CO)3(3,6-bis(2-pyridyl)-4-phenylpyridazine)Cl] (36) 

 

A suspension containing [ReCl(CO)5] (81 mg, 0.22 mmol) and 3,6-di(2-pyridyl)-4-

phenylpyridazine (70 mg, 0.22 mmol) in chloroform (4 mL) was heated under reflux for 4 

hrs, giving a deep red solution. The solution was allowed to cool and concentrated to a low 

volume and the product was precipitated using diethyl ether, added dropwise with 
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trituration.  The pale orange precipitate was filtered off and washed with hexane (111 mg, 

82 %).  
1H NMR (600 MHz, CD3CN): δ = 9.13 (d, J = 4.8 Hz, 1H, H6’), 8.69 (s, 1H, H7), 8.60 (d, 

J = 8.1 Hz, 1H, H3’), 8.45 (dd, J = 5.0, 1.8 Hz, 1H, H6), 8.28 (ψtd, J = 7.9, 1.7 Hz, 1H, 

H4’), 7.94 (ψtd, J = 7.7, 1.9 Hz, 1H, H4), 7.88 (d, J = 7.9 Hz, 1H, H3), 7.75 (ψtd, J = 7.5, 

7.0, 1.3 Hz, 1H, H5), 7.48 – 7.41 (m, 2H, H5, Ph), 7.41 – 7.33 (m, 4H, Ph) ppm. 

Due to severe solubility issues, only CH signals could be reliably assigned: 

13C NMR(CD3CN, 151 MHz): δ = 154.5 (1CH, C6’), 150.2 (1CH, C6),140.6 (1CH, C4’), 

137.8(1CH, C4), 130.6 (1CH, Ph), 130.5 (1CH, C7), 130.2 (2CH, Ph), 130.0 (1CH, C5), 

129.6 (2CH, Ph), 126.3 (1CH, C3), 126.1 (1CH, C3’), 125.6 (1CH, C5) ppm.  

IR (νbarmax/ cm-1): 2020 (C≡O), 1917 (C≡O), 1883 (C≡O), 1850 (C≡O), 1589 (C=C), 

1478, 1396, 1252, 911, 748, 697. 

HRMS (m/z): [M+Na]+ (C23H14ClN4O3ReNa) Calc. 639.0210, Found: 639.0202 

Mp/oC: >250 

 

3,6-diphenyl-4,5-di(3,4,5-trimethoxyphenyl)-pyridazine (39) 

 

3,6-Diphenyl-1,2,4,5-tetrazine (1.1078 g, 4.5 mmol) and 3,4,5-hexamethoxystilbene 

(1.0331 g, 2.9 mmol) were heated to 215 oC in air for 3 days, using benzophenone (1 g) as 

solvent.  The reaction was allowed to cool to room temperature and CH2Cl2(2 ml) was 

added.  Hexanes were added dropwise, with constant trituration.  The resulting brown solid 

was filtered off, dissolved in CH2Cl2 and precipitated with ether 3 times, yielding the 

product as a white solid (0.98 g, 1.7 mmol, 59 %). 

1H NMR (400MHz,CDCl3) δ = 7.44 (dd,J = 7.5, 2.0 Hz, 4H, H2), 7.37 - 7.31 (m, 6H, H3, 

4), 6.10 (s, 4H, H5), 3.80 (s, 6H, -OCH3), 3.45 (s, 12H, -OCH3) ppm. 
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13CNMR (101MHz, CDCl3): δ = 159.0 (CQ), 152.9 (CQ), 137.7 (CQ), 137.5 (CQ), 137.4 

(CQ), 130.2 (CQ), 129.8 (CH, C2), 128.4 (CH, C3/4), 128.0 (CH, C3/4), 108.3 (CH, C5), 

61.0 (CH3, -OCH3), 56.0 (2CH3, -OCH3) ppm. 

IR (νbarmax/ cm-1):2969 (C-H), 1584, 1413, 1241, 1114 (C-OR), 1006, 766, and 699 

(phenyl). 

HRMS (m/z): [M+H]+ (C34H33N2O6), Calc: 565.2339, found: 565.2330 

CHN: Calculated for C, 72.32; H, 5.71; N, 4.96; O, 17.00, found: C: 71.70, H: 5.46, N: 

4.78 

 

Cyclodehydrogenation of 3,6-diphenyl-4,5-di(3,4,5-trimethoxyphenyl)-pyridazine, 

products 41 and 42. 

Compound 40 (0.0602 g, 1.07 x 10-4 mol) was dissolved in dry dichloromethane (30 ml) 

and the solution bubbled with argon for 15 minutes. A solution of iron(III) chloride (0.345 

g, 2 mmol) in dry nitromethane (3.5 ml) was prepared under argon and added dropwise to 

the above dichloromethane solution, maintaining a steady flow of argon through the 

solution.  The yellow solution slowly became deepgreen/brown as addition proceeded.  

Bubbling was continued for a further 4 hours in order to remove the liberated HCl gas.  

The mixture was then sealed under an argon atmosphere and stirred overnight.  Methanol 

(20 ml) was added, followed by water (50 ml) and the mixture was extracted with 

dichloromethane.  This was dried in order to remove the methanol, redissolved in 

dichloromethane and washed with aqueous HCl (3 M), monitoring the washings for loss of 

product via TLC.  The solution was neutralised by washing with a saturated NaHCO3 

solution, dried over MgSO4 and evaporated in vacuo to dryness.  The mixture was 

separated via column chromatography, using SiO2 as the stationary phase, eluting under 

gravity flow using diethyl ether as mobile phase.  The initial yellow orange band was 

isolated and dried yielding 42 (9.8g, 16 %) as an orange solid.  The second band eluted 

was dried and yielded 43 as a light yellow solid (1.3 mg, 2 %). 
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41 

1H NMR (600 MHz ,CDCl3) δ = 9.49 (d, J = 8.3 Hz, 1H, H 1), 9.45 (d, J = 7.9 Hz, 1H, H 

4), 8.01 (ψt, J = 7.5 Hz, 1H, H 3), 7.97 - 7.86 (m, 2H, H 2, 8), 7.74 (br. s., 2H, H 6, 7), 

7.27 (s, 1H, H 5), 4.28 (s, 3H, -OMe), 4.22 (s, 3H, -OMe), 4.10 (s, 3H, -OMe), 4.05 (s, 3H, 

-OMe), 3.75 (s, 3H, -OMe), 3.37 (s, 3H, -OMe) ppm. 

Spectrum of acidified sample (better resolved): 

1H NMR (600 MHz, CDCl3, 0.0127 M in CF3COOH) δ = 9.72 (d, J = 7.9 Hz, 1H, H 1), 

9.45 (d, J = 8.3 Hz, 1H, H 4), 8.05 - 7.90 (br. s, 1H, H 8), 7.87 (ψtd, J = 8.3,1.0 Hz, 1H, H 

3), 7.81 (ψt, J = 7.2 Hz, 1H, H 2), 7.63 (ψt, J = 7.5 Hz, 1H, H 7), 7.56 (ψt, J = 7.5 Hz, 1H, 

H 6), 7.36 (s, 1H, H 5), 4.23 (s, 2H, -OMe), 4.18 (s, 2H, -OMe), 4.06 (s, 2H, -OMe), 4.03 

(s, 2H, -OMe), 3.68 (s, 2H, -OMe), 3.40 (s, 3H, -OMe) 

13C NMR (151 MHz, CDCl3, 0.0127 M in CF3COOH) δ = 130.2 (CH, C 8), 130.0 (CH, C 

3), 129.2 (CH, C 7), 128.9 (CH, C 6), 127.6 (CH, C 2), 127.2 (CH, C 4), 125.0 (CH, C 1), 

105.5 (CH, C 5) ppm (not concentrated enough for CQs to be confidently assigned) 

IR (νbarmax/ cm-1): 2948, 1730, 1596, 1459, 1374, 1198 (C-OR), 997, 797,and 702.   

HRMS (m/z): [M+H]+: C34H29N2O6: Calc: 561.2026.  Found: 561.2030 

 

42 

1H NMR (600 MHz , CDCl3) δ = 7.82 (br. s., 4H, H 1), 7.62 - 7.43 (m, 6H, H 2, 3), 7.10 

(s, 2H, H 4), 3.99 (s, 6H, -OMe), 3.84 (s, 6H, -OMe), 3.34 (s, 6H, -OMe) ppm 
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13C NMR (151 MHz , CDCl3) δ = 155.6 (CQ), 151.8 (CQ), 151.6 (CQ), 143.5 (CQ), 140.2 

(CQ), 130.2 (CH, C 1), 129.2 (CH, C 3), 129.0 (CH, C 2), 127.5 (CQ), 123.4 (CQ), 119.4 

(CQ), 105.2 (CH, C 4), 61.3 (-OCH3), 61.1 (-OCH3), 55.1 (-OCH3) ppm. 

HRMS (m/z): [M+H]+ (C34H31O6) Calc. 563.2182, Found: 563.2175. 
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Lifetimes 
Red plot: Decay Blue plot: Estimation of the instrument response factor  

Green plots: Fit and residuals 

 

Thiophene DHP 

Exc: 340 nm, Em: 495 

Reconvolution failed – tail fitting method used 

 T1    = 49.74223      ch; 2.819655E-09  sec S.Dev = 8.464549E-11  sec 

 A     = 10.24875        S.Dev = 0.1462387 

 B1    = 106.5196      [ 100.00 Rel.Ampl] S.Dev = 1.723781 

 CHISQ = 1.082955      [ 634 degrees of freedom ] 

 Chi-squared Probability =   7.261277 percent 

 Durbin-Watson Parameter =   1.757197 

 Negative residuals      =   44.11303 percent 

 Residuals < 1 s.dev     =   68.44584 percent 

 Residuals < 2 s.dev     =   94.66248 percent 

 Residuals < 3 s.dev     =   99.21507 percent 

 Residuals < 4 s.dev     =   99.84302 percent 

 

 

 

 

 

Ome6 DHP 

Exc:  294 nm, Em: 474 nm,  

Prompt measurement unusual and reconvolution failed – tailfitting method used 

T1    = 75.01253      ch; 2.126055E-09  sec S.Dev = 1.122404E-11  sec 

 A     = 56.49564        S.Dev = 0.214309 

 B1    = 828.2356      [ 100.00 Rel.Ampl] S.Dev = 3.745808 

 CHISQ = 1.101481      [ 1483 degrees of freedom ] 

 Chi-squared Probability =  0.3611825 percent 

 Durbin-Watson Parameter =   1.949209 

 Negative residuals      =   44.81831 percent 

 Residuals < 1 s.dev     =   64.87214 percent 

 Residuals < 2 s.dev     =   94.61642 percent 

 Residuals < 3 s.dev     =   99.52894 percent 

 Residuals < 4 s.dev     =        100 percent 
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Pyz2ph2 dhp 108  

Exc:  340 nm,  Em: 493 nm 

Reconvolution failed – tail fitting method used 

T1    = 79.41579      ch; 4.50171E-09   sec S.Dev = 1.498431E-10  sec 

 A     = 9.595803        S.Dev = 0.1914962 

 B1    = 78.93597      [ 100.00 Rel.Ampl] S.Dev = 1.296335 

 CHISQ = 1.131848      [ 498 degrees of freedom ] 

 Chi-squared Probability =   2.187685 percent 

 Durbin-Watson Parameter =   1.916067 

 Negative residuals      =   42.31537 percent 

 Residuals < 1 s.dev     =   66.46706 percent 

 Residuals < 2 s.dev     =   93.81238 percent 

 Residuals < 3 s.dev     =     99.002 percent 

 Residuals < 4 s.dev     =        100 percent 

 
Pyz2pyr2 dhp 113  
Exc:: 360 nm, Em: 502 nm 

Reconvolution failed – tailfitting method used 

T1    = 36.99714      ch; 2.097195E-09  sec S.Dev = 3.085925E-12  sec 

 A     = 5.139408        S.Dev = 0.1206569 

 B1    = 14485.94      [ 100.00 Rel.Ampl] S.Dev = 19.7045 

 CHISQ = 1.089023      [ 644 degrees of freedom ] 

 Chi-squared Probability =   5.811326 percent 

 Durbin-Watson Parameter =   1.817277 

 Negative residuals      =   43.27666 percent 

 Residuals < 1 s.dev     =   64.45132 percent 

 Residuals < 2 s.dev     =   94.74498 percent 

 Residuals < 3 s.dev     =   99.53632 percent 

 Residuals < 4 s.dev     =   99.84544 percent 
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phDHP 

Exc: 372 nm, Em: 495 nm 

Reconvolution failed, tailfitting gave a bad fit.  Window also possibly not large enough (see below) 

Time calibration = 2.834267E-11 sec/ch  

The fitted parameters are: 

 SHIFT = 0 ch  

 T1    = 152.269       ch; 4.315708E-09  sec S.Dev = 1.368103E-10  sec 

 A     = 15.93167        S.Dev = 0.1556066 

 B1    = 82.13858      [ 100.00 Rel.Ampl] S.Dev = 1.008186 

 CHISQ = 1.365659      [ 1080 degrees of freedom ] 

 Chi-squared Probability = 9.8749E-13 percent 

 Durbin-Watson Parameter =   1.691872 

 Negative residuals      =   44.22899 percent 

 Residuals < 1 s.dev     =   62.60388 percent 

 Residuals < 2 s.dev     =   91.68975 percent 

 Residuals < 3 s.dev     =   99.07664 percent 

 Residuals < 4 s.dev     =   99.72299 percent 

 

Larger window 

Time calibration = 1.139317E-10 sec/ch  

Reconvolution failed – tail fitting method used 

The fitted parameters are: 

 SHIFT = 0 ch  

 T1    = 95.566        ch; 1.0888E-08    sec S.Dev = 5.371885E-11  sec 

 A     = 15.95709        S.Dev = 0.1378511 

 B1    = 812.3509      [ 100.00 Rel.Ampl] S.Dev = 3.082513 

 CHISQ = 1.079322      [ 1244 degrees of freedom ] 

 Chi-squared Probability =   2.609504 percent 

 Durbin-Watson Parameter =   1.827019 

 Negative residuals      =   42.26143 percent 

 Residuals < 1 s.dev     =   67.52206 percent 

 Residuals < 2 s.dev     =   95.02807 percent 

 Residuals < 3 s.dev     =   99.11788 percent 

 Residuals < 4 s.dev     =   99.91981 percent 
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TPA pyridine 100ns window 

 Time calibration = 5.706948E-11 sec/ch  

Reconvolution failed – tailfitting used 

The fitted parameters are: 

 SHIFT = 0 ch  

 T1    = 59.10824      ch; 3.373277E-09  sec S.Dev = 2.392978E-10  sec 

 T2    = 238.8472      ch; 1.363089E-08  sec S.Dev = 4.505329E-10  sec 

 A     = 13.89463        S.Dev = 0.153726 

 B1    = 155.9378      [ 31.29 Rel.Ampl] S.Dev = 3.415676 

 B2    = 84.75036      [ 68.71 Rel.Ampl] S.Dev = 1.339234 

 CHISQ = 1.076509      [ 1343 degrees of freedom ] 

 Chi-squared Probability =   2.581035 percent 

 Durbin-Watson Parameter =   2.059488 

 Negative residuals      =   42.65578 percent 

 Residuals < 1 s.dev     =   68.10089 percent 

 Residuals < 2 s.dev     =   95.02967 percent 

 Residuals < 3 s.dev     =   99.40652 percent 

 Residuals < 4 s.dev     =   99.85163 percent  

 

TPA pyrazine 100ns window  

Time calibration = 5.706948E-11 sec/ch  

Reconvolution failed – tailfitting used 

The fitted parameters are: 

 SHIFT = 0 ch  

 T1    = 109.6738      ch; 6.259024E-09  sec S.Dev = 1.155611E-10  sec 

 T2    = 270.242       ch; 1.542257E-08  sec S.Dev = 1.154193E-09  sec 

 A     = 9.424183        S.Dev = 0.1612211 

 B1    = 5470.614      [ 95.61 Rel.Ampl] S.Dev = 10.16905 

 B2    = 101.9452      [ 4.39 Rel.Ampl] S.Dev = 3.576478 

 CHISQ = 1.038269      [ 1445 degrees of freedom ] 

 Chi-squared Probability =   15.20165 percent 

 Durbin-Watson Parameter =   1.908178 

 Negative residuals      =   44.68966 percent 

 Residuals < 1 s.dev     =    69.5862 percent 

 Residuals < 2 s.dev     =   94.68965 percent 

 Residuals < 3 s.dev     =   99.51724 percent 

 Residuals < 4 s.dev     =   99.86207 percent  
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TPApyrazine 200ns 

 Time calibration = 1.139317E-10 sec/ch  

Reconvolution failed – tailfitting used 

The fitted parameters are: 

 SHIFT = 0 ch  

 T1    = 53.45671      ch; 6.090415E-09  sec S.Dev = 3.871109E-11  sec 

 T2    = 272.1891      ch; 3.101097E-08  sec S.Dev = 2.446734E-09  sec 

 A     = 25.5564         S.Dev = 0.2054408 

 B1    = 1939.263      [ 88.27 Rel.Ampl] S.Dev = 7.314968 

 B2    = 50.63081      [ 11.73 Rel.Ampl] S.Dev = 1.498821 

 CHISQ = 1.088513      [ 1391 degrees of freedom ] 

 Chi-squared Probability =   1.128793 percent 

 Durbin-Watson Parameter =   1.966802 

 Negative residuals      =   45.05731 percent 

 Residuals < 1 s.dev     =   65.75932 percent 

 Residuals < 2 s.dev     =   94.91404 percent 

 Residuals < 3 s.dev     =   99.49857 percent 

 Residuals < 4 s.dev     =   99.92837 percent  
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Crystal data 

Table 1.  Crystal data and structure refinement for thienylDHP (5) 

Identification code  cu_gm44_0m 

Empirical formula  C26 H24 N4 S2 

Formula weight  456.61 

Temperature  293(2) K 

Wavelength  1.54178 Å 

Crystal system  C2/c 

Space group  Monoclinic 

Unit cell dimensions a = 25.2109(6) Å α= 90°. 

 b = 25.2130(6) Å β= 95.2610(10)°. 

 c = 29.4144(8) Å γ = 90°. 

Volume 18618.3(8) Å3 

Z 32 

Density (calculated) 1.303 Mg/m3 

Absorption coefficient 2.232 mm-1 

F(000) 7680 

Crystal size 0.4 x 0.2 x 0.1 mm3 

Theta range for data collection 2.48 to 61.90°. 

Index ranges -25<=h<=28, -28<=k<=28, -33<=l<=33 

Reflections collected 46222 

Independent reflections 14510 [R(int) = 0.0423] 

Completeness to theta = 61.90° 99.2 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 14510 / 0 / 1169 

Goodness-of-fit on F2 0.809 

Final R indices [I>2sigma(I)] R1 = 0.0394, wR2 = 0.1015 

R indices (all data) R1 = 0.0439, wR2 = 0.1062 

Largest diff. peak and hole 0.579 and -0.569 e.Å-3 
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Table 1.  Crystal data and structure refinement for (OMe)6DHPPtCl2 (18) 

Identification code  w 

Empirical formula  C33 H33 Cl4 N4 O6 Pt 

Formula weight  918.52 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 11.558(2) Å α= 94.37(3)°. 

 b = 11.642(2) Å β= 98.01(3)°. 

 c = 14.747(3) Å γ = 117.60(3)°. 

Volume 1718.8(5) Å3 

Z 2 

Density (calculated) 1.775 Mg/m3 

Absorption coefficient 4.443 mm-1 

F(000) 906 

Crystal size 0.22 x 0.20 x 0.13 mm3 

Theta range for data collection 2.03 to 24.00°. 

Index ranges -13<=h<=13, -13<=k<=13, -16<=l<=16 

Reflections collected 15569 

Independent reflections 5391 [R(int) = 0.0491] 

Completeness to theta = 24.00° 99.8 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.5358 and 0.4815 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5391 / 84 / 433 

Goodness-of-fit on F2 1.063 

Final R indices [I>2sigma(I)] R1 = 0.0556, wR2 = 0.1454 

R indices (all data) R1 = 0.0612, wR2 = 0.1505 

Largest diff. peak and hole 5.434 and -3.557 e.Å-3 
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Table 1.  Crystal data and structure refinement for (bptz)2Ph (19) 

Identification code  shelxl 

Empirical formula  C160 H136 N16 O8 

Formula weight  2410.85 

Temperature  108(2) K 

Wavelength  0.71075 Å 

Crystal system  Orthorhombic 

Space group  Pbcn 

Unit cell dimensions a = 16.457(6) Å α= 90°. 

 b = 10.774(4) Å β= 90°. 

 c = 18.512(7) Å γ = 90°. 

Volume 3282(2) Å3 

Z 1 

Density (calculated) 1.220 Mg/m3 

Absorption coefficient 0.076 mm-1 

F(000) 1272 

Crystal size 0.4 x 0.3 x 0.1 mm3 

Theta range for data collection 2.48 to 25.00°. 

Index ranges -19<=h<=19, -12<=k<=7, -22<=l<=21 

Reflections collected 13716 

Independent reflections 2873 [R(int) = 0.0476] 

Completeness to theta = 25.00° 99.3 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2873 / 0 / 190 

Goodness-of-fit on F2 2.457 

Final R indices [I>2sigma(I)] R1 = 0.2099, wR2 = 0.5605 

R indices (all data) R1 = 0.2258, wR2 = 0.5693 

Largest diff. peak and hole 0.819 and -0.686 e.Å-3 
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Table 1.  Crystal data and structure refinement for (bptz)3Ph (20) 

Identification code  shelxl 

Empirical formula  C57 H48 Cl0 N6 O3 

Formula weight  865.01 

Temperature  108(2) K 

Wavelength  0.71075 Å 

Crystal system  Triclinic  

Space group  P-1 

Unit cell dimensions a = 10.849(5) Å α= 91.8380(10)°. 

 b = 13.240(6) Å β= 93.872(9)°. 

 c = 16.859(7) Å γ = 109.025(9)°. 

Volume 2280.5(17) Å3 

Z 2 

Density (calculated) 1.260 Mg/m3 

Absorption coefficient 0.079 mm-1 

F(000) 912 

Crystal size 0.50 x 0.20 x 0.20 mm3 

Theta range for data collection 1.21 to 25.00°. 

Index ranges -12<=h<=12, -15<=k<=15, -20<=l<=20 

Reflections collected 33414 

Independent reflections 7939 [R(int) = 0.0577] 

Completeness to theta = 25.00° 99.0 %  

Max. and min. transmission 0.9844 and 0.9616 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7939 / 0 / 602 

Goodness-of-fit on F2 1.166 

Final R indices [I>2sigma(I)] R1 = 0.0814, wR2 = 0.2247 

R indices (all data) R1 = 0.1127, wR2 = 0.2639 

Largest diff. peak and hole 1.506 and -0.498 e.Å-3 
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Table 1.  Crystal data and structure refinement for 3,6-Bis(2-thienyl)-1,2,4,5-tetrazine 

Identification code  w 

Empirical formula  C5 H0.50 N2 O0 S 

Formula weight  120.63 

Temperature  120(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/n 

Unit cell dimensions a = 5.2195(10) Å α= 90°. 

 b = 14.014(3) Å β= 100.52(3)°. 

 c = 7.1969(14) Å γ = 90°. 

Volume 517.56(18) Å3 

Z 4 

Density (calculated) 1.548 Mg/m3 

Absorption coefficient 0.486 mm-1 

F(000) 242 

Crystal size 0.50 x 0.40 x 0.20 mm3 

Theta range for data collection 2.91 to 24.88°. 

Index ranges -5<=h<=6, -16<=k<=16, -8<=l<=8 

Reflections collected 2770 

Independent reflections 894 [R(int) = 0.0206] 

Completeness to theta = 24.88° 99.2 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9090 and 0.7931 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 894 / 0 / 73 

Goodness-of-fit on F2 1.141 

Final R indices [I>2sigma(I)] R1 = 0.0312, wR2 = 0.0846 

R indices (all data) R1 = 0.0320, wR2 = 0.0851 

Largest diff. peak and hole 0.273 and -0.266 e.Å-3 
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Table 1.  Crystal data and structure refinement for (bptz)3TPA (21) 

Empirical formula  C62.80 H48.60 Cl1.60 N13 O2 

Formula weight  1074.07 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.258(2) Å α= 105.81(3)°. 

 b = 15.497(3) Å β= 98.94(3)°. 

 c = 18.082(4) Å γ = 99.56(3)°. 

Volume 2665.6(9) Å3 

Z 2 

Density (calculated) 1.338 Mg/m3 

Absorption coefficient 0.162 mm-1 

F(000) 1119 

Crystal size 0.4 x 0.30 x 0.21 mm3 

Theta range for data collection 2.38 to 24.00°. 

Index ranges -11<=h<=11, -17<=k<=16, -20<=l<=20 

Reflections collected 31497 

Independent reflections 8221 [R(int) = 0.0496] 

Completeness to theta = 24.00° 98.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8739 and 0.7685 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8221 / 0 / 726 

Goodness-of-fit on F2 1.107 

Final R indices [I>2sigma(I)] R1 = 0.0768, wR2 = 0.2232 

R indices (all data) R1 = 0.0925, wR2 = 0.2460 

Extinction coefficient 0.015(2) 

Largest diff. peak and hole 2.331 and -0.812 e.Å-3 
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Table 1.  Crystal data and structure refinement for  (bpytz)3TPA (22) 

Identification code  a 

Empirical formula  C57.80 H46.60 Cl1.60 N19 O3 

Formula weight  1112.06 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 13.689(3) Å α= 64.35(3)°. 

 b = 15.014(3) Å β= 88.35(3)°. 

 c = 15.512(3) Å γ = 85.31(3)°. 

Volume 2864.3(10) Å3 

Z 2 

Density (calculated) 1.289 Mg/m3 

Absorption coefficient 0.157 mm-1 

F(000) 1155 

Crystal size 0.45 x 0.38 x 0.26 mm3 

Theta range for data collection 2.08 to 24.00°. 

Index ranges -15<=h<=15, -16<=k<=17, -17<=l<=17 

Reflections collected 40952 

Independent reflections 8903 [R(int) = 0.0401] 

Completeness to theta = 24.00° 98.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7333 and 0.6297 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8903 / 0 / 746 

Goodness-of-fit on F2 1.059 

Final R indices [I>2sigma(I)] R1 = 0.1044, wR2 = 0.2752 

R indices (all data) R1 = 0.1175, wR2 = 0.2929 

Largest diff. peak and hole 1.568 and -1.451 e.Å-3 
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Table 1.  Crystal data and structure refinement for [Ir(La)(ppy)2][PF6] (1) 

Identification code  s 

Empirical formula  C49 H36 Cl2 F6 Ir N6 O0 P 

Formula weight  1116.91 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 34.496(7) Å α= 90°. 

 b = 12.922(3) Å β= 100.65(3)°. 

 c = 20.359(4) Å γ = 90°. 

Volume 8919(3) Å3 

Z 8 

Density (calculated) 1.664 Mg/m3 

Absorption coefficient 3.218 mm-1 

F(000) 4416 

Crystal size 0.20 x 0.05 x 0.04 mm3 

Theta range for data collection 1.69 to 25.00°. 

Index ranges -40<=h<=20, -15<=k<=15, -24<=l<=23 

Reflections collected 25730 

Independent reflections 7832 [R(int) = 0.0612] 

Completeness to theta = 25.00° 99.7 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8821 and 0.5654 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7832 / 10 / 589 

Goodness-of-fit on F2 1.055 

Final R indices [I>2sigma(I)] R1 = 0.0477, wR2 = 0.1010 

R indices (all data) R1 = 0.0648, wR2 = 0.1061 

Largest diff. peak and hole 1.803 and -1.983 e.Å-3 
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Table 1.  Crystal data and structure refinement for [ReLa(CO)3Cl] (7) 

Identification code  shelxl 

Empirical formula  C232 H144 Cl8 N32 O24 Re8 

Formula weight  5536.99 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/c 

Unit cell dimensions a = 23.800(5) Å α= 90°. 

 b = 19.184(4) Å β= 94.99(3)°. 

 c = 11.643(2) Å γ = 90°. 

Volume 5295.8(18) Å3 

Z 1 

Density (calculated) 1.736 Mg/m3 

Absorption coefficient 4.728 mm-1 

F(000) 2688 

Crystal size 0.4 x 0.4 x 0.2 mm3 

Theta range for data collection 1.37 to 25.00°. 

Index ranges -17<=h<=28, -22<=k<=22, -13<=l<=12 

Reflections collected 32561 

Independent reflections 8668 [R(int) = 0.0898] 

Completeness to theta = 25.00° 93.1 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8668 / 0 / 685 

Goodness-of-fit on F2 1.252 

Final R indices [I>2sigma(I)] R1 = 0.0960, wR2 = 0.2284 

R indices (all data) R1 = 0.1032, wR2 = 0.2369 

Largest diff. peak and hole 3.626 and -3.388 e.Å-3 
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Table 1.  Crystal data and structure refinement for [RhCp*(La)Cl] (10) 

Identification code  l 

Empirical formula  C36 H33 Cl F6 N4 P Ru 

Formula weight  803.15 

Temperature  173(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/c 

Unit cell dimensions a = 9.816(2) Å α= 90°. 

 b = 13.183(3) Å β= 91.99(3)°. 

 c = 26.236(5) Å γ = 90°. 

Volume 3393.3(12) Å3 

Z 4 

Density (calculated) 1.572 Mg/m3 

Absorption coefficient 0.654 mm-1 

F(000) 1628 

Crystal size 0.30 x 0.22 x 0.18 mm3 

Theta range for data collection 2.80 to 25.00°. 

Index ranges -11<=h<=8, -15<=k<=15, -25<=l<=31 

Reflections collected 22137 

Independent reflections 5759 [R(int) = 0.0506] 

Completeness to theta = 25.00° 96.2 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8913 and 0.8279 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5759 / 0 / 442 

Goodness-of-fit on F2 0.937 

Final R indices [I>2sigma(I)] R1 = 0.0707, wR2 = 0.2266 

R indices (all data) R1 = 0.0916, wR2 = 0.2896 

Largest diff. peak and hole 2.575 and -1.912 e.Å-3 
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Table 1.  Crystal data and structure refinement for 1,2-bis(2,5-dithien-3-yl)ethene (24) 

Identification code  shelxl 

Empirical formula  C14 H16 S2 

Formula weight  250.40 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 6.5865(13) Å α= 89.82(3)°. 

 b = 6.9388(14) Å β= 75.80(3)°. 

 c = 8.0512(16) Å γ = 67.74(3)°. 

Volume 328.47(11) Å3 

Z 1 

Density (calculated) 1.266 Mg/m3 

Absorption coefficient 0.376 mm-1 

F(000) 134 

Crystal size 0.6 x 0.2 x 0.05 mm3 

Theta range for data collection 2.62 to 25.00°. 

Index ranges -7<=h<=6, -8<=k<=8, -9<=l<=9 

Reflections collected 3262 

Independent reflections 1079 [R(int) = 0.0284] 

Completeness to theta = 25.00° 93.3 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1079 / 0 / 74 

Goodness-of-fit on F2 1.572 

Final R indices [I>2sigma(I)] R1 = 0.0907, wR2 = 0.3055 

R indices (all data) R1 = 0.0907, wR2 = 0.3056 

Largest diff. peak and hole 1.653 and -0.497 e.Å-3 
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Table 1.  Crystal data and structure refinement for [Re(model)(CO)3Cl] (36) 

Identification code  shelxl 

Empirical formula  C92 H56 Cl4 N16 O12 Re4 

Formula weight  2464.13 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Crystal system  P21/c 

Space group  Monoclinic 

Unit cell dimensions a = 9.914(2) Å α= 90°. 

 b = 17.943(4) Å β= 128.11(2)°. 

 c = 15.009(5) Å γ = 90°. 

Volume 2100.8(9) Å3 

Z 1 

Density (calculated) 1.948 Mg/m3 

Absorption coefficient 5.946 mm-1 

F(000) 1184 

Crystal size 0.6 x 0.4 x 0.2 mm3 

Theta range for data collection 2.98 to 25.00°. 

Index ranges -11<=h<=11, -21<=k<=21, -17<=l<=17 

Reflections collected 14495 

Independent reflections 3563 [R(int) = 0.0208] 

Completeness to theta = 25.00° 96.2 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3563 / 0 / 289 

Goodness-of-fit on F2 1.214 

Final R indices [I>2sigma(I)] R1 = 0.0422, wR2 = 0.0909 

R indices (all data) R1 = 0.0430, wR2 = 0.0919 

Largest diff. peak and hole 1.787 and -1.465 e.Å-3 
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Table 1.  Crystal data and structure refinement for (bptz)DTE(bptz) (31) 

Empirical formula  C43 H26 F6 N8 S2 

Formula weight  832.84 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 7.8056(10) Å α= 61.663(2)°. 

 b = 16.739(2) Å β= 80.026(3)°. 

 c = 17.118(2) Å γ = 88.066(3)°. 

Volume 1935.8(4) Å3 

Z 2 

Density (calculated) 1.429 Mg/m3 

Absorption coefficient 0.211 mm-1 

F(000) 852 

Crystal size 0.70 x 0.20 x 0.15 mm3 

Theta range for data collection 2.37 to 24.00°. 

Index ranges -8<=h<=8, -19<=k<=19, -19<=l<=19 

Reflections collected 19486 

Independent reflections 5950 [R(int) = 0.0326] 

Completeness to theta = 24.00° 98.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9691 and 0.8665 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5950 / 111 / 636 

Goodness-of-fit on F2 1.088 

Final R indices [I>2sigma(I)] R1 = 0.0835, wR2 = 0.2495 

R indices (all data) R1 = 0.0963, wR2 = 0.2634 

Extinction coefficient 0.0057(17) 

Largest diff. peak and hole 1.077 and -0.441 e.Å-3 
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Table 1.  Crystal data and structure refinement for (OMe)3Ph2pyridazine (39) 

Identification code  a glu1 hexamethoxy diphenyl pyridazine 

Empirical formula  C34 H32 N2 O6 

Formula weight  564.62 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P2(1)/c 

Unit cell dimensions a = 19.727(4) Å α= 90°. 

 b = 19.811(4) Å β= 93.35(3)°. 

 c = 7.3471(15) Å γ = 90°. 

Volume 2866.5(10) Å3 

Z 4 

Density (calculated) 1.308 Mg/m3 

Absorption coefficient 0.090 mm-1 

F(000) 1192 

Crystal size 0.7 x 0.15 x 0.04 mm3 

Theta range for data collection 2.06 to 25.20°. 

Index ranges -23<=h<=23, -23<=k<=16, -8<=l<=8 

Reflections collected 15907 

Independent reflections 5049 [R(int) = 0.0514] 

Completeness to theta = 25.20° 97.5 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5049 / 0 / 379 

Goodness-of-fit on F2 1.017 

Final R indices [I>2sigma(I)] R1 = 0.0467, wR2 = 0.1068 

R indices (all data) R1 = 0.0841, wR2 = 0.1217 

Largest diff. peak and hole 0.235 and -0.241 e.Å-3 
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Table 1.  Crystal data and structure refinement for 2/3rds fused (OMe)2Ph2pyridazine (41) 

Identification code  w 

Empirical formula  C34 H28 N2 O6 

Formula weight  560.58 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 9.6379(19) Å α= 83.63(3)°. 

 b = 11.387(2) Å β= 75.62(3)°. 

 c = 13.571(3) Å γ = 69.03(3)°. 

Volume 1346.8(5) Å3 

Z 2 

Density (calculated) 1.382 Mg/m3 

Absorption coefficient 0.095 mm-1 

F(000) 588 

Crystal size 0.21 x 0.20 x 0.18 mm3 

Theta range for data collection 1.92 to 25.06°. 

Index ranges -11<=h<=11, -13<=k<=13, -16<=l<=16 

Reflections collected 14521 

Independent reflections 4776 [R(int) = 0.0287] 

Completeness to theta = 25.06° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.9830 and 0.9802 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4776 / 0 / 379 

Goodness-of-fit on F2 1.056 

Final R indices [I>2sigma(I)] R1 = 0.0511, wR2 = 0.1422 

R indices (all data) R1 = 0.0659, wR2 = 0.1530 

Largest diff. peak and hole 0.451 and -0.317 e.Å-3 
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Literature data from Chapter 3 
 L photocyc/mlct 

(ε/dm3 mol-1 cm-1) 

Pss composition 

% 

QY photchromic 

(λexc/nm) 

Medium (T/K) Emission λmax/nm 

(τ/µs) 

QY lum Ref. 

WW2(o) 209 (50000) - - MeOH: H2O [5:1] 

(298) 

382 (-) 0.03 (240); 

0.04 (311) 

3 

WW2(c) 615 (4000) - - “ 382 (-) 0.08 (240), 

0.12 (311) 

3 

W1a(o) 233 (10000) - - “ 400 (-) 0.03 (240); 

0.01 (394) 

3 

W1a(c) 632 (4000) - - “ 400 (-) 0.15 (240); 

0.07 (394) 

3 

ReRe2(o) 319 (18000) - - MeOH (298) 372 (-) 0.01 (270), 

0.04 (320) 

3 

ReRe2(c) 621 (6000) - - “ 372 (-) 0.004 (270), 

0.02 (320) 

3 

Re1b(o) 239 (8000) - - “ 368 (-) 0.03 (270); 

0.18 (315) 

3 

Re1b(c) 604 (4000) - - “ 368 (-) 0.01 (270); 

0.11 (315) 

3 

[Ir(acac)(6(o))2] 480 (-) - 0.20 (330) THF (298) 570 (0.1) 0.06 (440) 4 

[Ir(acac)(6(c))2] 550 (-) - 0.01(550) THF (298) a a 4 

RuRu7(o) 458 (42000)  0.037 (334)a, 0.88 

(334)d; 0.38 

(450)a, 0.80 

(450)d 

Acetonitrile (RT) 630 (0.140a, 

0.310d) 

0.009 (334)a, 

0.014 (334)d; 

0.007 (450)a, 

0.014 (450)d 

5 

RuRu7(c) 614 (32000) 97 % - a a a 5 

OsOs7(o) 492 (34000, 
1MLCT); 590 (9000, 
3MLCT) 

 0.0045 (334)a; 

0.0041 (334)d  

Acetonitrile (RT) 759 (0.044a, 0.062 

d) 

0.004 (334)a, 

0.005 (334)d; 

0.004 (450)a, 

0.006 (450)d 

5 

OsOs7(c) 618 (37000) 73 % - a a a 5 

RuOs7(o) 590 (5600 

acetonitrile) 

 0.010 (334)a,d; 

0.0042 (450)a, 

0.0045 (450)d 

MeCN (293 K) 630 (7 x 10-5, 61 x 

10-5 Ru)a 

 

758 (5.6 x 10-5, 46 x 

10-5Os)a 

2 x 10-4 (471, 

Ru) 

 

0.0035 (471, 

Os) 

6 

RuOs7(c) 617 (33000 

acetonitrile) 

90 % - - - - 
6_ 

Ru17(o) 470 (-)  0.22 (470)a; 0.44 

(470)d 

Acetonitrile (298) 600 (5 x 10-4) See text 7 

Ru17(c) 540 (-) 90% 0.50 (500)a - - - 7 

Re19(o) 400 (4690)  0.552 (313) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (4:1 

Meoh:EtOH) (77 K) 

595 (0.26) 

558 (0.1) 

562 (1.9) 

535 (7.2) 

0.02 (417) 8 

Re19(o) 580 (5050) Up to 98 0.648 (440), 0.009 

(510) 

Benzene (298 K) 626 (0.1) - 8 

[Pt(19(o))(C2Ph)2] 396 (7900) - 0.035 CH2Cl2 (298) 580 (1.6) 0.18 9 
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[Pt(19(c))(C2Ph)2] 560 (-) - 0.012 CH2Cl2 (298) - - 9 

Pt21(o)tpy 465 (-)  - 0.14 (425), 

0.41(302)  

CH2Cl2 (298) EtOH:MeOH glass 

(90 K) 

568, 608 (-) 10 

Pt21(c)tpy 602 (-)  - - CH3CN (298) - - 10 

Pt22(o)tpy 417 (-) - 0.03 (425)  - - 10 

Pt22(c)tpy 592 (-) - - - - - 10 

23(o) 378 (35600)  0.118 (370)  Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

640 (2.0) 

646 (9.8) 

641 (59.1) 

574, 625 (135.3) 

0.0095 11 

23(c) 566 (7830) 48 (500) 0.026 (500) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

  11 

24(o) 386 (54830)  0.243 (370) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

630 (16.6) 

573, 612 (21.8) 573, 

614 (65.4) 572, 620 

(190.2)  

0.0222 11 

24(c) 564 (8350) > 95 (500)  0.015 (500) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

a - 11 

25(o) 380 (66060)  0.117 (370) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

632 (17.8) 

a 

635, 670 (6.4) 578, 

632 (145.3) 

0.0162 11 

25(c) 570 (15780) 44 (500) 0.010 (500) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

a - 11 

26(o) 368 sh (15570)   0.063 (370) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

647 (0.1) 

570 (8.5) 

568 (23.8) 

577 (99.2) 

0.0027 11 

26(c) 562 (8400) 22 (500) 0.025 (500) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

- - 11 

27(o) 376 (44500)  0.170 (370) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

640 (2.4) 

567 (5.3) 

562 (93.9) 

567 (122.4) 

0.0276 11 

27(c) 562 (10400) 94 (500) 0.0025 (500) Benzene (298 K) 

Solid (298 K) 

- - 11 
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Solid (77 K) 

Glass (77 K) 

28(o) 366 (53040)  0.242 (370) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

677 (2.0) 

a 

562 (58.2) 

547, 581 (226.2) 

0.0077 11 

28(c) 556 (11770) > 95 (500, one 

closure) 

0.029 (500) Benzene (298 K) 

Solid (298 K) 

Solid (77 K) 

Glass (77 K) 

- - 11 

29 oooo ca. 325 (-)  0.64 - - - 12 

29 coco 628 (-) 88 0.0094 - - - 12 

AuAu30(o)PCy3 320 (29500)  0.61 (302) CH2Cl2 (298 K) 416, 433 (-) - 13 

AuAu30(c)PCy3 530 (16300) 92 0.0063 (> 420) CH2Cl2 (298 K) - - 13 

AuAu30(o)PPh3 312 (38800)  0.78 (302) CH2Cl2 (298 K) 395, 422 (-) - 13 

AuAu30(c)PPh3 536 (22500) 85 0.040 (> 420) CH2Cl2 (298 K) - - 13 

AuAu20(o)PCy3 312 (48500)  0.41 (302) CH2Cl2 (298 K) 436, 460 (-) - 13 

AuAu20(c)PCy3 601 (21000) 95 0.0096 (> 420) CH2Cl2 (298 K) - - 13 

AuAu20(o)PPh3 316 (47200)  0.72 (302) CH2Cl2 (298 K) 398, 422 (-) - 13 

AuAu20(c)PPh3 605 (19900) > 95 0.011 (> 420) CH2Cl2 (298 K) - - 13 

FeFe31(o) Ca. 355 (ca. 18000) 

thf 

 0.0021 (366) - - - 14 

FeFe31(c) Ca. 800 (28000) thf 91 (benzene); 63 

(THF); 37 

(acetone) 

0.00018 (768) - - - 14 

RuRu31(o) Ca. 350 (ca. 50000)  0.38 (366) - - - 14 

RuRu31(c) Ca. 700 (ca. 55000) Quant 0.00044 (710) - - - 14 

Eu(hfac)333(o) 300 (-) - - Ethyl acetate (298) 579 

592 

615 (710) 

650 

698 

 

 

0.16 

15 

Eu(hfac)333(c) 400 (-) - - Ethyl acetate (288) 579 

592 

615 (680) 

650 

698 

 

 

0.10 

15 

34(o) 424 (300) - 0.044 (280) MeOH - - 16 

34(c) 548 (10400) - 0.094 (500) MeOH - - 16 

35(o) 426 (300) - 0.021 (280) MeOH - - 16 

35(c) 546 (11100) - 0.085 (500) MeOH - - 16 

36(o) 426 (400) - 0.029 (280) MeOH - - 16 

36(c) 550 (10300) - 0.092 (500) MeOH - - 16 

37(o) 400 (400) - 0.0078 (280) MeOH - - 16 
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37(c) 538 (9810) - 0.061 (500) MeOH - - 16 

38(o) 406 (700) - 0.0079 (280) MeOH - - 16 

38(c) 534 (4500) - 0.16 (500) MeOH - - 16 

39(o) 400 (700) - 0.0043 (280) MeOH - - 16 

39(c) 532 (5100) - 0.08 (500) MeOH - - 16 

40(o) 398 sh (800) - 0.0037 (280) MeOH - - 16 

40(c) 

526 (7000) 

- 0.4 (500) 

b,c 

MeOH - - 16 

41(o) 366 (5780) - 0.58 (360)d MeOH (RT) 

4:1 EtOH:MeOH 

(77) 

550 (0.15) 

484 (250) 

0.0023 17 

41 (c) 502 (7830) - 0.0096 (500)d MeOH (RT) 

4:1 EtOH:MeOH 

(77) 

585 (-) 

568 (<0.1) 

- 17 

42(o) 362 (6650) - 0.47 (360)d 

0.40 (360)a 

MeOH (RT) 

4:1 EtOH:MeOH 

(77) 

568 (0.13) 

478 (26.6) 

0.0021 17 

42(c) 502 (8190) - 0.0092 (500) a,d MeOH (RT) 

4:1 EtOH:MeOH 

(77) 

591 (-) 

565 (<0.1) 

0.0003 17 

43(o) 366 (5950) - 0.42 (360)d 

0.32 (360)a 

MeOH (RT) 

4:1 EtOH:MeOH 

(77) 

572 (0.13) 

484 (36.9) 

0.0023 17 

43(c) 508 (8610) - 0.089 (500)d MeOH (RT) 

4:1 EtOH:MeOH 

(77) 

591 (-) 

565 (<0.1) 

0.0005 17 

 


