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Abstract 

This thesis examines factors which influence charge delocalization in conjugated 

organometallic matenals. This delocaIization is examined by electrochemical and 

spectroscopie characterization of model complexes, oligomers and polymers. 

The complex [ci~-Ru(dpprn)2(C=CFc)~]CuI (dppm = Ph2PCHZPPh2, Fc = ferrocenyl) 

(52) is prepared by the coupling of FcC=CSn(n- BU)^ (60) and R~Cl~(dpprn)~ in the presence of 

excess Cd, while tram-Ru(dmpe)@=CFc)2 (dmpe = Me2PCH2CH2PMe2) (54) is obtained 

fkom RuCl2(dmpe)2 and 60 using catalytic Cul. Removal of the coordinated CuI fiom 52 with 

excess P(0Me)s yields i ranr-R~(dppm)~(~Fc)2 (53). The mono- and dications of both 52 - 

54 and ~~~IIS,~-~~IS,~~)~S-R~(PBU~)~(CO)~)(~CFC)~ complexes (L = CO (55); py (56); 

P(OMe)3 (57)) are prepared by oxidation with FcPF6. Al1 the neutral and oxidized species are 

characterized using UV-Vis-near-IR spectroscopy and cyclic voltarnmetry (CV). The data are 

interpreted according to the Hush model of electron tramfer, and the results indicate that 

rutheniurn bisacetylide bridges facilitate electronic interactions between the two terminal 

ferrocenyl groups. Charge delocaikation between the ~e~ and RU' centers in the oxidized 

species is enhanced when the ancillary ligands on the Ru center are electron donors and is 

Iessened when the ligands are acceptors. 

Complexes trans-R~(dpprn)~(CI)(C=cR) (62a - c), tram-Ru(dppm)~(~R)2 (63a - 

c), and Fc-R (68a - e), FctR-Fc  (69a - e) and R-Fc-R (40,50 and 73) (R = 1 - 3 

M e d  thiophene rings with various substituents) are prepared to elucidate electronic 

interactions between the metals and oligothienyl groups. The complexes are all redox-active 

due to the RU- and ~e~ couples and oligothiophene-based oxidations. The C V s  of 62a - c 



and 63a - c show that the  RU^ oxidation process becomes more reversible with an increase in 

the conjugation length of the oligothienyl group. Complexes 68a - e, 69a - e, 40,50 and 73 al1 

contain a revexsible ~ e -  oxidation wave and an irreversible oligothiophene-based wave. 

When oxidized past the oligothiophene-based oxidation potential, and by carefbl exclusion of 

water, the complexes with terminal bi- and tertlnenyl groups (50, 62b, 62c, 68c, 68e and 73) 

electropolymerize or dimerize, resulting in the deposition of an electrochernically active film 

on the electrode surface. 

The monocations 62cf and 63cf prepared in solution at -20 OC exhibit intense LMCT 

absorption bands at 500 - 700 nrn and 900 - 1700 nm, indicative of signincant charge 

delocalization h m  the RU= to the conjugated oEgothieny1 group. Electrochemical oxidation 

of the ~ e '  centers in the fmocene-oligothiophene complexes yields the corresponding 

monocations and &cations, wkch al1 have oligothiophene-to-~e~ charge-transfer transitions in 

the near-IR region. For each series, the energy and intensity of these Iow-energy transitions 

correlate to the ciifference in the oxidation potentials of the ferrocenyl and oligothienyl groups, 

showing that charge delocalization in these compounds is enhanced when the conjugated 

organic group and the metal are close in oxidation potential. 

The cornplex tra~zs-RuC~(dpprn)~ (19) is converted to its cis isomer (59) at 20 OC in the 

presence of catalytic CuCl or Cul, and [(~i.s-RuCI~(dppm)~)~Cu][CuCl~~ (74) is isolated when 

19 or 59 reacts with excess CuCI. Addition of a srnall amount of 74 to a solution of 19 results 

in isomerization of 19 to 59. Complex 74 can be converted quanttitatively to 59 by reaction 

with excess [(n-Bu)NCl or HCl (aq). A mechanism for the catalytic isomerization of 19 to 59 

and the foxmation of 74 is proposed on the base of Zn situ ''P NMR results. 
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Chapter 1 General Introduction 

The minîaturization of microelectronic devices has been one of the most important 

scientinc ventures in the latter part of the twentieth century. Enonnous success has been 

achieved in the fabrication of integrated circuits for hi&-speed cornputers, encouraging 

continuhg efforts towards fiuther rniniaturization An important aspect of these efforts has 

been focused on the construction of devices on the nanometer scale. Forty years ago, when 

the construction of such devices was proposed in a speech entitled 'Tlenty of Room at the 

Boîtom" by physicist Richard Feynman) it seemed to be far fiom reality. This reality is 

gradualiy corning nearer as research both on materials and tools for such devices is 

progressing. The availability of STM (scanning tunneling microscopy) and AFM (atomic 

force microscopy) has ailowed for the observation and manipuiation of single atorns or 

molecules. Achievements in molecular self-assembly, metai nanoparticles and molecular 

wires means that the materials needed for such devices are no longer out of reach.2 

Fabrication of devices from one molecule or a small assembly of molecules is a 

possible route to nanoscale devicesP.4 This concept has been considered within an 

interdisciplinary field called molecular electronics.2 Molecular electronics was originally 

defïned as the application of a single molecule to process signals, and now is generally 

recognized as the use of molecule-based materials for electronic applications.5 Many 

molecule-based devices, such as transistors, sensors and switches have been designed, and 

prototypes have been bu i l t2~~6  The use of molecular materials provides a huge opporîunity 

for device miniaturization because the functionality of the device arises fiom the intrinsic 

properties of individual molecules. It has even been reported that a single, specifically- 



designed molecule is able to perfoxm some simple mechanical functions,7~* but such 

molecules are complex to design and synthesize. The preparation of a device using an 

assembly of such molecules is more practical. 

Canying electricity through a single polyrner chain or a srnall assembly is important 

for the fabrication of nanometer scale electronic devices. Organic conducting polymers are 

very useful for such applications due to their high electrical conductivity upon oxidation or 

reduction. Research into conducting polymers, triggered by the discovery of high 

conductivity in oxidized polyacetyiene in 1977? involves many fields includùig chemis~ ,  

physics, and materials science. A cornprehensive summary of research results in this area can 

be found in two editions of the Handbook of Conducting Polymers, published in 198610 and 

1998,ll respectively. Chemists have discovered many new conducting polymers and tailored 

existing ones for specific purposes, such as the enhancement of conductivity, stability, 

solubility or processibility. The following introduction covers the fundarnentals of organic 

conducting polymers, as well as recent advances in research on conjugated polymers in which 

transition-met& are integrated into the polyrner backbone. Background on mixed-valence 

complexes and intervalence charge-transfer is aiso included, due to its relevance to the work 

reported iri this thesis. 

1.1 Organic Conjugated Polymers 

Organic conjugated polymers possess a one-dimensional backbone which consists of 

altemating single and double bonds (or triple bonds). This structural characteristic allows 

overlap between orbitals with p (or n) symmehy on adjacent atoms, and results in their unique 



electronic properties. The structures of several of the more well-studied organic conjugated 

polymers are s h o w  in Figure 1. 

polyacetylene 

polyhophene 

poiyp yrrole 

po ly-p-phenylene 

po Iy-p-p henylenevinylene 

Figure 1. Exarnples of some comrnon organic conjugated polymers. 

Polyacetylene, which took central stage in the early phase of the evolution of this field, 

shows an increase in electrical conductivity of 12 orders of magnitude when it is oxidized 

(also called doping).l* Neutra1 polyacetylene is semiconducting or insulating with elecîrical 

conductivity between -IO-' - IO-" S / m  depending on the ratio of cis to trans double bonds 

and the number of defects in the backbone. Doping polyacetylene causes a drarnatic increase 

in conductivity up to -1 - 10' S/cm.lo The highest conductivity ever measured in the defect- 

f ke  polyacetylene doped with iodine, is 10' ~/cm,l2313 comparable to that of copper (106 

S/cm). The conductivity of polyacetylene varies with doping agents used. Other organic 

conjugated polymers show similar electrical behavior to polyacetylene. For example, 

polythiophene is semiconductive (10" S/crn) in the neutral state, while its conductivity is as 

great as i o3 S/cm upon doping. l 



Hückel theory predicts that extended conjugation dong the polymer backbone causes 

a decrease in the energy gap between the lowest unoccupied rnolecular orbital (LUMO) and 

the highest occupied molecular orbital (HOMO). The absorption maxima in electronic spectra 

may be used as an estimate of the HOMO - L W  gap- Polythiophene has h, at - 450 nm, 

while thiophene has &- at 243 nm, 23'-bithiophene at 302 nm and 2,2':5',î''teophene at 

355 nm.14 Neutrai polythiophene has a band gap of -2.2 eV, and a conductivity of IO-* 

Skm. 15 

1 Energy 

HOMO 
Valence band 
(VB) 

Figure 2. Evolution of the LUMû and HOMO gap energy of oligo- and polythiophenes. 

Theones have been developed to understand the behavior of doped organic conjugated 

polymers.lO~l1 One explanation involves the formation of solitons, polarons or bipolarons, as 

shown in Figure 3, in doped p o l y r n e r ~ . ~ ~ ~ ~ ~  Neutra1 polyacetylene has two degenerate ground 

States, thus oxidation of polyacetylene results in the formation of solitons which are associated 

with an electronic state in the mid-gap. Other conjugated polymers, such as polythiophene, 



have a nondegenerate ground state. Lifting the ground-state degeneracy leads to the 

formation of polarons which are singly-charged paramagnetic states, and bipolarons, spinless 

bound states of double charges. l0 

(a) Polyacetylene 

Soliton 

(b) Polythiophene 

Polaron 

Bipolaron 

Figure 3. Solitons, potarons and bipolarons in polyacetylene and polythiophene. 

Both polarons and bipolarons in polythiophene are associated with two new electronic 

states between the HOMO and the LUMO (Figure 4). Upon oxidation of polythiophene both 



polarons and bipolarons ~OMI, and they are associated with two new states, one 0.60 - 0.65 eV 

above the HOMO, and the other 0.65 - 0.70 eV below the LUMO. As the level of doping is 

increased these intergap states overlap to form subbands. The subbands have been observed 

by electronic spectroscopy. Oxidation of polythiophene results in the appearance of a new, 

very broad band extending from 650 to 2000 nm, indicative of the formation of subbands in 

doped polythiophene. l0 

- - O 
4- 

Subbands - O 

Figure 4. Evolution of the band structure of polythiophene upon oxidation: (a) the neuû-al 

form, @) a polaron, (c) a bipolaron and (d) subbands. 

Organic conjugated polymers have been proposed for many applications due to their 

unique opticai and electrical propeaies. Applications have been discovered in many fields, 

such as in batteries, micmelectronics, display devices, optical devices and coatings;l*y11 

however, most commercial applications require the polymers to be chemically and themally 

stable both in the neutml and doped states, as well as  to be easily processed. Although doped 



polyacetyiene is highly conductive, its applications are limited by its instability in air and 

water, and poor processïbility. Recentiy, more attention has been paid to polythiophene and 

its derivatives, since they are more stable in different oxidation levels, and can be easily 

modified chemically. Oligothiophenes often have sùnilar properiies to polythiophene, and are 

readily available. 

1.2 Poly- and Oligothiophenes and Their Derivatives 

Polythiophene has been prepared both by chernical and electrochemical rnethods.lO~1 

Both methods give primarily a -a coupling with some a - P couphg, depending on the 

routes used (Figure 5). Many polytbiophene derivatives have been obtained using readily 

available P-substituted thiophenes, and their solubility and conductivity are significantly 

affected by the substituents. l*J 

h 3   or^ 
a - a coupling a - f3 coupling 

Figure 5. a - a and a - P couphgs in polythiophene. 

There are two cornmon chemical methods for the preparation of polythiophene and its 

derivatives (Scheme 1): (a) oxidative coupling of thiophene or its dianion using oxidizing 

reagents such as F ~ c L , ~ ~  hFs17 and Cuch.18 This approach yields doped polythiophene 

directly, and (b) transition-metal catalyzed Grignard couphg of 2,s-dihalothiophene. 1 1 The 

latter method avoids a - B coupling, which occurs fiequently with oxidative couphg. 



Scheme 1 

N~(~PPP)CI, 

Electropolymerization has also been extensively used to prepare polythiophene and its 

denvatives. In this method catalysts are not required, avoiding the impurities arising f?om 

transition-metal caîalysts. Electropolymerization c m  produce high quality f i h  deposited 

directly on electrode surfaces. Film thickness cm be easily controiled through control of 

current, voltage and deposition t h e ,  and the deposited films can be characterized directly by 

cyclic voltammetry. The major drawback is that a - /3 couphg may occur due to over- 

oxidation of thiophene or the resulting intemediates during the polymerization process. 

Electropolymerization is typicaIly carried out in a single-cornpartment ce11 with a 

three-electrode configuration. Platinurn, gold and indium tin oxide OTO) surfaces are 

typically used as w o r b g  electrodes. Acetoniîrile and dichloromethane are commonly used as 

solvents and tetraalkylarnmoniurn salts as supporting electrolytes. Insoluble polythiophene 

deposits as a film on the w o r k g  electrode when a sufnciently high potential is applied to the 

working electrode, or the potential is repeatedly scanned beyond the thiophene-oxidation 

potential. The latter deposition method involves cyclic voltammetry (CV). CV is a versatile 

electroanalytiical technique, consisting of cycling the potential at the workùig electrode in an 

analyte solution, and simultaneously measuring the resulting current. The cment-potential 

plot yields thermodynamic and kinetic Ùiformation about the redox processes of the analyte, 



including redox potentials and reversibility. When CV is used for electropolymerization, the 

polythiophene nIm can be obtained either in the neutml or oxidized fom. 

The mechanism which has been proposeci for electropolymerization of thiophene is 

detailed in Figure 6. Oxidation of the thiophene monomer produces a radical cation, which 

dimerizes and deprotonates to yield a neutral dimer. Oxidation of the dimer to its radical 

cation, followed by coupling of the dimer radical cation with another radical cation, d o w s  for 

propagation of the polymer chain. Since electropolymerization proceeds via radical cation 

intermediates, it cannot occur in electrochemical media containhg nucleophilic species. 

Figure 6. Proposed mechanism of thiophene electropolymerization. 

Oligothiophenes can also be electropolymerized to yield polythiophene, but this 

occurs at a lower oxidation potential than for thiophene. Interestingly, polythiophene prepared 

fkom an oiigomer has a lower oxidation potential than polymer prepared from thiophene, 

possibly due to a lower number of a - /3 linkages. Table 1 gives the oxidation potentials of 



thiophene, some thiophene denvatives, oligothiophenes and the correspondhg polyme~. 

Electron-donating substituents result in a decrease in the oxidation potentials of both 

monomers and the raulting polymers. 

Table 1. Oxidation Potentials of Thiophene Derivatives and Correspondhg Polyrners a 

Monomer Ew (monomer) (V vs SCE) Ew (polymer) (V vs SCE) 

Thiophene 1.65 1.1 

2,2'-Bithiophene 1.20 0.70 

3-Methylthiophene 1.35 0.77 

3,4DimethyIthiophene 1 .25 0.98 

3 -Bromothiophene 1.85 1.35 

3,4-Dibromothiophene 2.0 1.45 

a ~ e f s .  1920 

In addition to their use a monomers for polythiophene, oligothiophenes are of interest 

since they are suitable mode1 compounds to elucidate structure-property relationships for 

organic conjugated polyrners, and they are electronic materials in their own right 

Oligothiophenes up to 10 thiophene units long have been prepared using either chexnical or 

electrochemical synthetic methods (Scheme 2).1421-*6 Longer oligomers c m  be prepared by 

transition-metai catalyzed Grignard coupling,~4 or by electrochemical dimerization.25 

Tetrathiophene, sexithiophene, and octathiophene have al1 been chemically synthesized by 

lithiation of a shorter oligomer foilowed by dimerization with copper chlonde.2426 These 



oligomers have been used in device applications such as thin film transistors, iight-emitting 

diodes, photovoltaic celis and light modulators-27-29 

Scheme 2 

In solution, the absorption maximum (A,.-) of the rc - n* transition in oligothiophenes 

increases Iinearly as  chah length increases from 1 to 5 UnitS. For longer oligothiophenes, & 

varies only very slightly with length, and is close to that of polythiophene.14~21 Similarly, a 

linear relationship between oxidation potential and chah length has been observed in this 

series? Since long oligothiophenes can be oxidized at lower potentials, and the resulting 

charge can be delocaked over a more extended conjugation system, longer oxidized 

oligothiophenes are more stable. The oxidized species of quinquethiophene and sexithiophene 

can be spectroscopically characterized in highly dilute solution before any coupling reaction 

occurs.23JO CV has been used to characterize both poly- and oligothiophenes.l0 The CV of 

polythiophene displays a broad redox wave due to the range of conjugation lengths present in 

the material, while oligothiophenes typically exhibit discrete oxidation processes. For 

instance, the CV of didodecylsexithiophene demonstrates two reversible redox waves with 



Ein = 0.34 V and 0.54 V referenced to FC+/FC, assigned to an one-electron tramfer in each 

step leading to the radical cation and the dication? 

13 Charge Transfer and Hush Theory 

Onginally developed for interpretation of charge-transfer spectra of mixed-valence 

complexes, Hush theory has also been demonstrated to be useM for the evaluation of other 

charge-transfer processes.31 These include charge transfer between organic donors and 

acceptors$33 as well as Ligand-to-metal and metal-to-ligand charge-tramfer 

(MLCT) processes.34-36 In Hush theoxy, charge transfer is considered as a process in which 

an electron is coupled between a donor and an acceptor via a single oscillator which has the 

sarne fiequency in both initial and fhal states.31~7~38 The electronic and optical behavior of 

polymers consisting of metal centers Iinked via conjugated organic groups depends on the 

extent of charge delocalization between the metal centers, as well as between the rnetal and 

organic groups. It may therefore be beneficial to use Hush theory to understand charge 

delocalization in such poiymers. 

Mixed-valence complexes like the Creutz-Taube ion (1439 have been the subject of 

numerous theoretical and experirnental i n~es t i ga t i ons .3~~8~  This class of complexes 

contauis metal centers in different oxidation states. Mixed-valence complexes have been 

classined as symmetric, in which the metal centers are identical (e-g. la), and asymmetric, in 

which the metal centers are different (e.g. lb).4l Charge transfer is often observed between 

metal centers in rnixed-valence complexes. On the basis of the degree of charge 



delocalization Robin and Day divided mixed-valence complexes into three cIasses:42 Class 1, 

completeIy valence-trapped (no charge delocalization between metal centers); Class II, 

partically delocalized (weak coupling); and Class III, completely delocaiized (strong 

couphg). 

Figure 7. Potential-energy d i a m  of initial and final states for (a) a symmetric rnixed- 

valence compIex and (b) an asymrnetric mixed-valence complex. 

In Hush mode1 potential-energy diagrams are used to explain themal and optical 

charge-transfer processes in binuclear mixed-valence complexes (CIass II) as shown in Figure 

7.319738 The cuve on the left represents the initial state (A) and the curve on the right the 

final state (B) of the charge-transfer process. A symmetric complex has the same energy for 

both the initial and finai ground states (Mo = O), while an asymmetric complex has AEo > 0. 

The vertical transition between the two states with transition energy v, represents an optical 

intervalence charge-transfer process. Broad IVCT bands typically appear in the 

visible or the near-IR region (400 - 3000 nm). Themal electron transfer can occur by 



vibronic coupling of the initial and ha1 states with activation energy Eh. In thZs  model, the 

resonance-exchange integral (Hd) gives the degree of coupling behveen the two ground states. 

For Class II complexes, the following relationships have been denved to evaluate the 

degree of charge delocalization based on the features of their NCT bands3193728 For 

symmetric mixed-valence complexes: 

v,, = 4 Eh (1) 

AV~Q = (23 10 v-)In (2) 

For asymmetric mixed-valence complexes: 

Avin = [2300 (v- - MO)] VL (3) 

Where Avl12 is the bandwidth at the haIf-peak height in cm-', and v,, is the emergy of an 

IVCT band maximum in cm-'. 

The oscillator strength f of an IVCT band in a Class II mixed-valence complex can be 

theoreticaily denved as given in eq 4. Here, G refers to the degeneracy o f  the states 

concemed, e is the electric charge in C, and Mis the charge-transfer transition dipole moment 

inCm. 

The oscillator strength f of a Gaussian band can be determined experirnentally using 

eq 6. The delocalization coefficient or interaction parameter a2, which is proportLonal to the 

amount of tirne spent by an electron in a given state, can then be derived fkom eqs 4,s and 6 

as given in eq 7. Here E is the extinction coefficient in M?cm-', and d is the transiton dipole 



a2 = (H&/v-)~ = (4.2 x 10-'~ E AV~~)/V- h (3 

The dependence of the absoxption maximum of an NCT band on solvent has been 

used as a diagnostic test for a clws II species. The solvent effect on the NCT energy is given 

by e¶ 8- 

V ~ = X ~ + ~ ~ + A E ' + ~ E ~  (8) 

xo = (m2 e2/h c)(l/r - 1/d)(1/n2 - 1/D,) (9) 

M' is the additional energy due to either a spin-orbit or a ligand-field spiittïng, xi is 

the inner rearrangernent parameter and x0 is the outer reorganizational parameter. The 

dielectric continuum treatment defines the outer-sphere reorganization energy x, according to 

eq 9, where m is the number of electrons transferred, r is the radius of the metal coordination 

sphere in m, n is the rehctive index and Ds is the statîc dielectric constant of the solvent. EX, 

is asswned to be the only solvent-dependent term in eq 9, then y, may be expected to Vary 

linearly with (l/n2 - IDs) for a Class II complex. 

Mked-valence complexes c m  often also be characterized by CV. The 

electrochemical potential clifference between two sequential redox processes, UIR = [EIn(2) 

- Ein(l)], in a symmetric mixed-valence complexes such as l a  is related to the degree of 

charge delocalimtion in the complexes. The comproportionation constant Kc of a symmetric 

n rn binuclear complex such as L M  M L, (eq 11) can be calculated fiom AEVL (eq 10). Here, 

II II Ein(l) and Ein(2) are the first and second oxidation potentials of L M  M Lm, n is the nurnber 

of electrons in each redox process, and F is the Faraday constant Charge delocalization 

makes contribution to the magnitude of Min (therefore Kc) dong with several other factors, 

such as statistical distribution, electrostatic repulsion, inductive factor? Cornparsion of hEin 



(&) between the complexes having sirniiar structures is often instructive with respect to the 

extent of charge delocalization. The magnitude of & has been used as a critenon for the 

classification of mixed-valence complexes? Complexes with & > 1o6 are considered to - 

belong to Class III complexes. in Class III complexes, the even distribution of charge 

between metal centers results in the breakdown of Hush mode1 and solvent-independent 

absorption features. Most asymmetric rnixed-valence complexes belong to either Class 1 or 

Class II because of the energy clifference Mo between the initial and final ground States (see 

Figure 7b). 

Scheme 3 

U i n  = [El&) - Ein(1)l (10) 

= =(a,n)ntT (1 1) 

Charge delocaiïzation between the metal centers in mixed-valence complexes is 

Uifluenced by the nature of the bridge linking the two metal centers. Conjugated bridges 

enhance the electronic interactions between the two metai centers. For exarnple, the CV of 

diferrocenylacetylene Fc--Fc shows two redox waves with AEin of 0.13 V. The 

monocation F C ~ - F C ] +  has an IVCT band with & at 1560 nm.43 On the other hand, 

only one redox wave occurs in the CV of 1,2-flerrocenylethane Fc-CHsH2-Fc, in which 

the bridge is saturateda The length of a bridge also greatly affects delocaIization of charge 

between the two metal centers. Ribou and coworkers synthesked and characterized a series of 



difèrrocenylpolyenes Fc-(CH=CH),-Fc (II = 1 - 6). They showed that as n increases f?om 

1 to 3, Min decreases fiom 0.17 to - 0.10 V, and that the compound with a longer bridge (n = 

4 5 and 6) has only one redox wave. Other symrnetric, birnetaliic complexes of the type 

LJK-(C=C)~h&, show similar effects of the bndge length on charge delo~aIÎzation.~~-51 

Gladysz and coworkers have synthesized and electrochemicaliy characterized a senes of linear 

symmeiric birheniurn complexes 2.48~51 They showed that lengthening the carbon chah 

results in a smaller clifference in the oxidation potentiais between the two Re centers: A& = 

0.53 Vforn=2,0.38Vforn=3,0.28 Vforn=4,0.19 Vforn=6,0.1 Vfo rn=8  and0 V 

forn= 10. 

Colbert and coworkers have studied the effects of the electron density in the bndge on 

charge delocalkation by the synthesis and characterization of a series of birnetallic rutheniun 

complexes 3 - 5 containing conjugated bridges of diBering electron dendy.52 The CVs of 3 

-5 all show two separated redox waves, assigned to sequential oxidations of the two 

nithenium centers with a potential difference min = 0.30 V for 3,0.33 V for 4 and 0.36 V for 



5. The monocations of these complexes ai l  have an IVCï band in the near-IR region. The 

calculateci a2 is 4.4 x 10-~ for 3+, 6.5 x 10-~ for 4+ and 8.9 x 10-~ for Both results indicate 

that the more electron-nch thienyl bridge favors charge delocalization in this senes. 

There are some interesthg ûimetallic complexes 6 and 7 in which two ferrocenyl 

groups are linked via a metal bisacetylide bridge. The observation of two separated ferrocene 

redox waves with Min = 0.22 V in 6 indicates a strong electronic interaction between the two 

ferrocenyl groups.53,54 Complex 7, on the other hana has only one ferrocene redox wave, 

suggesting only a weak electronic interaction between the two terminal ferrocenyl g r o u p ~ . ~ ~  

A 

O 7 

As shown in Figure 7b, charge transfer in an asymmetric mixed-valence complex 

should be affected by the energy difference LE* between the initial and final ground States as 

weil as by the nature of the bridge between two metal centers. It is impossible to measure AEo 

experimentally, but the relative value of AEo can be estirnated fiom the electrochemical data 

As shown in Scheme 4, M~'M? corresponds to the higher energy state (B) in Figure 

7b, and the oxidation potential of this species c m  be given as AEln(l) + D, in which D is a 

correction factor resuiting fiom the presence of ~2~ instead of M~'. As given in eq 12 Go of 

an asymmehic cornplex should be linearly related to the potential ciifference M i n  between the 

two sequential oxidations of the metal centers. 

The CVs of complexes 8a and 8b show two reversible redox waves with M i n  = 

[Ein(2) - Eidl)] = 0.59 V for sa, and 0.80 V for 8b. The electronic spectra of 8a'. and 8b+ in 



C&CIt have IVCT bands with A- at 1590 nrn (E = 3060 1~'cm-', a2 = 2.3 1 x 10-~) for 8a'; 

and at 1295 nm (E = 1630 ~ ' c m - ' ,  a2 = 0.98 x 10-~) for 8b'.*6 The complex with the 

smaller vaiue of M i n  has the lower energy absorption and a higher vaiue of a*. 

Scheme 4 

The observation of low-energy absorptions due to LMCT transitions, as well as charge 

transfer fiom an organic donor to an organic accepter, has been reported recently. Crutchley 

and coworkers synthesized a series of ~ u ~ - c ~ a n a m i d e  complexes 9, which have a LMCT 

band appearing in the near-IR region? Lambert and Nol1 prepared a set of six 

bistriarylamine derivatives with varying organic conjugated bridges 10 - 12.33 The CVs of 

these complexes contain two reversible redox waves due to the sequential oxidations of the 

amine groups. Oxidation of only one amine group results in the appearance of low-energy 

absorption bands in the near-IR region, indicative of effective charge delocalization between 
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the two organic redox centers. In complexes 9 and lof - 12+ Hiish mode1 has been used to 

evaiuate the degree of charge delocalization 

0 = 

13 M = Fe, Ru or Os 

Low-energy abso~ptions in the near-IR region have also been observed in conducting 

polymers. Oxidized organic conjugated polymers show very broad and strong near-IR 

absorption bands,l@ll as do polymers such as 13,57 which contain Fe, Ru, or Os 



phthalocyanifles bridged by tetrazine or 2,S-di~ethyltetrazine. These polymers exhibit high 

conductivities (0.05 - 0.3 S cm-') even without oxidative doping. 

1.4 Transition-Metai cr-Acetylide Polymers 

Transition-metal a-acetylide polymers with the general structure 

[-ML,--R&C]n (M = Pd, Pt, RLI, Os etc., rn = 2 or 4, R = conjugated organic 

groups), are of significant interest due to their rigid-rod backbone, high stability and possible 

extended rc-~onjugation.~*-~6 It haç been speculated that transition-metal o-acetyiide 

polymers mzy possess extended rr-conjugation dong the polyrner backbone due to the overlap 

of metal drr and allqne prr orbitals; thus, these polymers may have sunilar optical and 

electrical properties to organic conjugated polymers.70 Experimental results have shown that 

some transition-metal o-acetyiide polymers have third order non-linearities and electrical 

conductivities.77-79 More interestingly, transition-metal cr-acetylide polymers may combine 

the properties of the metal and the organic conjugated bridge, and could be supenor to organic 

conjugated polymers in some applications. The nature of the ligands on the metal centers can 

alter the chemical and physical properties of the polymers, such as the solubility, stability, 

electrical conductivity and non-linearity. The rigid-rod structure aiso gives some of these 

polymers liquid-crystalline properties. 

Many transition-metal G-acetylide polymers have been synthesized by the Hagihara 

and Lewis groups.58-67*71y72JS Over 20 years ago, Hagihara and coworkers first synthesized 

soluble Pd and Pt polymers such as 14 via the copper halidesatalyzed coupling of trans- 

M ( P B U ~ ) ~ C ~ ~  (15) and ~ - ~ ~ ~ - M ( P B U ~ ) ~ ( = - C = C H ) ~  (16) in the presence of Et2NH (Scheme 

5).58 



Scheme 5 

15 M = Pd, Pt 16 

CUI - 
E t p H  
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Lewis and coworkers have developed a new synthetic route using bis(alkynyIstanny1) 

reagents, thus avoiding the need for amine solvents which may lead to the decomposition of 

the resulting poiyme~.64~65~67~71~72~75~80-*5 Reaction of Me3SnGC-p-Ca-CkCSnMe3 

(17) with 15 affords polymers 18 as shown in Scheme 6. 

Scheme 6 

PBu, 
I 

Cl-M-Cl + 17 - 
I toluene 
PBu3 

15 M = Pd, Pt 18 

Scheme 7 

19 20 

The Lewis approach has aiso been very successfùi for the preparation of polymers 

"th the general structure [-M(PR3)4--R4kC~]n (M = Fe, Ru and Os) 64371s80282 In the 

presence of catalytic copper halide, tram-Ru(dppm)sh (19) reacts with 17 yielding the 

soluble polymer 20 (Scheme 7).71 



Many polymers analogous to 14 and 18 have been prepared using dBerent acetylides. 

Lewis and coworkers have prepared polymers 21 - 26 with various conjugated bndges.67J5ya 

These polymers have been spectroscopicaily characterized, and their band gaps have been 

derived fiorn their electronic spectm They are wide band-gap semiconductors or insulators in 

their neuûal States with band gaps around 3 eV (Table 2). The band gaps decrease with an 

increase in the conjugation length of the organic bridges. Polyrner 24 has a terthienyl bridging 

group, and 26 has an anthracene bridge, and these polyners show lower band gaps than the 

others. Doping is expected to change the band gaps of metal acetylide polymers. There is 

only one example of this in the literature in which doping of 22 by exposure to iodine vapor or 

nitric acid results in the appearance of two new absorption bands with energy at 2.8 eV and -2 

eV respectively.78 



Efforts in this field have also been directed toward the preparation of o-acetylide 

polymers containhg different metal centers in their backbones. Takahashi and coworkers 

have prepared polymer 27, which contains altemating Pd and Pt centers, by the Cd-catalyzed 

couphg of 15 (M = Pd) and 16 (M = Pt) in the presence of E ~ ~ N H . ~ ~  Ushg a sirnilar 

approach Dixneufet al. have synthesized the mixed Ru - Pd O-acetylide polymer 28.86 

Elucidation of the extent of rc-conjugation dong the G-acetylide polymer backbone is 

of central interest in these materials. Since extension of n-conjugation in these polymers 

depends on the overlap of metal drr orbitals with aliqme prc orbitals, both the metal and 

organic bridge can affect the extent of conjugation. Frapper and Kertesz have carried out a 

theoretical study on [-ML,4C-R€=. (L = P h ,  CO or H; M = Ni, Pd, Pf Rh, Co, Fe 

or Ru; m = 2 or 4; R = o r p - w )  using extended Hückel theory.70 They concluded that 

delocaIization of the highest occupied crystai orbital (HOCO) extends over the metal centers 



for both m = 2, 4, and that polymers containing 4-coordinate metal centers are better 

candidates for conduction by intrinsic doping than polymers with 6-coordinate metai centers. 

Table 2. Band Gaps of Pt-Containing rr-Acetylide Polymers 

[-Pt@'BU)r(GC)2-] 14 

18 

23 

24 (m = 1) 

24 (m = 2) 

24 (m = 3) 

25 (rn = 1) 

26 

The band gaps of the polymers, which they defined as the energy difference between 

the lowest unoccupied orbital &UCO) and the highest occupied orbital (HOCO), Vary 

between 2.16 eV and 3.18 eV, depending on the nature of the metal, ligands and organic 



linken. Without doping, these polymers are semiconducring or insuiating. The calculated 

band gaps of some Pt-containhg o-acetylide polyrners are summarized in Table 2, as weli as 

the experirnentally detexmined band gaps of closely related polymes. 

1.5 Conjugated Polymers with Ferrocene in the Backbone 

Ferrocene-contauung polyrners are attmctive electrical and magnetic materials due to 

the well-known thermal and redox stability of ferrocene. Ferrocene-containhg polyrners have 

been prepared either by attaching fenocene as a pendant group on the polymer backbone or 

incorporating it into the backbone. The latter approach has yielded polymers containing 

directly hked ferrocene centers:'-91 as weU, those containing saturated hydrocarbon,g*-95 

akene?6 aromatic,69¶97-102 ER2 (E = Si, Ge, and Sn), P and S bndges.103-107 Poly(1,l *- 

ferrocenylene) 29, in which ferrocene centers are directly linked, can be prepared using 

several different synthetic routes. Polycondensation of ferrocene radicals in the presence of 

peroxides yields a polymer with a molecular weight greater than 5000 g/mol, but the polymer 

also contains other residues such as -CH2- and -0- in the main chain.87.89 Upon oxidation, 

this polyrner becomes semiconducting with a conductivity of 104 - IO-' S/cm. More 

stnicturally well-defined poly(1,l '-ferrocenylene) has been prepared either via the 

condensation of 1 , 1 '-dilithioferrocene with 1,l '-diiodoferrocene,90 or the reaction of 

dihaloferrocene with magnesiurn? The latter yields crystalline poly(1,l *-femocenylene), 

which, upon oxidation with TCNQ, exhibits a conductivity of 10" S/cm.91 

Soluble poly- and oligo(l,l'-femocenylenes) have been characterized by CV. The 

cyclic voltammogram of poly(l,lr-ferrocenylene) with a molecdar weight Iess than 900 

dm01 contains a broad redox feahire between 0.2 and 0.8 V vs SSCE,~~* while short 



oligo(1,l '-ferrmnylene) with 

ferrocene unit. Nishihara 

l e s  than 7 fmocene uni& has a discreîe redox wave for each 

and coworkers have prepared a series of oligo(1,l'- 

dihexyIferrocenylene) complexes 30 with up to 7 ferrocene units by reaction of disodium 

dihexyifûivaiene with FeC1202.108 The CV of these oligomers reveals closely spaced 

~ e -  waves, indicative of strong electronic interactions between adjacent iron centers. 

29 30 n =  1 - 7; R=n-hexyl 

Ring-opening polymerization has been used with great success for the preparation of 

polymers with the main chah consisting of ferrocene and various ER2 (E = Si, Ge and Sn), P 

and Sn bridges.103-107 Ring-opening polymerization generally proceeds via a chah-growth 

mechanism, and yields polymers of high molecular weights. Mamers and coworkers 

discovered that thennaiiy induced ring-opening polymerization of the strained 

silafenocenophanes (31), show in Scheme 8, yields poly(ferrocenylsilanes) (32) with a 

molecular weight of 520,000 m o l  for R = Me.1o4 Using this method they were able to 

prepare analogous polymers with other linking gr0ups.~07 The CV of 32 exhibits two 

reversible oxidation waves of equal intensity, corresponding to initial oxidation at alternathg 

iron sites followed by oxidation at the remaining sites.1°3 Similar features occur in the cyclic 

voltammograms of analogous polymers with other Linkers.los The appearance of two redox 

waves indicates that electronic interactions between adjacent iron centers exist in these 

materials . 



Scheme 8 

31 32 
R = Me, Et, n-Bu and n-hexyl 

Although the CV of such polymers shows that some electronic interactions exist 

among adjacent iron centers, the possibility of appreciable electron delocahation dong the 

polyner chah is excluded by both electronic and Mossbauer spectroscopies.~~6~1*7~109 The 

electronic spectra of polymers 32 with different R groups show similar absorption features in 

the visible region to those of ferrocene and monomers such as 31, and The Mossbauer spectra 

of the partially oxidized 32 reveal discrete ~ e "  and ~e~ environments. Conductivïty 

measurements further support essentially localized electronic structures in these polymers. 

Polymers 32 are innilators with conductivities of 1 - 1 0-I4 S/cm in the neutral state. WL07 

When doped with k they become semiconductors with conductivities of 10-~ - 10" S/cm, 

consistent with a mechanism in which conductivity is due to electron hopping between 

localized redox sites. 

Analogous polymers 

step-growth or ring-opening 

34 35 R=H,  Me 

with saturated hydrocarbon bridges c m  be prepared either by 

polymerization. Polymer 33 with a methylene bridge and a 



closely related polymer 34 were prepared via step-growth polymerizatiox$8~~3 and 35 (R = 

H, Me) with an ethyiene bridge was prepared i%om the correspondhg ferrocenophanes via the 

ring-opening route.94 The conductivity of the neutrai34 is 5 x 10-l2 S/cm, and the partidy 

oxidized polymer has a conductivity of 5 x IO* - 2 x lod S k r n  depending on the percentage 

of iron centers oxidized.88 The CV of polymer 35 (R = Me) shows the presence of a single 

reversible oxidation wave, indicative of Whially no interaction between iron centers.103 

38 R = n-hexyl, n-dodecyl; m = O, 1,2 and 3 

There has been significant interest in polymers with the main chah consisting of 

ferrocene groups Iinked via organic conjugated bridges such as aromatic, alkene or alkyne 

groups.6936-102 Such hybnd polyrners may possess extended K-conjugation along the 

-golyrner chah  thus combining the properties of rr-conjugated polyrners and ferrocene. 

Rosenblum and coworkers first prepared oligomeric or low molecular weight polymer 36 by 

coupling zincated ferrocene with 1,ûaüodonaphthalene in the presence of a Pd(0) catalyst.97 

ILater they developed a new route leading to the preparation of a closely related polymer 37, 

which is soluble, and has high molecular weight (14,363 g/mo1).98 Both polyrners consist of 



stacked fernocene moieties held together by a rr-conjugated naphthalene bridge. Using Pd@)- 

catalyzed polycondensation Rehahn and coworkers prepared a series of poly(1,l'- 

ferrocenylene-alt-poligophenyIenes) 38, in which the fermene moieties are linked via p- 

oligophenylenes with the number of the phenyl rings ranghg fiom 1 to 7.101 

Scheme 9 

BuLi, TMEDA - 
THFmexanes 

znCl2 - 
THF 

39 R = H, n-hexyl 

The Garnier group has prepared hybrid polymers 39 @ = H, n-hexyl) by the Pd(0)- 

catalyzed coupling of zincated 1,l '-dithienylfemocene 40 and the corresponding 

dibromothiophene (Scheme 9).693110 The main drïving force behind this work has been the 

application of such hybrid polymers as magnetic rnaterials. In the neutral state polymers 39 

are diamagnetic, but oxidation of ~e'  to ~e~ results in the appearance of antiferromagnetic 

properties. For instance, when oxidized by N02BF4, polymer 39 (R = H) can be atûacted to a 

magnetic stirring bar. The bulk conductivities of the oxidized polymers have been rneasured, 

but the resdts are inconsistent When doped with TCNE the measured conductivity of 39 (R 

= n-hexyl) is approxirnately IO-* S/cm7llo while a four-point probe conductivity meanirement 

on 39 (R = H) when doped with Fe& gives a value of 1 x  IO-^ Slcm.69 



Scheme 10 

/ \ - H-U-H 
(a) Fe 

Pd(PPh,),, C d ,  diisopropylamine 

Yamamoto and coworkers have synthesized a poIy(arylenethyny1ene)-type polymer 

42 via the palladium-catalyzed coupling of 1,l'-diiodofemocene (41) with HCC-p- 

Cfi-GCH or BrM--p-C&-C=CMgBr (Scheme 10a, b). loo Lewis and coworkers 

have obtained the same polymer using akynyltrimethylstannane 17 (Scheme 10c).li By 

varying aromatic groups Yamamoto was able to obtain a senes of closely related polymers 43 

- 45. loo The cyclic voltarnmograms of these polymers all contain a single broadened ~e'/Fem 

redox wave, indicating that there is insignificant interaction between iron centers. Mossbauer 

characterization on the iodine adducts of polymer 42 yields the same conclusion. These 



polymers aII show an increase in conductivity when oxidized. Polymers 42 - 45 in the neutral 

state have conductivities of approximately 1.0 x 10-l2 S/cm, while their iodine adducts have a 

conductivity of 1.3 x 1 o4 S/cm for 42,1.3 x 1 o4 S/cm for 43 and 6.0 x 1 O-' S/cm for 44. 

1.6 Electropolymerization to Prepare Metal-Thiophene Hybrid Polymers 

Electropolymerization has been extensively used in the synthesis of organic 

conjugated polymers çuch as polythiophene and polypyrrole.10 Recently this approach has 

also been used to prepare hybrid polymers containing transition met& and thiophene units. 

This approach allows the direct preparation of polymer-modified electrodes for applications in 

electrocatalysis, chernical sensors and electrochromic displays.l12 Electropolymerization 

typicaily produces polymers which are insoluble and deposit as a film on the electrode surface. 

Thus electropolymerization and film growth require that the resulting polyrner has moderate to 

high conductivities. 

Hybrid metal-thiophene polymers can be obtained by anodic oxidation of transition- 

metal complexes bearing oligothiophenes with unsubstituted a positions. In order to obtain 

hybrid polymers with well-defïned structures it is very important that the monomers be 

electropolymerized at potentials at which the inetal centers are stable. Tbus an important 

prerequisite for electropolymerization of such monomers is a relatively low oxidation 

potential. This may be achieved by the use of monomers which have either longer 

oligothienyl groups or electron-donating substituents. Shimidzu and coworkers have prepared 

porphyrin-containing polymers by eIectropolyrnerization of monomers 46 and 47,113 and 

Swager has prepared polythiophene-~u@py)3~ hybnds of monomer 48, l4 in aIl cases, the 

monomers bear bi- or terthienyl groups. 



46 M =Zn, Pd 47 n = 2 , 3  

Swager and coworkers have also focused on the synthesis and subsequent 

polymerization of Schiff-base complexes such as 49a and 49b.l W l 6  Etectropolymerization 

of 49a (h4 = Co) results in the deposition of a yeliow film on the electrode surface. The CV of 

the thin polymer film contains quasireversible conmi wave at 4 . 1  V vs FC%C and two Iarger 

polymer-based waves at 0.3 and 0.6 V, but onIy a fiaction of the Co centers are electroactive 

in a thick film. In siiu conductivity measurements indicates that there is no contribution Eom 

CO- to the cond~ctivity~ and that the polymer has a maximum conductivity of 34 S/cm at the 

second polymer oxidation potential. 

By matching the oxidation potentials of the metal and organic groups in these 

polymers the electroactivity of the metal centers is enhanced. Electropolymerization of 49b 

(M = Co) which has ethylenedioxy substituents results in a polymer which has broad redox 

waves due to both the CO* (-0.05 V vs ~c+/Fc) and polymer-based oxidation processes (0.1 

V). The conductivity pronle of this polymer shows a broad trace increasing fkom 



approximately -0.4 V through a maximum at -0.05 V and a subsequent decrease to a plateau 

at higher potentials. The maximum conductivity of this polyrner is 44 S/cm. 

n P o  n O- &"* o Q & ; ~  

49a M = Co, Cu, Ni, U02 49b 

Concurrent with the work reported in this thesis, Higgins and coworkers also reported 

electropolymerization of 50 and 51.117 In both cases they obtained dark films in which the 

ferrocenyl groups are not elecîrochemically accessible. 

3 

50 51 R= n-hexyl 



1.7 Goals and Strategies 

As discussed in this Chapter many hybnd polymers with a backbone consisting of 

transition-metal centers and organic conjugated bgments have been prepared. Such 

polymers possess extended rr-conjugation dong the polymer backbone due to the dx - px 

orbital overlap between the metal and organic fiagrnents, and in some cases demonstrate 

simiiar electrical properties to organic conjugated polymers. Many show a significant inmease 

in their elecûicd conductivity when oxidized; however, the conductivity is often in the range 

of 10-~ - IO-' S/cm, far lower than that of doped organic conjugated 

polpers.69,84,WL 100,110 

Conductivity in such hybnd polymers can result fiom two possible rnechanisms: 

electron hopping between adjacent metai centers, or charge delocalization over both metal and 

organic fhgments. The contribution from electron hopping is expected to be least dependent 

on the dx - px overlap between the metal and organic bgments, and to decrease dramatically 

with increasing distance between adjacent metal centers. On the other hand, charge 

delocalization is expected to have a greater impact if the energy IeveIs and symmetries of the 

fiontier orbitals of the metal and organic hgments favor the dn - pn overlap. The work 

presented in this thesis focuses on understanding the factors which influence the extent of 

charge delocalization and conductivity in such hybnd polymers. 

The strategies exploited in this thesis include the synthesis of polymerizable 

monomers containing both transition metal and conjugated organic hgments which show 

significant charge delocalization between the metal and organic components. Complexes, 

containing oligothienyl groups and metal centers, such as ferrocene, bisethynyIferrocene or 

ruthenium bisacetylide (Figure S), are targeted as  monomers since they cm be 



electropolymenied via the oxidative coupling at the unsubstituted a positions of thiophenes. 

Such monomers rnay be synthesized by coupling a metd haiide complex with an 

oligothiophene bearing suitable fùnctional groups in the presence of Pd(O), Pd@) o r h d  CUI 

catalyst, as show in Schemes 5,6,7,9 and 10. 

Figure 8. General structures of monomers targeted in this thesis. 

Polymers prepared fiom these monomers may exhibit several relevant charge-tramfer 

processes such as NCT, LMCT and MLCT. Analysis of these charge-transfer processes can 

also be carried out on the monomers as well as on mode1 complexes such as 

FC~/FC-R~T,-FC/FC+ and FC+/FC-=R-=-FCW (R = oligothiophene). The electronic 

interactions between the two ferrocenyl groups over a ruthenium bisacetylide bridge and an 

oligothiophene can be probed by electrochemical and spectroscopic methods. Analysis of 

electrochemical and spectroscopic data using Hush theory is expected to give insight into the 

extent of charge delocalization in these complexes. 

The targeted monomers are expected to be electroactive due to redox processes 

involving both the metal and oligothienyl groups. The charge delocalization due to LMCT 

and MLCT processes in these monomers at different oxidation levels can then be assessed 

using electronic spectroscopy and CV. These results can be used to guide the optimization of 



charge delocalization in these monomers. Varying the ligands on the metal centers, and 

altering the conjugation length of the oligothienyl groups aiIows for the optimization of charge 

d e l o c ~ t i o n  

1.8 Scope 

The syntheses and characterization of a series of ruthenium bis(fetroceny1acetylide) 

complexes R ~ ( w F c ) 2 ,  and their mono- and dications are descnied in Chapter 2. The 

results show that the ruthenium bisacetylide bridge aiiows electronic interaction between two 

temùnal ferrocenyl groups, and that the interaction can be enhanced by an increase in the 

electron density on the ruthenium center. Chapter 3 covers the syntheses and characterization 

of rutheniun monoacetyiide (tratt~-Ru(dppm)2(Cl)(~-R) (R = 2-oligothienyl) and 

bisacetylide (tran.~-Ru(dpprn)2(~-R)2) complexes. Complexes which contain suniciently 

iong conjugated oligothienyl groups electropolymerize and fonn electroactive and 

electrochrornic films. An intense low-energy absorption due to an oligothienyl-to-Ru(m) 

charge-tramfer transition in the monooxidized complexes occurs, indicating electronic 

delocalization between the metal and organic hgments in these monocations. 

The preparation, electrochemical and spectroscopic characterization of a senes of 

mono- and bis(ferrocenylethyny1)oligothiophene complexes are described in Chapter 4. 

Changing the conjugation length and substituents of the oligothienyl group affects the degree 

of charge delocaLi7rition between the ferrocenyl and oligothienyl groups. Matching the 

oxidation potential of the metal center to that of the oligothienyl group enhances charge 

delocaiization. Chapter 5 describes the preparation and electropolymerization of a series of 



bis(oIigothieny1)fermcene complexes, and the spectroscopie and elecîrochernical 

characterization of these compounds and their electropolymerized films. 

In Chapter 6, the copper(I) halidecatalyzed trans - cis isomerization of R~Cl~(dppm)~ 

is descn'bed. A mechanïsm for the catalytic isomerïzation is proposed on the basis of the 

solid-state molecular structure of a reaction intermediate [{crS-R~C12(dppm)~}~[CuCl~], 

and the identification of several other intermediates by NMR spectroscopy. Fhally, Chapter 7 

SUnmanzes some suggestions for fiiture work 



Chapter2 Charge DeloePlization in Ruthenium(II) Bis(ferroceny1acetyiide) 

Complexes 

2.1 Introduction 

Conjugated transition-rnetal o-acetylide polymers will ody  be highlyconductive if 

-- charge carriers can be delocalized over both the metal and organic hgrnents. Since many 

organic conjugated oligomexs and polymen delocalize charge very weU, it is important to fïnd 

suitable metal bndging groups. Meta1 bisaceîylide bridges are good candidates because they 

can be stable under the oxidinng conditions which are typically used to dope conducting 

polymers. They are also synthetically accessible for a large number of different metal-ligand 

cornbinations. 11* Charge delocalization over a metal bisacetyiide bridge can be probed by 

examining the electrochemical and spectroscopie behavior of molecules in which the bridge 

spans two redox-groups. The Wolf group and others have recently demonstrated that 

rutheniurn bisacetylide complexes show electronic interaction between terminal redox groups, 

suggesting that such bridges are capable of delocalizing charge.s3,54 

This Chapter examines the effect of the ancillary ligands on the ruthenium on the 

electronic interactions between the terminal ferrocenyl groups in a senes of rutheniuni 

bis(femocenylacetylide) complexes 52 - 57. The eEect of isomerization at the ruthenium is 

also evaluated by comparing the electronic properties of the cis complex 52 with those of the 

closed related complex 53. 



R~Cl~(dpprn)~ (59), 120 FCPF~, 121, ethynylferrocenel22 and F C ~ S ~ ( ~ - B U ) ~  (60)53 were al1 

prepared using literature procedures. Complex 53 and its dication were previously prepared 

by the Wolf group, but were not characterized by near-IR spectroscopy.53 Complexes 55 - 57 

were prepared by Olivier Clot in the Wolf group. AU other reagents were purchased fi-om 

either Strem Chernicals or Aldrich and used as received. Electronic absorption spectra were 

recorded on a UNICAM UV2 UV-vis spectrometer. Near-IR spectroscopic data were 

obtained on a Varian Cary 5 spectrometer. Extinction coefficients and absorption maxima for 

overlapping near-IR bands were detexmined by fittïng the data using multiple Gaussian 

1 curves. IR data were c o W e d  on a UMCAM Galaxy Series FTIR 5000 spectrometer. H, 

I3c and "P {'H) NMR expehents were perfonned either on a Bniker CPX-200, Varian XL- 

300 or Bruker WH400 spectrometer. Specûa were referenced to residual solvent ('H, 13c) or 



extemal 85% H3PO4 ê'~) .  Elernental analyses were performed by Peter Borda in this 

department. Electrochemicai measurements were conducted on a Pine AFCBP 1 

bipotentiostat ushg a Pt disc working electrode, Pt wire-coi1 counter electrode and sahirated 

calomel reference electrode (SCE). The supportuig electrolyte was 0.1 M [(n-Bu)4N]PF6, 

which was purined by triple recrystaiiization fkom ethanol and dried at 90 OC under vacuum 

for three days. DecamethyKerrocene (-0.12 V vs SCE) was used as an interna1 reference. 

CH2C12 used in CV was dried by reflwring over CaH2. 

[ck-Ru(dppm)~(clCFc)2JCd (52). To a solution of 60 (1.10 g, 2.20 mmol) in 

CH2Clt (70 mL) under a nitrogen atmosphere was added 59 (0.82 g, 0.87 mmol) and Cu1 

(0.26 g, 1.4 mmol). The red-brown suspension was stirred at 25 OC for 72 h. The cloudy 

solution was filtered through Celite 545, the volume of the solution was reduced to 

approximately 4 m . ,  and hexanes (100 mL) were added to precipitate a yeilow-brown solid. 

The solid was dissolved in CH2C12 (50 rnL), and a solution of sodium iodide (2.1 g, 14 mmol) 

in acetone (30 mL) was added. The solution tumed cloudy after the solution was stirred at 

room temperature for 2 h. Mer  the solvent was removed chlorofom (20 mL) was added. 

The undissolved solids were removed by filtration, the filtrate was concentrated, and hexanes 

were added until the solution was almost saturated. A yellow-orange crystalline solid 

precipitated after the solution was cooled to -10 OC. The solid was dissolved in a small 

amount of choroforni and reprecipitated by adding hexanes. The resulting powder was dried 

in vocuo at room temperature for 3 days. Yield: 0.94 g (72%). 'H NMR (400 MHz, CD2C12): 

8 8.23 (rn, 4H, Ph), 8.03 (m, 4H, Ph), 7.50 - 7.15 (m, 24H, Ph), 6.86 (t, Jm = 7.1 Hz, 4H, Ph), 

6.39 (t, Jm = 8.2 Hz, 4H, Ph), 4.67 (m, 2H, Cs&), 4.72 - 4.62 (m, ZH, CH2), 4.40 - 4.30 (m, 

2H, CHz), 4.05 (s, lUH, Cp), 3.95 (m, 4H, Cs&), 3.88 (m, 2H, Cs&). 'P ('H} (8 1 .O 15 MHz, 



CDCl3): 6 -1 6.9, -1 7.5 (AA'BB', Jpp = 28 Hz). Anal. Calcd for C7&21f4CuFe2Ru: C 60.12; 

H 423. Found: C 60.38; H 425. 

[rrPns-Ru(dmpe)2(-Ec)2] (54). To a solution of 60 (1.00 g, 2.00 rnmol) in 

chlorobenzene (70 d) mder a nitrogen atrnosphere was added 19 (0.3 1 g, 0.66 mmol) and 

Cul (8 mg, 0.04 mmol). The red-brown suspension was heated at reflux overnight The 

cloudy solution was nItered through Celite 545, the volume of the solution was reduced to 

approximately 4 rd,, and diethyl ether (100 mL) was added to precipitate a yellow-brown 

solid, which was washed thoroughiy with diethyl ether. The product was recrystallized f?om 

CH2C12/haxanes, and the crystalline solid contained 0.5 equivalent CH2C12. Yield: 0.38 g 

(69%). 'H NMR (400 MHz, CDCl3): 6 5.29 (s, lH, CH2Ch), 4.03 (s, 10H, Cp), 3.97 (s, 4H, 

C5H4). 3.89 (s, 4H, Cs&), 1.68 (s, 8H, CHz), 1.55 (s, 24H, CH& Anal. Calcd for 

C36sHsiCiP8e2Ru: C 50.86; H 5.96. Found: C 50.79; H 6.12. 

([ck-R~(dpprn)~(C=CFc)~] Cui] [pF6] 2 (s~"[PF&) A solution of 52 (67 mg, 0.046 

mmol) in CH2C12 (4 mL) was cooled to -78 OC. To this solution was added a solution of 

FcPFs (30 mg, 0.091 mmol) in CH2C12 (3 mL). The solution tumed brick-red immediately. 

M e r  the solution was stirred for 2 min at -78 OC, hexanes (40 mL) were added to precipitate a 

brick-red solid. The solid was collected by nitration, washed with hexanes, and dned in vacuo 

at 80 OC for 3 days. Yield: 7 1 mg (88%). And. Calcd for C~&~CuFl2Fe2IPd(u: C 50.26; H 

3.53. Found: C 50.30; H 3.53. 

[pans-R~(dmpe)~(C=cFc)~J[PFs]2 (54'+[~&]t). 54 (42 mg, 0.051 m o l )  was 

dissolved in hot CH2C12 (15 rnL) under N2. TO this solution was added FcPF6 (34 mg, 0.103 

rnmol). The solution himed blue-purple immediately. M e r  the solution was stirred for 20 . 

min at room temperature, hexanes (50 mL) were added to precipitate a dark-blue solid. The 



solid was collected by filtration, washed with hexanes, and dried in vacuo at 80 OC for 3 days. 

Yield: 54 mg (95%). Anal. Cdcd for C3&aFi2Fe2P&u: C 38.98; H 4.54. Found: C 3 8.74; H 

4.50. 

[mns,*ans,frans-Ru(PBu3)2(CO)t(~~c)~] pF6I2 (55*+1p~&). To a solution of 

55 (56 mg, 0.057 m o l )  in C&Clz (2 rnL) was added a solution of FcPF6 (38 mg, 0.12 mmol) 

in CH2C12 (2 mL). The solution turned red imrnediately. After the solution was stirred for 30 

min at room temperature, hexanes (40 mL) were added to precipitate a brick-red solid. The 

solid was collected by filtration, washed with hexanes, and dned in vacuo at 85 O C  for 4 days. 

Yield: 64 mg (88%). Anal. Calcd for Cs&F12FeflzP&u: C 47.29; H 5.7 1. Found: C 47.1 5; 

H 5.55. 

[trans,irans,tmn~-Ru(PBu3)~(CO)@y)(~Fc)]~F& (56'+[P~&). To a solution 

of 56 (47 mg, 0.046 mmol) in CHzCl2 (2 mL) was added a solution FcPF6 (30 mg, 0.091 

m o l )  in CH2Ch (2 mL). The solution h e d  purple-red imrnediately. After the solution was 

stirred for 10 min at room temperature, hexanes (30 mL) were added to precipitate a dark 

purple solid, which was isolated by filtration and washed with hexanes. The solid was 

collected by dissolving it in a small amount of CH2C12, removing the solvent and dryhg NI 

vacuo at 90 OC for 7 days. Yield: 48 mg (80%). And. Calcd for CS~H~~F~~F~ZOP~RU:  C 

49.10; H 5.88, N 1.06. Found: C 49.19; H 6.03; N 1.04. 

fra11~,irons,irun~-Ru(PB~3)t(CO)(P(OMe)~)(~Fc)t] [Pl%] 2 (~7~+m] 3. This 

complex was prepared as describeci for s ~ ~ + I ~ F & .  Yield: 77%. Anal. Calcd for 

C52&1F12Fe20$5R~: C 45.73; H 5.98. Found: C 45.27; H 5.85. 

Reaction of 53 with CUI. TO a solution of 53 (130 mg, 0.10 mrnol) in CH2C12 (30 

mL) was added CUI (38 mg, 0.20 mmol). After the suspension was stirred at 25 OC under 



nitmgen for 24 h, the solution was filterd through Celite 545. The volume of the filtrate was 

reduced to approximately 1 mL, and hexanes (30 mL) were added to the solution to precipitate 

a yellow solid. The solid was collected by filtration, washed with hexanes, and dried in v m o  

at room temperature overnight to obtain pure 52. Yield: 130 mg (88%). 

Reaction of 52 with P(OMe),. To a solution of 52 (150 mg, 0.10 mmol) in CHzClz 

(25 mL) was added P(OMe)3 (50 mg, 0.40 mmol). The solution was stirred at 25 OC under 

nitrogen for 2 days. During this t h e  the solution became deeper red and cloudy. M e r  this 

period, the volume of the solution was reduced to approxirnately 2 mL., and diethyl ether (20 

mL) was added to the solution to precipitate an orange solid. The solid was collected by 

fïitration, washed with diethyl ether, and dried in vacuo at 85 OC for 2 days. NMR indicated 

that the product was 53. Yield: 82 mg (64%). 

Crystaliographic Study. Data collection and structure deterrnination were carried 

out by Dr. Glenn Yap (Department of Chemistry and Biochemistry, University of Windsor, 

Ontario). Single crystak of 52-2(CHC13) were obtained by slow crystallization from layered 

CHCG and hexanes. Cxystal data and relkement parameters were çummarîzed in Table 3, 

Suitable crystals were mounted on thin, glas fibres with epoxy cernent The systematic 

absences in the difhction data and the unit-cell parameters were uniquely consistent with the 

reported space group. The structure was solved by direct methods, completed by Fourier 

syntheses, and refined by full-matrix least squares procedures based on p. The data were 

corrected for absorption by using redundant data at different effective azimutha1 angles. Two 

symrnetry-unique molecules of cocrystallized chloroform solvent were located in the 

asymmetric unit of 52-2(CHC13). All non-hydrogen atoms were refined with anisotropic 

displacement coefficients. All hydrogen atoms were treated as idealised contributions. All 



software and sources of atomic scattering factors are contained in the SHELXm (5.03) 

program h'brary. 123 

Empirical fomda 

Formula weight 

Crystal system 

Space group 

Crystal color 

A 

bY A 

c, A 

A deg 

v, A3 

D (cdcd), g cmd3 

Table 3. Summary of Crystallographic Data for 52-2(CHCl3)= 

C7&C16CuFe2IP&u Tmax/TmUi 1.695 

T,K 

Radiation 

DifEactometer 

z 

p (Mo Ka), cm-' 

e 

RF,, % 

~ ( w p ) ,  % 

Nrno 

GUF on F? 

296 

MoKa (0.71073 A) 

Siemens CCD 

4 

16.4 

1.45 - 22.50 

5.24 

12.5 

10.5 

1 .O8 

[Z(F0) + (0.0563~)~ + 23.7444~1-'; GOF = Goodness-of-fit. 

23 Results and Interpretation 

23.1 Syntheses and Structure 

The rutheniun bisacetylide complex 53 has previously been synthesized by the Wolf 

group by the CUI-catalyzed coupling of 59 and 60.53 The synthesis of 53 is sensitive to both 

the amount of CUI used and to the reaction temperature. When catalytic Cu1 (5 mol%) is used 



and the reaction is canied out in 1,Zdichloroethane at reflux, 53 is obtained in good yield 

When a stoichiometric amount of CuI is used a mixture of two new complexes with very 

similar NMR spectra is obtained. Elemental analysis of the mixture suggests that the two 

products are ~u(dppm)2(C=CFc)2]CuCl and [Ru(dpprn)@=CFc)2]lCuI (Scheme 11). By 

metathesis of the product mixture with Na1 pure 52 is isolated Complex 52 is obtained in 

72% yield when the reaction is carried out at room temperame in CH2C12 for 3 days. 

Complex 52 may also be prepared in 70% yield fiom FcGCSn(nBu)3 (60) and trnns- 

RuClz(dppm)2 (19) in the presence of excess Cul at room temperature. 

Scheme 11 

Less Cu1 and higher temperatures favor the formation of the tram complex, while 

excess CUI and lower temperatures produce the cis complex. The cis complex is found to 

decompose in ClCH2CH2Cl at reflux. Complex 54 is prepared in 71% yield fiom the reaction 

of 60 and hans-R~Cl~(dmpe)~ (58) at 132 OC using CuI (6 mol%) as catalyst. 



Egure 9. ORTEP diagram of the solid-state molecular structure of 52 (30% probability 

ellipsoids shown). Hydrogen atoms are ornitted for clarity. 

The solid-state molecular structure of 52*2(CHC13) shows that the nithenium center is 

in a distorted octahedrd enconmen4 a d  that the ferrocenylacetylide ligands are in a cis 

orientation around the nitheniun (Figure 9). The Cui unit is bonded in an q2 fashion to both 

acetylide bonds. Many complexes in whiEh Cu is bonded in this manner to an acetylide bond 

are knowq124-128 however, there are omly a few examples of organornetaliic bidentate 

bis(aQne) ligands which chelate CU', such as in ml5- 
C~&S~M~~)~T~(C=CS~M~~)~]CUOT~ 29- 132 



Table 4. Selected Bond Lengths in 52-2(CHC13) (A) 

Ru - P(1) 2,340(2) Ru - C(4) 2.055(7) Cu-1 2.529(1) 

Ru - P(2) 2.368(2) Cu - C(l) 2.229(7) C(1) - C(2) 1.20(1) 

Ru - P(3) 2.370(2) Cu-C(2) 2.143(6) C(1) - C(15) 1 .467(8) 

Ru - P(4) 2.330(2) CU - C(3) 2.264(8) C(3) - C(4) 1.2 18(9) 

RU-C(2) 2.062(8) CU-C(4) 2-140(8) C(3) - C(35) 1 -452(7) 

Table 5. Selected Bond Angies in 52-2(CHC13)-(deg) 

P(1) - RU - P(2) 7 1.62(6) C(1) - CU - C(4) 1 10.1(3) 

P(1) -RU - f (3) 102.8 1(7) C(2) - CU - C(3) 1 1 0.0(3) 

P(1) - Ru - P(4) 172.04(7) C(2) - Cu - C(4) 78.8(3) 

P(2) - RU - P(3) 95.08(8) C(3) - CU - C(4) 3 1.9(2) 

P(2) - Ru - P(4) I 02.78(7) C(2) - C(1) - C(15) L60.9(7) 

P(3) - RU - P(4) 7 1.64(7) C(2) - C(l) - Cu 70.1(5) 

P(l) - Ru - C(2) 95.6(2) C(15) - C(1) - Cu 128.7(4) 

P(1) - Ru - C(4) 89.0(2) C(1) - C(2) - Ru 168.9(7) 

P(2) - Ru - C(2) 93.1(2) C(1) - C(2) - Cu 78.0(4) 

P(2) - Ru - C(4) 159.7(2) Ru - C(2) - Cu 99.2(3) 

P(3) - Ru - C(2) 161.4(2) C(4)-C(3)-C(35) 161.1(7) 

P(3) - Ru - C(4) 95.1(2) C(4) - C(3) - Cu 68.4(5) 

P(4) - Ru - C(2) 90.2(2) C(35) - C(3) - 128.9(5) 



Isomerization of 52 and 53. In order to examine the behavior of 52 in the absence of 

the chelated CUI, P(OMe), is used to remove the Cd. This method has been used successfully 

to remove a CuOTf unit from the chelating bis($-abc) unit of h5- 

C~SM~~)~T~(C=CSM~~)~]CUOT~.~~~ The major product of the reaction of 52 with excess 

P(OMe)3 is 53 (~chemè 9) (64% isolated yield). When 53 is allowed to react with 

stoichiometnc Cu1 for 24 h at room temperature, 52 is obtained in 88% isolated yield (Scheme 

Scheme 12 

The CUI acts to "lock" the cornplex in the cis fom with the bi~(~*-allcyne) units 

chelating the Cul. When the CUI is removed nom 52 by complexation with P(OMe)3, 

isomerization to the tram isomer occurç. It is possible that 53 and its cis isomer are in 



equili'brium, with 53 king the favored form for steric reasons. The chelated CUI must 

stabilize the cis isomer and trap the cis fom as 52. 

23.2. Electrochemistry 

Table 6 summarizes the electrochemical data of the series 52 - 57, as weil as the 

literature data for 61.43 The electrochemical data of55 - 57 are obtained by Olivier Clot. 

Table 6. Electrochemical Data for 52 - 57 and 61 

" Volts vs SCE, Pt working electrode, CHzClz containing 0.1 M [(n-Bu)$.lPFs, 20 OC. Min 

d 
= [E&) - Ei~(l)]. In(&) = nF(AE1a)R.T. Ref? Epa (irreversible wave). /~ef.43. 

Measured by Olivier Clot. 



The cyclic voltammogram of cornplex 52 in CH2C12 containhg 0.1 M [(n-Bu)4N]PF6 

at 20 OC, as shown in Figure IOa and b, contains three reversïble waves of equal area between 

O and +l. 1 V vs SCE. The waves at M.20 V and H.34 V are assigneci to oxidation of the two 

ferrocenyl centers in 52. The potentials for the two waves are close to those observed for the 

two fenocenyl centers in 5353 and consistent with results observed for related complexes.l33 

The potential clifference between the h t  and second ferrocenyl oxidation waves in 52, AEln, 

is O. 14 V (Mrh = Eln(2) - Eirr(l)). The redox wave at W.97 V vs SCE in the CV of 52 is 

assigned to oxidation of the rutheniun center. This oxidation occurs at a slightiy higher 

potentiai than the corresponding wave in the CV of cornplex 53. When the scan range is 

extended to +1.4 V vs SCE, a smaller quasireversible wave (wave 4) is observed at t1.18 V, 

along with a reduction wave (wave 5) at +0.81 V. The relative intensity of wave 4 compared 

to waves 1 - 3 in the CV increases as the scan rate is decreased, suggesting that wave 4 may 

be due to oxidation of a product resulting fiom decornposition of oxidized 52. Wave 5 may 

also be due to the decomposition of 52 upon oxidation. This fature is found to uicrease in 

intensity upon repeated scanning, possibly due to the deposition of the decomposition product 

on the working electrode. 

The CV of 54 is very similar to that of 52 or 53, containing three reversible redox 

waves with Ein at -0.û4,0.27 and 0.80 V vs SCE in the range 4 . 4  - 1.10 V vs SCE (Figure 

10c and d). AU three redox potentials in 54 shift to lower potentials compared with those for 

53 due to electron-donation fiom the dmpe ligands. The merence in the fïrst and second 

redox potentids Min is 0.31 V for 54. When the scan range is extended to 1.50 V, an 

heversibIe oxidation wave (wave 4) at 1.44 V vs SCE is observed, dong with reduction 

waves (waves 5 and 6) at 0.66 and 0.88 V vs SCE. This oxidation wave is possibly due to a 



RU- oxidation process, and the waves 5 and 6 may redt  ftom reduction of the products 

fomed in this procas. 

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Voltage (V vs SCE) 

Figure 10. Cyclic voltamrnograms of 52 (a) -0.2 - 1.2 V and @) 4 . 2  - 1.4 V vs SCE, and 

54 (c) -0.3 - 1.1 V and (d) 4 . 3  - 1.5 V vs SCE in CH2C12 containing 0.1 M [(n-Bu)4N]PFs. 

Scan rate = 100 mV/s. 



The cyclic voltammograms of complexes 55 - 57 contain two closely spaced waves 

which are assigned to oxidation of the two ferrocenyl centers, and the third ineversible wave 

which is assigned to the RU- oxidation. The RU- oxidation potential is higher than that 

observed for 52 -54 due to increased backbonding with the carbonyl Iigands in these 

complexes. 

2 3 3  Specîroscopic Characterization 

Chernical oxidation of one or boîh ferrocenyl groups in complexes 52 - 57 allows for 

the spectroscopic properties of the oxidized species to be detemiined and compared with those 

of the neutral analogs. Shi& in diagnostic absorptions in the IR region as well as the 

appearance of intervalence charge-transfer bands in the near-IR region are usehl in evaluating 

the extent of electronic delocalization in these complexes. 

The dications 52'+- 57'+ are prepared by oxidation with two equivdsnts of FcPFs and 

are isolated as stable solids which are characterized by elemental analysis. The dications are 

shown to be paramagnetic at roorn temperature using the Evans r n e t h ~ d - l ~ ~  The monocations 

52+ - SC prepared by dissolving equimolar masses of the neutral complex and the 

corresponding dication in an appropnate solvent, are in equilibrium with the corresponding 

neutml and dicationic species (Scheme 3). The equilibriurn constants (&) for 52+- at 20 

OC are calculated nom AEIn using the Nernst equation (eq 1 1) and are shown in Table 6. 

233.1 Visible and IR Spectroscopies 

The visible and IR spectroscopic data for the neutrai and oxidized species are shown 

in Table 7. The visible spectra of the neutral complexes 52 - 57 all contain ligand-based 



absorptions (data not shown) in addition to weaker bands (430 - 460 MI) which are assigned 

to metal d - d transitions. The monocations 52+- 57ç ali exhibit medium-intensity tlansitions 

in the visible region between 500 - 625 nm which are assigned to a ferrocenium-based ligand- 

to-metal charge-transfer ( L M 0  excitation. This assignment is based on the similarity of the 

energy and intensity of the band to that observed for ferrocenium (620 ~ i ) . 1 3 5  n i e  energy of 

the LMCT absorption of ferrocenium blue-shifb with the introduction of electron- 

withdrawing s~bs t i t uen t s ,~~~  and the absolption is observed at 510 n m  in 

@ ? ~ - C C ~ - F C ] ~  (613.~3 The LMCT absorptions for the monocations 52+- 57+ appear at 

higher wavelengths than the absorption for 61', consistent with electron donation i?om the 

ruthenium moiety to the ferrocenium. In the visible spectra of the dications 522' - 572+ the 

LMCT absorption blue-shifts with respect to the corresponding monocation, consistent with 

cornpetition between the two ferrocenium groups for the electron density of the ruthenium 

center. Significantly, the absorption maximum for the LMCT transition is sensitive to the 

electronic nature of the ancillary ligands around the ruthenium center. Within the series of 

monocations of the trans substituted complexes, & for the LMCT absorption decreases in 

the order: 53+ (616 nrn) = 54+ (625 nrn) > SC (570 m) = 5 T  (562 nm) > 55+ (5 14 nm). The 

same trend is observed within the series of dications. 

The strong IR absorptions due to the Cd and C& groups are sensitive to the 

electron density at the ruthenium center. The energy of the acetylide absorption ( v ~ )  

increases ui the series of tram bisacetylide complexes as the number of electron-withdrawing 

carbonyl ligands on the metai increases ( v ~ :  53 = 54 < 56 = 57 < 55). The energy of the 

absorption due to the carbonyl group (vw)  is sensitive to the degree of backbonding with the 

ligand trans to the carbonyl. Thus v~ in 56, which has a a-donor (py) tram to the carbonyl, 



is lower than v m  in 57 in which the trans P(OMeI3 is a weak n-accepter. The carbonyl 

absorption in 55 has the highest wave~mber  in the series as the two tram carbonyls compete 

for backbonding with the same Ru d-orbital. The acetylide absorption in the spectra of the 

dications 522+ - 572+ shifts to lower energy than the absorption for the analogous neutral 

complexes as more electron density nom the ruthenium is transferred to the acetylide bond via 

increased backbonding. This is also observed in the carbonyl stretching fiequency in S2+- 

572f which increases slightly relative to the neutral analogs as less electron density is available 

for backbonding with the carbonyl groups upon oxidaîion of the ferrocenyl groups. 

Table 7. Visible and IR Spectroscopic Data for 52 - 57 

Complex Visible & (MI) (S nm); IR Wr) 

E (M? cm-') (fi%)' v (a-') (S an-') 

52 460 (850) 1994 (C<) 

500 (4700) (*IO%) 

378 (7700), 476 (sh) (8500) 1948 (GC) 

434 (2000) 2067 (C<) 

448 (sh) (2100), 616 (4100), 820 (sh), (1 800) 

420 (sh) (5500), 560 (13 000) 1997 (C<) 

350 (12000), 455 (1 150) 2057 (GC) 

470 (sh) (3 lOO), 625 (4100), 780 (4800) 

430 (sb) (5800), 585 (13000) 1964 (w) 

450 (760) 2103 (GC), 1986 (CQ) 



5s 390 (sh) (SlOO), 5 14 (6900) (+25%) 

S2+ 378 (10 OOO), 488 (12 000) 2067 (-), 1994 (m) 

56' 450 (920) 2079 (M), 1940 (C=O) 

SC 420 (sh) (3400), 570 (5300) (*15%) 

56'+ 394 (sh) (8500), 524 (12 000) 2030 ( G C ) ,  1954 (Czd3) 

57' 454 (8 10) 2084 ( C S ) ,  1974 (-) 

57+ 414 (sh) (3700), 562 (5300) (*IO%) 

~ 7 ~ "  394 (sh) (7500), 524 (9 100) 2032 (CkC), 1979 (GO) 

" Solvent: CH2CI2, 6% except indicated. Measured by Olivier Clot. 

233.2 Near-IR Spectroscopy and IVCT 

The near-IR spectroscopie data for the monocations and dications are shown in Table 

8 and 9 respectively. None of the neutrai complexes absorb in the near-IR region. The spectra 

of the monocations and dications al1 contain multiple absorption bands in the near-IR region. 

For these absorptions, the band widths at half maximum (Avln) are measured directly when 

possible, and using Gaussian peak fitting when the band is overlapped. The spectra are 

obtained in several solvents in order to study the solvent dependence of the observed 

tmnsitions. The lower-energy band is obscured by solvent overtones in many sotvents; 

therefore, the data for this band are shown only for spectra taken in CH2C12. The spectra of 

52+ and 52" are oniy obtained in CHtClz and 1,2-dichloroethane because the complexes 

decompose or react with other solvents used. For 54+ and 542+ the measurements are ody 

carried out in CHgH2. 



Table 8. Near-IR Spectroscopic Data for Monocations 52+ - 5 f  

Cornplex v- (cm-*) (*O cm-'); E ( K I  cm-') Avvin (a-') a2 ( x  1 o-~) 

( L x ,  nm)° ( f i 0  cm-') 



Table 9. Near-IR Spectroscopie Data for Dications 52*+ - 572+ 

CH3COCH3 

C1CH2CH2C1 

O-Dichlorobenzene 

Chlorobenzene 

C&CN 

Nitrobenzene 

Trichloroethy lene 

CH3N02 

(332c12 



(333C-N 

Nitrobenzene 

a 3 N o 2  

562+ CH2C12 

O-Dichlorobenzene 

CH3COCH3 

CH3CN 

Nitrobenzene 

CH3N02 

572' CHzClz 

O-Dichlorobenzene 

CH3COCH3 

CH3CN 

Nitrobenzene 

CH3NO2 
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Figure 11. Near-IE2 spectra of 56C and 562+ in CH2C12. Sharp absorptions are due to 

vibrational overtones f?om the solvent. 

The near-IR spectra of aIl the mono- and dications contain a higher energy band (1040 

- 2240 nm) and a lower energy band (2240 - 2350 nrn). The spectrum of 52+ has the third 

broad absorption. Representative specha for complexes 56f and 56'+ are shown in Figure 11. 

The higher energy band is assigneci to a Class II IVCT transition. The half-widths (2100 - 

4400 cm-') and intensities of the higher energy band are consistent with this 

assignment31~8~136 In addition, the absorption maximum of the band depends both on 

solvent and on the anciliary ligands around the ruthenium (vide inza), also consistent with the 



band being an IVCT transition The lower energy band is narmwer (430 - 950 cm-') and is of 

lower intensity than the higher energy band while the absorption maximum for the lower 

energy band is relatively insemitive to the changes in the ancillary ligands on the nitheniun 

center. The featwes of the lower energy band obtained in a limited number of solvents 

indicate that the absorption band is largely solvent-independent. 

Although it is dif6icult to unequivocally assign the lower energy band, it is clear that 

the properties of the lower energy absorption differ dramatically fkom those of the higher 

energy band. It is most likely that the lower-energy band is due to a d - d transition in 

which becomw accessible in the mono- and dicationic species. The energy of such a band 

wodd be expected to be solvent-independent and to appear at approximately the same energy 

for al1 the mono- and dications.137 In addition, since the electronic transition is localized on 

the ~ e ~ ,  it would be relatively independent of the changes in the ancillary Ligands on the Ru 

center. Multiple bands in other mked-valence complexes have been assigned to either ligand- 

field splittingl38 or spin-orbit couphg in the metal centers.139 The markedly dinerent 

behavior of the two absorption bands in the series of complexes described here makes these 

explanations less likely. The lower energy absorption is not due to intennolecuiar charge 

transfer as the relative band intensities do not exhibit to be concentration-dependent, and the 

spectra are al1 taken at low concentrations (lo4 - 10-~ M). 

Scheme 13 

The higher energy near-IR absorption bands for the dications 532+- 572' (1040 - 1595 

nrn) are assigned to the NCT transition shown in Scheme 13. In these complexes both iron 



centers are oxidized, and thus IVCT between the iron centers is not possible. The absorption 

maximum (v-) for the IVCT band shifts to higher energy as the number of carbonyl ligands 

on the ruthenitun increases (v-: 53'+ c 5ti2+ = 572+ c 552"). The origin of this shift in v,, 

may be rationalized wing two overlapping potential energy curves (Figure 12a). In this 

diagram, v, is the energy required to excite an electron fiom state A to state B. For 

complexes 532f - ~7~~ v, should Vary proportionally with the ciifference in ground-state 

energies (AEo). Importantly, AE" is expected to be larger as the electron density at the 

ruthenium is decreased via electron-accepting Iigands. 

Figure 12. Potdal energy diagrams for initial and h l  states for (a) states A and B 

(Scheme 13), and (b) states C, D and E (Scheme 14). 

It is not possible to calculate AEo exactly from the measured oxidation potentiais since 

state B cannot be isolated; however, Mo can be estimated &om the electrochemical data. The 

-transition fiom state A to B involves oxidation of the RU' and concomitant reduction of the 

~e~ centeq therefore, eq 13 can be denved fiom eqs 8 and 12. A plot of v,, for the dications 



63 

vs EPa(3) - Ein(2) shoutd be hear on the base of eq 13. This data is plotted in Figure 13% 

and demonstrates an approximately linear correlation between v,, and Ep,(3) - Eilr(2). 

V- = + xo + AE+ D + (dh  c)[EPa(3) - Ein(2)] 

Figure 13. Plots of (a) v,, vs 4 , , (3 )  - Eln(2) (R = 0.989) and @) a2 vs 4,4(3) - Ein(2) (R = 

0.983) for the dications 53"- 5T2+. 

The mode1 shown in Figure 12a may be extended to charge transfer in the 

monocations (Scheme 14). Here one must consider a three-state potential energy diagram 

(Figure 12b) in which v,' corresponds to the energy required to optically excite an electron 



ftorn state C to D. States C and E are isoenergetic, whüe state D has a higher ground-state 

energy. 

Scheme 14 

Figure 14. Relative energy diagrams for states A - D. 

The absorption maximum for the NCT band in the monocations is lower by 1000 - 

2000 cm-' than the corresponding transition in the spectra of the corresponding &cations. The 

relative magnitude of the absorption maxima in the spectra of the mono- and dications may be 

predicted by considering the rdative energies of the states involved (Figure 14). Both states C 

and D are lower in energy than states A and B respectively, because C and D carry less total 

charge than A and B. Furthexmore, oxidation of a ~ e *  center adjacent to a RU= @ to B) 

requires more energy than oxidation of a ~ e '  adjacent to a Run (C to A). Thus v,' is expected 



to be lower in energy than v,. A transition involving long-range electron transfer between the 

two iron centers is also possible, but is expected to be of higher energy. A larger intermetallic 

distance of€en d t s  in higher IVCT energy. The IVCT bands have been observed at 1800 

nm for the monocation B-FC]+, 1560 MI for Fc-C=C-FC]+ and 1180 nrn for 61+ in which 

the Fe - Fe distance is stili significantly shorter than in 53+ - 57?3 A near-R absorption is 

also observed in rnixed-valence difen-ocenylpolyen& however, the intermetallic distance in 

these complexes in solution is not exactly known due to the no~g id i ty  of the polyene linker. 

An unusual band at 820 nm is present in the visible spectnim of 53+, and at 780 nm in 54+. It 

is possible that these bands arise fiom the direct ~ e ' - t o - ~ e ~  charge tramfer. Since States C 

and E are isoenergetic, state D can relax thermally to either C or E. Optical excitation to form 

state D followed by electron transfer to fom E thus provides a pathway for charge transfer 

across the ruthenium bisacetylide bridge. 

The dependence of the v,, of an NCT band on solvent has been used as a diagnostic 

test of a Class II species. According to Hush mode1 (eqs 8 and 9), the energy (v-) of an 

NÇT transition may be expected to Vary linearly with (l/n2 - 1/D,) for a Class II system. The 

spectm of the dications are all found to be solvent-dependent- A plot of v,, as a hct ion of 

(1/n2 - l/DJ for 53'+ is shown in Figure 15, along with the best-fit line obtained fiom linear 

regression (R = 0.925). This behavior is consistent with cornplex 53" behaving as a Class II 

partially delocalized system. 



Figure 15. Plot of v,, (near-IR) vs 1/n2 - 1/D, for 532+ with the best-fit luie (R = 0.925). (a) 

trkhloroethylene; @) chlorobenzene; (c) O-dichlorobenzene; (d) CICH2CH2Cl; (e) CH2C12; (f) 

nitrobemene; (g) CH3COCH3; @) CH3NO2; (i) CHOJ.  

The energy and intensities of the near-R absorptions of mixed-valence complexes 

may be used to calculate a delocalkation coefficient a2 (eq 7). The values cdculated for a' 

are shown in Tables 8 and 9. The value used for the Ru - Fe intermetallic distance d is 

obtained from the structurai data for 52 (d = 6.20 A) 53 (d = 6.30 A)53 and 55 (d = 6.15 A). 

Complex 54 is assumed to have the same intexmetallic distance as 53; 56 and 57 are assurned 



to have the sarne d as 55. As shown in Figure 13b the calculated values of a2 for the dications 

532'- 57'+ in C w l z  are IinearIy correlated with 4 + ( 3 )  - Ein(2) (R = 0.983), indicating that 

the complexes with smaiier difference in the ground-state energies (Al?') have more charge 

delocalization between the iron and ruthenium centers. The monocations 59-  57C in CH2Cb 

have similar caiculated values of a2, while the values obtained for 53+ and 54+ are larger. The 

monocation 52+ has two broad IVCT absoiptiom which have similar a' values, both being 

lower than those calculated for 53+ - 57: Cornparison of the a2 values with literature results 

for other molecules contaking the sarne metal centers is ïnsûuctive. The a2 value for [($- 

C~H~)(PP~~)~RUC€FC]]' is comparable (2.8 x 10-~),136 while a* for [(NH~)~RLXN=CFC]+ is 

less (2.3 x 10-~).140 The smaller values of a2 for 52+ and 5t2+ are obtained even though the 

extent of delocaikation observed fkom the CV of 52 is comparable to those for 56 and 57. 

Complex 52 contains a coordinated CU' which cm interact with the delocalized system, and 

this may decrease the effective distance between the donor and acceptor wavefiuictions. 

2.4 Discussion 

The cyclic voItammetric and spectroscopie data for 52 - 57 and their oxidized 

derivatives may be used to compare the electronic de1ocalization within this series of 

complexes. Complex 52 demonstrates the effect of varying the geometry at the ruthenium on 

the electronic delocalization. For 52, un is 0.14 V, srnaller than that observed for 53 (0.22 

V). There are two factors which may innuence un here; the geometry around the ruthenium 

center and the presence of the coordinated Cd. In complex 53 the elecîronic interaction 

between the terminal redox groups occurs via the n: bonds of the cyclopentadienyl and aikynyl 

moieties and the d-orbitals of the mthenium. When the acetyiide ligands are trans, as in 53, 



the same d-orbitais on the metal are involved in backbonding with both acetyiide ligands (d, 

+ n' and d, + n*). This should enhance the interaction between the fenocenyl groups in 53 

relative to 52, where the acetylide ligands are cis, and backbonding involves three different d- 

orbitals, only one of which is common to both acetylide ligands (d, + rr*, d, + rr' for one 

acetylide, d, + K', d, + 6 for the other). 

The coordinated CUC in 52 could act either to enhance the electronic interaction 

beîween the fexrocenyl groups by acting as another bridge between the two C=C bonds, or to 

reduce the interaction through the ruthenium center by reducing conjugation between the 

ferrocenyl group and the rutheniun- It is difficult to predict which effect is more significant 

without comparing the electrochemical behavior of the analog of 52 in which the Cu1 is 

absent; however, this is impossible due to the instability of that anaiog. In the related complex 

[ ( q 5 - ~ & ~ ~ ) ~ ~ i ( ~ ~ ~ ~ e 3 ) ~ ] ~ ~ ~ f 1 * 9 - ~  the coordinated CuOTf group lowen the 

energy of the abso~ption in the IR relative to the f?ee ligand. This has been interpreted as 

the result of both backbonding from the CU' to a ri orbital on the ligand and electron-donation 

fiom the ir bond to the Ch'. These results suggest that electronic interaction via the 

coordinated CU' in 52 is possible, but the magnitude of this effect relative to interaction 

through the Ru center is difficult to predict 

The behavior of the series of trans bisacetylide complexes 53 - 57 may be directly 

compared as the basic structures of these complexes are identical. Cyclic voltamrnetry shows 

that Min decreases as 54 > 53 > 56 = 57 > 55. Considering the properties of the ancillary 

ligands on the ~ t h e x k i u ~  found in this senes of complexes, pyridine is a o-donor, the 

phosphines are strong adonors and weak K-acceptors while carbonyl is a strong rr-acceptor 

and a weak O-donor. The results obtained fiom the CVs of this series demonstrate that the 



electronic interaction between the ferrocenyl groups depends prirnady on the number of 

carbonyl ligands. Hence, the more carbonyl ligands present around the rutheniun, the smaller 

AEin. This can be interpreted as resulting primarily fiom the strongiy x-acidic nature of the 

carbonyl groups, which serve to withdraw the electron density fiom the rutfieniun and thus 

decrease the electron density available for conjugation with the acetylide bonds. Two 

electron-donating dmpe ligands on the ruthenhm in 54 result in a 0.09 V increase in Min 

compared with 53, while one carbonyl group decreases Gin by almust the same arnount. 

Varying the number and nature of the non-carbonyl ligands has a somewhat smaller effect on 

AEln compared to that exerted by the carbonyl group. In addition to the trend in Min, the 

potential rneasured for the RU- oxidation wave in the CV increases as the number of 

carbonyl ligands on the ruthenium is increased. As electron density is lost fiom the metal to 

the carbonyl ligands, the ruthenium becomes increasingly dficult to oxidize. 

The trends in eiectron cieioc.&aiion observed by CV are consistent with those 

observed by spectroscopie methods. In the visible region, the magnitude of the redshift 

observed in the LMCT band for 53+ - 57+ relative to 61f increases as the number of donor 

ligands on the mthenium is increased Similarly, in the IR region both the and GQ 

absorptions correlate to the electrochemical results. Based on the CV data, 53 or 54 has a 

higher electron density at the ruthenium relative to the monocarbonyl complexes 56 and 57 

and dicarbonyl 55. This results in a lower v w  for 53 or 54 than for 56 or 57 since more 

backbonding is possible in 53 or 54. Complex 56 also has a donor ligand tram to the carbonyl 

group which ailows for more backbonding with the lone carbonyl than in 55. 



Figure 16. Plot of = Eln(2) - Eilz(l) vs the difference in v w  between the neutral and 

dicationic complexes (Avw) with a best-fit line to the data (R = 0.999). 

Interestingly, the wavenumber ciifference between the aceiylide absorptions of the 

neutral and dicationic species correlates with the degree of electronic delocalization observed 

in the CV. The difference in the sequential ferrocenyl-oxidation potentials M i n  is correlated 

to the ciifference in the absorptions between the neutral and dicationic complexes (AvC=) 

(Figure 16). Complex 54 has the largest and the ciifference in the absorption is the 

largest (93 cm-') between 54 and 5 p ;  while 55 has the smallest Mm, and the clifference is 



smdest (36 cm-'). This is a result of how much of the electron density at the ruthenium is 

avaiiable for backbonding with the acetyiide ligands. Ancillary ligands such as carbonyls, 

which withdraw electmn density, allow less participation of the ruthenium d-electrom in 

electron transfer along the acetylide backbone. 

Figure 17. Potential diagrams for electron delocaikation in (a) 61' and in a hypothetical 

molecule in which a R u b  is inserted into the central C-C bond in 61: 

The charge delocalization in these complexes is best explained by the potential-energy 

diagram shown in Figure 12b. The nature of the ancillary ligands on the nitheniun center 

affects the difference in ground-state energy (m). Donor ligands decrease AEo, thus 

facilitating charge transfer across the rutheniun bisacetylide bridge, while acceptor ligands 

increase Mo. Complexes 53 - 57 have similar structures, and cornparison of the Min within 

the series indicates a significant contribution h m  charge delocalization to the magnitude of 

Min. Changes in the ligands on the Ru @) resdt in increases in AEin (0.13 V) fiom 0.09 V 

for 55 to 0.22 V for 53, and (0.22 V) to 0.3 1 V for 54. It is reasonable to conclude that this 



increase in A& is mainly due to the contribution nom charge delocalization. For 53 and 54 

this contribution exceeds the total stabilization energy in complex 61, which has Min = 0.10 

V, thus there is less charge delocalization between the two femenyl groups in complex 61+ 

than in 53+ and 54+. This result may be understood by considering the potential-energy 

diagram for 61+ (Figure 17a). Charge transfer between the two states occurs either in the 

ground states by overcoming the activation bamier (Eh), or in the excited state via IVCT. 

Figure 1% shows the potential-energy diagrarn for a hypotheticd molecule consisting of 61C 

with a ~ t h e n i ~ m  center between the two femocenyl groups. Here the ruthenium facilitates 

electron delowlization by reducing the energy barrïer in the ground state (E;). The potential- 

energy diagrams for the mono- and dications of complexes 52 - 57 (Figure 12a and b) are 

slightly Merent since the distance between the two iron centers is greater than that show in 

Figure 1%; however, the same principle is expected to hold It is clearly demonstrated that 

the extent to which the energy banier is lowered is influenced by the ancillary ligands on the 

ruthenium; therefore, the extent of delocalkation is affected by these ligands. 

2.5 Conclusions 

A senes of ruthenium@) bisferrocenylacetylide complexes are synthesized by 

couplmg nithenium halide complexes with F ~ ~ s n ( n - B u ) ~  in the presence o f  copper (i) 

halide. The amount ofcopper O halide used significantly affects the product formed When 

a stoichiomeûic arnount of CuI is used [cis-Ru(~ipprn)2(C=CFc)~]CuI is obtained, while tram- 

R ~ ( d p p m ) ~ ( ~ F c ) 2  is obtained with catalytic Cd. Removal of coordinated Cu1 fiom [cis- 

R~(dppm)2(~Fc)~c)z]Cd yields frm-Ru(dppm)2(WFc)2, while reaction of tram- 



R~(dppm)2(C-=CFc)~ with a stoichiomeîric amount of Cu1 yields [cis- 

Ru(dppm)2(C-=CFc)2lCur. 

The stability of the complexes in Werent oxidation states d o w s  for studies of charge 

transfer between ciiffirent metal centers in these complexes by electrochemicai and 

spectroscopie characterization. Charge delocalization between the iron and mthenium cen ta  

in the oxidized species is observed, and the extent of delocalization is evaluated. The 

nitheniun bisacetylide bridges facilitate electronic interactions between the terminal 

ferrocenyl groups. The interaction is enhanced when the ancillary ligands on the nithenium 

center are electron donors and lessened when the ligands are acceptors. 



Chapter 3 Models for Conjugated Metal Acetylide Polymers: Ruthenium 

Oligothienylacetylide Complexes 

3.1 Introduction 

The work descnlbed in Chapter 2 shows that the bridge in ntthenium 

bis(ferroceny1acefyiide) complexes allows for delocalization of charge between the tmo 

ferrocenyl groups, and that the delocalization varies with the nature of the ancillary Ligands 

s ~ ~ ~ o u n d i n g  the ruthenium. These results suggest that luiking conjugated organic groups with 

ruthenium bisacetylide bridges could result in extended conjugation involving both the metal 

center and the organic bridges. Lewis and coworkers have synthesized nitheniun bisacetyiide 

polymexs where the metal centers are linked by phenyl bridges;71-80 however, no electronic 

properties have been reported to date for these materials. Although these phenyl group- 

bridged polymers are readily accessible synthetically it may be necessary to link the metal 

centers in these polymers with organic hgments which are more electron-rich and have 

longer conjugattion lengths in order to enhance delocalizattion of charge. 

It bas been demonstrated that block copolymers containing short oligothiophenes (> 4 

thiophene units) are conductive.10,141 This suggests that rutheniun acetylide polymers 

containing oligothienyl bridges may be good candidates for conducting materids. Toward 

this end, one approach is the prepaxation of electropolymerizable monomers consisting of 

oligothiophenes bridged by rutheniun bisacetylide groups (Figure 8). In this Chapter the 

preparation and characterhtion of the series of mthenium mono(oligothienylacetylide) 

complexes 62a - c and bis(oligothieny1acetylide) complexes 63a - c are described. The 



interaction between the metal and organic ftagments is probed Electropolymerization of 

several of these complexes are &O Cameci out 

A 
Ph2P, ,PPh2 

A 
Ph2P, ,PPh2 

Cl-Ru = R R R u  R 
/ \ 1 \ 

Ph2Pb PPh2 Ph2Pv PPh2 

3.2 Experimental 

General. Procedures were as descnbed in Chapter 2 except as noted here. Diethyl 

ether and THF were dried by refluxing over sodiudbenzophenone. Düsopropylamine was 

purifïed by distillation fiom KOH and was stored over molecular sieves (4 A). Trans- 

pd(Pph&C12, 142, ~ i ( d p p ~ ) ~ l ~ ,  143 l -(trimethylsilyl)-2-(2-thieny1)acetylene (64a), 144 (2- 

thieny1)acetylene (65a), 14-4 22-bithiophene, la 5-bromo-2,2'-bithiophene,145 2,2':5',2"- 

terthiophenel6 and 5-iodo-2,2':5',2"-terthiophene la were al1 prepared using literature 

procedures. 1 -(TMnethylsiiyi)-2-(5-(2,2'-bithieny1))acelene (64b) and (5-(22- 

bithieny1))acetylene (65b) were prepared by modification of the procedures for the preparation 

of 64a and 65a respectively. 144 1 -(Tnbutylstan.yl)-2-(2-thieny1)acetylene (67a) and 1- 

(triiutylstanny1)-2-(5-(2,2'-bithieny1))aceene (67b) were prepared using the procedure for 1- 

(tri'b~tyIstannyl)-2-(S-(2,2':5~~2"-terthieny1))acetylene ( 6 7 ~ ) ~  and used without fùrther 

purification. The concentration of the complexes for electrochemical measurements was in 

the range 1.6 x 10-~ - 2.2 x 10-~ M unless othenvise noted. The visible and near-IR spectra of 



62a+ - cç and 63aC - cC in dry C H 2 C I 2  solutions were collected on a Varian Cary 5 

spectrometer, in which the sample cell was held at -17 OC under a nitrogen atmosphere. 

1~rimethyIsilyI)-245-(2J1:5'J"-terthienyi)) (64c). A suspension of 5- 

iodo-2,2':Sf,2"-teahiophene (0.64 g, 1.7 mmol), diisopropylamine (0.33 g, 3.3 mmol), trans- 

Pd(E'Ph&Cl2 (O. 14 g, 0.20 mmol) and CUI (0.022 g, O. 12 mmol) in dry THF (60 mL) was 

degassed for 2 min with N2. TrUnethyisily1acetylene (0.33 g, 3.4 rnrnol) was added to the 

suspension via syringe. m e r  the solution was stirred ovemight at room temperature the 

solution tumed dark green. The reaction was quenched by adding distilled water (20 rnL) to 

the solution The organic layer was collected, and the aqueous layer was extracted with 

CH2C12 (2 x 20 mL). The organic extracts were combined and washed with brine (30 rnL) 

and distilled water, and then dned over anhydrous MgS04. The solvent was removed to 

obtain a brown solid, which was pusified by flash chromatography (silica gel), using hexanes 

as eluant. Yield: 0.52 g (88%). 'H NMR (400 MHz, CDCG): 6 7.21 (dd, J = 5.1, 1.0 Hz, lH), 

7.16 (dd, J = 3.6, 1.0 Hz, 1H), 7.12 (d, J = 3.8 Hz, IH), 7.05 (s, 2H), 7.00 (dd, J = 5.1,3.6 Hz, 

lH), 6.97 (d, J = 3.8 Hz, lH), 0.30 (s, 9H). "C ('H} NMR (75.429 MHz, CDCb): 6 138.48, 

136.85, 136.78, 135.22, 133.48, 127.86, 124.78, 124.66, 124.29, 123.84, 123.08, 121.72, 

100.18,97.39, -0.17. Anal. Calcd for C17Hl6S3Si: C 59.25, H4.68. Found: C 59.18, H4.70. 

(5-(2,2':ST,2"-Terthieny1))acetylene (65c). To a solution of 64c (0.44 g, 1.3 mmol) 

in a mixture of CHCI, and MeOH (60 mL, 1:3 v/v), was added anhydrous K2CO3 (0.36 g, 2.6 

mmol). The suspension was stirred at room temperature for 2 h, after which time the solvent 

was removed, and the solid was extracted with CHCG (20 mL). The CHC13 solution was then 

washed with distilled water (2 x 30 mL), and dried over anhydrous MgS04. The product was 

obtained as a yellow solid by rernoving the solvent and then purified by flash chromatography 



(silica gel) using hexanw as el- Yield: 027 g (78%)). 'H NMR (400 MHz, CDC13): 6 7.22 

(dd, J =  5.1, 1.1 Hk, lH), 7.15 - 7.17 (m, XI), 7.05-7.07 (m, 2H), 6.99 - 7.02 (m, 2H), 3.40 (s, 

1H). 13c{'~} NMR (75.429 MEh, CDC13): 6 138.85, 137.06, 136.79, 135.09, 133.98, 

127.93, 124.99, 124.79, 124.35, 123.96, 123.09, 120.56, 82.56, 82.38. Anal. Calcd for 

Cl$&&: C 6 1.73, H 2.96. Found: C 62.04, H 2.96. 

DiisopropylaminoMbutyistannane. This compound was prepared by modification 

of a Literature procedure.147 n-BuLi (1 -6 M in hexanes; 3 1.7 rnL, 50.7 mrnol) was diluted with 

dry diethyl ether (30 mL), and cooled to -78 O C .  Diisopropylarnine (5.1 9 g, 5 1.3 m o l )  was 

cooled to -78 OC, and was added dropwise via cannula while the n-BuLi solution was being 

stirred. Upon completion of the addition, the mixture was dowed to warrn to room 

temperature. A solution of triiutyltin chlonde (10.3 mL, 3 8.0 mmol) in dry diethyl ether (15 

mL) was added to the stirred reaction mixture, causing an immediate color change to rnilky 

white. After being heated at reflux for 4 h, the solution was shired at room temperature for 12 

h, after which time the mixture became a pale yellow cloudy suspension. The lithium chloride 

was removed by suction filtration through Celite under N2. Removal of the solvent from the 

filtrate afTorded an orange oil, which was distilled Ni vacuo to obtain a moisture-sensitive 

colorless oil (bp = 152 OC at 0.15 mmHg). Yield: 9-01 g (61%). 'H NMR (200.132 MHz, 

aCl3) :  8 2.83 (septet, J = 6.3 Hz, 2J3, 1-51 - 1.64 (m, 6H), 1.16 - 1.39 (m, 12H), 0.97 (ci, J 

= 6.3 Hz, 12 Il), 0.86 (t, J = 7.3 Hz, 9H). Anal. Calcd for CifiiNSn: C 55.40, H 10.59, N 

3.59. Found: C 55.38, H 10.68, N 3.90. 

l~rib~~tannyl)-2~~2~2':5'~2"-terthienyl))acelee (67c). This compound 

was prepared by modification of a published procedure.148 Düsopropylaminotnbuty1stannane 

(0.72 g, 1.8 mmol) was added to a flask charged with 65c (OSOg, 1.8 mmol). Dry THF (20 



mL) was added to the mixture, and the solution was stirred ovemight in the absence of light at 

room temperature. The THF was removed, and the residual oil was held in vumo at room 

temperature ovemight to obtain a brown oil. Yield: 1.02 g (99%). 'H NMR (400 MHz, 

CDC13): 6 7.20 (dd, J = 5.1, 1.0 H z ,  lH), 7.15 (dd, J = 3.6, 1.0 Hz, 1H), 7.06 (4 J = 3.8 Hz, 

lH), 7.04 (s, 2H), 7.00 (da J=5.1,3.6 Hz, lH), 6.97 (ci, J=3.8 Hq 1H), 1.57 - 1.64 (m, 6H), 

1.32 - 1.41 (m, 6H), 1.07 (5 J = 8.1 Hz, 6H), 0.93 (t, J = 7.3 Hz,  9H). And. Calcd for 

C2&&S3Sn: C 55.62, H 6.10. Found: C 55.84, H 6.29. 

tr~ns-(Ru=C~(dppm)~(c1)][PF6] (R = 2-thienyl) (66a). To a solution of 59 

(0.60 g, 0.64 mmol) and NaPF6 (0.2 1 g, 1 -3 rnrnol) in CH2C12 (75 rnL) was added 65a (0.15 g, 

1.4 mmol). Mer being stirred at room temperature for 18 h, the red-brown solution was 

filtered through a filter-paper-tipped cannula. The solvent was removed in vamo, and the 

residue was rinsed with diethyl ether to obtain a rut-colored solid. The solid was dned in 

vacuo at 90 OC for 6 days. Yield: 0.68 g (92%). 'H NMR (400 MHz, CDCb): 6 7.15 - 7.45 

(m, 40H), 6.87 (dd, J = 5.2, 0.9 Hz,  lH), 6.51 (dd, J = 5.2, 3.6 Iiz, lH), 5.30-5.40 (m, 2H), 

5.01 - 5.10 (m, 3H), 3.22 - 3.25 (m, 1H). 3 1 ~ { 1 ~ }  NMR (81.015 MHz, CDC4): S -18.1 (s). 

Anal. Calcd for C56&C@5R~S: C 58.06, H 4.18. Found: C 57.70, H 4.06. 

pans-R~(dpprn)~(Cr)(CCR) (R = 2-thienyl) (62a). To a solution of 661 (0.62 g, 

0.54 mrnol) in CHKl2 (40 rnL) was added 1,8-diazabicyclo[5.4.0]undec-7-ene @BU) (80 &, 

0.54 rnrnol) via syringe. The red-brown solution changed color quickly to yellow. After 

being stirred at room temperature for 2 h, the reaction mixture was filtered through a filter- 

paper-tipped cannula, and the solvent was removed in vucuo. The resulting dark yellow solid 

was taken up in a minimum of THF and transfemed via cannuia to a Schlenk filter charged 

with neutml alumina (Bmclanan, Activity I). The product was eluted with diethyl ether. 



Rernoval of the solvent at reduced pressure, followed by rinsing with hexanes, yîelded a 

yellow solid, which was recrystallized from layered chlorofomihexanes. The crystals were 

cmhed and dried in vacuo at 90 OC for 6 days. Yield: 0.36 g (66%). 'H NMR (400 MHz, 

CDC13): 6 7.38 - 7.50 (m, la, 720-7.30 (m, 8H), 7.15 (t, J = 7.6 Hz, 8H), 7.09 (t, J = 7.6 

Hz, 8H), 6.57 - 6.60 (m, 2H), 5.68 (dd, J = 2.6, 1.9 H i ,  lH), 4.88 (quintet, J = 4.2 Hz, 4H). 

3 ' ~  {'H) NMR (8 1 .O 15 MHz, CDCI,): 6 -8.7 (s). Anal. Calcd for C & I & l ? ~ u S :  C 66.43, 

H 4.68. Found: C 66.33, H 4.61. 

bans-R~(dppm)~(Cl)(C-=cR) (R = 5-(2,2'-bithienyl)) (62b). To a solution of 59 

(0.3 1 g, 0.33 m o l )  and NaPh (0.16 g, 0.95 rnmol) in CH2C12 (30 mL) was added 65b (0.17 

g, 0.89 mmol). The solution was stirred at room temperature for 7 h, turning dark-brown. The 

solution was then filtered through a filter-paper-tipped cannula, and a brown solid was 

obtained by removing the solvent The solid was dissolved in CH2C12, and filtered through a 

short Al203 column (Basic, Brockman Activity 1) to give an orange solution. The volume of 

the solution was reduced to approximately 1 mL, and hexanes (40 mL) were added to the 

solution to induce the precipitation of an orange-yellow solid. The solid was dned ovemight 

in vactco at room temperature. Yield: 0.16 g (44%). 'H NMR (400 MHz, CD2C13: 6 7.50 - 

7.56 (m, 8H), 7.41 - 7.47 (m, 8H), 7.34 (t, J=7.4 Hz, 4H), 7.30 (t, J =  7.4 Hz, 4H), 7.22 (t, J =  

7.6 HZ, 8H), 7.16 (t, J = 7.6 Hz, 8H), 7.10 - 7.12 (m, IH), 6.96 - 6.98 (m, 2H), 6.70 (d, J = 3.4 

Hz, lH), 5.54 (4 J=3.4Hz, lm, 4.86-4.99 (m,4H). 3 1 ~ { ' ~ )  NMR(81.015 MHz, CDC13): 

6 -8.9 (s). And. Calcd for Cfi9CP&uS2: C 65.84, K 4.51. Found: C 65.92, H 4.52. 

trPns-R~(dpprn)~(CI)(~R) (R = q2,2':5',2"-terthienyl)) (62c). This complex 

was prepared as described for 62b. Yield: 53%. 'H NMR (400 MHz, CD2C12): 6 7.50 - 7.56 

(m, 8H), 7.41 - 7.48 (m, 8H), 7.12 - 7.38 (m, 26H), 7.03 - 7.06 (m, 2H), 6.87 @road, lH), 



6.72 (4 J = 3.7 Hz,  lH), 5.54 (broad, IH), 4.86 - 4.98 (m, 4H). 3 1 ~ { 1 ~ )  NMR (81.015 MHz, 

CDCI3): 6 -8.9 (s). A n d  Calcd for C~QH~ICIP~RUS~: C 65.33, H 4.37. Found: C 65-49, H 

4.42. 

@ans-Ru(dpprn)@=CR)2 (R = 2-thienyl) (63a). To a deaerated solution of 59 (0.43 

g, 0.46 mmol) and Cu1 (7 mg, 0.04 m o l )  in chlorobenzene (25 mL) was added 67a (0.73 g, 

1.8 mmol). The solution was heated at reflux ovemight, and then cooled to room temperature. 

Chiorobenzene was removed, and the residual solid was dissolved in CH2C12. The w l z  

solution was filtered through Celite to remove CUI. The filtrate was concentrated to 

approximattely 10 mL, and hexanes were added The solution was then cooled to -4 OC 

ovemight, resulting in the precipitation of 63s- Yield: 0.30 g (60%). 'H NMR (400 MHz, 

CDzCl& S 7.47 - 7.55 (4 16H), 7.28 (t, J = 7.4 HZ, 8H), 7.15 (t, J = 7.6 Hz, 16H), 6.63 - 

6.66 (m, 4H), 5.87 (t, J=2.3 Hz, 2H), 4.85 (quintet, J=4.2 Hz, 4H). 3 1 ~ { 1 ~ }  NMR(81.015 

MHz, CD&): 6 -4.4 (s). Anal. Calcd for C62H583RuS2: C 68.69, H 4.65. Found: C 68.43, 

H 4.53. 

trans-Ru(dppm)@=CR)2 (R = 5-(2,2'-bithieny1)) (63b). This complex was 

prepared as descnbed for 63a. Yield: 80%. 'H NMR (400 MHz, CDQ): 6 7.42 - 7.48 (m, 

16H), 7.26 (t, J=7.4 Hz, 8H), 7.15 (6 J =7.6 Hz, 16H), 7.07 (dd, J =  5.0, 1.2 Hz, ZH), 6.93 - 

6.99 (m, 4H), 6.74 (d, J = 3.7 E%z, 2H), 5.69 (d, l = 3.7 Hz, ZH), 4.81 (quintet, J = 4.1 Hz, 4H). 

3 1 ~  ('HI NMR (8 1.015 MHz, CDC13): S -6.3 (s). Anal. Calcd for C7&54p&uS4: C 67.35, H 

4.36. Found: C 67.01, W 4.47. 

&an~-Ru(dppm)~(~R)2  (R = 5-(2,2':5'fW-terthienyi)) (63c). The complex was 

prepared as descnbed for 63a. Yield: 84%. 'H NMR (400 MHz, CDC13): 6 7.41 - 7.47 (m, 

16H), 7.27 (t, J = 7.4 Hz, 8H), 7.11 - 7.19 (m, 20H), 7.02 (ci, J = 3.6 Hz, 2H), 7.00 (dd, J = 



5.1,3.6, ZH), 6.87 (d, J = 3.7 Hz,  2H), 6.75 (CI, J = 3.7 H i ,  2H), 5.69 (d, J = 3.7 Hz,  2H), 4.82 

(quintet, J = 4.0 H i ,  4H). 3 1 ~ { ' ~ )  NMR (81.015 MHz, CDCb): 6 -6.3 (s). Anal. Calcd for 

C&8p4RuS6: C 66.32, H4.14. Found: C 65.98, H 4.04. 

Crystallographic Study. Data collection and structure determination were performed 

by the late Dr. Steven Rettig in this department. An orange irregular crystal of dimensions 

0.40 x 0.35 x 0.20 mm was used. Data were obtained on a Rigaku/ADSC CCD area detector 

with graphite monochromated Mo-Ka radiation (h = 0.71069 A). The data were collected at a 

temperature of -93 O C. A total of 1 53 12 independent reflections were measured (28 1 6 1 O), of 

which 8814 had 1 > 3 0 0  and were considered to be observed. The data were corrected for 

Lorentz and polarization factors. Crystal data for 63c: C7&?&&k&, Mr = 1412.64, triclinic, 

çpace group PI a = l3.1663(9) 4 b = l5.5443(8) & c = 17.757(2) a= 70.834(3)', P 

= 83.6388(10)O, y= 75.9874(6)OY Y =  3328.7(4) A3, Z = 2, D (cak) = 1.409 g cm-3, p (h40 

Ka) = 5.65 cm-', F(000) = 1452. 

The structure was solved by direct methods and expanded using Fourier techniques. 

Both texminal thiophene moieties are disordered with respect to a 1 80° rotation about the bond 

to the adjacent ring. For the ring containing S(3) and the minor component S(3a) the disorder 

was modeled by split-atom refinement with bond length constraints. A similar treatment of 

the more nearly ordered ring containhg S(6) was not successful. As a result of the disorder, 

both resolved and unresolved, the geometry of the terminal thiophene rings is subject to errors 

larger than expected fiom the least-squares standard deviations. AU other non-hydrogen 

atoms were refined anisotropically. Hydrogen atoms were fixed in idealized positions with 

C-H = 0.98 A and thermal parameters 1.2 tirnes those of the parent atoms. The final cycle of 

fiiil-matrix least-squares refinement was based on the observed data and 809 variable 



parameters and converged with Ri = 0.037 and w& = 0.079. The maximum and minimm 

peaks on the final difference Fourier map were corresponded to 1.92 and -1.28 e K3 

respectively. AU calculations were performed using the texSan crystallographic software 

package of Molecular Structure Corporation. 

3 3  Results and hterpretation 

33.1 Syntheses and Structure 

Complexes 62a - c are synthesized by coupling cis-Ru(dppm)zClz (59) with 

oligothienylacetyleneç 65a - c in the presence of excess Naph, yielding ruthenium vinylidene 

complexes 66a - c (Scheme 15). Complexes 66a - c are converted to 62a - c either by 

passing through a basic Alz03 column or by reaction with 1,8-diazabicycIo[5.4.O.]undec-7-ene 

wu). 
Scheme 15 

59 65a - c 66a - c 62a - c 

i: Nd?F6, CH,C12; ii: DBUheutral N2o3 or basic &O3 

Scheme 16 



Bisacetyiide complexes 63a - c are prepared via the coupling of 59 with the 

correspondhg 1-(tn'butyIstanny1)-2-(01igothienyl)acety 67a - c in the presence of 

catalytic Cu1 (Scheme 16). The reactions are camied out in the absence of Iight in 

chlorobenzene heated at reflux. Complexes 62a - c and 63a - c are fully characterized using 

'H and 3 ' ~  NMR, IR and W-vis spectroscopies, and the elementai arialyses are aii in the 

expected range. In solution, ail the complexes decornpose slowly when exposed to ambient 

light. 

The 'H NMR spectnim of 6Zc shows broadened peaks assigned to the protons close to 

the rutheniun, and a single broadened peak is observed in the "P NMR spectnun. The 

broadened peaks sharpen when diisopropylamine is added to the NMR solution, and no new 

resonances are observed in the 3 ' ~  NMR spectnim, consistent with the broadening being a 

result of partial oxidation to the paramagnetic  RU^ species, and in situ reduction with 

diisopropylamine- It is possible that 62c is oxidized slowly in solution when the solution is 

exposed to air, or that a trace amount of the  RU^ species is fonned on the basic alumina in the 

last step of the synthesis. This is the ody  compound in the series for which peak broadening 

is consistently observed in the NMR spectra. 

Complex 63c is crystallized fiom layered CHzC12/hexanes at 4°C to obtain orange 

irregular crystals whose structure is determined by single-crystal X-ray difiction (Figure 18). 

Selected bond lengths and angles are listed in Table 10. The ruthenium center is in a distorted 

octahedral environment with the two terthienylacetyiîde ligands in a tram orientation around 

the Ru. The dihedral angles between the six thiophene rings in the structure are of interest 

since the extent of conjugation depends on the coplanarity of the rings. The thiophene rings 

are labeled 1 - 6 in Figure 18. The dihedral angle between the two Uinennost thiophene rings 



(1 and 4) is 47.2'. The dihedral angles between rings 1 - 2 and 4 - 5 are smali, 9.3O and 2.6O 

respectively, indicating that these rings are held nearly coplanar in the solid-state molecular 

structure. Both temunal thiophene rings (3 and 6) are disordered with respect to 180° rotation 

about the bond to the adjacent ring and have dihedral angles with the adjacent rings of 1 7 . 8 O  (2 

- 3) and 27.6" (5 - 6). 

Table 10. Selected Bond Lengths (A) and Angles (deg) for 63c 

Ru(1) - P(l) 2.059(3) 



Figure 18. Solid-state molecular structure of 63c. 

Complexes 62a - c aU have two oxidation waves in their cyclic voltammograms 

(Figure 19) in the range 0.0 to 1.6 V vs SCE. Wave A is assigned to a  RU^ redox process 

since it appears at similar potentials in al1 three complexes (Table 11). Related complexes 

~ a m - R ~ ( d p p r n ) ~ ( C l ) ( ~ R ~  (R' = Ph and 4-nitrophenyl) have oxidation waves due to the 

RU- process with Ew = 0.41 V vs SCE for R' = Ph and 0.59 V vs SCE for R' = 4- 

nitr0~hen~l.149 Inspection of the first oxidation waves (A) for 62a - c reveals features 

diagnostic of chernical irreversibility. For aU these complexes plots of i,. to vlR (v = scan rate) 



deviate nom Iinearity, and the ratio ipdip, is l a s  than 1 (Table 1 l), consistent with some of the 

oxidized species undergohg following chernical reactions.l50 These results suggest that 

isolation of the RP complexes may be dlfflcult, due to the instability of the oxidized species 

in solution. nie iP,diPa ratio for 62c is closest to 1.0, so the oxidized form of this complex is 

most Iücely to be SUflEciently stable to isolate. Attempts to isolate the  RU^ complex by 

oxidation of 62c using FcPFs obtain a deeply colored gray-green solicl; however, this complex 

is found to be impure. The IR spectnmi of this solid contains an unassigned band at 1920 

cm-* in addition to the expected peak at 1976 cm-'.l36 In addition, electrochemical reduction 

of the oxidized 62e yields other products in addition to 62c, as indicated by new resonances in 

the "P NMR spectnun. Although all attempts to isolate the  RU^ complexes as pure solids are 

unsuccessfuZ these species can be spectroscopically characterized in situ (Yide infia). 

The second oxidation wave @) in the CV of 62a is clearly chemically irreversible. 

For complex 62b, wave B becomes more reversible only at high scan rates (2 100 mV/s), but 

is irreversible at slower scan rates. Wave B appears most chemically reversible for 62c. The 

oxidation potential of wave B decreases signiscantly as the length of the oligothienyl ligand 

increases (Table 11). Based on this behavior, the second oxidation wave (B) is assigned to a 

thiophene-based oxidation. Electrochernical studies on oligothiophenes have shown that 

Longer oligorners have lower oxidation potentials.2L22 The potential of wave B in 62c is 

lower and more reversible than the first oxidation wave in the CV of the organic oligomer 64c 

(Ga = 1.07 V vs SCE). At the potentid of wave B the ruthenium in 62c is already oxidized; 

yet, is still able to stabilize the ligand-based oxidation relative to the trimethylsilyl denvative 

64c. The CVs of complexes 63a - c all contain multiple waves. Complexes 63a and 63b 

both show four distinct waves in the range O - 1.4 V vs SCE (Figure 20a and b). The lowest 



potenti'al waves (C for 63a; G for 63b) are assigned to a RF redox couple. Wave G is more 

reversible than wave C as shown by i& measurements, and wave C becomes more 

reversible at hi& scan rates. The three irreversible waves @, E and F for 631; H, 1 and J for 

63b) obsewed at higher potentials are assigned to ligand-based oxidations, as weli as 

oxidation of products resulting h m  decomposition during the electrochemical experiment It 

is very clear that the first ones of these multiple waves (D and E-I) are ligand-based and are 

likely due to the same process which gives rise to wave B in the CVs of 62a - c. 

For cornplex 63b repeated scans over the range O - 1.4 V resuIt în an uicrease in the 

curent upon each subsequent scan (Figure 21a). This observation is consistent with 

deposition of conducting matenal on the electrode. Inspection of the electrode surface d e r  

multiple scans reveals the presence of an insoluble red film. During growth of the film, wave 

G decreases in intensity and eventually disappears, presumably due to the film blocking 

M e r  monomer fiom reaching the electrode surface. This indicates that the film is insulating 

at 0.3 V vs SCE since a conducting film would allow oxidation of monomer in solution at this 

potential even if the monomer cannot penetrate to the electrode surface. 

Bisacetylide 63c shows four waves in its CV, ail of which appear relatively reversible 

(Figure 20c). The  RU^ wave (K) appears very close to where it is observed for 63a and 63b. 

The three waves (L, M and N) at higher potentials are due to ligand-based oxidation 

processes, by analogy with the results observed for 63a and 63b. When the conceniration of 

the sample is increased, the shapes of the waves in the CV change as a result of deposition of 

conductive material on the electrode during the scan (Figure 21c, first scan). Multiple sans 

show clear evidence for this growth (Figure 21c), analogous to the observations for 63b. 

Extended scanning of solutions containhg lower concentrations of 63c (3.5 x 104 M, as in 
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Figure 20c) &O r d t s  in deposition of conducting material, albeit more slowly. Since the 

stability of the oxidized species formed under these conditions is in doubt, the exact nature of 

the conducting material formed in these experiments is unclear. It is possible that the material 

contains coorduiated metal centen in addition to dimerized or polymerized oligothienyl 

ligands, or altematively that decomposition of the complexes via ligand loss results in 

polythiophene-like conducting polymer films. No films foxm when 62a - c and 63a are 

scanned repeatedly under the same conditions. 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 

Voltage (V vs SCE) 

Figure 19. Cyclic voltammograms of (a) 62a (2.2 x 10-~ M), @) 62b (1.6 x IO-' M) and (c) 

62c (1.8 x 10-~ M) in CH2C12 containing O. 1 M [(n-Bu)&jPFs. Scan rate = 1 00 mV/s. 



-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

Voltage (V vs SCE) 

Figure 20. Cyclic voltammograms of (a) 63a, @) 63b (4.0 x 104 M) and (c) 63c (3.5 x 104 

M) in CHzC12 containhg 0.1 M [(n-Bu)aP&. The scan rate = 100 mi%. The dotted lines 

show the cyclic voltarnrnograms in the range of 4 . 2  - 0.6 V vs SCE. 



Voltage (V vs SCE) 

Figure 21. Multiple scan cyclic voltammograms of (a) 63b (4.0 x 104 M) and @) 63c (1.8 

1 o - ~  nx) in CHSl2 containhg 0.1 M [(n-Bu)&JPF6 Scan rate = 100 mV/s. 



Table 11. Spectroscopic and Electrochemical Data for 62a - c 

Complex UV-vis-near-IR @Br) 49 fP,dfP/ ~ ~ ~ ( 2 ) ~ ~ ~  

n (nm) (E (M%m-'))a v w  (cm-') ( ~ u - ) ~ ~ ~  

328 (14000) 

406 (22000) 

334 (sh) (1 lOOO), 450 (33000) 

375 (13000), 580 (29000), 665 

(sh) (17000), 1090 (29000) 

338 (25000) 

420 (53000) 

340 (sh) (24000), 460 (75000) 

400 (45000), 595 (28000), 1330 

(23000), 1610 (sh) (1 6000) 

384 (34000) 

" C H a 2 ,  20 O C  except for 62cC and 63c+ which were obtained at -17 OC. V vs SCE, Pt 

w o r h g  electrode, 20 OC. 'RU- wave; scan rate = 100 mVfs. dfïrst oxidation wave. 

3 3 3  Spectroscopic Characterïzation 

The fkequencies of the inhred absorption bands for the C=C groups in the complexes 

are collected in Table 1 1. The absorptions appear at similar energies for the whole series, and 

are signifiçantly lower in energy than the correspondhg absorption for 1-(trimethylsily1)-2-(5- 

(2,2t:5',2''-terthieny1))acetylene (646) demonstrating the extent of backbonding of the RU' 

center with the acetylide. 
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Figure 22. UV-vis spectra of 62a (-), 62b (-) and 62c (-) in CH2C12 

The elecfronic spectra of 62a - c and 63a - c are shown in Figures 22 and 23 

respectively. Al1 the complexes exhibit strong ligand-based (dppm) absorption bands above 

270 nm. Intense absorption bands with & in the range 328 - 460 nm are assigned to 

thiophene-based s - n* transitions. These bands are absent in the spectra of andogous 

complexes which do not contain oligothienyl Ligands, such as tram- 

~ u ( d p p r n ) ~ ( C I ) ( ~ ~ , ~  and the extinction coefficients are in the range expected for such 

transitions.152 These absorption bands are approximately twice as intense in the spectra of the 

diacetylides 63a - c as the co~~esponding bands for the monoacetylides 62a - c, and the 



energy of the transition shifk to lower energy as the length of the oligothienyl ligand is 

increased The energy of the rr - n* absorption is 450 nm for 62c and 460 nm for 63c, while 

the absorption maximum for compound 64c appears at 384 n m  and 355 n m  for 2,2':St,2"- 

terthiophene,14 indicating that the electron-donating RU' reduces the n - a* energy. The 

differences in & are small between the monoacetylide and diacetylide containing the same 

ligand, fiom which it is concluded that the n - R* transitions in the diacetylides are largely 

localized on each ligand rather than delocalized over the whole cornplex. 

250 300 350 400 450 500 550 600 

Wavelength (nm) 

Figure 23. UV-vis spectra of 63a (-), 63b (-) and 63c (---) in CHzC12. 
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Figure 24. Vis-near-IR spectra of 62c+ and 63cç (-) in CH2C12 at -17 OC. 

Due to the instability of the  RU^ complexes (vide supra) electronic spectra of these 

species cannot be obtained at room temperature; however, the solutions of the oxidized 

complexes cari be prepared by the addition of one equivalent of a fkeshly prepared solution of 

FcPF6 to a solution of the neutrai complex in dry CH2Clz at -20 OC. The solutions are 

tramferrd to a spemophotometric ceii held at -1 7 O C ,  and the electronic spectra are obtained. 

The oxidation reactions are assumed to be complete when no mer increase in the new 



absorption bands is observed (within 30 min). After this time, the oxidized species 62cC and 

63c+ are stable in solution for at least 30 min with oniy slight changes in their absorption 

spectra Complexes 6îa+ - b+, 63a+ - bC stiil decompose at this temperature as evidenced by 

changes in the color of the solutions, and the spectra of these complexes are not reproducible. 

For fhese complexes oxidation and decomposition of the RU= species occur at a comparable 

rate, resulting in mixtures of complexes in solution. 

The electronic spectra of 62c+ and 63cC at -17 OC are shown in Figure 24, and the data 

summarïzed in Table 11. In these spectra, three sets of bands (I - RI) are observed in the 

visible and near-IR regions. The ferrocenium used in the preparation is reduced to ferrocene, 

which has a d - d transition in this region; however, it is very weak (441 nm, E = 91 

M?~m-~)l53 and does not ioterfere with the observed specûa Band 1 is assigned to the a - x* 

absorption of the terthienyl group. This absorption shifts to higher energy in the RU* species, 

since the metal center is less electron-donating than in the corresponding RU" complexes. 

Bands II and Iü consist of multiple, intense absorptions in the visible and near-IR region and 

are entirely absent in the spectm of the R# analogs.  RU^ complexes fiequently exhibit 

ligand-to-rnetal charge-wfer (LMCT) absorptions,369137 particularly with reducing-type 

ligands. Based on the intensities and energies of bands II and III these bands are assigned as 

LMCT bands fiom the terthienyl ligand to the RU? Splitting of both ligand-donor orbitals 

and metal-acceptor orbitais would give rise to the multiple bands which are observed; 

however, it is not possible to assign these low-energy bands to specific transitions at this time. 



3.4 Discussion 

In complexes 628 - c and 63a - c the length of the oligothienyl group has a ciramatic 

effect on the oxidation potentiai of this group; however, it does not significantly affect the 

RU- oxidation potentiai. This is similar to the effects observed in bimetaliic ~ e '  

ferrocenylacetylide complexes 8a and 8b.56 The oxidation potential of the (Cp)(PP)Fe- 

moiety is -0.47 V vs FC+/FC in 8a (PP = dppm), and 4.84 V (PP = dmpe) in 8b, while the 

oxidation potential of the femocenyl group is relatively constant at +0.12 V vs FC+/FC in 8a 

and +0.08 V in 8b. Although the length of the oligothienyl ligand has little effect on the 

potential of the RU- oxidation, the complexes containing the longer ligands are found to 

have more reversible RU- oxidation waves. This is due to resonance delocalizition of the 

positive charge in the RU* species ont0 the oligothienyl group. This resonance stabilization is 

greater for more conjugated ligands, and minimizes M e r  chernical reactions of the oxidized 

complexes. This is consistent with the complete irreversibility of the RU- wave in tram- 

~ u ( d p p m ) ~ ( ~ l ) ( ~ C H ) , 1 ~ ~  in which no resonance stabilization is possible. 

Charge delocalization in the monocations 62cC and 63c+ may be evaluated by analyçis 

of their electrochernical and spectroscopie data using Hush theory, which has been previously 

applied to LMCT ~rocesses.3~-36 The terthienyl-to-~u~ LMCT in these oxidized species can 

be represented by the potential energy diagram in Figure 7b, and the energy of the LMCT 

correlates to the oxidation potential ciifference between the metal and oligothienyl groups (eqs 

8 and 12). The clifference in the oxidation potentials (Ai?) of the texthienyl ligand and the Ru 

center is 0.54 V in 62c and 0.46 V in 63c, and the complex with the smaller LE (63c) also has 

the lower energy LMCT band The lowest energy absorptions are observed at 1090 nrn in 

62cf, and 1330 MI with a shoulder at 1610 rn in 63cf. SimilarIy, the ciifference in the 



oxidation potentials for the two ~ e -  couples of 8a (0.62 V) and 8b (0.80 V) correlates with 

the energy of the WCT band56 The monocation 8af has an intense, broad IVCT band at 

1595 nm, while 8bf has a band at 1295 nm. 

3 J Conclusions 

The results in this Chapter support the conclusion that the n system of the conjugated 

oligothienyl ligands interacts electronically with the Ru center. The electron-donating RU' 

group decreases the energy of the n. - n* transition in the oligothienyl Ligands, and the energy 

of this transition increases when the RU" is oxidized. The reversibility of the RU- oxidation 

wave improves as the length of the oligothienyl ligand is increased, indicating stabilization of 

the RU= species occurs via delocalization of positive charge nom the metal to the oligothienyl 

ligand. The presence of low-energy charge-transfer transitions in the spectra of 62cf and 63cf 

is consistent with this delocalization. 

These resuits suggest that polymers containhg Ru centers bndged by oligothienyl 

linkers could be conductive; however, it is clear that polymers having these groups will 

require complete stability of the Ru center in both oxidation states, otheMrise decomposition 

may result in the formation of material of ill-defhed composition. 
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Chapter 4 Charge Delocalization in @errocenylethynyr)oigothiophene Complexes 

4.1 Introduction 

The extent of charge delocakation in metal complexes wiiï depend on the magnitude 

of the enerw b& to charge tramfer between donor and acceptor (Eh as shown in Figure 7). 

As described in Chapter 2, the higher degree of charge delocali23ation in the mtheniumi@) 

bis(femceny1aceiyiide) complexes is obsened when the clifference in oxidation potentials 

between the terminal groups and the Ru center is smallest The sarne trend is aiso observed 

for 62cC and 63c+, which show oligothienyl-to-~u~ LMCT bands in the near-IR region. 

These LMCT absorption bands have very similar features to the WCT bands descnied in 

Chapter 2. 

The elecironic and optical properties of hybnd polymers which consist of metal and 

organic conjugated groups in the polymer backbone depend on charge delocalization along the 

polymer backbone. Insight into the extent of delocalization along the polymer backbone may 

be obtained by examining the LMCT processes in mode1 complexes such as FC+EC-R and 

FC+EC-R--FC/FC+ (R = conjugated orgaaic groups). This Chapter describes the 

spectroscopie and electrochemical characterization of a series of compounds in which a metai 

center (ferrocene) is conjugated to oligotbiophenes of varying oxidation potentials (68a - e 

and 69a - e). Analysis of this data allows important conclusions to be made regarding charge 

delocalization in these complexes. 



General. Procedures were the sarne as descnbed in previous Chapters except as noted 

here. 5,5'-~ibromo-2,2~-bithiophene~~ and 5,5 "-dibrom~2,T:5',2"-terthiophene146 were 

prepared using literabie procedures. 3,4-Ethylenedioxythiophene was a gift fiom Bayer Ltd. 

W-vis-near-IR spectra of solutions of 68a+ - e+ and 69a2+ - e2+ in CHzClz containing 0.10 

M [(n-Bu)4N]PF6 were obtained on a Varian Cary 5 spectrometer. 

Eleetrochemistry. Cyclic voltarnmograms were obtained under niirogen at room 

temperature in a C w 1 2  solution containing 4 - 6 x 10-~ M complex and 0.5 M [(n- 

Bw)wPF6. Before addition of dxy solvent the cells containing the electrodes and electrolyte 

were dried in vamo at 90 OC ovemighî. Electrolyses of68a - e and 69a - e were conducted in 

a CH2Clz solution containing 0.10 M [(n-Bu)4N]PF6 ushg Pt mesh electrodes and a 

Ag/AgN03 ( C H 3 0  reference electrode (0.39 V vs SCE). 



2~rom0-3,4-ethylenedio~hiophene. This cornplex was prepared by a 

modification of the fiterature rnethod.l54 3,4Ethylenedioxythiophene (1.42 g, 10.0 mmol) 

was dissolved in THF/CH3COOH (40 rnL, 1: 1 v/v), and N-bromosuccinirnide (3 -74 g, 2 1 .O 

mmol) was added. After the solution was stirred at room temperature for 2 h, distilled water 

(100 mL) was added resulting in the precipitation of a siiver-white ctystalline solid. The solid 

was isolated by filtration, and dried over P205. Yield: 2.6 g (87%). 

3 ',4'-Ethylenedioxy-2,2 ':S1,2 "-terthiophen Mg foii (0.60 g, 25 mrnol) and one 

grain ofIz were added to a dry flask charged with cky diethyl ether (80 d). The suspension 

was stirred for 10 min, and a solution of 2-bromothiophene (3.60 g, 22.0 mmol) in diethyl 

ether (20 mL) was then added dropwise over 30 min via a pressure-equalized addition funnel. 

Mer addition, the solution was heated at reflux for 2 h, and then cooled to room temperature. 

This solution was added to a solution of 2,5-dibromo-3,4-ethylenedioxrythiophene (3.0 g, LO 

m o l )  and Ni(dppp)Clz (0.27 g, 0.50 mmol) in diethyl ether (50 mL) via a filter paper-tipped 

cmula. The mixture was then heated at reflux ovemigbt. After the solution was cooled to 

room temperature, the reaction was quenched by addition of 1 M aq HCl (50 mL). The 

organic layer was collected, washed with distilled water (2 x 50 mL) and dried over anhydrous 

MgS04. After filtration, removal of the solvent resulted in an orange oil, which was purified 

by flash chromatography on silica gel using hexaneddiethyl ether (9: 1 v/v) as eluant. The 

product was used without M e r  purification in the next step. Yield: 3.02 g. 'H NMR (400 

MHz, 4-benzene): 6 7.27 (cid, J =  3.6, 1.1 Hz,  îH), 6.81 (dd, J =  5.1, 1.1 H z ,  2H), 6.75 (dd, J 

= S.1,3.6 Hz, 2H), 3.35 (s, 4H). 

S-Bromo-3~,4'ethylenedioxy-S,2':5'~"-terthiophene, 3',4'-Ethylenedioxy- 

2,2':St,2"-te~thiophene (1.00 g, 3.03 mmol) was dissolved in THF/CH3COOH (40 mL, 1: 1 



v/v). N-Bromosuccinimide (0.55 g, 3.1 mmol) was added to the sohtion while the solution 

was sîirred rapidly. Afkr addition, the solution was stirred for another 1 h, then distilled water 

(50 mL) was added to induce the precipitation of a yeilow solid which was collected by 

filtration. The crude yellow solid was dned over P205, and the product waç purifieci by 

chromatography on silica gel using CH2Cl~/hexanes (I:4 v/v) as eluant. Yield: 0.45 g (39%). 

1 H NMR (400 MHz, &-benzene): 6 726 (cl, J =  2.9 Hz, lm, 6.81 (d, J= 4.9 Hz, IH), 6.73 - 

6.76 (m, 2H), 6.64 (ci, J =  3.9 Hk, 1 H), 3.21 - 3.35 (m, 4H). Anal. Calcd Ci&Br02S3: C 

43.64, H 2.35. Found: C 43 -03, H 2.27. 

5~"-Dibromo-3',4'-ethyIenedioxy-2,2':5'~"-terthiophene. 3',4'-Ethylenedioxy- 

2,2':St,2"-terthiophene (1.00 g, 3.03 mrnol) was dissolved in THF/CH3COOH (40 mL, 1: 1 

v/v). N-Bromosuccinimide (1.13 g, 6.36 rnmol) was added portionwise while the so1ution was 

stirred rapidly. M e r  addition the solution was s h e d  for 2 h, during which tirne a yellow 

solid formed Distilled water (50 mL) was added to induce the precipitation of more yellow 

soiid, which was collected by filtration The yellow solid was dissolved in CH2C12 (50 mL), 

and the solution was washed with distilled water (50 mL) and drkd over anhydrous MgS04. 

Atter filtration, removal of the solvent yielded a yellow solid, which was purified by 

recrystallization fiom toluene. Yield: 1.04 g (71%). 'H NMR (400 MH2, &-benzene): 6 6.72 

(d, J = 3.9 Hz, 2H), 6.65 (d, J = 3.9 Hz, ZH), 3.22 (s, 4H). And. Calcd C14&&û2S3: C 

36.22, H 1.74. Found: C 35.93, H 1.65. 

2-FerrocenylethynyIthiophene (68a). EthynyIferrocene (0.38 g, 1.8 mrnol) was 

added to a solution of 2-bromothiophene (0.25 g, 1.5 mmol), trans-Pd(PPh&C12 (53 mg, 

0.076 mmol), Cd (15 mg, 0.077 m l )  and diisopropylamine (0.30 g, 3.0 mmol) in dry THF 

(50 d). The solution was stirred and heated at reflux ovemight. After the solution was 



cooled to m m  temperature, distilled water (50 mL) was added to quench the reaction The 

solution was exûacted with C W l z  (2 x 40 mL). The organic layers were combined, washed 

with brine (50 mL) and distiiied water (50 mL), and dned over anhydrous MgS04. Removal 

of the solvent resulted in a brown solid, which was purified by flash chromatography on silica 

gel using hexanes as eluant. Yield: 0.30 g (68%). 'H NMR (400 MHz, CD2CU: 6 7.27 (dd, J 

= 1.1,5.2 &, lH), 7.21 (da J= 1.1,3.6, lH), 7.00 (dd, J= 3.6,5.2, lH), 4.50 (t, J= 1.8 Hz, 

2w, 4.27 (t, J= 1.8 Hz, 2H), 4.25 (s, 5H). And. Calcd Cld312FeS: C 65.77, H 4.14. Found: 

C 66.14, H 4.27. 

5-Ferrocenylethynyl-2,2'-bithiophene (68b). This complex was prepared as 

described for 68a using 5-bromo-2,2'-bithiophene. The product was p d e d  by flash 

chromatography on silica gel using CH2C12/hexanes (1:20 v/v) as eluant Yield: 74%. 'H 

NMR(400 MHz, CRCl2): 6 7.27(dd, J= 1.0, 5.1 Hz, lH), 7.21 (dd, J= 1.1, 3.6, lH), 7.11 

(4 J= 3.8 Hz, lH), 7.06 (d, J= 3.8 Hz, lH), 7.04 (dd, J =  3.6,5.1, lH), 4.51 (t, J= 1.7,2H), 

4.29 (t, J= 1.7,2H), 4.26 (s, 5H). Anal. Calcd C2&I&Fe: C 64.18, H 3.77. Found: C 64.24, 

K 3.78. 

5-Ferro~enylethyny1-2,2':5',2~~-terthiophene (68c). This complex was prepared as 

described for 68a using 5-iodo-2,2:5',2"-terthiophene. The product was purified by flash 

chromatography on silica gel using CHzC12/hexanes (1:3 v/v) as elumt. Yield: 25%. 'H 

NMR (400 MHz, CDC13): 6 7.21 (dd, J =  1.1,5.1 lH), 7.17 (dd, J= 1.1,3.6, 1H), 7.08 (ci, 

J =  3.8 Hz,  lH), 7.06 (s, 2H), 7.00 - 7.02 (m, 2H), 4.49 (t, J =  1.8, 2H), 4.24 - 4.25 (m, 7H) 

Anal. Calcd C2&16S3]Fe: C 63-16, H 3.53. Found: C 62.85, H 3.43. 

SFerrocenylethynyl-3,4-ethyleaedioxythiophene (68d). A solution of n-BuLi (4.0 

mL, 1.6 M in hexanes, 6.4 mmol) was cooled to -78 O C  and added dmpwise to a solution of 



55-dibromo-3,4-ethylenedioxythiophene (1.8 g, 6.0 mmol) in dry THF (40 mL). The solution 

was then warmed up to rwm temperature, and the reaction was quenched by adding 1 M aq 

HCI (30 mL). The solution was extracted with CH2C12 (2 x 30 mL), and the organic layers 

were combined and dned over anhydrous MgS04. Rernovai of the solvent yielded 1.0 g of 

pale yeUow 2-brorno-3,4-ethylenedioxythiophene, which was used without purification to 

prepare 68d, following the same procedure described for 68a. Pure 68d was obtained by flash 

chromatography on silica gel using C&C12hexanes (1:2.5 v/v) as eluant. Yield: 18%. 'H 

NMR (400 MHz, CD2C1z): 6 6.27 (s, LH), 4.48 (t, J =  1.8 Hz, 2H), 4.28 - 4.30 (m, 2H), 4.26 

(t, J= 1.8 Hz, 2H), 4.24 (s, 5H), 4.19 - 4.21 (m, 2H). Anal. Calcd Ci8Hi402SFe: C 61.73, H 

4.03. Found: C 61.43, H 3.98. 

~Ferrocenyiethynyi-3',4'-ethylenedioxyxy2,2':5',2"-terthiophene (68e). This 

complex was prepared as described for 68a using 5-bromo-3',4'-ethylenedioxy-2,Zf:5',2"- 

terthiophene. The product was purified by flash chromatography on silica gel using 

CH2Clzhexanes (1:3 v/v) as eluant. Yield: 62%. 'H NMR (400 MHg CD2C12): 6 7.25 - 7.27 

(m, 2H), 7.12 (ci, J= 3.9 Hz, lH), 7.09 (d, J= 3.9 Hi, lH), 7.04 (dd, J= 3.8,S.O Hz, lH), 4.50 

(t, J =  1.8 Hz, ZH), 4.40 (s, 4H), 4.28 (t, J =  1.8 Hz, 2H), 4.26 (s, 5H). Anal. Calcd 

C26Hls02S3Fe: C 60.70, H 3.53. Found: C 60.57, H 3.56. 

2,s-Bis(ferroceny1ethynyI)thiophene (69a). EthynyKerrocene (0.52 g, 2.5 mmol) 

was added to a solution of 2,5-dibromothiophene (0.24 g, 1.0 mol ) ,  Pd(PPh&Cb (70 mg, 

O. 10 mmol), CuI (20 mg, 0.10 rnrnol) and diisopropylamine (0.30 g, 3.0 mmol) in dry THF 

(50 mL). The solution was stirred and heated at reflux overnight M e r  the solution was 

cooled to room temperature, distilled water (30 mL) was added to quench the reaction. The 

solution was extracted with CHzCIz (2 x 40 mL). The organic layers were collecteci and 



combine4 washed with brine (50 mL) and distilled water (50 mL), and then dried over 

anhydrous MgSOe RemovaI of the solvent yielded a brown solid, which was purined by 

flash chrornatography on silica gel using CHslfiexanes (1:4 v/v) as eluant. Yield: 0.41 g 

(82%). 'H NMR (400 MHz, CDCl3): S 7.04 (s, 2H), 4-49 (t, J = 1.8 Hz, 4H), 4.25 (t, J = 1.8 

H i ,  4H), 4.24 (s, 10H). Anal. Calcd C2a20SZFe2: C 67.23, H 4-03. Found: C 67.29, H 3 -9 1. 

5,5'-Bi~(ferrocenylethynyl)-2,2~-bithiophene (69b). This complex was prepared as 

descnibed for 69a using 5,Sdibrom0-2,2'-bithiophene. The product was p d e d  by flash 

chromatography on silica gel using CHzClz/hexanes (1:3 vfv) as eluant. Yield: 80%. 'H 

NMR (400 MHz, CDC13): 6 7.09 (4 J= 3.8 Hz,  2H), 7.02 (4 J= 3.8 Hz, 2H), 4.49 (c J J 1.8 

Hz, 4H), 4.25 (t, J = 1.8 Hz, 4H), 4.24 (s, 10H). Anal. Calcd C32HzS2Fe2: C 66.00, H 3.8 1. 

Found: C 66.1 1, H 3 JO. 

5,5"-Bi~(ferrocenylethynyl)-2,2~:5',2~~-terthhphene (69c). This complex was 

prepared as described for 69a using 5,5"-dibr0rno-2,2':5~,2~~-terthiophene. The product was 

purified by flash chromatography on silica gel using CH2C12/hexanes (3:7 v/v) as eluant. 

1 Yield: 65%. H NMR (400 MHz, CDC13): 6 7.09 (ci, J =  3.8 Hz, 2H), 7.06 (s, 2H), 7.02 (d, J 

= 3.8, 2H), 4.49 (t, J =  1.8, 4H), 4.25 (t, J =  1.8 Hz, 4H), 4.24 (s, 1 0 .  Anal. Calcd 

C3&24S3Fe2: C 65.07, H3.64. Found: C 65.38, H 3.68. 

2,5-Bis(ferrocenylethyny1)-3 ,4-ethylened (69d). This cornplex was 

prepared as descnied for 69a using 2,s-dibromo-3,4-ethylenedioxythiophene. The product 

was purified by recrystaliization h m  layered hexanedCH2CIz solution, following by flash 

chromatography on silica gel ushg diethyl etherhexanes ( 1 3  v/v) as eluant. Yield: 34%. 'H 

NMR (400 M H i ,  CD2C12): 6 4.50 (t, J =  1.8 Hz, 4H), 4.31 (s, 4H), 4.28 (t, J =  1.8 Hz, 4H), 

4.25 (s, 10H). Anai. Calcd C3&?2202SFe2: C 64.55, H 3.97. Found: C 63.94, H 3.98. 



5 ~ w - B i s ( f e m ~ e n y I e t h p y I ) - 3 f y 4 t - e t h y 1 e n ~  (69e). 

This complex was prepared as d e s d e d  for 69a using 5y5"-dibmmo-3',4'-e~yleaedioxy- 

2,2':5',2"-telthiophene. The product was purified by recrystallization fiom a layered 

C&CI2/hexanes solution, following by flash chromatography on silica gel using diethyl 

etherhexanes (1:2 v/v) as eluant Yield: 36%. 'H NMR (400 MHz,, CD2C12): 6 7.09 - 7.14 

(m, 4H), 4.50 (t, J= 1.8 Hz, 4H), 4.42 (s, 4% 429 (t, J =  1.8 Hz, 4H), 4.26 (s, 1OH). Anal. 

Cdcd C3&60&Fe2: C 63.17, H 3.63. Found: C 62.46, H 3 -62. 

4 3  Results and Interpretation 

43.1 Syntheses 

Compounds 68a and 69a are prepared by coupling ethynyIferrocene with mono- and 

dibromothiophene, respectively, using tm~-Pd(PPh3)zCl2 and Cu1 catalysts (Scheme 17), and 

68b -e and 69b - e are obtained using the same procedures. The compounds are purified 

either by chromatography on silica gel or by recrystallization fiom CH~lz/hexanes or toluene, 

and characterized using 'H NMR and W-vis spectroscopies and C, H elementai analyses. 

Scheme 17 

trans-Pd(PPh3),Cl,, C-d 
THF, diis opropylarnine 

A 



Complexes 68a - e and 69a - e ail contain fmocenyl and oligothiophene groups 

which are both expected to show redox activity. The reversibility and relative oxidation 

potentials of the redox processes in these compounds are detemiined by CV in CHzClz 

solution containing 0.5 M [(n-Bu)4N]PF6. Ali the compounds have two oxidation waves in 

the range O - 1.8 V vs SCE (Figures 25 and 26), and the potentids for these waves are 

collected in Table 12. 

Table 12. Electrochernical and UV-vis Spectmscopic Data for 68a - e and 69a - e 

Cornplex Ein(l) %d2) A E  Lna.x (m) (& ~ l ~ m l ) ) ~  

k 0.0 1 oa I 0.01 03" + 0.02 ( y p b  

68a 0.55 1 .67 1.12 305 (14000), 445 (610) 

68b 0.55 1.40 0.85 350 (25000), 445 (1600) (sh) 

68c 0.55 1.13 0.58 392 (35000) 

68d 0.53 1 -47 0.94 310 (13000), 445 (610) 

68e 0.53 0.9 1 0.38 406 (39000) 

69a 0.56 1.68 1.12 342 (26000), 446 (3300) (sh) 

69b 0.55 1 -42 0.87 390 (38000) 

69c 0.55 1.23 0.68 4 16 (44000) 

69d 0.56 1 .50 0.94 352 (27000), 448 (3700) (sh) 

69e 0.54 1 .O4 0.50 433 (52000) 

"Volts vs SCE, Pt working electrode, CH2C12 containkg 0.5 M [(n-Bu)NPF6, 20 OC. bE = 

[Ew(2) - EIn(l)]. CCK2C12 solution. 
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Figure 25. Cyclic v o 1 ~ o g r a r n s  of (a) 68% @) 68d, (c) 68b, (d) 68c and (e) 68e in CHzClz 

containhg 0.5 M Kn-Bu4)wPF6. Scan rate = 100 rnV/s. 
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The first oxidation wave is reversible and occurs at a potential very close to that of the 

~ e -  couple in ethynylfierrocene (Ein = 0.57 V vs SCE); therefore, this wave is assigned to 

the ~e~ redox couple. The compounds containing two femcenyl groups (69a - e) show 



ody a single-oxidation wave for these centers, indicating that there is littLe ground-state 

interaction between the metal centers over the conjugated oligothiophene bridge. In the series 

of d-fians compounds Fc-(CH=CH),-Fc (n = 1 - 6), peak separations are observed only for 

n 5 3$5 while for Fc-CH=CHC&I&H=CH-Fc no peak separation is observed.44 Thus, it is 

not surprising that no separation is observed in 2a - e, in which the Fe - Fe distance is 

considerably longer. 

The second oxidation wave in the cyclic voltvnmograms of al1 the compounds is 

irreversible (Figures 25 and 26), and the oxidation potential depends strongly o n  the nature of 

the oligohiophene group. Both longer conjugation length and the presencle of eIectron- 

donating ethylenedioxy substituents (in 68d, 68% 69d and 69e) result in a decrease in the 

potential of this wave. On the bais of these observations the second wave is assigned to an 

oligothiophene-based oxidation, the potential of which varies fiom 0.9 1 to 1 6 8  V vs SCE. 

The peak curent of the second wave varies due to the clifferences in the stabilities of the 

resulting dications. 

Complexes 68a - e all contain a terminal thiophene ring with an wubstituted a 

position, and these compounds are consequently good candidates to undergo a-a coupling 

when oxidized. The second oxidation waves of 68a and 68d are completely irreversible, and 

no new reduction waves which would be evidence of dirnerization are o b s e d  (Figure 25a 

and 25b). On the other hand, the cyclic voltammograms of 68b, 68c and 68e: all contain a 

number of features which indicate dimerization is occurring (Figure 2% - e). For all three 

compounds a new reduction wave appears d e r  the fkst scan pst  the thiophene-oxidation 

wave. In subsequent scans, these reduction waves have corresponding oxidation features, and 

when solutions of these compounds are cycled repeatedly past the thiophene-osdation wave 



(0.7 - 1.5 V vs SCE for ab, O - 1.3 V for 68c and O - 1.1 V for 68e), an electmchromic film 

deposits on the electrode siirface. The films are orange-red in the neutrd state, and black 

when fiilly oxidized. 

Characterization of these nIms by CV in monomer-fiee solution reveals a reversible 

wave at - 0.5 V vs SCE due to the ~ e -  couple as well as other waves assigned to oxidation 

of the oligothiophene groups (Figure 27). The electrodeposited films are proposed to consist 

of dimers 70,7L and 72. 

The oxidation wave at 1.01 V in 70 (Figure 27a) is quasireversible and occurs at a 

lower potential than the oxidation of the terthiophene group in 69c. This is consistent with the 

presence of a longer tetrathiophene bridge in this dimer. The new reduction wave at 0.63 V vs 

SCE may be due to a similar process to that observed in the CVs of 69c and 69e (vide infia). 

The CV of 71 (Figure 2%) contains two oxidation waves with Ein at 0.5 1 and 0.9 1 V 

vs SCE. The wave at 0.51 V has a shoulder on the high potential side, which may be due to 

overlap between the ~ e -  oxidation and an oligothiophene oxidation wave. In 71, the bridge 

consists of a sexithiophene group. These have been shown to support two reversïble one- 



111 

electron oxidations, for instance, in didodecylsexithiophene the first oxidation occurs at 0.34 

V, and the second occurs at 0.54 V vs FC+/FC.~~ 
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Figure 27. Cyclic voltammograms of (a) 70, (b) 71 and (c) 72 in CH2C12 containing 0.5 M 

[(n-Bu)apF6. scan rate = 100 mvk. 



The CV of the dimer 72 shows similar features, with the waves having Ela at 0.35 and 

0.82 V vs SCE assigned as sequential, reversible oxidations of the substituted sexithiophene 

bridge. The electrondonating ethylenedioxy groups in 72 r d t  in lower potential waves for 

the bridge compared to 71. In 72 the bridge is oxidized at a lower potential than the fexrocenyl 

groups, and it is possible that an increase in the conductivity of the molecdar wire linking the 

two terminal groups could lead to sphning in the potentials of the fewcenyl waves; however, 

no splitting in this case is observed, possibly due to poor orbital overlap between the 

oligothiophene and the ethynyl linkage. 

For complexes 69a, 69b and 69d the oligothiophene-oxidation waves are irreversibte, 

and no new reduction waves are observed; however, for 69c and 69e the second oxidation 

waves become more reversbIe at higher scan rates, and new reduction features appear (Figure 

26). For example, at a scan rate of 100 mV/s a srnail reduction wave is observed at 0.96 V for 

69c and at 0.64 V vs SCE for 69e. This wave is likely due to the reduction of the product 

resulting fiom coupling of 69c or 69e upon oxidation past the oligothiophene-oxidation 

potentid, andogous to the behavior of 68c, 68d and 68e. Although the disubstituted 

complexes do not have unsubstituted a positions available, it is possible that P - P couphg 

4 3 3  Spectroscopie Characterization 

The W-vis spectra of 68a - e and 69a - e all contain very strong absorption bands 

with & between 305 and 433 nm, and these bands are assigned to an oiigothiophene n - rr* 

transition (Table 12). As expected, the absorption red-shifts and becomes more intense with 

an increase in the length of the oiigothiophene group. The presence of the electron-donating 



- 
ethylenediov groups results in a slight decrease in the absorption maximum relative to the 

unsubstituted compound with an equaiiy long oligothiophene group. Several of the 

compounds also have a weaker absorption band at - 446 nm, assigned to a ~ e *  d - d 

tnuisition.13s This band is not observed in the spectnun of the complex containing a longer 

oligothiophene group because of overlap fkom the strong, broad n - n* transition of the 

oligothiophene group. 

Stable solutions of the oxidized species 68a+- e+ and 69a2+- e2+ in CHzC12 containing 

0.10 M [(n-Bu)aPF6 are prepared by constant-potential electrolysis at a potential 0.25 V 

above Ein of the ferrocenyl wave, except for 68e which is electrolyzed 0.15 V above the iron- 

oxidation potential to preclude oxidation of the oligothiophene group. The W-vis-near-IR 

spectra of these solutions are measured, and the data are collected in Table 13. Al1 the 

complexes have a strong absorption band with & between 285 and 425 nm, with a low- 

energy shoulder between 370 - 520 nm. The high-energy absorption band appears at a similar 

wavelength, and is of comparable intensity, to that observed in the corresponding neutral 

complex, and this band is therefore assigned as ir - ir* transitions in the oligothiophene 

groups. The shoulder observed between 370 and 520 nm is due to a Cp + ~ e *  ligand-to- 

metal charge-tramfer (LMCT) transition, and has been observed previously at similar energies 

in the oxidized species of 52 - 57 discussed in Chapter 2. 

The spectra of 68a+ - e+ and 69a2+ - e2+ ail contain broad, low-energy absorption 

bands with & between 875 and 1290 nm (Figures 28 and 29). These abso~ption bands are 

assigned to oligothiophene + ~e~ LMCT transitions. The energy maxima of these LMCT 

transitions correlate to the length of the oligofhiophene groups, with the absovtion maxima 

shifting to lower energy with increased conjugation. The ethylenedioxy substituent in 



compounds with an identicai conjugation length (for example 68c vs 68e) results in a shift to 

lower energy and an increase in the intensity of the absorption band 

Table 13. W-vis-Near-IR Spectmscopic Data for 68aC - e+ and @a2+ - e2+ 

68ae 280 (18000), 370 (5000) (sh), 875 (630 t 20) 3460 1012 

68b' 340 (22000), 445 (8800) (sh), 1015 (1390 t 50) 3680 24k2 

68cC 385 (26000), 485(11000) (sh), 1090 (1550 _t 70) 3800 2 7 I 2  

68dC 285 (23000), 410 (56000) (sh), 995 (1 190 t 50) 3240 18 rt2 

68eC 400 (28000), 505 (12000) (sh), 1290 (2090 +_ 90) 3750 3 6 I 2  

69a2' 285 (29000), 425 (12000) (sh), 885 (1550 f 60) 3805 27+2 

69c2' 410 (33000) 475 (29000) (sh), 1080 (3600 1 160) 3760 6253 

69d2' 290 (28000), 320 (24000) (sh), 450 (14000) (sh), 4120 46k2 

69e2' 425 (30000), 520 (25000) (sh), 1255(4000 t 150) 4300 79k3 

" CH2CL2 containing 0.10 M [(n-Bu)&JPFs, 20 OC. Lowest energy bands 



Figure 28. Vis-near-IR spectra of 68af- e+in CHzClz containing 0.1 M [(n-Bu)4N]PFs. 
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Figure 29. Vis-nez-IR spectra of 69azf- e2+ in CHzClz containing O. 1 M [(n-Bu)4N]PF6. 

4.4 Discussion 

The electrochemical and spectroscopie results are inteigreted using the classical 

electron-transfer mode1 of Hush. The absorption Maximum (v-1 of an IVCT band has been 

relateci to the merence in electrochemical potentiais (AE) between hvo metal centers (eqs 8 

and 12). A similar relationship exists for the LMCT transition band in  RU^ complexes (eq 

14).367155 Here D corrects for the clifference between the RP potential with an oxidized 



Ligand attached and the meaniled RU- oxidation potential, and x is the sum of the inner and 

outer reorgankational parameters. 

v - = x ~  +xo +D+(e/h c)AE (14) 

A plot of v- vs M wili be Lin= if D and x are constant for a series of complexes in 

which only the oxidation potential of the ligand varies. These data are shown for 68aC- 68eC 

and 69a2+- 69ezcin Figures 30 and 3 1, and in both plots the data are linearly correlated with R 

= 0.975 and 0.990 respectively. These correlations indicate that in both series a srnaller 

oxidation-potential difference berneen the donor and the acceptor r d t s  in a lower optical- 

transition energy. 

The extinction coefficient of the LMCT transition in the oxidized complexes clearly 

increases with smailer M. Assurning a Gaussian-peak shape, the osciliator strength,f; of the 

band can be calculated h m  eq 6. A plot off as a function of AE (Figure 32) shows a linear 

correlation within the series of rnonoferrocenyl cations, as well as within the diferrocenyl 

cations. The oscillator strengths of the dications are approximately twice those of the 

monocations due to the presence of twice the number of chromophores per molecule in the 

dications. From this plot it is clear that a smaller ciifference in oxidation potentials between 

donor and acceptor gives a pa t e r  charge-transfer transition oscillator strength. 

The significance of the correlations observed in Figures 30 - 32 lies in the relationship 

between the intensity and shape of a charge-transfer band and the extent of charge 

delocalization. For a one-electron system, the f and v,, of an absorption band are related to 

the charge-transfer dipole moment M by eq 15, which cm be denved fiom eq 4. 

-12 2 d = ( 9 . 2 2 x  10 )e ffv-G 



From eq 15 and the correlations in Figures 30 -32 it is clear that in the series of 

compounds studied h m  M~ also cornlates with M. A smaller oxidation-potential difference 

between the donor and the acceptor results in a larger charge-transfer dipole moment. The 

dipole moment is related to a2 and the transition dipole length d by eq 5. 

Figure 30. Absorption maxima v,, (near-IR) vs the oxidation-potential merence AE = 

Ep4(2) - Eln(1) for 68a+- e+. 

From eq 5 it is clear that for complexes in which d is approxirnately the same, a larger 

dipole moment correlates to a larger a2. Although the value of d is not lmown here, it is 



. reasonable that d does not Vary significantly within the four pairs of complexes in the senes 

with the same length oligothiophene group but with the different substitutents (for example 

68a+and 68dç, or 69c2+ and 69e2>. In these pairs, a direct correlation between a2 and M ~ ,  and 

therefore AE, cari be made. In each pair, the complex with the smaller value of Ai? has the 

larger f and lower v,, for the LMCT transition. Therefore, in each pair, a decrease in the 

oxidation-potential gap between donor and acceptor results in greater charge delocalization. 

Figure 31. Absorption maxima v,, (near-IR) vs the oxidation-potential difference AE = 

4&) - Ela(1) for 69a2+- e? 



Figure 32. Oscillator strength f (near-IR) vs the oxidation-potential dEerence bE = Ew(2) - 

Eldi) for 68a+- e+ and 69a2+- e2+. 

As the conjugation length is increased (e.g. 68a+- c') the f increases, and the v,, 

decreases, together giving a larger M~ (eq 15). Here, it is reasonable that d is a o t  the same for 

all the complexes, so only the product ( M ~ )  of 2 and h increases with an increase in the 

Iength of the oligothiophene ligand. Thus, either more charge is delocalized (if d does not 

change significantly) or a sirnilar amount of charge is delocalized M e r  dong the rigid 

oligothiophene ligand (if a2 does not change significantly). Either situation i s  desirable for a 



polymer in which charge is more delocaIized. Chwsing a longer oligothiophene bridge which 

has an oxidation potential closer to that of the metal group wili either remit in a greater extent 

of delocalization of charge, or in charge king delocalized over a greater length dong the 

conjugated backbone. 

4 J Conclusions 

Oxidation of the ~ e '  centers in (ferrocenyiethynyl)oligothiophene complexes results in 

the appearance of an LMCT transition fiom the oligothienyl group to the ~e~ center in the 

near-IR region. The band maxima and oscillator strengths of these low-energy transitions 

both cornelate linearly with the difference AE in the oxidation potentials between the metai and 

oligothienyl groups. The complexes with sirniiar charge-transfer transition dipole lengths 

show an increase in the extent of charge delocalization with a srnaller S. Cornparisons 

between complexes with different length oligothienyl groups show that a reduction in M 

results either in greater delocalization of charge or in charge being delocaiized fùrther dong 

the rigid oligothienyl group. 

The results described in this Chapter have important implications for the design of 

conjugated polymers which consist of redox-active metal and organic conjugated groups in 

the polymer backbone. It is clearly desirable to match the oxidation potentials of the metal 

and organic groups as closely as possible in order to achieve the highest degree of charge 

delocali7ation. 



Chapter 5 Charge Delocaïkation in Oligothienylferrocene Monomers and Polymers 

5.1 Introduction 

The CV of 2,5-bis(fmoceny1ethynyl)thiophene (69a) described in Chapter 4 shows no 

ground-state interaction between the two femocenyl termini; however, a similar shidy of 2,5- 

bisferrocenylthiophene shows two separated ~ e -  waves with a potentid Werence of 0.14 

V, uidicating signiscant ground-state interactionfiLS6 The presence of the group in 69a 

appears to decrease the degree of charge delocalization relative to the complex without this 

group. 

The results described in Chapter 4 show that charge delocalization in complexes 

contaùiing metal centers linked via oiigothienyl groups may be enhanced by matching the 

oxidation potentiak of the metal and oligothienyl groups. Therefore, one approach to 

obtaining metal-oligotbiophene polymers with extensive delocalization is to construct 

monomers containhg two or more linked thienyl groups. Coupling between such rnonomers 

should yield oligomers or polymen containing bridges between adjacent metal centee of at 

least four thiophene units. 

In this Chapter the preparation and electropolymerization of 1,11-bis(5-(2,s 

bithieny1))ferrocene (50) and 1 ,lV-bis@-(2,2':5',2"-terthieny1))ferrocene (73), and the 

spectroscopie and electrochemical characterization of these compounds and 

electropolymerized nIms are described. Higgins and coworkers have also pubiished a similar 

study while this thesis is in preparation.117 



5.2 Experimental 

General. Procedures were as d e s c n i  in previous Chapters except as noted here. 

TMEDA was piaifieci by distillation fiom KOH and was stored over molecular sieves (4 A). 

1,l1-Bis(2-thienyl)ferrocene (40) was prepared using the fiterature procedure.69~ 157 

1,l'-Bis(5-(2J1-bithienyr))ferrocene (50). n-BuLi (3.5 mL, 1.6 M in hexanes, 5.6 

mmol) was added via syringe at O OC to a solution of 40 (0.78 g, 2.3 rnmol) and TMEDA (1.2 

mL, 8.0 rnmol) in a mixture of d q  THF (20 mL) and hexanes (10 mL). The solution was 

heated at reflux for 2 h, then cooled to room tempemture. A solution of anhydrous ZnClz 

(0.76 g, 0.56 rnmol) in dry THF (20 rnL) was then added via cannula, and the mixture was 

stirred for another 2 h. The mixture was added to a solution of 2-bromothiophene (0.86 g, 5.3 

m o l )  and Pd(PPh3)4 (60 mg, 0.052 mmol) in dry THF (20 mL) via cannula, and the mixture 

was heated at 50 OC for 2 days while the solution was stirred. After the reaction mixture was 

cooled down to room temperature, a solution of 1 M aq HCI (30 mL) was added to the 

reaction solution. The organic layer was collectecl, and the aqueous Iayer was exûacted using 

methylene chlonde (2 x 20 mL). The organic portions were combined and washed with 

distilied water (2 x 30 mL). The organic solution was dried over anhydrous MgS04, and 

collected by filtration. Removd of the solvent yielded a brownish red solid, which was 

purified by flash chromatography on silica gel using hexanes/CH2C12 (3:2 v/v) as eluant. Pure 

50 was also obtained by crystallization fiom the hexanes/CH2C12 solution at 4 OC overnight. 

Yield: 0.39 g (34%). 'H NMR (400 h4Hi, CDCl3): 6 7.15 (dd, J = 5.0, 1.0 H2,  ZH), 7.05 (d4 

J = 3.5, 1.0 Hi, 2H), 6.96 (dd, J = 5.0,3.5 H i ,  2H), 6.87 (cl, J = 3.7 Hi, 2H), 6.73 (d, J = 3.7 

Hi, 2H), 4.47 (t, J = 1.8 Hi, 4H), 4.24 (t, J = 1.8 Hz, 4H). Anal. Calcd C2&I&Fe: C 60.69, 

H 3.53. Found: C 60.74, H 3.42. 



1,11-BWYZJ1:5'J"-terthienyr))fertocene (73). This complex was prepared as 

descnied for 50 using 5-bromo-(22-bithiophene). The product was obtained in > 95% punty 

by crystauization either nom hot toluene or chlorobenzene solution. Yield: 53%. 'H NMR 

(400 MHz, C D C l 3 ) :  6 6.98 (s, broad, 2H), 6.95 (dd, I = 3.6, 1.1 Hz, 2H), 6.80 - 6.83(m, 2H), 

6.78 (d, 1= 3.7,2H), 6.71 (dd, J = 5.1, 1.1 Hq 2H), 6.63 (dd, J = 5.1,3.6 H i ,  2H), 6.53 (4 J = 

3.7 Hz, 2H), 4.37 (f J = 1.8 Hz, 4H), 4.01 (t, J = 1.8 Hz, 4H). Anal. Calcd C&&Fe: C 

60.16, H 3.27. Found: C 60.20, H 3.15. 

EIectrochemistry. The working electrode was a Pt disc electrode with a diarneter of 

1.0 mm. AU electrchhemical polymerizations were carried out under nitrogen, and the cells 

containhg the electrodes and [(n-Bu)4WF6 were dried in vamo at 90 O C  ovemight before 

addition of dry solvent. The polymer film was grown on the electrode surface by scanning 

over a suitable potential range (O - 1.5 V vs SCE for 50, and O - t.2 V vs SCE for 73). The 

electrochemical polymerization of 50 was carried out at 20 OC in a C H 2 a  soIution with an 

electrolyte concentration of 0.6 M, and the complex concentration was in a range of 5 x 10-~ - 

1 x 10-~ M. The same experiments for 73 were camied out with a saturated solution of 73 in 

12-dichloroethane with 0.6 M electrolyte at 70 O C .  

Spectroelectrochemistry. A homemade spectroelectrochemical ce11 using a Pyrex 

cuvette into which an ITO working electrode could be inserted under inert atmosphere was 

used. The polymer nIms were deposited on the ITû electrodes ~ o m  the same deposition 

solutions as used with the Pt electrodes, by scanning at 25 mV/s over a similar potential range 

(O - 1.7 V vs SCE for 50, and -0.2 - 1.3 V vs SCE for 73). The poly-50 film was prepared at 

20 O C ,  and the poly-73 film at 55 O C .  Mer the film was reduced at O V, the films were 

removed ffom the solution, rinsed wiîh CH2C12 and dried in vucuo for 1 h. The film-coated 
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electrodes were then loaded into the previously dned ceii containing [(n-Bu)mFs, dong 

with a Pt counter electrode and Ag wire reference electrode. The cell was dried in vacuo 

ovemight at room temperature, and dry CH2Clz was added until the electrolyte concentration 

was 1.3 M. The vis-near-IR spectrum was obtained at 20 OC afkr the film was held at a 

specific potential untii no M e r  change in current was observed (- 1 min), to allow the entire 

film to reach the potential. 

53 Results and Discussion 

53.1 Syntheses 

Complexes 50 and 73 are synthesized by the couplhg of 40 wic 

and 5-bromo-2,2'-bithiophene respectively (Scheme 1 8). Complex 40 h a  been previously 

syntheskeci,69 while 50 and 73 are new compounds. Complex 50 is obtained as an orange 

solid which is soluble in CHzClz and is purified by chromatography on silica gel. The 

solubility of 73 at room temperature in rnost organic solvents is poor; however, its soIubility 

increases at slightly elevated temperatures so it can be purified by recrystallization fkom hot 

toluene or chlorobenzene. 



Scheme 18 

Reagents: (a) BuLi, TMEDA, THFhexanes. @) ZnCl2, THF. (c) 2-bromothiophene, 

Pd@'Ph3)4, T'HF. (d) 5-brome-22'-bithiophene, Pd(PPh3)4, THF. 

53.2 Electrochemistry 

Complexes 40, 50 and 73 are expected to show electroactivity both due to the ~e~ 

couple and the thiophene groups, and the CV results are collected in Table 14. The CV of 40 

at 20 OC in C W l t  containhg 0.1 M [(n-Bu)aPF6 shows ody one reversible oxidation wave 

with Ein = 0.46 V vs SCE, due to the ~ e -  redox couple. Previous attempts by others to 

electropolymerize this monomer are also u n s u c ~ e s s f u l ~ ~ ~ ~ ~ ~ ~  The CV of 50 at 20 OC in 

CH2C12 containing 0.6 M [(n-Bu)aN]PFs contains two oxidation waves in the range O - 1.5 V 

vs SCE. The lower potentiai wave with Etn = 0.45 V vs SCE is reversible and assigneci to the 

~ e -  redox couple (Figure 33a). The higher potentid wave at 1.33 V vs SCE is 



electmchemicaIly irireversibfe and is coupled to a reduction feature at 1 .O5 V (Figure 33b); this 

wave is assigned to a thiophene-based oxidation Similar electrochemicd behavior has been 

observed in a series of [~~~u(~~-oli~othio~hene)]~~~ complexes.l58 In the absence of water, 

scanning seveml tima over the potential range O to 1.5 V results in the appearance of an 

electrochrornic fiim on the eIectrode surface. The fi is golden-red and stable in the neutral 

state, but becornes black when oxidized Scanning fkom O to 0.7 V, where only the ferrocenyl 

groups are oxidized, does not result in any deposition. 

The CV of the electropolymerizattion process (Figure 33b) is consistent with the 

growth of a conducting film on the electrode since the current of both the ferrocenyl-oxidation 

wave and a new reduction wave at 0.8 V inmeases with scan number. Oxidative coupling of 

50 r d t s  in a polymer (poly-50) which contains fexrocenyl groups linked by tetrathienyl 

bridges, and deposits on the electrode due to poor solubility. The new reduction wave is 

associated with the tetrathienyl groups, and is expected to occur at a lower potentid than 

reduction of the bithienyl group due to more extended conjugation? 

The CV of the poly-50 film in monomer-fiee solution shows a broad oxidation wave 

at 0.6 V which is assigned as the ~ e -  oxidation (Figure 34). The associated reduction at 

0.35 V is sharper, but is approximately equal in area to the oxidation wave. The CV also 

shows a broad feature at higher potentials which is due to oxidation of coupled oligothiophene 

moieties in the film. The film is stable to repeated cycling over the potential range O to 0.8 V, 

with only slight changes in the voltammogram during this process. 



Table 14. W-vis-near-IR Spectroscopic and Electrochemical Data for 40,50 and 73 

A (nm) (E ( ~ ' c m - ' ) ) ~  VvsSCE Vvs SCE 
40 460 (830), 306 (17000) 0.46 - 
50 466 (2800, sh), 344 (35000) 0.45 1.33 

815 (900, sh), 945 (1200) 

sh), 1 175 (2300) 

385 (SlOOO), 505 (13000, sh), 

585 (7800, sh), 1305 (3500) 

" CHslb 20 OC. conditions: Pt working electrode; 20 OC; CH2C12; scan rate = 50 mV/s, 

except for 73: 70 OC; C l ~ C H 2 C 1 .  W-vis: ref l4; electrochemical: ref 21 



Voltage (V vs SCE) 

Figure 33. Cyclic vo~tammograrn of 50 at 20 OC in CH2C12 containing 0.6 M [(n-Bu)$rT]PFs 

on a Pt working electrode (a) between O - 0.8 V and (b) multiple scans between O - 1.6 V. 

Scan rate = 50 mV/s. 
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Figure 34. Cyclic voltamrnogram of poly-50 on a Pt working electrode at 20 O C  in CHzC12 

containing 0.6 M [(n-Bu)&jf F6. Scau rate = 50 mV/s. 

Due to the poor solubility of 73 in CM12 at room temperature the cyclic 

voltammogram of this compound is obtained in C1CH2CH2Cl containing 0.6 M [(n-Bu)4N]PFs 

at 70 O C .  The cyclic voltammogram contains multiple waves in the range O - 1.2 V vs SCE, 

including a reversible ~e~ wave with Eln = 0.37 V (Figure 35a), and two irreversible waves 

at 0.93 and 1.03 V due to thiophene-based oxidations. The ~ e -  waves of 4O,5O and 73 al1 

appear at very similar potentids, indicating that those redox couples are not substantialiy 



affkcted by the length of the oligothiophene group. Similar behavior is also observed in 62a - 

c and 63a - c. Increasing the length of the oligothienyl group fÏom 50 to 73 red ts  in a 

decnease in the second-oxidation potential by 0.40 V. 

In the absence of water, scanning over the potential range O to 12 V results in the 

growth of a golden-red film (poly-73) on the e1ectro.de surface (Figure 3%). The CV of the 

film in monomer-nPe solution shows sirnilar features to those observed for poly-50 (Figure 

34). This cyclic voltammogram (Figure 36) is recorded after the film is scanned ten times 

overthe complete potential range. During these scans the intensity of the waves increase until 

it stabilizes as shown in Figure 36. M e r  this treatment, the film is stable to repeated cyclhg 

over the potential range O to 1.5 V. The reasons for this musual inaease in intensity are not 

lai07ivli, 

The thicknesses of the poly-50 and poly-73 nIms are wtimated fiom integration of the 

cycfi-c voltammograms. The number of monomer units in the films is determïned fiom the 

area under the ferrocenyl-redox waves. Assurning a density of 1.1 g/cm3, l0 the same as that 

of elœctropolymerized polythophene, the poly-50 film in Figure 34 and the poly-73 film in 

Figure 36 both have a thichess of 0.4 p. 

It is very important that electropolymerization of 50 and 73 be carried out under 

rigoraus exclusion of water. The presence of even srnail amounts of water results in the 

formation of brittie black deposits which stop growing after 2 - 3 scans. The ~ e -  wave 

disappears after the f5st scan, which suggests h t  water reacts to f o m  an insulating film 

which prevents the ~ e -  redox couple in dissolved monomer fiom beuig observed. In a 

related study, Higgins and coworkers have also attemptd to electropolymerize 50 and 51, and 

have obtained nIms in which the fenocenyl groups are electrochemically inaccessible.ll7 



This mirent result is likely related to the amount of water present in the 

electropo1ymerization media 

0.0 0.2 0.4 0.6 0.8 1 .O 1.2 1.4 

Voltage (V vs SCE) 

Figure 35. Cyclic voltamnogram of 73 at 70 OC in C1CH2CH2Cl containhg 0.6 M [(n- 

Bu)flPF6 at a Pt worhg electrode (a) between o - 0.7 V and @) multiple scans behveen O - 

1.3 V. Scan rate = 50 mV/s. 
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Figure 36. Cyclic voltamrnogram of poly-73 on a Pt working electrode at 20 OC in Cl&C12 

containùig 0.6 M [(n-Bu)$N]PF6. Scan rate = 50 mVk. 

5.33 Spectroscopie Characterization 

The spectroscopic data of both the neutral complexes and the monocations are 

coiiected in Table 14. The UV-vis spectm of 40, 50 and 73 in the neutral state contain a 

strong absorption band assigned to a r - x' transition in the oligothienyl group. This band 

shifts to lower energy and becomes more intense as the conjugation length is increased. The 

weaker bands at 460 nm in the spectnim of 40 and the shoulder at 466 nm for 50 are assigned 



as ~ e '  d - d transitions, and appear very close to the ligand-field transition for ferrocene at 441 

nm.135 Solutions of the monocations 40+, 50+, and 73+ are prepared by electrochernical 

oxidation in CH2C12 containhg 0.13 M [(n-Bu)&IJPFs, and the vis-near-IR spectra are 

obtained (Figure 37). The spectra all contain several intense transitions between 300 - 800 

nm, and the strongest ones are assignecl to n - K* transitions in the oiigothienyl groups. These 

mit ions  appear at s i d a .  energy and have similar intensity to those of the correspondhg 

neutral complexes. The other bands between 300 - 800 nm are likely due to Cp + ~e~ 

LMCT transitions and are of sirnilar intensity and energy as those in ferroceniun 153 

: : (c) 
1 ;  :/ 
I .  . 

WaveIength (nrn) 

Wavelength (nrn) 

Figure 37. Vis-near-IR spectra of (a) 40+, (b) 50+ and (c) 73+ in CHKL containing 0.13 M 

[(n-Bu)aP&. 



The spectm of 4of, 50+ and 73+ contain a broad low-energy band with & behveen 

945 and 1305 nm having features very sîmilar to those observed in the complexes descnbed in 

Chapter 4. The absorption maximum and intensity of this band are dependent on the length of 

the conjugation in the ligand The band appears at the highest energy (945 nm) and is the le& 

intense (E = 1200 ~- 'cm- ' )  for 40+, and appears at the lowest energy (1345 nm) and is the 

most intense (E = 3500 ~ ' c m - ' )  for 73+ On the bais  of this behavior, this low-energy band 

is assigned to an oligothiophene + ~e~ LMCT transition. The dinerence in oxidation 

potentiai between the oligothienyl group and the metal center conelates to the energy of this 

LMCT transition, as weii as to the oscillator strengh (f = 2.1 x 1 o - ~  cm-' for 40: 3.3 x 1 O-' 

cm-' for 5oC and 5.5 x 10-~ cm-' for 73'). Increased conjugation in the oligothienyl group 

narrows the oxidation potential Merence between the metal and the oligothienyl group, and 

thus enhances donor-accepting coupling between them. The energy and intensity of the 

LMCT transition in 40+, 50+ and 73+ are consistent with significant delocalization of charge in 

these complexes, and this delocalization is the greatest for the complex with the most 

conjugated oligothienyl group (733. 

53.4 Spectroelectrochemistry of Electropolymerized F i s  

In order to examine the effect of oxidation on the spectral characteristics of the 

electropolymerized films, zh situ spectroelectTOchemistry on poly-50 and ply-73 films on 

transparent indium tin oxide (ITO) electrodes is canïed out. The cyclic voltarnrnograms of 

these films are similar to those obtained on Pt electrodes, although the positions of au the 

peaks slightiy shift due to the resistance of the ITO layer. In order to minimize IR drop in the 



solution due to the relatively large separations between the electrodes in the 

spectmelectrochemical ceU, high electrolyte concentrations are used (1.3 M). 

Optical spectm of the films are collected at three potentiais: reduced (- 4.1 - O V), 

with the ferrocene oxidized (- 0.7 - 0.8 V) and fÙUy oxidized (- 1.5 - 1.7 V). These spectra 

over the range 300 - 1600 nm are shown for poly-50 and poly-73, respectively, in Figures 38 

and 39. The spectra ali show sharp absorptions at > 1100 nm due to vibrational overtones 

nom the electrolyte and solvent. The reduced films (- -0.1 - O V vs SCE) have a single broad 

band at 445 nm (poly-50) and 420 @oly-73) which are assigned to a rr - rr' transition of the 

oligothienyl group in the backbone. The absorption maxima for both films are close to those 

observed for polythiophene (between 41 8 - 480 nm depending on the method of preparation). 

The absorption maximum for poly-73 is expected at lower energy than for poly-50 due to the 

relative conjugation lengths in the two materials; however, the opposite is observed. This may 

be due to differences in the conditions (temperature and solvent) under which the two films 

are prepared. The conductivity of electropolymerized polythiophene films has been shown to 

be dependent on the conditions under which the films are prepared;15g similar effects may 

influence the absorption maxima for the neutral poly-50 and poly-73 films. 

Upon oxidation of the films to a potential at which the ferrocenyl groups are oxidized 

- several changes are obsewed in the spectra. In the case of poly-50 two bands are observeà, at 

495 and 1395 nm. The broad, higher energy band is predoxninantly due to the x - n* transition 

with conûibutions fiom Cp + ~e~ LMCT also possible, and the band with & at 1395 nm is 

assigned as a charge-transfer band nom the oligothiophene gmup to the ~ e ?  It is interesting 

to compare this spectnim to that of 50+ in solution (Figure 3%). The Lowest energy band 

shifts fÎom 1175 nrn in SC to 1395 nrn in poly-50 oxidized at 0.8 V, consistent with the 



charge -fer originating h m  a more conjugated moiety in the polymer. Coupling of 50 

should result in a tetrathienyl bridge between fermcenyl groups, which is expected to resuit in 

a charge-transfer band slightly lower in energy than that observed for 73+ which contains a 

terthienyl group. 
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Figure 38. Spec~oelectrochemistty of poly-50 on an ïï0 electrode at the oxidation potentials 

(a) -0.1 V, (b) 0.8 V and (c) 1.7 V vs SCE in CH2Clz containing 1.3 M [(n-Bu)&JIPFs. 
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Figure 39. Spectroelectrochemistry of poly-73 on an ITO electrode at the oxidation potentials 

(a) O V, (b) 0.7 V and (c) 1.5 V vs SCE in CH2C12 containing 1.3 M [(n-Bu)aPFs. 

In the spectrum of poly-73 oxidized at 0.7 V, the z - R transition does not shift 

substantidy h m  neutral poly-73, although a broad low-energy shoulder does appear, and a 

very weak, broad band in the near-IR is present. Based on the spectra of 50+ and 73+, as well 

as the spectrum of poly-50 at 0.8 V, this absorption of poly-73 at 0.7 V is expected to be more 

intense than observed It is possible that the ferrocenyl centers are not completely oxidized at 

0.7 V resulting in a weaker absorption. Cycling the films twice between O and 0.7 - 0.8 V 



dernonstrates that the spectral changes are completely reversible, consistent with the stability 

of the films over this potential range as shown in the cyclic voltammograms of the films on the 

Pt electrodes. 

Oxidation of both poly-50 and poly-73 films to 1.5 - 1.7 V vs SCE results in dramatic 

changes in the spectra. For both poly-50 and poly-73 a very broad absorption between 400 

and 1600 nm appears. In contrast to the reversibility of the spectd changes upon oxidation to 

0.7 - 0.8 V, these broad absorptions do not completely disappear when the oxidized film is 

reduced back to -0.1 - O V indicating oxidation to 1.5 - 1.7 V results in some irreversible 

changes to the polymers. The appearance and positions of these broad bands suggest that they 

&se due to transitions to intergap states in the oxidized polymers. Oxidation or doping of 

polythiophene causes the interband absorption at 480 nm to decrease with the concomitant 

appearance of lower energy bands due to transitions between the valence band and locaiized 

levels în the band gap. 160 

5.4 Conchsions 

The stability of ferrocene in both ~ e '  and ~e~ oxidation states ailows for the 

electropo1ymerization of oligothienylfwrocene complexes without significant decomposition 

The growth of electroactive films on the electrode d a c e  is consistent with the formation of a 

conductive material drning the electropolymerization process. The reversible electrochromic 

behavior of these fihm is similar to that observeci for other conducting polymers such as 

polythiophene. 

Oxidation of the femenyl  groups in both the monomers and in the 

electmpolymerked nIms results in the appearance of a low-energy transition. This band is 



due to an oligothienyl group to ~e~ LMCT transition and is indicative of si@cant charge 

delocaikation, which is enhanced with inmeased conjugation in the oligothienyl group. 
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Chapter 6 CopperO HaIide Cataïyzed Tram -Ci Isomerization of RuClz(dppmh 

6.1 Introduction 

Coupling reactions of rutheniun halide complexes with organostannane derivatives in 

the presence of a copper(I) halide are an important synthetic route to mthenium-contauiing 

conjugated polyrner~.6~~~*8*-82 This route has been successiùlly used for the preparatiom of 

new complexes descnied in Chapters 2 and 3. In one of these syntheses the amount of 

copp- halide used results in different products. fr~m-Ru(dpprn)~(C=-CFc)~ (53) is obtained 

h m  the coupling reaction of R~(dpprn)~CI~ with F ~ ~ s n ( n - B u ) ~  when catalytic CUI is 

use& while [c~k-Ru(dpprn)2(t=CFc)~1CuI (52) is isoIated when excess Cu1 is used 

The h c t i o n  of Cu1 in these coupling reactions is not very well understaocl, although 

it is Wcely that tmnsmetalation of the acetylide group fiom RGCSnRr3 (R' = Bu, Me) to Cul 

is involved in the catalysis. This is related to the use of copperO compounds as cocatalyst. in 

Sale reactions, in which organic electrophiles are coupled with organostannanes uing Pd(0) 

catalysts.161$16* Besides the transmetdation, the copperO halide likely also plays another 

role in the coupling reactions which influences the structure of the product as described above 

for 52 and 53. In order to investigate this question, the reactivity of CuCl or Cu1 with tram- 

R~Cl~(dppm)~ (19) or c~k-RuCl~(dppm)~ (59) is examined. Meyer has previously reported that 

the isomerization of 59 to 19 occurs by photochernical means or by ooxidation and çubsequent 

reduction, and that the reverse process (19 + 59) occurs themally in 1,2dichloroethane at 

reflux (83 OC) in 10 b120 In this Chapter the catalytic behavior of CuCl and CuI for the 

isomerization of 19 to 59 is described, as weil as the isolation and stmctural characterization of 



a haiide-bridged heteroûimetallic complex 74 that forms when 19 or 59 reacts with excess 

CUCI. 

6.2 ExperSmental 

Coppem(L) halide catalyzed conversion of 19 to 59. CuCl (0.7 mg, 0.007 mmol, 8 

mol %) was added to a solution of 19 (87 mg, 0.093 mmol) dissoived in C=l2 (20 mL). 

The solution was stined for 24 h at room temperature in the dark, during which tirne the 

solution tunied bright greenish yellow. The solution was then washed with with 2 M aq HC1 

and distilled water to remove residud copper salts. The CH2C12 layer was coiiected and dried 

over MgS04. The solution was reduced in volume to approximately 2 mL and was then 

poured into hexranes (50 mL) to offord 74 mg of a yeiiow powder, which was 95% 59 and 5% 

19. Pure 59 was obtained when the reaction was allowed to proceed for 6 days. When CuI 

was used as the cataiyst under identical conditions, the same results were obtained 

[{c~-R1~CI~(dppm)~}~Cu][CuCl~] (74). CuC1 (17 mg, 0.17 mmol) was added to a 

solution of 19 (96 mg, 0.10 mmol) in CH2C12 (20 mL). The suspension was stirred at room 

temperature for 2 h, during which eime it t m e d  fkom orange-yeliow to green-yellow. The 

solution was Eltered through Celite 545, and the filtrate was reduced in volume to 

approximately Z mL. The concentrated soIution was poured into hexanes (100 mL), yielding 

a yellow powder. The solid was recrystalhed fiom layered CJ&Cl.r/hexanes to obtain yellow 

needles, which were dried at 90 OC in vacuo for 2 days. Yield: 94 mg (89%). Anal. Calcd for 

Ci&sCbjPsCuzR~2: C 57.70; H 4.26. Found: C 57.79; H 4.13. 

Crystall(ographic Study. Data collection and structure detennination were carried 

out by Dr. Glerm Yap (Department of Chemistry and Biochernistry, University of Windsor, 



Ontano). A suitable single crystal of 74, grown by slow diffusion of hexanes into a 1,2- 

dichloroethane solution, was selected and mounted inside a thin-wded g l a s  capUary which 

containeci mother liquor. Unit-cell parameters were calculateci fiom refiections obtained fiom 

60 data h e s  coliected at different sections of the Ewald sphere. The systematic absences in 

the ciiffiaction data and the detennined unit-ce11 parameters were consistent for space groups 

P2fc and Pc. The E statistics strongly suggested the centric option, which yielded chemicdy 

reasonable and computationaliy stable results. A trial application of a semiempirical 

absorption correction based on redundant data at varying effective azimutha1 angles yielded 

Tm/T- at unity and was ignored 

Table 15. CrystaIlographic Data for 74-solvent 

Empirical formula Ci 0 7 . & & b ~ 8 ~  K A 3  5787.0(3) 

Formula weight 2 165.02 T, K 298 (2) 

Crystai system Monoclinic Radiation MoKa (0.7 1073 A) 

Space group P2/c Density (calcd) 1.242 g cm-3 

4 A i 1.6059(4) Z 2 

b, A 13.8415(5) RF)," % 5.3 8 

c, A 36.163(1) Rw(F2)," % 16.47 

deg 95.03(1) OF on F? 1 .O66 

" Quantity minimized = RW@) = c[w(FI' - F:'~]; R = d Fo - FA /C(F,); GOF = Goodness- 

of-fit. 

The [{clr-~u~lz(dppm)~)fi]+ cation is located on a 2-fold axis. A [CuCh]- anion is 

located at an inversion center. Attempts to mode1 several peaks of signincant electron density, 

located away nom the compound molecules7 as a chemidy recoguizable, cocrysiallized 



solvent molecuie were not successful. n e s e  peaks were assigned arbitrary carbon atom 

identities with refined partial site occupancies. AU non-hydrogen atoms were refined with 

anisotropic displacement coefficients except those on the apparent solvent molecuies, which 

were rehed isotropicaily. Phenyl groups were refïned as idealized, flac rigid bodies. Al1 

hydrogen atoms were treated as idealized contributions except those on the apparent solvent 

molecuies, which were ignored. The structure was solved by direct methods, completed by 

subsequent Fourier syntheses, and rehed with full-matrix least-squares methods. Ail 

scattering factors and anomalous dispersion coefficients are contained in the SHELXTL 5.03 

program libfary.lu Table 15 contains the details of the structure determination. 

63 Resuits and Interpretation 

63.1 Cataiytic Isomerization 

When a solution of 19 in w l z  is stirred in the presence of CuCl or CUI (5 - 10 mol 

%) at room temperature for 24 h, 59 forms in high yield (90 - 95%) (Scheme 19). If the 

reaction is allowed to proceed for 6 days at room temperature in the absence of light, 19 is 

quantitatively converted to 59. No 59 forms fiom 19 at room temperature in the absence of 

cataIyst. 

Identical redis  are obtained fiom the catalytic reaction in the presence and absence of 

ambient laboratory light for 24 h. Stirring a solution of 59 without added copper(I) haiide 

under ambient laboratory light results in the conversion to 60% 19 afier 24 h; however, with 

added CuCl or Ciu under ambient lia only a smaU amount (c 5%) of 19 is formed. These 

results suggest that the presence of the copper(I) halide prevents formation of significant 

amounts of 19, presumably by reconversion of photochemicaiiy formed 19 to 59. 



Scheme 19 

63.2 Synthesis and Structure of 74 

A small amount (c 5%) of a new phosphonixontauiing product is also observed by 

3 ' ~  NMR prior to workup when CuCl is used as the catalyst in Scheme 19. This product is 

obtained in high yield when a CHs12 solution of 19 or 59 is stirred with excess CuCl at room 

temperature for 2 h. This complex is isolated and characterized as 74. 

74 

Diffusion of hexanes into a 1,2-dichloroethane solution of complex 74 produces 

yellow crystals whose structure is determineci by single-crystal X-ray diflhction (Figure 40). 

The structure shows tbat the cation of 74 is a halide-bndged heterotrirnetallic cationic complex 

in which the copper center has four chloride ligands bridging to the two ruthenium atoms. 

Although halide-bridging ligands are common in coordination chemistry, halide-bridged 

heterobirnetallic complexes are uncornmon, and only several have been stnicturally 

characterized.163-166 Cornplex 74 is the &t example of a complex containing a dihalide 

bridge between ruthenium and copper centers. A previous study proposed a single bndging 

3 3 chlonde on the basis of NMR evidence for [(q :q -C~~~~~)CI~RU(~-C~)CU~Q~)]-~~~ In 



complex 74, the Cu atom is in a severely distorted tetrahedral environment with four equal 

Cu-Ci bond lengths of 2.398(2) k In cornparison, the CuCl bonds in [{(CJI&TO)2Mo(~ 

S)2Cu(p2-Cl))2] are 2.375(1) and 2.341(2) A in length, while the Cu centers in this complex 

are much closer to a tetrahedral geometry than those in 74.167 The rutheniun centers in 

complex 74 are in a slightiy twisted trigonal-antiprismatic coordination, with C1(1), P(3), and 

P(2) forming one face and C1(2), P(4) and P(l) forming the opposite face. The Ru-Cl bonds 

in 74 (2.469(2), 2.470(2) A) are slightly longer than the cornespondhg bonds in 59 (2.440(2), 

2-45 l(I3) A), wide the Cl-RUCI angle is smaller in 74 (82.03(7)) than in 59 (84.1(~)).16* 

The [CuClJ- comterion of 74 is linear with a Cu-Cl bond length of 2.10 l(4) 4 similar to the 

Cu41 bond length in [(n-Bu)&J[CuC12] (2.107(1) A1.169 

Figure 40. ORTEP diagram of the solid-state molecular structure of 74-solvent. The solverit 

molecules and the phenyl groups, except the ipso carbon atoms, are omitted for clarity. The 

therrnal ellipsoids are depicted at 30% probability. 



Table 16. Selected Bond Lengths in 74-solvent (A) 

Ru - P(l) 2.303(2) Cu(1) - Cl(2) 2.398(2) P(2) - C(36) 1.828(6) 

RU - P(2) 2.3 63(2) Cu(1) - Cl(2A) 2.398(2) P(2) - C(46) 1.820(4) 

RU - P(3) 2.3 12(2) Cu(2) - Cl(3) 2.10 l(4) P(3) - C(2) 1.856(8) 

Ru - P(4) 2.35 L(2) Cu(2)-Cl(3A) 2.101(4) P(3) - C(56) 1.832(5) 

RU - Cl(1) 2.470(2) P(1) - C(1) 1.856(9) P(3) - C(66) 1.844(5) 

Ru - Cl(2) 2.469(2) p(1) - w 6 )  1.842(5) P(4) - C(2) 1.822(9) 

Cu(1) - Cl(1) 2.398(2) P(U - C(26) 1.845(5) P(4) - C(76) 1.80(1) 

Cu(1) - Cl(1A) 2.398(2) Pt?) - C(1) 1.853(8) P(4) - C(86) 1.820(5) 

Table 17. Selected Bond Angles in 74-solvent (deg) 

P(1) - Ru - P(2) 72.0 l(8) CI(1) - Cu(1) - Cl(2A) 1 13.79(8) 

P(1) - Ru - P(3) 95.16(8) Cl(1A) - Cu(1) - Cl(2A) 85.04(7) 

P(1) - Ru - P(4) 100.38(8) . Cl(2) - Cu(1) - Cl(2A) 134.9(1) 

P(2) - Ru - P(3) 102.30(8) Cl(3) - Cu(2) - Cl(3A) 180.0 

P(2) - RU - P(4) 170.4 l(8) C(I) - P(1) - RU 96.6(2) 

P(3) - Ru - P(4) 72.09(8) C(16) -P(1) -Ru 126.1 (2) 

P(1) - Ru - Cl(1) 164.71(8) C(26) - P(1) - Ru 1 19.3(2) 

P(1) - Ru - Cl(2) 93.61(8) C(1) - P(2) - Ru 94.6(3) 

P(2) - Ru - Cl(1) 93.45(7) C(36) - P(2) - Ru 123.2(2) 

P(2) - Ru - Cl(2) 92.34(8) C(46) - P(2) - Ru 123.1(2) 



6 iYMJRStudies 

When pure crystalline 74 is dissolved in CD2C12, the "P NMR spectnun obtained 

suggests that several complexes are present in solution (Figure 41). Complex 74 is poorly 

soluble in most other weak donor solvents; however, the "P NMR spectnun of 74 in mixtures 

of CD2C12 and acetone or THF is similar to that in pure CD2Cl2. Complex 74 reacts with 

stronger donor solvents such as CH3CN or CH3N02. In CDzC12, the 3 1 ~  NMR spectrum 

consists of two major triplets (6 4 . 5  and -28.2) and two smaller tiplets (6 4 . 4  and -25.3). 

In addition, there are broad peaks at S O and -25 which overlap the triplets. The four sharp 

triplets are assigneci to two cis-substituted nithenium complexes present in an approximately 

4:1 ratio when 74 dissolves. Neither of these complexes is 59, and the small chernical shift 

differences between the sets of peaks indiuite that they are struchirally similar. These two 

major compouads are proposed to be 74 and the intemediate 75 (Scheme 20). 



Figure 41. 3 1 ~  NMR spectnim of 74 in CQC12. 

The moiar conductivity of an acetone solution of 74 is 207 R-l cm2 mol-', indicating 

that the major species in solution is the 1: 1 electrolyte 74. The broad peaks in the "P NMR 

spectrum rnay be due to species 76, which would result if one of the Cu41 bonds in 75 

breaks. The broad peaks c m  result fiom inequivalency of the phosphorus atoms in 76 or fiom 

chernical exchange with 59. Since 74 is a strong electrolyte, the relative concentrations of the 

species in Scheme 20 are expected to be independent of the arnount of 74 added A 10-fold 

increase in the arnount of 74 dissolved does not change the ratio of 74 to the sum of 75 and 76 

(imtegrated together in the 3 1 ~  NMR spectnun), consistent with the equiiîbria in Scheme 20. 



Addition of excess [(n-Bu)4NJCl or 2 M aq HCl to a solution of 74 in CH2C12 results 

in complete conversion of aii species present to 59. The added Cl- presumably complexes the 

copper as CuClt-, leaving 59 as the ody  rutheniumcontaïning species. Subsequent addition 

of excess CuCl to a solution of 74 which bad been treated with excess [(n-Bu)&JCl results in 

the disappearance of peaks due to 59 and the reappearance of sharp peaks due to 74 and 75 as 

weU as the broad peaks 6 O and -25 in the 3 1 ~  NMR spectrum. These experiments 

demonstrate that 59 and 74 - 76 may be interconverted in the presence of CuCl and Cl-, and 

that the relative concentrations of these species in solution depend on the amount of CuCl and 

Cl- present. 

Scheme 20 

r P P ~ ,  
Ph2P. ' ,Cl. ,RU, Cu-Cl 
Ph2P I cl' 
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The progress of the reaction of 19 with one equivaknt of CuCi in CDzCh is followed 

by "P NMR Since CuCI is poorly soluble, only a smail amount dissolves initially, and the 

reaction conditions are identical to the catalytic experiments. Upon addition of CuCl into the 

tube. the singlet in the "P NMR at 6 -7.7 due to 19 broadens. In the early stages of the 



reaction, sharp resonances due to 59 begin tu appear, and e v e n W y  the resonances due to 74 

and 75 also becorne apparent When an identical experiment is carried out with 59 and 

stoichiomehic CuCl, reaction is very rapid in the NMR tube with cornplete disappearance of 

59 and formation of the equiliîrium mixture of 74 - 76 within 5 min. 

Complex 19 isomerizes to 59 when a smail amount of 74 is added to the solution. A 

solution of 19 and 4 mol % 74 in C m 1 2  is sthed at rwm temperature for 24 h, &orclhg a 

solution which contained 90% 59 and 10% 19 by 3 1 ~  NMR. Addition of a smaii amount of 

cornplex 74 to the isomerintion reaction is analogous to adding catalytic CuC1. Intemediates 

75 and 76 are fomed directly in solution f?om 74, introducing coorduiated CuCl, which acts 

as a catalyst for the isomerization. 

The UV-vis absorption spectnim obtained when 74 is dissolved in CH2C12 is similar 

to that of 59 (Figure 42). It is likeiy that the bands in the spectrum of 74 are due to the same 

transitions observed for 59, with slight distortions due to the change in the ligand field around 

ruthenium upon coordination of the copper center. Since both 74 and 75 have very sirnilar 

ligand environments at the ruthenium center, it is reasonable that both complexes exhibit 

similar visible transitions to 59. Solutions of 74 are stable under arnbient laboratory iight, 

consistent with the cis chioride ligands being locked in place on the ruthenium center by the 

copper, preventing photochernical isomerization. 
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Figure 42. Absorption spectra of 59 (. . .) and 74 (-) in CH2C12. 

6.4 Discussion 

The following mechanism is proposed for the CuCl-catalyzed isomerization of 19 to 

59. As the CuCl dissolves, it coordinates to one of the chlonde ligands in 19, yielding halide- 

bndged intermediate 77 (Scheme 21). Complex 77 is not observed in the "P NMR specfnim, 

but a broadening of the singlet at 6 -7.7 is observed. This broadening is specifïc to this peak, 

and is not due to nonspecifïc broadening as wouid be caused by paramagnetic ~u%n~urities.  

It is possible that the broadening is aiused by exchange beîween 77 and 19. The ruthenium 

center in intermediate 77 is stiil tram substituted. Coordination of the CuCl is expected to 



weaken the Ru-CI bond, facilitating isomerization to the more stabIe cis orientation at the 

ruthenium center. The R u 4  bond is lengthened in 74 compared to 59, consistent with a 

weakening of the Ru-Cl bond upon coordination of CU'. Thermodynarnically, R~Cl~(dppm)~ 

prefers the cis orientation. Meyer argued that this is because 59 is stabilized by rr-donation 

fiom the Cl through the Ru to a tram P, whereas this favorable interaction is not possible in 

tihe trans isorner.l20 

Scheme 21 

11 isomerization 

59 75 

It is proposed here that 77 isomerizes to 75, in which the rutheniun center has a cis 

geometry, and the CuCl is coordinated to both chlonde ligands. The intermediate 75 can then 

lose CuCl presumably via 76, to yield 59. This pathway is likely under catalytic conditions 

when there is a large excess of ruthenium species relative to CuCl. Under these conditions, 

any 75 which f o m  probably reacts with 19, yielding 59 and 77. The equilibrium between 77 

and 75 is expected to favor 75 due to both the favorable geomehy of the ruthenium center in 

this cornplex, and the stabilizing effect of coordination of the copper with the two bridging 



chIorides. The effect of the CuCl is therefore to weaken the Ru41 bond in 77 and to stabilize 

intermediate 75. men stoichiometric amounts of CuCl are available, sutncient copper is 

present to complex ali the available ruthenium species. Since the reaction between 59 and 

CuCl is rapid, it is reasonable that 74 and 75 are the final products observed in the reaction 

between 19 and stoichiomeîrïc &CI. Because CuCl is poorly soluble, 59 is observed first in 

this reaction foiiowed by 74 and 75 as 19 is consumed, and 59 is fomed. 

The copper(I) halide catalyzed isomerization of 19 to 59 provides an alternative, low- 

temperature route to the cis cornpiex. Although a previous report indicated that complexes 

structuraily related to 19 such as PQ~-@uCh((o-C&@MePh)z)z] can be isomerized to the 

corresponding cis isomer using excess tnethylalurninum, this procedure involves air-sensitive 

reagents and proceeds via hydxido intemediates which must be hydrolyzed to regenerate the 

product.170 The method described here rnay allow for the convenient preparation of cis 

isomers of similar complexes which are ciBcult to isomerize thennauy. 

The results in this Chapter are important for understanding copper(I) halide catalyzed 

reactions involving 19 and 59. It is &eIy that coupling reactions of ruthenium halide 

complexes with organostannane involve intermediates such as  74 - 77 in which the copper 

coordinates to the nitheniun halide complex. When the starting material is 19, copper- 

catalyzed isomerization may generate cis-substituted intermediates in which the chloride 

ligands are more labile, facilitating reaction with the organostannane. In addition, since 74 is a 

soluble complex, it may be usefiil to use this directly as a reagent with organostannanes to 

make bisacetylide complexes and po1ymers. 



6 5  Conclusions 

Copperiir> haIides are stu&ed as catalysts for the trans - cis isomerization of 

RuC12(dppm)z. When RuC12(dppmh reacts with excess CuCI, a halide-bndged 

heterotrhetailic complex is isolated An NMR study on the reaction of R~Cl~(dpprn)~ with 

CuCl provides some insight into the isomerization mechanism. 



Chapter 7 Suggestions for Future Work 

The work in this thesis opens many avenues for fùîure exploration of metalcontainhg 

oligomers and polymers. Some of these are summarized in this Chapter. 

Ruthenium oligothienylacetylide polymers may have simiificant conductivities when 

doped because oxidation of the ruthenium(D) centers in 62c and 63c r e d t s  in very strong 

low-energy absorptions in the near-IR region. Measurement of the conductivities of the 

electropolymerized nIms of those materials would be interesting. Chernical coupihg may 

also be used to produce such polymers. PreIllniriary r d t s  have showed that coupling of 58 

with 78 gives an insoluble brown-red solid, which is presumably the polymer 79 (Scheme 22). 

Further characterization of this solid and preparation of analogous polymers which are soluble 

would be useful. The solubility of this polymer is expected to increase a s  alkyl groups are 

incorporated into either the oligothienyl groups or phosphine ligands, but care must be taken 

to consider the steric effects of these groups, which may reduce the efficiency of the coupling. 

Scheme 22 

78 

ElectropoIymerimtion of 63b and 63c resuits in the deposition of electrochromic films 

on the electrodes, but the nature of the f i h  is not clear because of the poor stability of 



oxidized 63b and 63c in solution at room temperature. The stability of these species couid be 

enhanceci through the use of more elecfron-rkh phosphine ligands on the metal and 

oiigothienyl groups with a lower oxidation potentiai. The latter could be achieved by using 

oligothienyl groups with a longer conjugation length or with electron-donating substituents. 

Prelimùiary conductivity measurements on films prepared by electropolymerization of 

50 and 73, and electrodimerization of 68c and 68e are attempted on interdigitated 

microelectrodes with an interelectrode spacing of 5 p. This method, developed by Wrighton 

and coworkers, aliows the conductivity to be measured as a bc t ion  of applied potential.171- 

173 This method requires that the film mwt fill the interelectrode gap. In al1 cases, it is 

impossible to obtain sufnciently thick films to bridge the gap between the electrodes, and it is 

clear that interdigitated electrodes with a smaller gap (around 1 p) are needed. 

Munay and coworkers have measured the conductivity of polymer fiIms using a 

sandwich-electrode arrangement in which a polymer film is deposited on a Pt surface, with a 

gold film evaporated on top of the polymer nlm.174 A modifïed method is attempted to obtain 

conductivity measurements of nIms of the dimers 71 and 72. In these experiments, a Pt 

electrode coated with a film of the dimer is dipped into a mercury pool, and the resistance 

between the Pt and mercury elechodes measured. Using this method the conductivity of the 

neutral nIm of the dimer 71 is obtained (3 x 10* S/cm), but consistent results can not be 

obtained for the oxidized nIm. It is impossible to measure the conductivity of films of 72 in 

this way because they crack when dry resuiting in shorts between the electrodes. Further 

investigations are needed to obtain satisfactory and usefiil data fkom those measurements. 
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