
Part I: Synthesis and Characterization of Sulfur-Bridged Oligothiophenes 

Part 11: Exploratory Syntheses Toward Dioxadiazinyl Radicals 

Daniel John Talbot Myles 
B.Sc., University of Waterloo, 2000 

A Dissertation Submitted in Partial Fulfillment of the 
Requirements for the Degree of 

DOCTOR OF PHILOSOPHY 

in the Department of Chemistry 

O Daniel John Talbot Myles, 2005 
University of Victoria 

All rights reserved. This dissertation may not be reproduced in whole or in part, by 
photocopying or other means, without the permission of the author. 



Supervisor: Dr. Robin G. Hicks 

ABSTRACT 

A series of new model oligothiophenes capped with mesitylthio groups and 

bridged by divalent sulfur were prepared and characterized. The synthesis of the capped 

oligomers was accomplished by either convergent or divergent protocols. In the 

convergent approach, a series of unsymmetrical oligomers, bearing one mesitylthio 

group, with various conjugation lengths and substitution patterns of thiophene and 3,4- 

ethylenedioxythiophene (EDOT) were assembled by metal catalyzed cross coupling 

reactions. The internal sulfur bridge was inserted by reaction of the a-lithiated 

unsymmetrical oligothiophenes with bis(phenylsulfony1)sulfide. In the divergent 

approach, the terminal mesitylthio groups were introduced by reactions of a-dilithiated or 

a-dibrominated bis(oligothienyl)sulfides with two equivalents of 2-mesitylenesulfenyl 

chloride or 2-mesitylenethiol, respectively. All of the oligothiophenes were characterized 

using elemental analysis, mass spectrometry, and 'H/ '~c NMR spectroscopies. The 

capped oligomers were either chemically or electrochemically oxidized to their 

corresponding radical cations and dications, and these were characterized by UV-Vis- 

NIR spectroscopy. The UV-Vis-NIR studies revealed that when electron-rich EDOTs are 

placed directly adjacent to the internal sulfur bridge then strong intramolecular electronic 

communication occurs for the cationic species. However, replacing the adjacent EDOTs 

with thiophene or by increasing the conjugation length leads to a weakening of the 

electronic communication through the internal sulfur bridge. 



A new class of EDOT and thiophene containing sulfide polymers were then 

prepared by electrochemical anodic oxidation of a-uncapped monomer precursors. The 

polymers were expected to exhibit excellent charge transport properties and stability 

based on the model compound studies. Preliminary investigations on the electronic 

properties of the polymers have been achieved by in-situ spectroelectrochemistry on IT0 

electrodes. Further insights into their electronic structures have been made by appropriate 

comparisons to the a-capped model compounds. 

The second part of this thesis describes synthetic routes to an unknown class of 

dioxadiazinyl radicals. The routes resemble those that have been established for the 

synthesis of the closely related verdazyl radicals. In this regard, an 0-silylated 

chloroxime was prepared, fully characterized, and its reactions with hydroxylamine were 

investigated. Unfortunately, the targeted 6-siladioxadiazane was not formed, but rather N- 

hydroxy-p-toluamidoxime. The mechanistic details of this unexpected outcome were then 

briefly explored. The second approach involves the attempted ring-closing reactions of 

0,0 '-bis(hydroxylamino)methane with a range of aldehydes. In all instances, mixtures of 

mono- and bis-imines were exclusively formed, and not the desired 6-membered ring 

products. 
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Chapter 1 

Introduction and Context for Part I 

1.1 Introduction 

It was during the late 1970s that the first highly conducting polymer comprised 

solely of organic fragments was discovered. Since that time an intense amount of 

research worldwide has been devoted to the study of organic based n-conjugated 

polymers for their inherent bulk physical properties, such as their magnetic responses and 

electrical conductivities. Unlike conventional inorganic conducting materials (e.g., 

copper and doped silicon), which tend to be brittle and dense, organic polymers offer the 

potential to be light, flexible, soluble, and more easily processed. These promising 

attributes have allowed for them to be fabricated into small electronic devices such as 

organic field-effect transistors (FETS),' light emitting diodes (LEDS),~ and  sensor^.^ 

One drawback of studying polymers lies in the complexity of trying to correlate 

the polymer's structure with its physical properties. This stems from the traditional 

methods used to prepare these polymers. They are normally made by either chemical or 

electrochemical techniques, which provide polydisperse materials that often contain 

structural defects. Polymerization methods have been developed recently to minimize 

such structural anomalies and these are discussed later in this chapter. The inherent 

distribution in molecular weights makes molecular scale understanding difficult, as 

measurements on bulk polydisperse samples provide an average value of the property in 

question. 

The dearth of structurelproperty information with respect to n-conjugated organic 

polymers has prompted synthetic chemists to prepare smaller more easily characterized 



oligomer analogues that mimic the structure of their polymer counterparts. The main 

incentive is to gain a sound understanding of how the physical properties of a 

discrete/monodisperse oligomer relates to its chain length or size. Physical properties for 

a hypothetical defect-free polymer can generally be estimated by extrapolating those 

from the model oligomer systems. In addition to oligomers acting as model compounds 

for their polymer congeners, they are also being used as materials in their own right, for 

example, as organic semiconductors. 

The intention of this introductory chapter is to first review the more heavily 

studied n-conjugated organic polymers and to describe their electronic structures by 

using band theory. The synthetic techniques employed for the preparation of these will 

also be briefly mentioned. This will be followed by a survey of the synthesis and 

electronic properties of smaller molecules, emphasizing the use of the "oligomer 

approach". The electronic and structural features of several thiophene oligomers will then 

be described. This will lead into a discussion of hybrid conjugated thiophene oligomers 

that incorporate main group elements into their chains, especially those that are linked by 

divalent sulfur. The thiophene oligomers with sulfur end-groups, which have been 

synthesized and studied for their electronic properties previously in our group, form the 

basis of the work presented herein and as such will be discussed in some detail. The 

chapter will close with the aims and objectives for the first part of this thesis. 



1.2 Survey of Conducting Polymers 

1 .I 1.2 
Polyacetylene Polypyrrole 

(PA) (PPY) 

1.5 
Poly(3-alkyl)- 

thiophene 
(PJAT) 

1.3 1.4 
Polythiophene Polyethylenedioxy- 

(PT) thiophene 
(PEDOT) 

1.6 
Polyaniline 

(PANI) 

Figure 1.1. Most heavily studied conjugated organic polymers. 

Polyacetylene (PA) (1.1) represents the earliest studied conducting organic 

polymer. PA itself can be prepared as a silvery compound by the polymerization of 

acetylene. It can exist in either the cis or trans form, but the latter is more 

thermodynamically stable. Neutral trans-PA can be p- or n-doped either chemically or 

electrochemically to the highly conducting state.4 When iodine is used as the oxidant, an 

increase in conductivity from 10-5 S cm-' to lo3 S cm-' was observede5 Using arsenic 

pentafluoride (AsF5) as the electron acceptor, an increased conductivity of lo5 S cm-' 

(comparable to copper) has been ~b t a ined .~  Reductive doping of trans-PA with alkali 

metals such as lithium, sodium, and potassium is also possible, but has received less 

attention because the resulting conductive polymers are extremely sensitive to moisture 

and air. More soluble hybrids of PA have also been prepared by substituting the acetylene 

backbone with various groups (e.g., CN, CF3, Ph, etc.); however, the doped forms of 

these give lower conductivities with respect to the unsubstituted parent system.7 



A common method for preparing polypyrroles (PPYs) (1.2) and polythiophenes 

(1.3) (PTs) is by electrochemical anodic oxidation of either a thiophene or pyrrole 

monomer, respectively.8 The heterocycles couple predominantly through the more 

reactive 2- and 5-positions via highly reactive radical cation intermediates. The major 

advantage of this technique is that the doped polymer forms directly on the working 

electrode surface, which can be easily studied in situ (Figure 1.2). Unlike PA, the isolated 

purely a-linked - maximum x-overlap 
R 

a-p mislinkages leads to poor x-overlap 

Figure 1.2. Electropolymerization pathways for the 5-membered heterocycles. 

doped forms of PT and PPy exhibit good stability towards moisture and air; thereby 

rendering them easy to handle and use in real device applications. Their conductivities 

are typically on the order of lo2 S cm-l, considerably lower than PA, but largely 

dependent on the method of preparation.9 Maximum conductivities for these two 

polymers are obtained when the heterocyclic rings are predominantly linked together in 

the a-positions, allowing for maximum .n-overlap (Figure 1.2). Electropolyrnerization 

techniques suffer in that irregular a+' couplings can also occur. These undesirable 

couplings become even more pronounced as the polymer length increases, which is 

detrimental to the polymers conductivity. Structural modifications have been made in 

attempts to avoid these structural mislinkages. For example, incorporation of an alkyl 



group in the 3-position of a thiophene ring (i.e., 3-alkylthiophene) has been shown to 

remove unwanted a,p linkage defects upon polymerization.10 The downside is that 

regiochemical defects can now form as a consequence of the unsymmetrical thiophene 

couplings (Figure 1.3). The undesirable head-to-head (HH) configuration disrupts the 

effective conjugation of the thiophene backbone by a severe steric interaction of the alkyl 

chains. 

steric interaction - 
distorts planarity of 

)/ s-system - 

regioregular PT non-regioregular PT 

Figure 1.3. Polymerization of 3-alkylthiophene. 

McCullough has used a chemical method to prepare a regioregular (approx. 100% 

HT-HT couplings) poly(3-alky1)thiophene (P3AT) (1.5) via a Kurnada polymerization 

(Scheme 1.1). The resulting doped polymer shows significantly higher conductivity 

levels than those obtained by electrochemical methods. 

1. LDA, THF 

d ~ r  S 2. ~ g ~ r ~ - E ~ ~ O  BrMg d ~ r  s 

Scheme 1.1. Chemical polymerization to afford regioregular P3AT. 



Another method used to avoid a-p mislinkages is by substituting both the 3- and 

4-positions of the thiophene backbone. One important example of this is 

polyethylenedioxythiophene (PEDOT) (1.4). PEDOT can be prepared by chemical 

oxidation with FeC13 or by electrochemical methods to form a low band gap (E, - 1.6 

eV) polymer with exceptional environmental stability.12 The enhanced stability is thought 

to arise from the electron-releasing ability of the oxygen atoms in the ethylenedioxy 

bridge to the positively charged polymer. The doped conductivities for the 

electrochemically generated polymers are typically on the order of 1 o2 S cm-l.13 

The redox forms of polyaniline (PANI) (1.6) can be controlled by using acid-base 

chemistry.14 The fully reduced form of PANI is referred to as "leuco-emeraldine" and in 

fully reduced state 
"leuco-emeraldine" 

partially oxidized state 
"emeraldine base" 

- 

quinoid form X 
"emeraldine salt" 

benzenoid form X -  
"emeraldine salt" 

Figure 1.4. Various oxidation states of PANI. 

this state the compound is an insulator (Figure 1.4). The polymer that is half-oxidized is 

called the "emeraldine base", and it is a semiconductor. The conductivity increases 

dramatically when the emeraldine base imine nitrogen atoms are protonated by strong 



acid (e.g., aqueous HC1). The resulting "emeraldine salt" possesses delocalized radical 

cations and the material exhibits metallic-like conductivity as a result of a half filled 

n-band (see below). Conductivities as high as lo5 S cm-' have been obtained for the 

emeraldine salt form of PANI.'~ 

1.3 Electronic Structure of n-Conjugated Polymers 

The use of band theory for describing a molecular structure can be a complex 

task, as it brings together ideas from chemistry, solid-state physics, and mathematics. 

However, qualitative considerations based on Hiickel molecular orbital (HMO) type 

semi-empirical methods allow for a basic picture of the electronic structure of conjugated 

polymers to be developed. 

As a representative example, the band structure of an infinite chain of thiophenes 

is given (Figure 1.5). Thiophene itself possesses a n-bonding MO and a n*-antibonding 

MO within its frontier manifold. 2,2'-Bithiophene would then have a total of four MOs, 

which results from the linear combination of the MOs from two individual thiophene 

units. This process can be extrapolated to longer oligothiophenes, for instance, six 

thiophene units (i.e., sexithiophene) would contain a total of twelve MOs. An infinite 

chain length of thiophenes would then give rise to a fully occupied electronic band, as the 

energy levels become so closely spaced. This band is referred to as the valence band, 

whereas the band resulting from the combination of all the thiophene LUMOs is defined 

as the conduction band. These two bands are separated by an electronically forbidden 

region known as the band gap (Eg). The band picture shown in Figure 1.5 can also be 

used to describe several other neutral n-conjugated organic polymers (e.g., polypyrrole, 

poly(p-phenylene), polyacetylene, etc.). 



LUMO 

a St- 
HOMO 

- 

- 

- 

St 
St- 
+ 
n = 3  

Figure 1.5. Band generation for an infinitely long thiophene. 

The ability of a material to electrically conduct largely depends on the width of 

the band gap. Metallic like conductivity can be obtained when the band gap width is zero, 

thereby allowing electrons to be easily promoted into the conduction band (Figure 1.6). It 

I 
u 

Narrow Wide 
No gap band gap band gap 

metallic semiconductor insulator 
conductor 

Figure 1.6. Electronic band structures. 

is the resulting partially filled conduction and valence bands that give rise to the 

conductivity. A semiconductor has a non-zero band gap, and is usually defined by having 



an energy gap of approximately 1 eV. In an intrinsic semiconductor the conduction band 

can be partially populated by thermally induced electronic excitations (Figure 1.7a). 

Increasing the temperature of an intrinsic semiconductor leads to an increase in the 

number of charge carriers followed by a concomitant increase in conductivity. Insulators 

are characterized by their wide band gaps (> 2 eV), and as such do not conduct because 

of the large energetic barrier to promote electrons from the valence to conduction band. 

The conductivity of a semiconductor can be further enhanced by increasing the number 

of charge carriers (holes or electrons) in the valence andlor conduction bands via 

chemical doping. Doping can be achieved by either removing electrons from the valence 

band, this being referred to as p-doping (oxidation) (Figure 1.7b) or by adding electrons 

to the conduction band via n-doping (reduction) processes (Figure 1 .7~) .  

(b) extrinsic semiconductor (c) extrinsic semiconductor 
(a) intrinsic semiconductor (p-doping) (n-doping) 

Figure 1.7. Intrinsic and extrinsic semiconductors. 

All of the n-conjugated organic polymers, as discussed in 51.2, are insulators in 

their neutral forms, and must be doped to become conductive. Electron paramagnetic 

resonance (EPR) studies on several heavily doped n-conjugated polymers, such as 

polyacetylene, polyphenylene, and polypyrrole have confirmed that these materials 



contain very low spin counts. Therefore, the high conductivity in these systems cannot be 

attributed to partially filled valence or conduction bands, as described by simple band 

theory (see above), but rather via spinless charge carriers. 

neutral form of polythiophene -aromatic structure 

Polaron spread over nine thiophene units - quinoidal structure 

Bipolaron spread over nine thiophene units - quinoidal structure 

Figure 1.8. Polaron and bipolaron formation in polythiophene. 

Removal of an electron from the top of the valence band of a conjugated polymer, 

for example polythiophene, results in the formation of a radical cation (Figure 1.8). The 

radical cation is free to delocalize over a few units which causes structural defects in the 

polymer. In solid-state physics, a radical cation that is confined to a small segment of a 

polymer is called a polaron. The energy associated with this polaron represents a 

destabilized bonding orbital, and thus appears as an electronic state at slightly higher 

energy than the valence band (Figure 1.9). Removal of a second electron forms a 

dication, which is referred to as a bipolaron. The polaron and bipolaron have an 

approximate delocalization length of nine thiophene units, which has been determined by 



theory and model compound studies.16 Heavy doping can then lead to bipolaron band 

formation, at the expense of removing states from the conduction and valence bands 

(Figure 1.9). It is the formation of these new subgap bands that are responsible for the 

conduction in organic polymers. 

_ _ _ _ _ - - - - -  

energy 
levels - - - - - _ _ _ _ _ _ _  

I 
neutral polymer lightly doped 

polymer 
heavily doped very heavily doped 

polymer polymer 

Figure 1.9. Band structures for doped n-conjugated organic polymers. 

The theory of polaron/bipolaron formation is applicable to other n-conjugated 

organic polymers, such as poly(p-phenylene) and polypyrrole that contain non-degenerate 

ground state configurations. It should be noted that the polaron/bipolaron model is 

limited to describing conductivity in one dimension along the principal polymer chain. In 

the solid state, many doped organic polymers have higher conductivities than those 

predicted by the polaron/bipolaron theory. It is likely that in many of these materials 

interchain interactions along the n-stacking direction also contribute to their conductivity. 

Miller et al. have provided the first evidence of this possibility by determining the 

conductivity of an ester linked polythiophene (1.7).17 The polymer cannot conduct via 

polarons or bipolarons because the n-conjugation of the short quaterthiophene units is 



disrupted by the insulating ester linkers. Concentration dependent UV-visible studies on 

the in-situ generated radical cation showed that n-dimerization (see 5 1.5 1) was indeed 

occurring. The neutral polymer was then doped with iodine and the conductivity of a 

casted film was measured to be 0.8 S cm-'. The authors concluded that the conductivity is 

primarily due to intermolecular oligothiophene n-stacks. 

1.4 General Aspects of the Model Oligomer Approach 

Although polydisperse materials often show desirable bulk properties, they can be 

troublesome when trying to evaluate how their exact structure correlates with an 

observable physical measurement. The inherent distribution in molecular weights makes 

microscopic/molecular scale understanding difficult, as measurements on bulk 

polydisperse samples provide an average value of the property in question. To gain a 

better understanding of structurelproperty relationships, synthetic chemists have set out to 

examine to what extent monodisperse conjugated oligomers can model their polymer 

analogs.'' The "oligomer approach" of modeling a polymer typically involves the 

preparation of a homologous series of oligomers by sequentially increasing the chain 

length. By doing this, a saturation or convergence point is often observed for a specific 

physical property. This phenomenon is known as the effective conjugation length (ECL), 

that is, an oligomer containing so many monomeric units begins to behave (with respect 

to some property) like its polymer of infinite chain length. The ECL can be determined 

by extrapolation from a plot of an observable physical measurement (e.g., A,,,, oxidation 



potential, etc.) versus the reciprocal of the number of monomeric repeat units (n-l). 

Putting the "oligomer approach" to use, Miillen et al. prepared a homologous series of t- 

butyl capped oligoenes (1.8) and were able to estimate the band gap energy of a 

hypothetical defect-free trans-PA to be 1.7 ev.19 This was achieved by plotting the 

HOMO-LUMO gap energies of each oligomer against the inverse number of double 

bonds, and then extrapolating to an infinite chain length. The determined band gap 

energy is an excellent agreement with the experimental value of 1.4 - 1.8 eV for a sample 

of trans-PA. 

In addition to oligomers acting as model compounds for their polymer congeners, 

they are also finding use in device applications because of their own interesting electrical 

and optical properties. One of the most promising organic molecules used to date in a 

FET is the p-type semiconductor a-sexithiophene ( a - 6 ~ ) . ~ '  Record mobilities (p) of 0.9 

to 10 crn2 V-' s-' have been measured on crystals of a-6T, these values being several 

orders of magnitude higher than those determined for polythiophene derived FETs. 

Oligothiophenes have also served in OLEDs, for instance, the n-doped dimesitylboryl 

end-capped oligomer 1.9 has been incorporated into a blue-emitting electroluminescent 

d e ~ i c e . ~  



1.5 A Survey of Oligothiophenes 

I .  5.1 Oligothiophene Model Compounds 

Oligothiophenes have received considerable attention in the past decade because 

they serve as effective models for polarons and bipolarons of conducting polythiophenes. 

The aim of this section is to highlight some of the scientific findings used to understand 

the conduction mechanism in doped polythiophenes. 

Oligothiophenes that lack substituents in the 2- and 5-positions tend to be 

inadequate model systems for polythiophenes because they are normally highly reactive 

species when doped. That being said, there are a few examples of longer a-uncapped 

oligomers that have been shown to support stable radical cations and dications. Bauerle et 

al. prepared the didodecylsexithiophene 1.10 and showed that this compound could be 

reversibly oxidized to the radical cation and dication (El0 = 0.81 V, E20 = 1.01 V vs. 

S C E ) . ~ ~  The P-alkyl substituents help to stabilize the charge in the inner thiophene rings. 

Owing to its stability and enhanced solubility over its parent a-6T, 1.10 has found 

tremendous use as a component in F E T S . ~ ~  



Blocking the terminal a-positions with appropriate end-groups helps to suppress 

the polymerization of oxidized oligothiophenes, thereby permitting the study of discrete 

radical cations and dications. To this end, Tour and co-workers prepared a series of 

trimethylsilyl a-capped thiophene oligomers and probed their electronic structures by a 

combination of CV, EPR, and UV-Vis-NIR spectroscopy.24   or the neutral series (1.11 - 

1-17), A,,, was found to increase with thiophene chain length, a trend that is consistent 

with nearly all other oligothiophenes. All of the compounds except the dimer (1.11) and 

trimer (1.12) showed reversible one-electron oxidations by cyclic voltammetry (CV). All 

oligomers with four or more thiophene units could be subsequently converted to their 

dicationic states. One interesting outcome from these studies concerns the 

electrochemistry of the longer oligomers. The peak separation between the first and 

second oxidation potentials for 1.15, 1.16, and 1.17 saturate at 180 mV. This suggests 

that two discrete oxidation waves should also be viable for even longer monodisperse 

oligomers of these types, and possibly for a defect-free sample of polythiophene. 

However, cyclic voltammograrns of real polythiophene films usually show a single broad 

wave, which may be attributed to structural variations and intermolecular chain 

interactions within the polymer during the electrochemical experiments. It should also be 

noted that n-dimerization does not occur within these silyl-capped oligomers; the authors 

attribute this to the steric bulk of the substituents. Therefore, these molecules can be 

thought of as models for understanding electronic communication in one-dimensional 

chains (i.e., polarons and bipolarons) for doped polythiophenes. 
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Miller et al. reported on the spectral and electrochemical properties of a- 

dimethylterthiophene (1.18) and showed that temperature and concentration dependent 

reversible n-dimerization of the radical cation occurs (see later).25 While trying to 

elucidate the conduction mechanism in doped PTs they propose that the resulting 

diamagnetic dimer dication could serve as an alternative to a bipolaron. This can also 

explain why heavily doped PTs lack an appreciable EPR signal. Since this significant 

discovery, the polaron/bipolaron theory has been challenged by several others, who also 

observe reversible dimerization of radical cations in an array of other n-conjugated 

01 i~omer s .~~  Although the one-electron oxidation process of compound 1.18 shows 



reversibility (El0 = 0.99 V vs. SCE at a scan rate of 100 mV s-l) on the timescale of the 

CV experiment, the radical cation decomposes after several minutes at room temperature. 

Spectroelectrochemistry experiments had to be performed at -25 "C to avoid 

decomposition of the radical cation. During the bulk electrolysis the initial absorbance for 

the neutral species of 1.18 (A,,, = 360 nm) disappeared, while three new bands grew in at 

longer wavelengths. The band at 572 nm was due to the monomeric cation radical and the 

bands at 466 and 708 nm were assigned to the cation radical dimer. The dimer bands 

grow in at the expense of the monomeric radical cation band when either the 

concentration is increased or the temperature is decreased. Furthermore, the EPR signal 

vanishes for the radical cation species with a concentration increase or temperature 

decrease by virtue of the diamagnetic nature of the n-dimer formation. 

Bauerle and his coworkers looked at the electronic structures of mono- and 

dimeric radicals in a series of a,P-cyclohexyl end capped oligothiophenes (1.19 - l .21) .~~  

The terminal cyclohexyl groups were used to shield the radical cations from undergoing 

polymerization reactions. Only the oligomers with at least three thiophene units could be 

reversibly oxidized to their corresponding radical cations; whereas, the oligomers with 

four or more thiophene units could be reversibly oxidized to dications. They were also 

able to show that reversible n-dimerization occurs upon cooling solutions of the radical 

cations by UV-Vis spectroscopy. 



In general, an oligothiophene radical cation shows four absorption bands in the 

UV-Vis-NIR region, which result from electronic transitions within three different energy 

levels (Dl - <D3) (Figure 1.10). <Dl represents the HOMO-1, Q the SOMO, and Q3 the 

LUMO. The major optical bands M1 and M2 are due to transitions from (D2 to Q, and 0, 

to 02, respectively. The bands on the higher-energy side of both M1 and M2 belong to 

the n-dimer and are denoted by Dl  and D2. The MO diagram is in agreement with the 

general observation that the EPR signal of a radical cation diminishes upon dimer 

formation. 

open-shell @I+ I * open-shell 
radical cation radical cation 

closed-shell 
dication (dimer) 

Figure 1.10. Frontier MO diagram and electronic transitions for radical cation and its 
corresponding n-dimer. 



Garnier and co-workers have recently reported that n-dimerization occurs for even longer 

oligothiophenes (e.g., duodecithiophene (12T) 1 .22) .~~ They claim that the doubly 

oxidized form of 1.22 results in the formation of a fourfold charged spinless n-dimer 

(Scheme 1.2). More recently, Janssen et al. examined a slightly different version of 12T 

(1.23).~~ 1nstead of a bipolaron or a n-dimer, as previously suggested, the authors state 

that the electronic configuration for the dication of 1.22 is that of a singlet ground state 

carrying two individual polarons. The UV results show that when 1.22 is oxidized to its 

dication, two equally intense electronic subgap transitions are observed, which they argue 

to be inconsistent with a bipolaron structure, but could explain two separate polarons on 

an oligothiophene chain. Furthermore, no peaks in the electrospray mass spectrum 

appeared for (12~)?, but peaks due to 12T2' were observed. Although not conclusive, 

the EPR inactive nature for the dication of 12T is also in agreement with the proposed 

singlet ground state structure. 

Scheme 1.2. Formation of a fourfold spinless n-dimer. 



I .  5.2 Structural Characterization of Cationic Oligothiophenes 

To gain a better understanding of the role that n-dimerization plays in 

oligothiophenes, Miller and co-workers successfully prepared a pure radical cation 

sample of a terthiophene derivative (1.24) and determined its structure by x-ray 

diffra~tion.~' The radical cation could be prepared by either chemical oxidation of 1.24 

with NOPF6 or by electrochemical oxidation. The structure consists of slipped columnar 

stacks of [1.24]' cations, while the PF6- anions occupy the channels in between. There is 

not a strong interaction between neighboring n-systems in this case, as the shortest 

interplanar contact distance between the cations is only 3.47 A. Nevertheless, n- 

dimerization in the solid state has been determined by crystallography for oligopyrrole 

1.25; the neighboring radical cations of 1.25 stack as 7~ dimers in a face-to-face manner 

with a minimum interplanar distance of 3.23 A3' 



The first crystal structure of a dicationic oligothiophene was reported very 

recently. A dicyanovinylene-bridged CPDT oligomer (1.26) capped with butylthio groups 

has been converted to its dication (1.27) by constant current electrolysis in the presence 

of Et4NFeCI4 as supporting electrolyte (Scheme 1 .3).32 X-ray structural analysis shows 

that 1.27 is highly planar with a quinoid-like geometry. Furthermore, the terminal C-S 

bonds of 1.27 have more double-bond character as they are considerably shorter than the 

C-S bonds found in the neutral form (1.26). Furthermore, the lack of an EPR signal and 

the stability of 1.27 towards molecular oxygen provide evidence that it has a closed-shell 

singlet electronic ground state configuration. 

constant current 2 FeCI, 
(I .o - 2.0 pA) 

SBu Et4NFeCI4 BUS 
chlorobenzene + + 

1.26 1.27 

Scheme 1.3. Formation of a stable oligothiophene dication (1.27). 

There are only a few examples of stable substituted monothiophene radical 

cations; most are extremely reactive and are difficult to observe, much less isolate. A 

radical cation of 3-alkoxy-2,5-bis(alky1thio)thiophene (1.46) has been previously 

prepared but its half-life was less than a few hours while in a solution of 

hexafluoropropan-2-ol.33 Komatsu et al. have recently prepared an exceptionally stable 

radical cation fi-om a monothiophene (1.28) annelated with two bicyclo[2.2.2]octene 

(BCO) units (Scheme 1 .4).34 The UV spectrum of [1.28]" in dichloromethane showed 

two maximum absorptions at 350 and 271 nm, which are ascribed to the M2 and M1 



Scheme 1.4. Formation of a stable monothiophene radical cation [1.28]'+. 

transitions (see Figure 1 .lo), respectively. The steric bulk of the BCO units suppress any 

possibility of dimerization, and this feature is supported by the lack of dimer bands (i.e., 

Dl  and D2 transitions) in the absorption spectrum. The crystal structure of [1.28]'+Sb~l/ 

could not be unambiguously assigned due to disorder in the thiophene unit; however, the 

data was able to show that the thiophene moiety and hexachloroantimonate ion exist in a 

1 : 1 ratio. Interestingly, they were able to obtain a crystal structure of 1.29, which is the 

product derived from the reaction of [ 1 . 2 8 ] ' + ~ b ~ ~ -  with triplet oxygen. 

Motivated by the exceptional stabilizing ability of the BCO units on the radical 

cation of monothiophene 1.28, Komatsu's group synthesized a homologous series of 

oligothiophenes (1.30 - 1.33) that were also fully annelated with BCO groups.35 Radical 

cations of 1.30 and 1.31 could be prepared by chemical oxidation with one equivalent of 

NOSbF6 and their structures were obtained by x-ray crystallography. The dication salts of 

1.32 and 1.33 were prepared by using two equivalents of NOSbF6 and their structures 



were also determined. Interestingly, both the cationic and dicationic species are stable at 

room temperature in air. The radical cation molecules all take on quinoidal-like planar 

structures, where the sulfur atoms in the thiophene rings adopt a transoid orientation with 

respect to each other. The closest intermolecular contact distances between n-systems for 

1.30 and 1.31 are 4.89 and 3.58 A, respectively. Not only are the BCO units effective at 

prohibiting n-dimerization in the solid state, but also in solution, as was confirmed by 

low temperature UV-Vis-NIR and EPR spectroscopic studies. Of particular interest are 

the studies on the dications of 1.32 and 1.33. Both dications display sharp single-line 

EPR signals in the solid state, suggesting the presence of paramagnetic species. Recent 

DFT calculations on a series of oligothiophene dications have shown that the open-shell 

two-polaron state is only 0.18 kcal mol-' lower in energy with respect to the closed-shell 

bipolaron.36 The authors claim that the open-shell paramagnetic species may be in 

equilibrium with the closed-shell state. Therefore, it seems surprising that Janssen et al. 

do not observe an EPR signal for their dicationic state of 1.22, for which they claim 

consists of two polarons on the chain. 

In summary, several model oligothiophenes have been prepared, characterized 

and used to elucidate the conduction mechanism in doped polythiophenes. Solution 

spectroscopic studies and solid state structural analyses have helped to shed light on this 

matter. The incorporation of bulky substituents have permitted detailed studies on the 

unimolecular (i.e., polarons and bipolarons) electronic properties in conjugated 

oligothiophenes; whereas, less sterically hindered structures have allowed for an 

understanding of how n-dimerization contributes to intermolecular electronic 

interactions. 



1.5.3 Stabilizing Charged Oligothiophenes 

Most efforts aimed at stabilizing charged oligothiophenes have involved the 

incorporation of terminal end-groups that protect the oligomer from undergoing 

dimerization and polymerization. However, most of the structural modifications 

mentioned thus far have only moderately improved the stability of oxidized 

oligothiophenes. Due to the inherently short lifetimes (i.e., half lives are usually on the 

order of several hours to minutes) of most charged oligothiophenes, the probing of their 

electronic structures is usually restricted to in situ spectroscopic techniques. Of the 

charged oligomers presented so far, the most stable are those that have been annelated 

with BCO units (1.28 and 1.30-1.33). The bulky BCO groups protect the thiophene 

radicals from undergoing dimerization and other decomposition pathways. The 

exceptional stability is also manifested in their ability to be left in air for several months 

without decomposition. Aside from these, only those with three or more thiophene units 

have been shown to produce stable radical cations. Clearly, there is room to warrant the 

design and synthesis of smaller and more stable cationic oligothiophenes. Within this 

context, the next sections deal with the efforts put forth to stabilize cationic thiophenes by 

substituent effects. 

A few alkyl-substituted oligothiophenes are known to undergo reversible 

oxidations; for instance, a-diethylquaterthiophene and a-diethylquinquethiophene are 

both capable of generating stable radical cations, and the latter can also be converted to 

its dication on the CV t imesca~e .~~  In general, alkyl groups are not particularly good for 

stabilizing cationic oligothiophenes, as undesirable couplings can occur within these 

groups. For example, Kossmehl and co-workers found that 1.34 rapidly decomposed to a 



mixture of 1.36 and 1.38 when it was oxidized with FeC13*H20 (Scheme The 

methyl group in the 3-position of 1.34 activates the formation of a "benzylic-like" 

radical, which subsequently couples to the 3-P-position of another bithiophene molecule 

affording the dimer (1.36). The nucleophilic attack of water on the "benzylic" cation 

(1.35) results in the formation of the intermediate alcohol (1.37), which is then converted 

to the aldehyde (1.38) upon further oxidation. 

Scheme 1.5. Decomposition pathways in methylated oligothiophenes. 

Miller et al. then investigated a class of methyl a-terminated oligothiophenes that 

contained strongly electron-donating methoxy substituents on the P-pos i t i~ns .~~  The 

methoxy groups were either placed on the "inside" (1.39 - 1.42) or the "outside" (1.43 - 

1.45) of the thiophene oligomers and these were studied by CV." The methoxy groups 

were effective at stabilizing the radical cations of 1.39 - 1.41, as evidenced by their 

persistence in solution and in the solid state for more than one month. It is important to 

note that a stable radical cation could even be generated for the short bithiophene (1.39) 



oligomer. Furthermore, repeated oxidative/reductive cycling did not lead to any 

detectable damage for compounds 1.39, 1.40, and 1.41. On the other hand, the isomeric 

outside oligomers 1.43, 1.44, and 1.45 did not produce stable cation radicals. All of these 

decomposed upon oxidation in exactly the same way as 1.34, affording dimerized 

products and aldehydes. 

In 1997, Miller's group then looked at a series of oligothiophenes (1.46 - 1.49) 

substituted with methoxy and thioalkyl groups.41 The most interesting outcome from this 

report was that the first persistent cation radical [1.46]'+ from a monothiophene was 

obtained. The authors attributed the stability and low oxidation potential (E,, = 0.81 V; 

El0 = 0.78 V vs. SCE in CH3CN) of 1.46 to the three donor substituents. All of the other 

oligomers (1.47 - 1.49) could be reversibly oxidized to both their cationic and dicationic 

states, as was shown by CV. For instance, the longest oligomer (1.49) was oxidized to its 

radical cation at a half-wave potential of 0.43 V (vs. SCE). The negative potential shift 

for 1.49 with respect to 1.46 was in agreement with the general trend that El0 decreases 

with increasing thiophene chain length. 



1.5.4 a, uBis(mesitylthio)oligothiophenes 

Matt Nodwell, a previous graduate student in our group, prepared a series of a,o- 

bis(mesitylthio)oligothiophenes 1.50-1.60 (Figure 1 .I 1 ; Series 111) and examined their 

electronic structures by a combination of UV-visible spectroscopy and CV!~ The 

oligomers were prepared to gain a better understanding of how terminal sulfur donor 

substituents influence the electronic properties of charged oligothiophenes. 

1.57 (n = I )  1.59 (n = I )  
1 .58 (n = 2) 1.60 (n=2) 

Figure 1.11. a,@-Bis(mesitylthio)oligothiophenes (Series 111). 



A number of sulfur-terminated conjugated oligomers (e.g., those derived from 2- 

thienylacetylene," j-phenylacetylene,44 ben~ene,~ '  t h i ~ ~ h e n e , ~ ~  etc.) have been 

synthesized in the past decade for the central purpose of using these as wires in 

molecular-scale electronic devices. The terminal sulfur atoms allow for attachment of the 

molecular wire to metal surfaces (i.e., electrodes) (Figure 1.12). The gold-sulfur (S-Au) 

system has been the most commonly studied primarily due to the robustness of the gold- 

thiol bond (50 kcal m ~ l - ' ) . ~ ~  In this vein, the majority of research has been devoted to 

E S ~  oligothiophene k S a  R-S--( oligothiophene k ~ - R  
(a) (b) (R = redox inactive group) 

Figure 1.12. Schematic diagrams of (a) gold functionalized 
oligomer, and (b) thioether-capped oligomer. 

understanding (a) the nature of the gold-sulfur interface,48 and (b) the ordering properties 

of the surface-bound m ~ n o l a ~ e r s . ~ ~  Surprisingly, there has been little to no work done on 

trying to assess how the terminal sulfur groups modulate the electronic features of the n- 

conjugated oligomer itself. Instead of using gold functionalized oligothiophenes, Nodwell 

incorporated redox-inactive mesityl (Mes) end groups (Figure 1.1 I), such that the 

properties of the sulfur-oligomer interactions could be independently addressed. The Mes 

groups also serve to protect the thiol (-SH) from undesirable oxidation reactions. 

Oligothiophenes were chosen as the conjugated backbone because they show exceptional 

stability when doped, and the synthetic aspects of assembling oligothiophenes are well 

documented throughout the scientific literature. Furthermore, the large amount of UV-Vis 

spectroscopic and electrochemical data for other substituted and unsubstituted 

oligothiophenes allowed for comparison with the compounds presented in Figure 1.1 1. 



Along with the -SR donor groups, several of the oligomers were substituted in the f3- 

positions with ethylenedioxy substituents in order to investigate the electronic structure 

of the oligothiophenes as a function of increased "electron richness". 

Within the "pure" thiophene series (i.e., 1.50 - 1.53) all of these can be reversibly 

oxidized to stable radical cations, whereas those that contain two or more thiophene units 

can also be reversibly oxidized to stable dications. It is important to stress here that even 

the monothiophene (1.50) affords a stable radical cation upon oxidation, which clearly 

shows the exceptional stabilizing ability of the terminal -SMes groups. The most 

important finding was that the oxidation potentials for the shorter oligomers are 

considerably lower with respect to those lacking terminal -SR groups. For example, this 

can be shown by comparing the first and second oxidation potentials for the sulfur- 

versus Biiuerle's cyclohexyl-capped27 oligomers (Table 1.1). In accordance to the general 

trend, the first and second oxidation potentials decrease with increasing thiophene chain 

length for both series. However, the -SR groups have less of an effect at lowering the 

oxidation potential for the longer oligomers; for instance, the El0 value for the 

cyclohexyl-capped tetramer (n = 4) is actually lower than the mesitylthio tetramer. The 

EDOT containing oligomers (1.54 - 1.56) are even more easily oxidized with respect to 

their parent thiophenes. The values for 1.54, 1.55, and 1.56 are +0.87, +0.57, and 

+0.42 V, respectively. 



Table 1.1. Redox potentials of mesity~thio~~ and cyclohexyl capped27 thiophene 
oligomers. 

I I 

" All values are reported in V vs. SCE. Anodic peak potential, irreversible 
oxidation. 

The oxidation potentials further decrease with increasing the number of oxygen 

donor atoms on the oligothiophene backbone (Table 1.2). This is an excellent example of 

how the redox properties of the oligomers can be "fine-tuned" by subsituent effects. 

Table 1.2. Potentials as a function of increasing the number of oxygen donor atoms. 

I Compound Number of P-oxygen El0 (V) " E2O (V) a 
donor atoms 

1.52 0 +0.86 +1.02 

I 1.56 6 +0.42 +0.65 I 
" All values are reported in V vs. SCE. 

It is interesting to compare the redox behavior of the isomeric quaterthiophenes 

1.58 and 1.60. Both compounds contain the same number of oxygen and sulfur donor 

atoms, but exhibit significantly different electrochemical behavior (Table 1.3). 

Compound 1.60 is more difficult to oxidize than 1.58 to the radical cation, but easier to 



oxidize to its dication. Essentially the radical cation of compound 1.60 is confined to one 

of the very electron-rich ends of the molecule, thereby allowing for the second electron to 

be relatively easily removed from the other end of the molecule. In other words, the 

electron-rich EDOT end-groups of 1.60 can be considered as two quasi-independent 

electrophores that are weakly coupled by a bithiophene spacer. On the other hand, it is 

slightly easier to oxidize 1.58 to its radical cation because there is a greater degree of 

charge delocalization in the central biEDOT unit. However, this increases the Coulombic 

repulsion to introduce a second charge, as can be seen by the larger AEO (i.e., EzO - El0) 

value for 1.58 with respect to 1.60. 

Table 1.3. Redox potentials for the isomeric quaterthiophenes. 

Compound El0 (V) " E2O (V) a AEO 
1.58 +0.49 +0.73 0.24 
1.60 +0.61 +0.66 0.05 I 

" All values are reported in V vs. SCE. 

1.6 Aims and Objectives for Part I 

Hybrid polymers that combine both organic and inorganic groups are becoming 

very attractive in materials science, due to their high stability and unique properties. 

Within this context, there have been two classes of hybrid polymers that have dominated 

the field. The first being conjugated metallopolymers,50 which incorporate transition 

metals into the polymer backbone, whereas the second class is those that are bridged by 

main group elements (e.g., boron, silicon, nitrogen, phosphorus, and sulfur). With respect 

to the latter, polyaniline5' and poly(ppheny1ene)sulfide ( P P S ) ~ ~  have been the most 



heavily studied hybrid systems. vinyls3 and heteroaryls4 sulfides have also been prepared, 

but have received far less attention because their doped polymers are exceptionally 

unstable. 

Taking advantage of the well known chemistry of thiophenes and the stability of 

the corresponding polymers in their doped states, we thought it would be valuable to 

prepare and study a new class of thiophene polymers and model compounds bridged by 

divalent sulfur. Our group has already shown (see 5 1.54) that sulfur substituents are very 

effective at stabilizing charged oligothiophenes. Combining this aforementioned feature 

with the exceptional properties of polythiophenes might provide entry into a new class of 

stable hybrid polymers. We and others have shown that the more electron rich EDOT 

also aids in the stability of oligomers and polymers derived from this unit.55 The latter 

part of the second chapter deals with the synthesis of various EDOT and thiophene- 

sulfide monomers to be used as polymer precursors. The synthetic details and electronic 

features of the polymers are briefly discussed in chapter three. The target monomer 

compounds are depicted in Figure 1.13 (Series I). 



Figure 1.13. Proposed EDOT and thiophene-sulfide uncapped polymer precursors 
(Series I). 

Although it is anticipated that the non-conjugated polymers derived from the 

Series I type compounds will provide interesting physical properties, it may be difficult to 

accurately asses their electronic structures when doped due to potential solubility 

problems and structural defects. For example, one fundamentally important question 

pertains to these polymers ability to communicate electrical charge between the flanking 

thiophenes by way of the bridging sulfur groups. It should be possible to address some of 

these issues by preparing some model compounds that also consist of discrete thiophene 

and EDOT units bridged by divalent sulfur. The studies on these model oligomer 

compounds form the main thrust of the work presented in this thesis. 

Most studies on cationic model oligothiophene compounds have been restricted to 

those that are fully n-conjugated. Surprisingly, there has been far less work done on 

systems in which the n-conjugated units are separated by various linkers (Figure 1.14). 

The linker group can be a metal fragment, a different organic group, or a main group 



element. A prototypical polymer example of this is polyaniline, which can be thought of 

as a hybrid for polyphenylene that has nitrogen atoms placed between the phenyl rings. 

x-conjugated segment x-conjugated segment 

Figure 1.14. n-Conjugated segments connected by a linker. 

Consequently, the chemistry of polyaniline differs drastically with respect to that of 

polyphenylene. For instance, the bridging nitrogen atoms allow for the doping of 

polyaniline to be controlled by acid-base chemistry. The incorporation of linker groups is 

exciting because they offer the possibility of also modulating the electronic features of 

the n-conjugated segment; thus providing access to materials with novel physical 

properties. 

Recently, there has been some interest in studying hybrid oligomers and polymers 

for their potential use in high-spin polaronic f e r r ~ m a ~ n e t s . ~ ~  The basic idea is to have two 

spin containing groups that are bridged by a ferromagnetic coupling unit (FCU) (Figure 

1.1 5). The most commonly used FCU is meta-phenylene. Janssen et al. have used this 

Figure 1.15. Schematic design for high-spin oligomers/polymers. 

design strategy to prepare a stable triplet-state diradical of a meta-para aniline oligomer 

(1.61).'~ The radicals are stabilized in the p-phenylenediamine units and were shown to 



couple ferromagnetically via the m-phenylene link. Oligothiophene 

oligopyrrole (1.63) have also been investigated as high-spin polaronic 

3 5 

(1.62) and 

oligomers. 5 8 

However, these two compounds do not couple ferromagnetically as x-dimerization of the 

charged species inhibits the formation of high-spin states. 

We propose to prepare a series of n-conjugated model oligomers that are linked 

by a main group element, namely, divalent sulfur, but for an entirely different reason than 

using them as high-spin polaronic materials. The target compounds (referred to as "Series 

11") are depicted in Figure 1.16. 

substituents communicate charge 

This study aims at understanding how internal sulfur 

between oligothiophenes. This is particularly important 

Mes 

Figure 1.16. Proposed EDOT and thiophene-sulfide capped oligomers (Series 11). 



in trying to elucidate the conduction mechanism in doped thienyl-sulfide polymers. Thus, 

the first part of chapter two deals with the synthetic strategies employed for the 

preparation of the Series I1 type compounds that contain both EDOT and thiophene 

bridged by divalent sulfur, whereas the latter part provides the synthetic details for the a- 

uncapped thiophene oligomers (Figure 1.13; Series I) to be used as polymer precursors. 

With respect to the former, the compounds have the general topology as shown in Figure 

1.17. Redox-inactive mesityl (Mes) groups were chosen to protect the terminal sulfur 

groups. Oligothiophenes were chosen as the n-conjugated portion, because they generally 

exhibit electrochemical reversibility. The extent of electronic communication of the 

charged oligomers is to be probed as a function of electron richness (i.e., EDOT versus 

thiophene) and the oligomer chain length. 

oligothiophene oligothiophene 

2' 
Examine effect of Address electronic 

communication Mesityl sulfur 
conjugation length at sulfur "linker" protecting group 
and degree of 
electron richness 

Figure 1.17. Schematic representation for the capped thienyl-sulfide oligomers. 

The proposed compounds, as shown in Figure 1.16 (Series 11), are very similar in 

structure to Nodwell's Series I11 compounds, with the exception that these now contain 

not only terminal sulfur groups, but also internal bridging ones. The structural 

resemblance between the two series and the availability of UV-Vis spectroscopic and 

electrochemical data for the a,o-bis(mesitylthio)oligothiophenes will allow for their 



comparisons. The new compounds can be thought of as discrete thienyl-sulfide polymer 

pieces that are capped with redox inactive mesityl groups. 



Chapter 2 

Synthesis of Sulfur-Bridged Oligothiophenes 

2.1 Introduction 

Thiophene, furan, and pyrrole are members of a class of aromatic 5-membered 

ring heterocycles (Figure 2.1). The degree of aromaticity of these compounds is 

manifested in their experimentally determined 

resonance energies. The resonance energies of 

thiophene, pyrrole and furan are 29, 2 1, and 16 

kcal mol-', respectively.59 Amongst these, furan 

Figure 2.1. 5-Membered has the lowest resonance energy and this is 

consistent with its chemical reactivity: furan is more susceptible to undergo addition 

rather than substitution reactions. For example, the greater diene character of furan allows 

it to undergo Diels-Alder cycloaddition reactions. On the other hand, thiophene and 

pyrrole behave more similarly to benzene in that they readily react via substitution 

reactions (see 82.1.2). 

2.1.1 Nomenclature 

The numbering scheme for thiophene is represented in Figure 2.2. The heteroatom 

is given priority and is labeled position 1. The aopa remaining positions are labeled by numbering 

p 4  
around the ring in a clockwise fashion. The 2- 

Figure 2.2. Thiophene labeling scheme. 
and 5- positions are also referred to as the a- 

positions, whereas the 3- and 4- are termed the p- positions. 



Thiophene oligomers are named in accordance to the IUPAC rules. A few 

examples are represented below (Figure 2.3). The first ring attachment is through a 2- or 

3- position and the remaining rings are given increasing number of primes ('). 

2,2':5',2"-terthiophene 3',4'-ethylenedioxy-2,2':5',2"-terthiophene bis(3',4'-ethylenedioxy-5,2'-bithiophene-2-yl)sulfide 

Figure 2.3. Nomenclature of thiophenes. 

Since the oligothiophenes presented herein are all a-linked we have found it 

easier to adopt a shorthand notation. Thiophene rings will be represented by a T, and 3,4- 

ethylenedioxythiophene units by an E. Therefore, 3'4'-ethylenedioxy-2,2':5',2"- 

terthiophene would be expressed as TET using this notation, and bis(3',4'- 

ethylenedioxy-5'2'-bithiophene-2-y1)sulfide would be ET-S-TE. 

2.1.2 Electrophilic Aromatic Substitution 

Electron-rich thiophene undergoes electrophilic aromatic substitution (EAS) 

much more readily than benzene, and in most cases does not require the use of a catalyst. 

The ease of EAS has rendered this method one of the most important for functionalizing 

thiophenes. Thiophenes are predominantly substituted in the a-positions upon treating 

them with electrophiles. An explanation for this regiochemical outcome can be 

understood by examining the HOMO of thiophene (Figure 2.4). The largest orbital 

coefficients are found to be directly adjacent to the 

sulfur atom in thiophene. In other words, these are the 

~i~~~~ 2.4. HOMO ofthiophene. sites with the greatest amount of electron density, 



making them most susceptible to electrophiles. An example of this is the direct 

bromination of thiophene with molecular bromine in carbon tetrachloride (Scheme 2.1). 

A mixture of 2-bromothiophene and 2,5-dibromothiophene is obtained. 

Scheme 2.1. Synthesis of a-brominated thiophenes. 

The 3- and 4- positions can also be substituted if harsher brominating conditions 

are employed. Thiophene can be treated with a large excess of bromine in the presence of 

acetic acid at reflux to furnish 2,3,4,5-tetrabromothiophene (Scheme 2.2).60 3,4- 

dibromothiophene can be made by selective dilithiation of the tetrabromo compound 

followed by protonation with water. 

Scheme 2.2. Synthesis of P-brominated thiophenes. 

2.1.3 Metallation of Thiophenes 

Treatment of thiophene with strong bases (e.g., n-butyllithium or LDA) usually 

results in selective metallation at the a-positions.61 The a-protons on the thiophene ring 

Scheme 2.3. Lithiation of thiophenes followed by electrophilic quenching. 



are more acidic than the P-protons, this being attributed to the inductive electron- 

withdrawing nature of the adjacent sulfur atom. The monolithiation of thiophene is 

achieved by treating thiophene with one equivalent of n-butyllithium in THF (Scheme 

2.3). The dilithiation of thiophene requires two equivalents of n-butyllithium and is most 

effective when carried out in the presence of TMEDA in THF. The resulting carbanions 

can then be quenched with various eIectrophiles (E'; e.g., TMSCI, MeI, Bu3SnC1, 

B(OMe)3, 12, etc.) to afford 2- and 2,5- substituted thiophenes (Scheme 2.3). An 

alternative method to access metallated thiophenes is via lithium-halogen exchange 

reactions at low temperature. This is particularly useful for the preparation of P- 

metallated thiophenes. For instance, careful treatment of 3,4-dibromothiophene 

(generated according to Scheme 2.2) with one equivalent of n-butyllithium at -78 O C  in 

Et20 affords 3-lithiothiophene. Reynolds et al. have successfully prepared 3,4- 

bis(isopropy1thio)thiophene by a stepwise lithiation-electrophilic quenching protocol 

(Scheme 2.4).62 

Br 1. 1 .I n-BuLi, Et20, -78 OC "?:" I 1.1 n-BuLi, E t 2 0  -78% 

Bb S 
2 isopropYl disulfide -78 O C ~  

' ' 
2. isopropyl disulfde, -78 O C ~  

S 

Scheme 2.4. @-Lithiation - Preparation of 3,4-bis(isopropylthio)thiophene. 

Grignard reagents of thiophene can also be prepared by reacting an appropriate 

bromothiophene with magnesium metal in an ethereal solvent. For example, 2- 

QBr 
Mg, Et20, reflux 

* p - M g B r  

6' 

Scheme 2.5. A Grignard reagent of 2-bromothiophene. 



thienylmagnesium bromide can be prepared by the action of magnesium on 2- 

bromothiophene in Et20 (Scheme 2.5). The resulting carbanion can then be subjected to a 

wide range of electrophiles, just as in the case of the thienyllithium reagents. 

2.1.4 Metal Mediated Coupling of Thiophenes 

The main thrust of this section is to discuss the ways in which oligothiophenes 

can be assembled via metal promoted carbon-carbon bond forming reactions. 

The Ullmann reaction represents one of the earliest methods used for the synthesis 

of symmetrical biaryl compounds.63 The reaction involves the reductive homocoupling of 

an aryl halide while in the presence of a stoichiometric amount of finely divided copper. 

This method requires reaction temperatures above 200 O C ,  and in most cases provides the 

homocoupled product in low yield. For example, 2,2'-bithiophene was obtained in less 

than 20% by an Ullmann coupling of 2-iodothiophene with copper bronze.64 It was later 

found that lithiated thiophenes could be coupled to each other by using a variety of 

copper salts. 2,2'-Bithiophene can now be prepared in 85% yield by reacting 2- 

thienyllithium with a twofold excess of cupric chloride.65 Other transition metals have 

also been employed in the symmetrical coupling of thiophenes. For instance, nickel(0) 

tris(tripheny1phosphine) (prepared in situ by the combination of NiC12, Zn, and PPh3) is 

found to be an extremely powerful catalyst in promoting the coupling of a- 

monobrominated thiophenes (Scheme 2.6).66 

nickel catalyst 
H@&Br - H W H  

n 2n 

Scheme 2.6. Nickel catalyzed homocoupling of a-brominated thiophenes. 



During the past decade a large library of monodisperse conjugated thiophene 

oligomers have been prepared by using highly efficient late transition metal-catalyzed 

cross-coupling reactions. These reactions are useful in preparing both homo- and 

heterocoupled products. Transformations of this type have found tremendous use due to 

the mild reaction conditions, tolerance of a wide range of functional groups, and high 

reaction conversions. Although there are many different coupling methods, only the Stille 

and Kumada reactions will be discussed in some detail, since they are the only ones to be 

applied in this thesis. 

The Stille reaction involves the cross-coupling of an organic halide with an 

organotin reagent in the presence of a palladium catalyst (Scheme 2.7).67 

Pd catalyst 
R'-X + R-SnRW3 - R-R' 

- RW,SnX 

R = alkenyl, alkynyl, aryl, benzyl, allyl; 

R" = Bu, Me; X = OTf, I, Br; 

Scheme 2.7. General Stille reaction. 

Organotin compounds can be prepared by several different routes, are relatively 

inert to water and oxygen (thereby allowing their handling without special precaution), 

and tolerate many functional groups (e.g., CN, OH, CHO, NO2 and C02R) on either 

coupling partner. Organostannane derivatives are also tolerant to strong oxidants (e.g., 

KMn04, Cr03, etc.) and various nucleophiles (e.g., LiA1H4, Wittig reagents, and 

Grignard reagents). The disadvantage of the Stille reaction is that organostannane 

compounds are extremely toxic. The organometallic substrates (R-Snr3)  used in the 

Stille reaction are often prepared by the reaction of lithiated derivatives (R-Li) with 

trialkylstannyl chlorides R3SnC1. In general, it has been found that aryl iodides, 



bromides, and triflates are most effective towards cross coupling with organotin reagents, 

since they readily add across Pd(0) complexes. Aryl chlorides typically do not undergo 

coupling (this is ascribed to a reluctance of such reagents to oxidatively add to Pd(0) 

complexes) and only a few examples of electron-poor aryl chlorides have actually been 

shown to effect this type of rea~tion.~' Although several palladium(0) catalysts have been 

used, the most common ones include: Pd(PPh3)4, Pd(PPh3)2C12, Pd(dppp)C12, 

P~(OAC)~/P(O-t01yl)~ (generation of Pd(0) in situ), and Pd2(dba)3. 

In the early 1980s, at the time when extensive research was directed towards 

Ni catalyst preparing conducting polymers, Kurnada 
R'-X + R-MgX - R-R' 

-MgXz discovered the mild and efficient cross- 

Scheme 2*8* Kumada reaction. coupling reaction of Grignard reagents with 

various heterocyclic systems using nickel-based catalysts (Scheme 2 . ~ ) . ~ ~  The most 

commonly used coupling reagent for this reaction is C12Ni(dppp). Typical catalyst 

loadings fall within the range of 0.1 - 1 mol % with respect to the organic halide. The 

coupling is performed by treating an in situ prepared Grignard reagent with a second 

organic halide and the nickel catalyst in an ethereal solvent. 

2.2 The Synthesis of Oligothiophenes Bridged by Sulfur 

2.2.1 Synthesis of Sulfur-Bridged Oligomers by a Divergent Approach (Series II) 

The syntheses of uncapped thiophene oligomers bridged by divalent sulfur have 

been reported sporadically throughout the literature. The most common route involves the 

coupling of a thiophenethiol with a bromothiophene in the presence of a copper salt. The 

major drawback of this procedure is the preparation and use of smelly and toxic thiols. 

Nevertheless, Nakayama et al. have successfully used this method to prepare a series of 



0li~o(thio-2,5-thien~lenes).~~ They were able to prepare bis(2-thieny1)sulfide 2.1 in 

decent yield by reacting 2-bromothiophene with the cuprous salt of 2-thiophenethiol in 

DMF (Scheme 2.9). The a-dibromination of 2.1 was then achieved by treating it with two 

equivalents of NBS, providing 2.2 in good yield. Compound 2.2 was then used as a 

building block to prepare longer oligo(thio-2,5-thienylenes), but no physical properties on 

these compounds were reported by ~ a k a ~ a m a . ~ '  

psm 2 NBS 

DMF CHC13 / CH3COOH 
62% 

BrQSQBr 

2.1 80% 2.2 

Scheme 2.9. Nakayama's synthesis of 2.1 and its adibrominated derivative 2.2. 

Our goal was to synthesize a series of oligomers of the general form Mess-(T),- 

S-(T),-SMes, with n = 1 to 3. Our initial approach was to use an iterative divergent 

protocol which would enable us to either cap a dibromo compound with 2- 

mesitylenethiol or to extend the conjugation length by a metal catalyzed cross-coupling 

reaction (Scheme 2.10). Once the chain length extension was made, the resulting 

compound could be dibrominated and then subjected again to either a capping reaction or 

an extension reaction. In general, the mesitylthio protecting group can be introduced in 

one of two ways, including (a) the reaction of a-lithiated thiophenes with 2- 

mesitylenesulfenyl chloride (MesSCl), or (b) by the reaction of 2-mesitylenethiol 

(MesSH) with a bromothiophene. The mesitylthio group was chosen because of its 

solubilizing ability and also because it serves as a simple NMR probe. 



2 MesSH, 2 KOH, Cu20 

61 % ""' 
cat. Pd(PPh&, toluene 

85 % 

I M e S S Q S G S M e s  I "capping" 

f l s -  ''chain extension" 

2.4 

- E~,~SJ-&$;.--Q,~J~~ -, 
MesSH j \ 1 \ / i QSnBu3 

KOH, CuzO : "capping" "chain extension" + + cat. Pd(PPh3), 

Scheme 2.10. Synthesis of Mess-(T),-S-(T),-SMes oligomers using a divergent protocol. 

The first step in the process involved capping the literature compound 2.2 by 

treating it with two equivalents of 2-mesitylenethiol in the presence of KOH and Cu20 

(Scheme 2.10). This provided the a-mesitylthio capped bis(thi0phene)sulfide 2.3 in 61 % 

yield. Initial attempts at increasing the chain length of 2.2 involved reacting it with a 

slight excess of 2-thienylmagnesium bromide in the presence of [NiC12(dppp)] as catalyst 

under Kumada conditions. To our surprise, 2,2':5',2"-terthiophene was obtained as the 

only isolable product, which may suggest metal-mediated desulfurization of the internal 

C-S bond. A control experiment showed that the dibromide did not react with the 

Grignard reagent in the absence of the nickel catalyst. This phenomenon in not 

unprecedented, as Garcia and co-workers have recently shown that catalytic amounts of 



[(dippe)NiHI2 induced the desulfurization of dibenzothiophene while in the presence of 

Grignard reagents such as methylmagnesium bromide (Scheme 2.1 I ) . ~ '  Fortunately, a 

fl 2 MeMgBr, cat. 

100% 

Scheme 2.11. Desulfurization of dibenzothiophene. 

palladium-catalyzed Stille type reaction between 2.2 and 2-tributylstannylthiophene 

worked remarkably well to form the desired bis(bithiophene)sulfide derivative 2.4. 

Difficulties were encountered directly after during attempts to dibrominate this 

compound. Addition of NBS to a dilute solution of 2.4 in DMF at room temperature 

resulted in immediate precipitation of a yellow solid. Analysis of this crude compound by 

NMR spectroscopy suggests that it is predominantly the a-monobrominated product. 

Warming the DMF reaction mixture to 100 OC enabled us to dissolve the 

monobrominated intermediate. The reaction was held at 100 OC for one hour, during 

which time large amounts of yellow solid had precipitated from the mixture. Solution 

characterization of this solid was hampered due to its insoluble nature in organic solvents. 

These solubility problems prompted the development of a new synthetic strategy that 

would introduce the internal bridging sulfw unit last. We also thought that it would be 

advantageous to introduce the mesitylthio end groups early on, as they may impart 

greater solubility to the oligomer precursors. 

2.2.2 Synthesis of Sulfur-Bridged Oligomers by a Convergent Approach (Series II) 

The new general approach for the convergent synthesis of Mess-(T),-S-(T),- 

SMes (n = 1 - 3) is outlined in Scheme 2.12. The reaction of two equivalents of a 



metallated thiophene with one equivalent of a main group transfer reagent (EX2; E = S) is 

deemed the convergent step. One additional desirable feature of this protocol is that the 

Base (eg.  n-Buli) 0.5 equiv. EX2 

-LiX n n 

convergent step 

Scheme 2.12. Synthesis of main group element bridged oligomers by a convergent protocol. 

bridging group could in principle be modulated by treating the intermediate a-lithiated 

thiophene with other main group substrates EX2 (e-g., PhBC12, Me2SiC12, PhPC12, 

(PhS02)2S, etc.). Attempts have been made to prepare some bis(thieny1)sulfides by 

reaction of lithiated thiophenes with sulfur dichloride (SC12); however, these reactions 

typically proceeded in very low yield.72 Bis(phenylsulfony1) sulfide has been shown to be 

a highly effective alternative sulfur transfer reagent to both aryllithium and Grignard 

reagents.73 
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Compound 2.3 was previously prepared according to Scheme 2.10. We thought it 

would be beneficial to prepare this same compound using the convergent strategy, as 

outlined in Scheme 2.13. Firstly, 2-mesitylthiothiophene 2.5 was prepared in 77% by the 

reaction of 2-thienylmagnesium bromide with MesSC1. Subsequent lithiation of 2.5 with 

one equivalent of n-BuLi, followed by treatment with (PhS02)2S provided the desired 

sulfide 2.3 in 80% yield. Spectroscopic data were identical to those for material prepared 

by Scheme 2.10. Bromination of 2.5 with NBS yielded monobromothiophene 2.6 in 87%. 

This compound was previously prepared in 57% by treating 2,5-dibromothiophene with 

one equivalent of n-BuLi, followed by trapping the 2-lithio derivative with M ~ S S C I . ~ ~  

QBr 
1. Mg, Et20, reflux 

* 
I .  n-BuLi, -70 OC, THF 

2. MesSCI, 0 OC to RT 2. 0.5 equiv. (PhSO&S 
77% 2.5 -70 OC to RT, 80% 

I 

Scheme 2.13. Convergent synthesis of Mess-T-S-T-SMes (2.3). 



By analogy, the bis(bithi0phene)sulfide derivative 2.8 was prepared by lithiation 

of 2.7 followed by the introduction of sulfur with (PhS02)2S (Scheme 2.14). 

1. Mg, Et20, reflux 1. n-BuLi, 0 OC, THF 

QBr 2. 2-brornothiophene * 2. MesSCI, -70 OC to 6 wsMes 
cat. C12Ni(dppp), RT, 96% 63% 2.7 

Scheme 2.14. Synthesis of Mess-Tt-S-T2-SMes (2.8). 

r 

The bis(terthi0phene)sulfide compound 2.11 required a slightly more elaborate 

route (Scheme 2.15). Selective br~mination'~ of 2.7 at the a-position with NBS in DMF 

was performed at room temperature, thus providing 2.9 in 90% yield. A Stille reaction 

between 2.9 and 2-tributylstannylthiophene with Pd(PPh3)4 as the catalyst in toluene 

provided 5-mesitylthio-2,2':5',2"-terthiophene 2.10 in 88% yield. Terthiophene 2.10 was 

converted to the desired sulfide 2.11 in 50% by lithiation and quenching the anion with 

(PhSO&S. 

I .  n-BuLi, -70 OC, THF 

2. 0.5 equiv. (PhS02)2S 
-70 OC to RT, 78% 

NBS, DMF, RT Br%SMes 

\ 1 
QSnBu: 'SMes 

2'7 90% cat. Pd(PPh3), 
2.9 toluene 2.10 

M ~ S S ~ ~ ~ S M ~ S  \ / 2.8 \ / 

-- 

Scheme 2.15. Synthesis of Mess-T3-S-T3-SMes (2.11). 

I. n-BuLi, -70 OC, THF 

2. 0.5 equiv. (PhS02)2S 
-70 OC to RT, 50% 

* 
M e s S w S w s M e s  

2.1 1 



2.2.3 Synthesis of 3,4-Ethylenedioxythiophene Containing Oligomers (Series II) 

The next sections deal with the synthesis of some "mixed" sulfur bridged 

oligomers that contain both thiophene and 3,4-ethylenedioxythiophene (EDOT) rings. 

As a starting point, we sought to prepare a more electron-rich version of 2.3 by 

incorporating ethylenedioxy substituents on the P-positions of the thiophene rings. The 

minor major 

OAO I 1 equiv. n-BuLi, THF 0-0 

2. I equiv MesSCl * 
S 

I propose 
: 1 equiv. n-BuLi 
: 0.5 equiv. (PhS02)$3 

j. 

Scheme 2.16. Reaction of 2-IithioEDOT with MesSC1. 

initial idea was to mimic the convergent synthesis of 2.3 (Scheme 2.16). However, this 

idea was quickly abandoned due to difficulties in preparing large amounts of pure 2- 

mesitylthio-3,4-ethylenedioxythiophene 2.12. Nodwell has shown that the reaction of 

IithioEDOT with MesSCl preferentially gives the bisubstituted EDOT 2.13 over the 

monosubstituted compound 2 . 1 2 . ~ ~  

We were able to prepare bis(3,4-ethylenedioxy-2-thieny1)sulfide 2.15 in 79% by 

treating 2-lithioEDOT with (PhSO&S in THF (Scheme 2.17). By analogy to the 

divergent synthesis of parent thiophene 2.3, dibromination of 2.15, followed by capping 

with MesSH may provide entry into the desired compound 2.14. Dibromination of 2.15 



with two equivalents of NBS in acetonitrile at -20 OC afforded a white solid. Conversion 

to the dibromide was confirmed by 'H NMR spectroscopy. The signal at 6.33 ppm for the 

a-protons of 2.15 completely vanishes, while a new multiplet at 4.25 ppm appears for the 

ethylenedioxy protons of the dibromide product. Even when stored in an inert 

atmosphere, the isolated white solid of 2.16 rapidly converts to a dark blue compound. 

Wudl et al. have recently shown that prolonged storage of 2,5-dibromo-3,4- 

ethylenedioxythiophene in the solid state at room temperature results in the formation of 

a highly conducting blue-black crystalline polymer.75 w e  believe that monomer 2.16 may 

also be undergoing a similar solid state polymerization reaction. No further studies have 

been carried out on the polymer resulting from 2.16, but it would be interesting to probe 

the conductivity of this material, and compare it to that of Wudl's. The tendency of 2.16 

to polymerize has hampered its use in subsequent chemistry. Fortunately, the introduction 

of Mess units onto 2.15 could be accomplished by trapping the bright red dianion of 2.15 

with two equivalents of MesSCl in THF, giving 2.14 in moderate yield (Scheme 2.17). 



material polymerizes 
in solid state 

n 
0 0 1. n-BuLi, RT, THF ono ono 2 NBS, -20•‹C, CH3CN 0-0 0-0 w * u w  * w w  
i( ) 2. 0.5 equiv. (PhSO&S ( ksA  ) S -78 OC to RT, 79% S S 

I 1 2 n-BuLi, -40 OC, THF 

0-0 0-0 2 MesSH 

initial proposition 

Scheme 2.17. Synthesis of Mess-E-S-E-SMes (2.14). 

A pair of isomeric EDOT containing bis(bithiophene)sulfide derivatives (2.18 and 

2.22) were then prepared. The system with the EDOTs located on the "inside" of the 

oligomer was prepared by Scheme 2.18. Stille coupling of 2-tributylstannyl-3,4- 

ethylenedioxythiophene with the monobromide 2.6 using Pd(PPh3)4 afforded 2.17 in 

decent yield. Lithiation of 2.17 with n-BuLi, followed by quenching with (PhSO&S gave 

2.18 in 68% yield (Scheme 2.1 8). 



02 
" snBu" Mess* I .  n-BuLi, -40 OC, THF 2.6 

cat. Pd(PPh,), 2. 0.5 (PhS02)2S 
toluene 2.17 0 -0 -70 "C to RT. 68% 

76% 2.18 

Scheme 2.18. Synthesis of Mess-TE-S-ET-SMes (2.18). 

The isomeric bis(bithiophene)sulfide 2.22 with the EDOTs on the "outside" was 

prepared according to Scheme 2.19. The Grignard reagent of EDOT was prepared in situ 

by the action of MgBr2*Et20 on 2-1ithioEDOT. Subsequent coupling of the Grignard 

reagent to 2-bromothiophene was effected by a Kumada reaction, affording bithiophene 

2.19 in good yield. Selective bromination of 2.19 with NBS in DMF at -20 OC provided 

2.20 in 85% yield. This reaction takes advantage of the fact that the more electron-rich 

EDOT ring is more susceptible to electrophilic aromatic substitution. Treatment of 2.20 

with n-BuLi directed the lithium to the EDOT ring, which could then be reacted with 

MesSCl to give the capped monomer 2.21 in 66% yield. Finally, lithiation of 2.21, 

followed by introduction of sulfur with (PhS02)2S gave 22 in 72% yield. 



I .  n-BuLi. RT, THF 2-bromothiophene % NBS, -20 'C, DMF 

2. MgBr2.Et20 * 
/ 

cat. CI$WPPP), RT, 71% 2.19 85% 
S \P 

%Br A .  n-BUL -78 OC, THF w s M e s  1 n - B i  -40 OC, THF w 

2. MesSCI, -78 OC to RT 
2.21 0 

2. 0.5 equiv. (PhS02)2S 2.20 0, ,O 66% \P -70 OC to RT, 72% 

Scheme 2.19. Synthesis of MesS-ET-S-TE-SMes (2.22). 

Nodwell has reported the synthesis of 5-mesitylthio-2,2'-bis(3,4- 

ethylenedioxythiophene) (2.23), but showed that it was unreactive towards deprotonation 

with strong bases (e.g., n - b ~ t ~ l l i t h i u m ) . ~ ~  Thus, we were unable to prepare the 

bis(biED0T)sulfide derivative because the necessary lithio-biEDOT intermediate was 

unattainable (Scheme 2.20). An alternative would be to use our divergent protocol 

starting with 2.16, but we have already demonstrated that this compound is unstable as it 

undergoes rapid polymerization. 

0-0 base 

Scheme 2.20. Proposed Synthesis of MesS-EE-S-EE-SMes (2.24). 



The 'H NMR spectrum of 2.21 in CDC13 is shown in Figure 2.5 as a 

representative example. The doublet of doublets at 7.15, 7.08, and 6.94 pprn are due to 

the three inequivalent thiophene protons. The sharp singlet at 6.92 pprn is assigned to the 

protons that are directly attached to the mesitylene ring. The multiplet at 4.29 pprn is 

attributed to the ethylenedioxy protons, and the two singlets at 2.56 and 2.25 pprn (2:l 

ratio, respectively) are assigned to the methyl protons on the mesitylene ring. The 'H 

NMR spectrum of 2.22 in ds-THF is shown in Figure 2.6. The NMR spectrum of 2.22 is 

simplified considerably with respect to that of 2.21. This is due to the fact that the 

terminal a-proton found in 2.21 is replaced by a sulfur atom, giving rise to only two 

inequivalent thiophene protons for 2.22. The thiophene protons in 2.22 now appear as 

two doublets, one at 7.05 ppm, and the other at 6.91 ppm. All other peaks are consistent 

with the proposed structure of 2.22. 



Figure 2.5. 'H NMR spectrum of 2.21 in CDC13. The peak with an asterisk is due to 
CHC13. 
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Figure 2.6. 'H NMR spectrum of 2.22 in d8-THF. The peaks with asterisks at 3.58 and 
1.73 ppm are due to THF, whereas the peak at 2.49 ppm is due to water. 

2.2.4 Synthesis of a- Uncapped Bis(bithiophene) Sulfide Oligomers (Series I )  

Compounds 2.1,2.4, and 2.15 are all a-uncapped thiophene oligomers that can be 

oxidatively polymerized by either chemical or electrochemical methods. To extend this 

series, the isomeric bis(bithi0phene)sulfide oligomers 2.25 and 2.26 have been 

synthesized by two independent procedures (Scheme 2.21). By analogy with the 

synthesis of 2.4, the Stille coupling of 2-tributylstannyl-3,4-ethylenedioxythiophene and 

2.2 in the presence of Pd(PPh3)4 afforded bis(bithiophene) 2.25 in 77%. Isomer 2.26 was 

prepared in 66% by lithium-halogen exchange of 2.20 with one equivalent of n-BuLi, 

followed by treating the anion with (PhS02)2S in THF. 



I. n-BuLi, -78 OC, THF 
2.20 b 

2. 0.5 (PhS02)2S, -78 OC to RT 
66% 

Scheme 2.21. Synthesis of ET-S-TE (2.25) and TE-S-ET (2.26). 

2.3 Summary 

A series of thiophene oligomers bridged by divalent sulfur and capped with 

mesitylthio (MesS) groups have successfully been prepared. The initial strategy made use 

of a divergent synthetic procedure. The internal bridging sulfur group was introduced in 

the first step by a copper mediated carbon-sulfur bond forming reaction between 2- 

bromothiophene and 2-thiophenethiol. Once the bridging unit was in place, the resulting 

T-S-T (2.1) monomer was subjected to dibromination with NBS to provide the necessary 

precursor Br-T-S-T-Br (2.2). Compound 2.2 could either be capped with MesSH or its 

chain length extended by a Stille type cross-coupling reaction with 2- 

tributylstannylthiophene. The process was terminated after this first iteration due to 

solubility problems that were encountered during the attempted synthesis of Br-TT-S- 

TT-Br. Therefore, an alternative convergent protocol was developed to avoid such 

solubility problems. The new method takes advantage of the fact that the terminal 

solubilizing groups (MesS) are introduced early on in the synthesis. A series of thiophene 

oligomers (2.5, 2.7, 2.10, 2.17, and 2.21) capped at one of the a-terminal position with a 



Mess group and uncapped at the other end, were successively metallated and coupled to 

sulfur by using (PhS02)2S. Compound 2.14 could only be prepared by double 

deprotonation of 2.15, followed by anion trapping with two equivalents of MesSC1. All 

resulting sulfide compounds have been fully characterized by standard spectroscopic 

techniques and all show good solubility in organic solvents. The electronic properties of 

these molecules are presented in the following chapter. 

A series of a-uncapped thiophene sulfide oligomers (2.1, 2.4, 2.15, 2.25, and 

2.26) have also been synthesized. Several of these monomers underwent electrochemical 

oxidative polymerization affording a new class of conducting thiophene-sulfide hybrid 

polymers. The polymer results are briefly discussed in the following chapter. 

2.4 Experimental Section 

General Experimental 

Unless stated otherwise, all reactions and manipulations were carried out under an 

argon atmosphere using standard Schlenk or glovebox techniques. Glassware was oven 

dried at 125 OC for 24 h prior to use. Diethyl ether, tetrahydrofuran (THF), and toluene 

were distilled under argon from sodium benzophenone ketyl. Acetonitrile, 

dichloromethane, and hexanes were distilled over calcium hydride. All reagents were 

purchased from Aldrich and used as received except as otherwise stated. 

All 'H and 13c NMR spectra were recorded on a Bruker AC300 instrument (300 

MHz for 'H, and 75.47 MHz for I3c), unless otherwise noted. 'H and 13c NMR spectra 

were referenced to the central solvent line, relative to tetramethylsilane. UV-visible 

spectra were recorded on a Varian Cary 5 instrument. Elemental analyses were carried 

out by Canadian Microanalytical Services Ltd., Vancouver, BC, Canada. Mass spectra 



were recorded on a Finnigan 3300 or a Kratos Concept H spectrometer using electron 

impact (EI) or liquid secondary ion (LSI) sources. Melting points were taken on a 

Gallenkamp melting point apparatus and are uncorrected. 

Purification of sulfur dichloride: SClz 

Commercially available SC12 is usually contaminated with a minimum of 20 % sulfur 

monochloride (S2C12; bpt. 138 OC). This results from the disproportionation of SC12 to 

S2C12 and chlorine gas. Small amounts of SCI2 were purified by the following method 

directly prior to use. In the absence of light, 2 mL of PC13 was added rapidly to 20 mL of 

commercially available SC4. The dark red mixture was then stirred for 10 minutes at 

room temperature. The product was distilled (under an atmosphere of argon) to afford 10 

mL of dark red SC12, bp 59 OC. 

Bis(phenylsulfonyl)sulfide: (PhS02)2S 

Prepared by a modification of the literature method.72 To a slurry of sodium 

benzenesulfinate (50 g, 0.30 mol) in freshly distilled toluene (700 mL) was added 

dropwise a solution of SC12 (10 mL) in toluene (40 mL) over 1 h. After the addition was 

complete, the mixture was stirred overnight at room temperature. The sodium chloride 

was filtered off and washed with toluene (3 x 75 mL). The solvent was then removed 

from the filtrate by rotary evaporation to leave a pale yellow solid that was recrystallized 

from benzene to give white needles of the title compound, yield 36 g (75 %). Mp: 132 OC 

 it.^^ mp 128 - 130 OC). 



2-Mesitylenethiol. This compound was prepared by the literature route.76 A slurry of 

magnesium powder (2.79 g, 0.11 mmol) and one crystal of iodine in THF (40 mL) were 

brought to a gentle reflux. A solution of 2-bromomesitylene (14.7 mL, 0.10 mol) in THF 

(20 mL) was then added dropwise to the above refluxing suspension over a period of 2 h. 

Once the addition was complete, the brown mixture was left to reflux overnight. The 

reaction mixture was cooled to 0 OC, and solid sulfur (3.20 g, 0.10 mol) was added 

portionwise over 10 min. The grayish mixture was then warmed to room temperature and 

stirred for an additional 1 h. This was recooled to 0 OC and the mixture was carefully 

quenched by the addition of water (20 mL). The mixture was then acidified by the slow 

addition of 6 M HC1 (25 mL). The organic layer was separated and immediately dried 

over anhydrous magnesium sulfate. After filtration of the drying agent, the solvent was 

removed from the filtrate by rotary evaporation to leave a clear yellow oil. Vacuum 

distillation at 75 0C/10-3 Torr afforded the title compound as a colorless oil, yield 11.5 g 

(72 %). 'H NMR (CDC13): 6 6.8 1 (s, 2H), 3.09 (s, 1H), 2.25 (s, 6H), 2.18 (s, 3H). 

2-Mesitylenesulfenyl chloride. This compound was prepared by the literature route.42 To 

a slurry of NCS (9.20 g, 68.9 mmol) in THF (40 mL) was added dropwise a solution of 2- 

mesitylenethiol (10.0 g, 65.7 mmol) in THF (30 mL). After stirring at room temperature 

for 1 h, the solvent was removed in vacuo to leave a bright orange solid. Addition of 

hexanes (30 mL) to this solid resulted in the precipitation of the succinimide by-product, 

which was removed by filtration, and washed with additional hexanes (3 x 10 mL). The 

volatiles were then flash distilled from the filtrate to a leave an orange crystalline solid, 



yield 12.0 g (98 %). This material was stored in the glovebox at -30 OC and was used 

without further purification. 'H NMR (CDCl3): 6 6.98 (s, 2H), 2.60 (s, 6H), 2.29 (s, 3H). 

2-Thiophenethiol. This compound was prepared by the literature route.77 n-Butyllithium 

(100 mL, 0.16 mol, 1.6 M in hexanes) was added dropwise to a solution of thiophene 

(13.5 g, 0.16 mol) at -40 OC over a 30 min. period. After the addition, the temperature of 

the reaction mixture was held between -30 "C and -20 "C for 1 h, and then lowered to -70 

OC. Solid sulfur (5.12 g, 0.16 mol) was then added to the cold solution in one aliquot. 

After stirring for 30 min the temperature of the mixture was allowed to rise to -10 OC by 

removing the cooling bath, whereupon the yellow solution was carefully poured into 100 

mL of rapidly stirring ice-water. The upper organic phase was removed and the aqueous 

layer was made acidic by the slow addition of 2 M H2S04. The aqueous phase was 

immediately extracted with EtzO (2 x 50 mL). The combined ether extracts were washed 

with water (2 x 100 mL) and dried over anhydrous sodium sulfate. After filtration of the 

drying agent, the solvent was removed from the filtrate by rotary evaporation to leave a 

golden yellow oil. Vacuum distillation at 58 OC15 mmHg afforded 2-thiophenethiol as a 

colorless oil, yield 1 1.3 g (61 %). 'H NMR (CDC13): 6 7.21 (dd, J = 5.1, 1.5 Hz, lH), 

6.99 (dd, J = 3.7, 1.5 Hz, lH), 6.82 (dd, J = 5.1, 3.7 Hz, lH), 3.42 (s, 1H). This 

compound was stored at -20 O C  in a sealed ampule. 

Bis(2-thieny1)sulfide (2.1). This compound was prepared by the literature route.70 A 

solution of 2-thiophenethiol (6.58 g, 56.6 mmol) in DMF (10 mL) was added dropwise to 

a stirred slurry of 2-bromothiophene (9.23 g, 56.6 mmol), KOH (3.84 g, 68.4 mmol), and 



copper (I) oxide (4.06 g, 28.4 mmol) in DMF (30 mL) at room temperature. The mixture 

was warmed slowly and heated between 140 - 150 OC for 20 h. The resulting mixture was 

poured into 6 M HCl(60 mL), and benzene (200 mL) was added to it. The resulting two- 

phase mixture was stirred for 20 min., and then filtered through a plug of Celite. The 

organic layer was separated, washed with water (3 x 50 mL), and dried over anhydrous 

MgS04. After filtration of the drying agent, the solvent was removed from the filtrate by 

rotary evaporation to leave an orange oil. Vacuum distillation at 118 - 120 O C / l ~ "  Ton 

afforded the title compound as a pale yellow oil, yield 7.0 g (62 %). 'H NMR (CDC13): 6 

7.35 (dd, J =  5.1, 1.5 Hz, 2H), 7.22 (dd, J = 3 . 7 ,  1.5 Hz,2H), 7.00 (dd, J = 5 . 1 ,  3.7H2, 

2H). 

Bis(5-bromo-2-thieny1)sulfide (2.2). Prepared by a modification of the literature 

method." Bis(2-thieny1)sulfide 2.1 (5.04 g, 25.4 mmol) was dissolved in 

CH2C12/CH3COOH (100 mL, 3:2 vlv). NBS (9.05 g, 50.8 mmol) was added portionwise 

to the solution at 0 OC, and the resulting mixture was stirred at this temperature for 4 h. 

The mixture was poured into water (100 mL), and the organic phase was separated. The 

organic layer was washed with water (3 x 40 mL), saturated sodium bicarbonate (3 x 40 

mL), and dried over anhydrous magnesium sulfate. After filtration, the solvent was 

removed by rotary evaporation, and the red residue was purified by column 

chromatography (silica gel, hexaneldichloromethane (7:3 vlv)) to provide 7.23 g (80%) 

of the title compound as a yellow oil. 'H NMR (CDC13): 6 6.96 (d, J =  3.7 Hz, 2H), 6.90 

(d, J =  3.7 Hz, 2H). 13c NMR (CDC13): 6 135.74, 133.70, 130.52, 115.80. 



Bis(5-mesitylthio-2-thieny1)sulfide (2.3). A solution of 2-mesitylenethiol (1.12 g, 7.36 

mmol) in DMF (1 5 mL) was added dropwise to a stirred slurry of the dibromide 2.2 (1.3 1 

g, 3.68 mmol), KOH (0.49 g, 8.73 mmol), and copper (I) oxide (0.53 g, 3.70 mmol) in 

DMF (1 5 mL) at room temperature. The mixture was warmed slowly and heated between 

140 - 150 OC for 20 h. The resulting mixture was poured into 6 M HCl (15 mL), and 

benzene (250 mL) was added to it. The resulting two-phase mixture was stirred for a 

while and then filtered through a plug of Celite. The organic layer was separated, washed 

with water (3 x 50 mL), and dried over anhydrous MgS04. After filtration, removal of the 

solvent gave an orange oil, which was purified by column chromatography (silica gel, 

hexaneslethyl acetate (9: 1 vlv)) to provide a slightly yellow solid. Recrystallization from 

methanol/chloroform produced white crystalline flakes of the title compound, yield 1.12 

g (61%). Mp: 92 OC. UV-Vis (CH2C12) A,, 310 nrn (E 1.9 x lo4). 'H NMR (CDC13): 6 

6.94 (s,4H), 6.89 (d, J = 3 . 7 H z 7 2 H ) ,  6.66 (d, J = 3 . 7 H z 7  2H),2.46 (s, 12H),2.28 (s, 

6H). 13c NMR (CDCI;): 6 142.85, 142.34, 139.60, 134.35, 132.96, 129.46, 129.01, 

127.48, 21.72, 21.10. MS (LSI): m/z 498 (M+, 100%). Anal. Calcd C26H26S5: C, 62.61; H, 

5.25; S, 32.14%. Found: C, 62.40; H, 5.29; S, 3 1.83%. 

Bis(5,2'-bithien-2-y1)sulfide (2.4). A solution containing 2-(tributylstanny1)thiophene 

(1.85 g, 4.95 mmol), 2.2 (800 mg, 2.25 mmol) and Pd(PPh3)4 (130 mg) in toluene (10 

mL) was refluxed in the dark for 20 h. After cooling to room temperature, the black 

mixture was diluted with ether (100 mL) and poured into saturated potassium fluoride 

(1 00 mL). The resulting tributyltin fluoride was filtered off and washed with cold ether (3 

x 15 mL). The organic phase was collected, washed with brine and dried (Na2S04). The 



solvent was removed by rotary evaporation and the residue was purified by column 

chromatography (silica, 1 :I hexaneldiethyl ether) to provide a bright yellow solid. This 

was recrystallized from hexanes/dichloromethane to give 2.4 as yellow plates, yield 692 

mg (85 %). Mp: 96 OC. 'H NMR (CDC13): 6 6.96 - 7.20 (m). I3c NMR (CDC13): 6 

141.58, 136.66, 133.85, 133.67, 127.91, 124.94, 124.17, 123.83. MS (LSI): m/z 362 (M+, 

100%). Anal. Calcd for C1&l&: C, 53.00; H, 2.78; S, 44.22%. Found: C, 52.80; H, 

2.81; S, 44.43%. 

2-(Mesity1thio)thiophene (2.5). 2-bromothiophene (4.00 g, 24.5 mmol) was added to a 

slurry of magnesium powder (0.90 g, 37.0 mmol) in diethyl ether (20 mL). The reaction 

was initiated with a small amount of the bromo reagent and a crystal of iodine. Once the 

exothermic reaction had started, the remaining bromo reagent was added dropwise to the 

ice-cooled magnesium slurry over the course of 20 min. The solution was allowed to 

warm to room temperature, and then refluxed for 1 h. After which time the brown 

Grignard solution was recooled to 0 OC, and a solution of 2-mesitylenesulfenyl chloride 

(4.57 g, 24.5 mmol) in hexanes (25 mL) was added dropwise via cannula. The resulting 

pale brown solution was stirred at 0 OC for an additional 30 min. The mixture was then 

warmed to room temperature and poured into brine (100 mL). The aqueous layer was 

extracted with ether (3 x 50 mL), and the combined organic extracts were further washed 

with water (3 x 50 mL) and dried over anhydrous sodium sulfate. After filtration, removal 

of the solvent gave a dark brown oil, which was purified by flash chromatography (silica 

gel, hexanes) to provide a pale yellow liquid, yield 4.41 g (77 %). 'H NMR (CD2C12): 6 

7.16(dd, J = 5 . 1 ,  1.5Hz, 1H),6.95 (s72H),6.92(dd, J = 3 . 7 ,  1.5Hz7 lH),6.88(dd, J=  



5.1, 3.7 Hz, lH), 2.49 (s, 6H), 2.25 (s, 3H). 13c NMR (CDC13): 6 142.82, 139.27, 137.42, 

130.03, 129.36, 128.24, 127.09, 126.07, 21.82, 21.09. HRMS (EI) for C13H14S2 [M+]: 

Calcd: 234.0537. Found: 234.0541. 

Bis(5-mesitylthio-2-thieny1)sulfide (2.3). A solution of 2-(mesity1thio)thiophene 2.5 

(5.00 g, 21.3 mmol) in THF (100 mL) cooled to -70 "C was treated dropwise with n- 

butyllithium (13.3 mL, 21.3 mmol, 1.6 M in hexanes). The resulting yellow solution was 

stirred at -70 "C for 1 h. After which time, a solution of bis(phenylsulfony1) sulfide (3.34 

g, 10.6 mmol) in THF (20 mL) was added dropwise via cannula, and the resulting golden 

yellow solution was stirred at -70 O C  for an additional 1 h. The mixture was warmed to 

room temperature and poured into water (1 00 mL). The aqueous layer was extracted with 

ether (3 x 50 mL), and the combined organic extracts were further washed with water (3 

x 50 mL) and dried over anhydrous sodium sulfate. After filtration, removal of the 

solvent gave a yellow oil, which was purified by column chromatography (silica gel, 

hexaneslethyl acetate (9: 1 vlv)) to provide a slightly yellow solid. Recrystallization from 

methanol/chloroform produced white crystalline flakes of the title compound, yield 4.26 

g (80 %). Spectroscopic data were identical to those for material prepared by Scheme 2.8. 

2-Bromo-5-(mesity1thio)thiophene (2.6). This compound has been prepared previously 

by a different route.42 2-(Mesity1thio)thiophene 2.5 (4.36 g, 18.6 mmol) was dissolved in 

a mixture of chloroform (20 mL) and glacial acetic acid (20 mL). To this was added solid 

NBS in small portions. After stirring at room temperature for 3 h, the golden yellow 

solution was poured onto 100 mL of water, and the organic phase was separated. The 



organic layer was washed with saturated sodium bicarbonate (3 x 75 mL), water (3 x 75 

mL), and then dried over anhydrous sodium sulfate. After filtration of the drying agent, 

the solvent was removed by rotary evaporation to provide a pale yellow solid. This was 

recrystallized from absolute ethanol to afford the title compound as white needles, yield 

5.05 g (87 %). Mp: 49 OC  i it.^^ mp 47 - 48 OC). 'H NMR (CDC13): 6 6.95 (s, 2H), 6.80 

(d, J =  3.7 Hz, lH), 6.70 (d, J =  3.7 Hz, lH), 2.49 (s, 6H), 2.25 (s, 3H). MS (EI): m/z 312 

+ 79 (M , Br, 90%), 3 14 (M', " ~ r ,  100%). 

2,2'-Bithiophene. This compound was prepared by the literature route.78 A slurry of 

magnesium powder (4.59 g, 0.19 mmol) and one crystal of iodine in Et20 (40 mL) were 

combined at room temperature. 2-bromothiophene (1 2.1 mL, 0.13 mol) was then added 

dropwise to the above suspension at room temperature over a period of 1 h. The solution 

was heated to a gentle reflux and stirred for a further 2 h. The mixture was then cooled to 

room temperature and transferred via cannula to a solution of 2-bromothiophene (9.7 mL, 

0.10 mol) and catalytic Ni(dppp)Cl2 (1 05 mg) in Et20 (50 mL) at 0 OC. After the addition, 

the mixture was warmed to room temperature and left to stir overnight. The dark brown 

mixture was then poured into 300 mL of ice-water and extracted with Et20 (3 x 150 mL). 

The organic extracts were combined, washed once with water (100 mL), and dried over 

anhydrous sodium sulfate. The solvent was removed by rotary evaporation and the 

residue was purified by flash chromatography (silica, hexanes) to afford 2,2'-bithiophene 

as a white crystalline solid, yield 16 g (96 %). 'H NMR (CDC13): 6 7.22 (dd, J = 5.1, 1.1 

Hz,2H), 7.18 (dd, J=3.6 ,  1.1 Hz, 2H), 7.00 (dd, J =  5.1, 3.6Hz, 2H). 



5-Mesitylthio-2'2'-bithiophene (2.7). To a solution of bithiophene (3.00 g, 18.0 mmol) 

in THF (60 mL) was added dropwise n-butyllithium (1 1.3 mL, 18.1 mmol, 1.6 M in 

hexanes) at 0 OC. The mixture was warmed to room temperature and stirred for 1.5 h. The 

mixture was cooled to -70 OC, and a solution 2-mesitylenesulfenyl chloride (3.38 g, 18.1 

mmol) in hexanes (25 mL) was then added dropwise via cannula. Stirring was continued 

at -70 OC for 0.5 h, then the mixture was allowed to warm to room temperature, and 

water (50 mL) was added. The aqueous layer was washed with ether (50 mL), and the 

organic extracts were washed with brine (3 x 50 mL) and dried over anhydrous 

magnesium sulfate. The solvent was removed by rotary evaporation, and the green oily 

residue was purified by column chromatography (silica gel, hexanes) to provide a slightly 

yellow solid. Subsequent recrystallization from methanol produced white crystalline 

flakes of the title compound, yield 3.60 g (63 %). Mp: 46 OC. 'H NMR (500 MHz, 

CDC13): 6 7.13 (dd, J =  5.1, 1.1 Hz, IH), 7.01 (dd, J =  3.6, 1.1 Hz, lH), 6.96 (s, 2H), 6.94 

- 6.92 (m, 2H), 6.81 (d, J =  3.7 Hz, lH), 2.53 (s, 6H), 2.28 (s, 3H). 13c NMR (CDC13): 6 

142.82, 139.46, 137.77, 137.17, 136.74, 129.55, 129.44, 128.82, 127.71, 124.15, 123.56, 

123.44,21.84, 21.1 1. MS (LSI): mlz 316 (M', 100%). Anal. Calcd C17H16S3: C, 64.51; H, 

5.10; S, 30.39%. Found: C, 64.58; H, 5.29; S, 30.07%. 

Bis(5'-mesitylthio-5'2'-bithien-2-y1)sulde (2.8). A solution of 2.7 (6.00 g, 18.9 mmol) 

in THF (1 50 mL) cooled to -70 OC was treated dropwise with n-butyllithium (1 1.9 mL, 

19.0 mmol, 1.6 M in hexanes). The resulting bright yellow solution was stirred at -70 OC 

for 1 h. After which time, a solution of bis(phenylsulfony1) sulfide (2.98 g, 9.48 mmol) in 

THF (20 mL) was added dropwise via cannula, and the resulting orange solution was 



stirred at -70 OC for an additional 1 h. The mixture was warmed to room temperature and 

poured into water (100 mL). The fine yellow precipitate was filtered off and washed with 

cold methanol (3 x 50 mL). This solid was recrystallized from a mixture of chloroform 

and methanol (120 mL, 1.1 vlv) to afford 2.8 (4.90 g, 78%) as pale yellow needles. Mp: 

154 OC. UV-Vis (CH2C12) A,,,, 360 nrn (E 3.9 x lo4). 'H NMR (CDC13): 6 7.00 (d, J =  3.7 

Hz, 2H), 6.94 (s, 4H), 6.86 (d, J = 4 . 4 H z ,  2H), 6.80 (d, J=  3.7 Hz, 2H), 6.74 (d, J =  4.4 

Hz, 2H), 2.48 (s, 12H), 2.27 (s, 6H). I3c NMR (CDC13): 6 142.82, 141.33, 139.57, 

137.89, 136.72, 133.58, 133.48, 129.46, 129.27, 128.38, 124.02, 123.28, 21.78, 21.10. 

MS (EI): m/z 662 (M', 100%). Anal. Calcd. for C34H3&: C, 61.59; H, 4.56; S, 33.85%. 

Found: C, 61.40; H, 4.49; S, 33.85%. 

5-Bromo-5'-mesitylthio-2,2'-bithiophene (2.9). 5-Mesitylthio-2,2'-bithiophene 2.7 

(6.32 g, 20.0 mmol) was dissolved in DMF (100 mL). In the absence of light, NBS (3.91 

g, 22.0 mmol) was added portionwise to the solution at room temperature. After addition, 

the solution was stirred at room temperature overnight in the dark. The resulting pale 

yellow solution was diluted with dichloromethane (100 mL) and poured into brine (100 

mL). The aqueous phase was collected and washed with a second portion of 

dichloromethane (1 00 mL). All organics were collected and extracted with water (5 x 100 

mL) to remove any remaining DMF. The dichloromethane layer was dried over 

anhydrous sodium sulfate, filtered and evaporated. The obtained pale orange liquid was 

purified by column chromatography (silica gel, hexanes/dichloromethane (4:l vlv)) to 

provide the title compound as a yellow liquid, yield 7.10 g (90 %). 'H NMR (CDC13): 6 

6.94 (s, 2H), 6.87 (d, J =  4.4 Hz, lH), 6.84 (d, J =  3.7 Hz, IH), 6.75 (d, J =  3.7 Hz, lH), 



6.72 (d, J =  3.7 Hz, IH), 2.49 (s, 6H), 2.26 (s, 3H). MS (LSI): m/z 394 (M+, 7 9 ~ r ,  90%), 

395 (M + 1, 7 9 ~ r ,  28%): 396 (M', "Br, loo%), 397 (M + 1, "Br, 27%). 

5-Mesitylthio-2,2':5',2"-terthiophene (2.10). A flask was charged with 2- 

(tributylstanny1)thiophene (3.05 mL, 9.59 mmol), 2.9 (3.79 g, 9.59 mmol), Pd(PPh3)4 

(554 mg), and toluene (20 mL). The mixture was heated to reflux for 20 h. After cooling 

to room temperature, the black mixture was diluted with ether (100 mL) and poured into 

saturated potassium fluoride (1 00 mL). The resulting tributyltin fluoride was filtered off, 

and washed with cold ether (3 x 15 mL). The organic phase was collected, washed with 

brine (3 x 100 mL) and dried over anhydrous sodium sulfate. The solvent was removed 

by rotary evaporation, and the dark yellow residue was purified by column 

chromatography (silica gel, hexaneIEtOAc (9:l vlv)) to provide a bright yellow solid. 

Recrystallization from ethanol produced yellow crystalline plates of the title compound, 

yield 3.36 g (88 %). Mp: 80 OC. 'H NMR (500 MHz, CDC13): 6 7.18 (dd, J =  5.1, 1.1 Hz, 

IH), 7.11 (dd, J =  3.6, 1.1 Hz, lH), 6.99 (d, J =  3.8 Hz, lH), 6.98 (dd, J =  5.1, 3.6 Hz, 

IH), 6.96 (s, 2H), 6.92 (d, J =  3.7 Hz, lH), 6.90 (d, J =  3.8 Hz, lH), 6.80 (d, J =  3.8 Hz, 

IH), 2.52 (s, 6H), 2.28 (s, 3H). MS (LSI): m/z 398 (M+, 100%). Anal. Calcd C2,HI8S4: C, 

63.27; H, 4.55; S, 32.18%. Found: C, 63.47; H, 4.51; S, 31.92%. 

Bis(5"-mesitylthio-5,2':5',2"-terthien-2-yl)sulde (2.11). A solution of 5-mesitylthio- 

2,2':5',2"-terthiophene 2.10 (765 mg, 1.92 mmol) in THF (25 mL) cooled to -70 OC was 

treated dropwise with n-butyllithium (1.20 mL, 1.92 rnmol, 1.6 M in hexanes). The 

resulting bright orange solution was stirred at -70 OC for 1 h. After which time, a solution 



of bis(phenylsulfony1) sulfide (302 mg, 0.96 mmol) in THF (10 mL) was added dropwise 

via cannula, and the resulting orange solution was stirred at -70 OC for an additional 1 h. 

The mixture was then warmed to room temperature and poured into a cold mixture of 

diethyl ether and water (120 mL, 1 :5 vlv). The fine yellow precipitate was filtered off and 

washed with cold methanol (3 x 15 mL). This solid was recrystallized from a mixture of 

tetrahydrofuran and methanol (40 mL, 1:l vlv) to afford 2.11 (400 mg, 50%) as dark 

golden yellow crystals. Mp: 156 OC. UV-Vis (CH2C12) A,, 395 nrn (E 6.5 x lo4). 'H 

NMR (500 MHz, CDC13): 6 7.08 (d, J  = 3.7 Hz, 2H), 6.93 - 6.95 (m, 8H), 6.90 (d, J  = 

3.7 Hz, 2H), 6.86 (d, J =  3.8 Hz, 2H), 6.78 (d, J =  3.7 Hz, 2H), 2.50 (s, 12H), 2.27 (s, 

6H). 13c NMR (125 MHz, CDC13): 6 143.06, 141.51, 139.78, 137.74, 137.22, 136.82, 

135.30, 134.07, 133.89, 129.68, 129.54, 128.77, 124.91, 124.14, 123.94, 123.77, 22.01, 

21.32. MS (LSI): m/z 826 (M', 10%). Anal. Calcd C, 60.97; H, 4.14; S, 

34.88%. Found: C, 60.67; H, 4.17; S, 34.27%. 

Bis(3,4-ethylenedioxy-2-thieny1)sulfide (2.15). To a solution of 3,4- 

ethylenedioxythiophene (2.50 g, 17.6 mmol) in THF (75 mL) was added dropwise n- 

butyllithium (1 1.0 mL, 17.6 mmol, 1.6 M in hexanes) at room temperature. The mixture 

was stirred at this temperature for 45 min, and then cooled to -78 "C. A solution of 

bis(phenylsu1fonyl) sulfide (2.76 g, 8.78 mmol) in THF (20 mL) was then added 

dropwise via cannula. After stirring at -78 "C for 1 h, the reaction mixture was allowed to 

warm to room temperature and stirred for an additional 30 min. The mixture was poured 

into water (100 mL), and the aqueous layer was extracted with ether (3 x 100 mL). The 

combined organic extracts were washed with water (3 x 100 mL) and dried over 



anhydrous sodium sulfate. The solvent was removed by rotary evaporation, and the 

residue was purified by column chromatography (silica gel, hexanelethyl acetate (1:l 

v/v)) to provide a slightly yellow solid. Recrystallization from methanol/chloroform 

produced off-white crystals of the title compound, yield 2.17 g (79%). Mp: 141 "C. 'H 

NMR (CDC13): 6 6.33 (s, 2H), 4.26 (m, 4H), 4.15 (m, 4H). 13c NMR (CDC13): 6 143.44, 

141.12, 107.46, 102.99, 64.96, 64.29. MS (LSI): m/z 314 (M', 100%). Anal. Calcd 

Cl2HI0O4S3: C, 45.85; H, 3.21; S, 30.59%. Found: C, 45.61; H, 3.11; S, 29.86%. 

Bis(5-mesitylthio-3,4-ethylenedioxy-2-thienyl)sulde (2.14). A solution of 2.15 (2.06 

g, 6.55 mmol) was cooled to -40 OC and treated slowly with n-butyllithium (8.19 mL, 

13.1 mmol, 1.6 M in hexanes). The bright red solution was stirred for 1.5 h at -40 OC. 

After which time the solution was cooled to -70 OC, and a freshly prepared solution of 2- 

mesitylenesulfenyl chloride (2.45 g, 13.1 mmol) in hexanes (1 5 mL) was added dropwise 

via cannula. The resulting pale brown solution was stirred at -70 OC for an additional 30 

min. The mixture was then warmed to room temperature and poured into water (100 mL). 

The fine white precipitate was filtered off, washed with cold methanol (3 x 20 mL), and 

dried in vacuo. Yield: 2.10 g (52%). Mp: 206 OC. UV-Vis (CH2C12) A,, 309 nrn (E 2.3 x 

lo4). 'H NMR (CDCI?): 6 6.90 (s, 4H), 4.19 (my XH), 2.48 (s, 12H), 2.25 (s, 6H). I3c 

NMR (CDC13): 6 143.13, 142.92, 140.55, 139.40, 129.53, 128.99, 113.53, 107.17, 64.95, 

64.77, 22.19, 21.27. MS (LSI): m/z 614 (M', IS%), 463 {(M - c~H~Is )+ ,  100%). Anal. 

Calcd C30H3004S5: C, 58.60; H, 4.92; S, 26.07%. Found: C, 58.21; H, 4.72; S, 26.07%. 



2-Tributylstannyl-3,4-ethylenedioxythiophene. This compound was prepared by 

modification of the literature procedure.79 A solution of 3,4-ethylenedioxythiophene (3.00 

g, 2 1.1 mmol) in THF (25 mL) was treated with n-butyllithium (1 3.2 mL, 2 1.1 mmol, 1.6 

M in hexanes) at room temperature. The mixture was stirred at room temperature for 1.5 

h and then cooled to -40 OC. Chlorotributylstannane (5.72 mL, 21.1 mmol) was then 

added dropwise by syringe to the above cold solution. After the addition, the mixture was 

slowly warmed to room temperature and then stirred overnight. The solvent was removed 

by rotary evaporation and the remaining residue was suspended in hexanes (50 mL). The 

white precipitate of lithium chloride was filtered off and washed with hexanes (3 x 15 

mL). The solvent was removed from the filtrate under vacuum to afford the title 

compound as a pale yellow liquid, yield 7.95 g (87 %). The compound was used without 

further purification. 'H NMR (CDC13): 6 6.54 (s, lH), 4.15 (m, 4H), 1.60 - 1.48 (m, 6H), 

1.39 - 1.22 (m, 6H), 1.08 (t, 9H), 0.89 (q, 6H). 

3,4-Ethylenedioxy-5'-mesitylthio-2,2'-bithiophene (2.17). Prepared by a modification 

of the literature procedure.42 A solution of 2.6 (2.31 g, 7.37 mmol), 2-tributylstannyl-3,4- 

ethylenedioxythiophene (3.20 g, 7.42 mmol) and Pd(PPh3)4 (148 mg) in toluene (25 mL) 

was refluxed for 20 h. After cooling to room temperature, the dark mixture was diluted 

with Et20 (1 00 mL) and poured into saturated potassium fluoride (1 00 mL). The resulting 

tributyltin fluoride was filtered off, and washed with cold Et20 (3 x 15 mL). The organic 

phase was separated, washed with brine (3 x 100 mL), and dried over anhydrous sodium 

sulfate. The solvent was removed by rotary evaporation, and the dark yellow residue was 

purified by column chromatography (silica gel, hexaneIEt0Ac (5:1 vlv)) to provide a 



yellow solid. Recrystallization from chloroforrn/MeOH produced bright yellow 

crystalline needles of the title compound, yield 2.10 g (76 %). Mp: 102 OC  i it.^^ mp 10 1 

- 102 OC). 

Bis(5'-mesitylthio-3,4-ethylenedioxy-5,2'-bithien-2-yl)sulde (2.18). A solution of 3,4- 

ethylenedioxy-5'-mesitylthio-2,2'-bithiophene 2.17 (0.85 g, 2.27 mmol) in THF (15 mL) 

cooled to -40  OC was treated dropwise with n-butyllithium (1.42 mL, 2.27 mmol, 1.6 M 

in hexanes). The bright orange solution was stirred at -40 OC for 1.5 h. After which time 

the solution was cooled to -70 OC, and a solution of bis(phenylsulfony1) sulfide (0.36 g, 

1.15 mmol) in THF (10 mL) was added dropwise via cannula. The resulting yellow 

solution was stirred at -70 OC for an additional 30 min. The mixture was then warmed to 

room temperature and poured into a cold mixture of diethyl ether and water (1 20 mL, 1 :5 

v/v). The fine yellow precipitate was filtered off and washed with cold water (3 x 15 mL). 

This solid was recrystallized from a mixture of chloroform and methanol (80 mL, 3:5 

V/V) to afford 2.18 (0.60 g, 68%) as yellow flakes. Mp: 198 "C. UV-Vis (CH2C12) hmax 

375 nm (E 4.2 x lo4).. 'H NMR (CDC13): 6 6.93 (d, J =  3.7 Hz, 2H), 6.92 (s, 4H), 6.76 (d, 

J = 3.7 Hz, 2H), 4.26 (m, 8H), 2.48 (s, 12H), 2.25 (s, 6H). 13c NMR (CDC13): 6 143.70, 

142.94, 139.45, 136.82, 136.70, 134.90, 129.85, 129.60, 128.86, 123.55, 115.51, 104.47, 

65.14, 64.85, 22.07, 21.29. HRMS (LSI) for C38H3404S7 [w]: Calcd: 778.0502. Found: 

778.0502. Anal. Calcd C38H3404S7: C, 58.58; H, 4.40; S, 28.81%. Found: C, 58.47; H, 

4.39; S, 28.38%. 



3,4-Ethylenedioxy-2,2'-bithiophene (2.19). This compound has been prepared 

previously by a different route." To a solution of 3,4-ethylenedioxythiophene (5.09 g, 

35.8 mmol) in THF (80 mL) was added dropwise n-butyllithium (22.4 mL, 35.8 mmol, 

1.6 M in hexanes) at room temperature. After 45 min, the reaction mixture was cooled to 

0 OC by an ice bath, after which 9.25 g (35.8 mmol) of MgBr2.Et20 was added in one 

portion. The solution was warmed slowly to room temperature and was stirred for a 

further 1 h. After which time the solution was recooled to 0 OC, and 2-bromothiophene 

(5.84 g, 3.47 mL, 35.8 mmol) was added in one portion via syringe, followed by the 

addition of the coupling reagent Ni(dppp)C12 (194 mg, 1 mol %). The reaction mixture 

was allowed to warm to room temperature and stirred for an additional 48 h. This was 

then poured into water (200 mL), and the insoluble brown residue was filtered off and 

washed with ether (2 x 30 mL). The aqueous phase was collected and washed with ether 

(3 x 100 mL). The organic layers were combined and dried over anhydrous MgS04. After 

filtration, removal of the solvent gave a brown oil, which was purified by fractional 

distillation under reduced pressure (1 35 - 137 OC/lO" Torr) yielding a viscous yellow oil. 

Yield: 5.71 g (71%). 'H NMR (CDC13): 6 7.20 (dd, J = 3.7, 1.5 Hz, lH), 7.19 (dd, J = 

5.2, 1.5 Hz, lH), 6.99 (dd, J =  5.2, 3.7 Hz, lH), 6.21 (s, lH), 4.32 (m, 2H), 4.23 (m, 2H). 

HRMS (EI) for C10H802S2 [M']: Calcd: 223.9966. Found: 223.9966. 

3,4-Ethylenedioxy-5-bromo-2,2'-bithiophene (2.20). Prepared by a modification of the 

literature method." A solution of 2.19 (5.59 g, 24.9 mmol) in DMF (50 mL) was cooled 

to -20 OC. NBS (4.44 g, 24.9 mmol) was then added portionwise over 45 min. After the 

addition was complete, stirring was continued at -20 OC for 4 h, then the redlorange 



mixture was allowed to warm to room temperature, and water (150 mL) was added. The 

aqueous layer was washed with dichloromethane (2 x 100 mL), and the combined organic 

extracts were washed with water (8 x 100 mL) and dried over anhydrous sodium sulfate. 

After filtration, removal of solvent gave a grayish solid, which was purified by 

recrystallization from methanol/chloroforrn (3:2 v/v) to produce pale yellow crystals, 

yield 6.45 g (85 %). Mp: 84 OC  i it.^' mp 83 OC). 'H NMR (500 MHz, CDC13): 6 7.20 

(dd, J =  5.1, 1.2 Hz, lH), 7.13 (dd, J =  3.7, 1.1 Hz, lH), 6.99 (dd, J =  5.1, 3.7 Hz, lH), 

4.30 (m, 4H). 

3,4-Ethylenedioxy-5-mesitylthio-2,2'-bithiophene (2.21). A solution of 2.20 (3.90 g, 

12.9 mmol) in THF (40 mL) cooled to -78 O C  was treated dropwise with n-butyllithium 

(8.04 mL, 12.9 mmol, 1.6 M in hexanes). The resulting bright red solution was stirred for 

1.5 h at -78 OC. A solution of 2-mesitylenesulfenyl chloride (2.41 g, 12.9 mmol) in 

hexanes (20 mL) was added dropwise via cannula, and the resulting rusty red solution 

was stirred at -78 OC for an additional 30 min. The mixture was warmed to room 

temperature and poured into water (1 00 mL). The aqueous layer was extracted with ether 

(3 x 50 mL), and the combined organic extracts were further washed with water (3 x 50 

mL) and dried over anhydrous sodium sulfate. After filtration, removal of the solvent 

gave a dark yellow solid, which was purified by column chromatography (silica gel, 

hexanes/dichloromethane (1 :1 vlv)) to provide a bright yellow solid. Recrystallization 

from methanol/chloroform produced bright yellow needles of the title compound, yield 

3.20 g (66 %). Mp: 120 OC. 'H NMR (500 MHz, CDC13): 6 7.15 (dd, J =  5.1, 1.1 Hz, lH), 

7.08 (dd, J =  3.7, 1.1 Hz, lH), 6.94 (dd, J =  5.1, 3.7 Hz, IH), 6.92 (s, 2H), 4.29 (m, 4H), 



2.56 (s, 6H), 2.25 (s, 3H). 13c NMR (125 MHz, CDC13): 6 142.68, 141.51, 138.91, 

136.52, 134.25, 129.44, 129.23, 126.93, 123.74, 122.74, 113.00, 107.07, 64.76, 64.69, 

21.97, 20.95. MS (EI): m/z 374 (M', 100%). Anal. Calcd C19H180&: C, 60.93; H, 4.84; 

S, 25.68%. Found: C, 60.75; H, 4.92; S, 25.67%. 

Bis(5'-mesi~lthio-3',4'-ethylenedioxy-5-2'-bithien-2-yl)sulf"Ide (2.22). A solution of 

2.21 (1.00 g, 2.67 mmol) in THF (30 mL) cooled to -40 OC was treated dropwise with n- 

butyllithium (1.67 mL, 2.67 mmol, 1.6 M in hexanes). The dark red solution was stirred 

at -40  "C for 1 h. After which time the solution was cooled to -70 OC, and a solution of 

bis(phenylsulfony1) sulfide (0.42 g, 1.34 mmol) in THF (10 mL) was added dropwise via 

cannula. The resulting pale red solution was stirred at -70 OC for an additional 30 min. 

The mixture was then warmed to room temperature and poured into water (75 mL). The 

fine yellow precipitate was filtered off and washed with cold methanol (3 x 20 mL). This 

solid was recrystallized from a mixture of chloroform and methanol (80 mL, 3:5 vlv) to 

afford 2.22 (0.75 g, 72%) as white needles. Mp: 213 OC. UV-Vis (CH2C12) A,, 375 nrn (E 

4.4 x 1 04). 'H NMR (500 MHz, THF-ds): 6 7.05 (d, J =  3.9 Hz, 2H), 6.92 (s, 4H), 6.91 (d, 

J = 3.9 Hz, 2H), 4.27 (m, XH), 2.5 1 (s, 12H), 2.22 (s, 6H). I3c NMR (125 MHz, THF-ds): 

6143.48, 142.99, 139.84, 139.78, 138.69, 134.03, 133.77, 130.35, 130.10, 123.03, 

112.90, 108.54, 65.96, 65.78, 22.26, 21.1 1. HRMS (LSI) for C38H3404S7 [M+]: Calcd: 

778.0502. Found: 778.0490. 

Bis(3',4'-ethylenedioxy-5,2'-bithien-2-yl)sulfide (2.25). A solution of 2- 

(tributylstanny1)-3,4-(ethy1enedioxy)thiophene (2.50 g, 5.80 mmol), 2.2 (860 mg, 2.41 



mmol) and Pd(PPh3)4 (140 mg) in toluene (15 mL) was refluxed for 20 h. The toluene 

was removed under vacuum, and the remaining dark yellow residue was dissolved in a 

minimal amount of dichloromethane. The crude product was precipitated by the addition 

of hexanes. This material was further purified by column chromatography (silica, 1:l 

hexanes/chloroform) to give 2.25 as a bright yellow solid, yield 890 mg (77 %). Mp: 130 

OC. 'H NMR (CDC13): 6 7.10 (d, J =  3.7 Hz, 2H), 7.01 (d, J =  3.7 Hz, 2H), 6.20 (s, 2H), 

4.30 - 4.28 (m, 4H), 4.27 - 4.18 (m, 4H). "C NMR (CDC13): 6 142.0, 139.3, 138.1, 

133.5, 133.2, 122.8, 109.7, 97.7, 65.2, 64.8. MS (LSI): m/z 478 (M+, 100%). Anal. Calcd 

for C20H1404S5: C, 50.19; H, 2.95; S, 33.50%. Found: C, 50.01; H, 2.99; S, 33.68%. 

Bis(3,4-ethylenedioxy-5-2'-bithien-2-yl)sulfide (2.26). A solution of 2.20 (2.00 g, 6.60 

mmol) in THF (30 mL) cooled to -78 OC was treated dropwise with a 1.6M hexanes 

solution of n-butyllithium (4.12 mL, 6.60 mmol). The resulting bright red solution was 

stirred for 1.5 h at -78 "C. A solution of bis(phenylsu1fonyl) sulfide (1.04 g, 3.30 mmol) 

in THF (10 mL) was added dropwise via cannula and the resulting yellow solution was 

stirred at -78 "C for an additional 30 min. The mixture was warmed to room temperature 

and poured into water (1 00 mL). The aqueous layer was extracted with ether (3 x 75 mL), 

and the combined organic extracts were further washed with water (3 x 75 mL) and dried 

over anhydrous sodium sulfate. After filtration, the solvent was removed by rotary 

evaporation and the residue was purified by column chromatography (silica, 1:1 

hexanes/chloroform) to afford a yellow solid. This was recrystallized from 

methanol/chloroform to give 2.26 as yellow needles, yield 1.04 g (66%). Mp: 176 "C. 'H 

NMR (CDC13): 6 7.25 (dd, J =  5.1, 1.5 Hz, 2H), 7.22 (dd, J =  3.7, 1.5 Hz, 2H), 7.01 (dd, 



J = 5.1, 3.7 Hz, 2H), 4.33 (rn, 8H). 13c NMR (CDC13): 6 143.9, 136.9, 134.3, 127.3, 

124.7, 123.7, 115.7, 104.6, 65.2, 64.9. HRMS (EI) for C20H1404Sj [M']: Calcd: 

477.9496. Found: 477.9495. Anal. Calcd. For C20H1404S5: C, 50.19; H, 2.95%. Found: C, 

49.94; H, 2.80%. 



Chapter 3 

Physical Properties of Oligothiophenes 

3.1 Introduction 

The purpose of this chapter is to address some physical properties of the uncapped 

(Series I) and a-capped bis(thieny1)sulfide oligomers (Series 11) in both their neutral and 

oxidized forms, using the parent a,o-bis(mesitylthio)oligothiophenes (Series 111) as a 

comparative benchmark. The electronic structures of the Series I and I1 oligomers are 

probed by using a combination of cyclic voltammetry and UV-Vis-NIR spectroscopy. 

The cyclic voltammetry studies provide information on the stability, charge-spin 

delocalization, and the relative ease at which the oligomers are oxidized. The UV studies 

on the neutral oligomers allow for a perspective of how the internal sulfur bridge 

contributes to the overall conjugation length and also gives access to their HOMO- 

LUMO gap energies. UV-Vis-NIR spectroscopy is used to characterize the charged 

Series I1 oligomers, and these spectra are compared to those of the Series I11 model 

compounds. All of these characterization tools are used to determine how electronic 

coupling occurs via the internal sulfur bridge as a function of (a) thiophene conjugation 

length and (b) EDOT and thiophene substitution patterns. The aforementioned points also 

play an important role on the stability of the charged Series I1 oligomers. Lastly, all of the 

uncapped Series I compounds could be electropolymerized to afford new PPS-like 

polymers with high stability. The electrochemistry of the monomers is presented and the 

properties of the polymers are briefly discussed. 
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3.2 Electronic Absorption Spectroscopy of Neutral Oligomers 

The lowest-energy electronic transitions for both the uncapped (Series I) and 

a-capped thienyl-sulfide oligomers (Series 11) in their neutral states are presented in 

Table 3.1, along with the data for the parent a,@-bis(mesitylthio)oligothiophenes (Series 

111). The A,, values for all three series are found to increase with increasing the number 

of thiophene rings, a trend that is consistent with nearly all other oligothiophenes. An 

example of this is represented in Figure 3.1. 

Table 3.1. Lowest-energy electronic transitions for neutral oligothiophenes." 

T-S-T 268 Mess-T-S-T-SMes 3 10 Mess-T-SMes 3 02 
(2-1) (2.3) (1.50) 

E-S-E 270 Mess-E-S-E-SMes 3 09 Mess-E-SMes 305 
(2.15) (2.14) (1.54) 

ET-S-TE 345 Mess-ET-S-TE-SMes 3 75 
(2.25) (2.22) 

TE-S-ET 345 Mess-TE-S-ET-SMes 3 75 
(2.26) (2.18) 

' The shorthand notation for labeling compounds is defined in $2.1.1. 
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Figure 3.1. UV-Vis spectra of 2.3, 2.8, and 2.11 in dichloromethane at constant 
concentration (1 x 1 o ' ~  M). 

The next important observation that can be made pertains to the position of h,, 

for those compounds in Series I versus 11. All of the I,,, values for the compounds in 

Series I1 are significantly bathochromically shifted (25 - 42 nrn) with respect to their 

unsubstituted parent systems in series I. This shift is primarily attributed to the 

conjugative overlap of the terminal mesitylthio sulfur lone pairs with the oligothiophene 

n system. This same trend has been observed when comparing the Series I11 type 

compounds with their unsubstituted analogues. For example, the longest wavelength 

absorption of thiophene is at 243 nrn, whereas 2,5-bis(mesity1thio)thiophene (1.50) is at 

302 n m 4 *  



On the other hand, the internal bridging sulfur units have little effect on extending 

the overall conjugation length, as can be seen by comparing the UV data of Series I1 with 

111. For example, comparison of 2.8 with 1.51, which both have bithiophene units flanked 

by sulfurs, shows that their maximum wavelength absorptions are nearly identical, 

despite the fact that 2.8 is considerably longer. The optimized geometry structure of 

bis(bithi0phene) (2.8) shows that the conjugation of the four thiophene unit backbone is 

highly disrupted upon inserting the sulfur bridge (Figure 3.2).8' As a result, compound 

2.8 behaves like two independent bithiophenes terminated with sulfur groups. All other 

Series I1 neutral compounds are believed to adopt similar geometries at the internal sulfur 

bridge based on similarities of the UV-Vis data with respect to their parallel Series I11 

compounds. 

Figure 3.2. Optimized molecular structure of 2.8 calculated at the B3LYPl6-3 1G** 
level." 



The A,,, values for bis(methy1thio)bithiophene ( M ~ s - T ~ - s M ~ ) ' ~  and Mess-Tz- 

SMes (1.51) are 345 and 358 nrn, respectively. Replacing the terminal methyl groups 

with mesityl groups appear to have a small effect on the position of A,,,. A DFT 

calculation on 1.51 has shown that the terminal thiophene-sulfur bond is almost planar 

with respect to the mesityl @so carbon, but the mesityl ring itself is nearly perpendicular 

to the central bithiophene moiety.83 Therefore, this twisting inhibits the mesityl groups to 

engage in the overall conjugation with the thiophene backbone. For the same reasons, the 

mesityl groups do not contribute very much to h,,, for the Series I1 type compounds. 

The lone pair electrons on the oxygen atoms of the ethylenedioxy residues can 

also participate in conjugative overlap with the n-system of the thiophene backbone. 

However, these P-substituents have less of an effect on the position of A,,, than the 

terminal a-substituents. This can be seen by comparing either compounds 1.50 versus 

1.54 or 2.8 versus 2.18 or 2.22. This trend is expected, since the largest orbital 

coefficients of the thiophene n-HOMO reside on the a-carbon atoms (see Figure 2.4). 

Therefore, the energy of the HOMO is predominantly influenced by substituents that are 

directly attached to the a-positions. In actual fact, the terminal sulfur donor substituents 

lower the energy of the HOMO, much more so than the P-ethylenedioxy substituents. 



3.3 Cyclic Voltammetry Studies 

3.3.1 A Primer to Cyclic Voltammetry 

Cyclic voltammetry (CV) is used here to investigate the redox properties of the 

target compounds described in the second chapter. The main advantage of CV over linear 

techniques (e.g., linear sweep voltammetry) is that it allows for the observation of a 

reverse scan, which can be a direct probe of the compounds stability for a specific redox 

couple. That is, a stable electrogenerated species should have a current wave of opposite 

direction with respect to the initial scan. The absence of a reverse scan suggests that the 

electrogenerated species is prone to decomposition. This is referred to as an irreversible 

process. A typical CV for a reversible one-electron process is represented in Figure 3.3. 

For example, a neutral compound might be oxidized to a cation in the forward scan, 

which is subsequently reduced back to the neutral form during the reverse scan at more 

negative potential. The reversibility is further manifested in the following requirements: 

(i) The ratio of the anodic (i,,) and cathodic (i,,) peak currents should be equal to 

one. 

(ii) For a one-electron redox process, the difference between the anodic (E,,) and 

the cathodic (E,,) peak potentials should be 59 mV at room temperature, 

which can be derived from the Nernst equation. 



(iii) E,, and Epc should be independent of scan rate. 

Forward Scan 

Reuerse Sean 

200 
Potential (mV) 

Figure 3.3. Representative CV for a reversible one-electron redox process. 

The formal potential (EO) for a reversible system is determined from the average of the 

peak potentials (i.e., E0 = (E,, + Ep,)/2). 



3.3.2 Electrochemistry Studies on the Series 11 Oligomers 

The oxidation potentials and reversibility of the redox processes for compounds 

2.3, 2.8, and 2.11 were determined by cyclic voltammetry. The voltammograms are 

presented in Figure 3.4 and the data is summarized in Table 3.2. 

M e s S m S - @ ) S M  

n n 
/ 

(a) 2.3 (n = 1) (b) 2.3 (n = 1) 

I I 

1500 1000 500 2000 1500 1000 500 0 

Voltage (mV vs. Ag wire) Voltage (mV vs. Ag wire) 

2000 1500 1000 500 0 

Voltage (mV vs. Ag wire) 

( 1  " 
(d) 2.11 (n = 3) 

I 
2000 1500 1000 500 0 

Voltage (mV vs. Ag wire) 

Figure 3.4. Cyclic voltammograms of (a) 2.3 showing the first reversible oxidation, (b) 
2.3 showing the second irreversible oxidation, (c) 2.8, and (d) 2.11 in dichloromethane 
containing 0.1 M n-Bu4NBF4. Scan rate = 100 mV/s. 



Table 3.2. Oxidation potentials of Series I1 thiophene oligomers. 

n = 1 (2.3) 1.34 1 . 7 3 ~  

n = 2 (2.8) 1 .07 1.26 1 .74b 

n = 3 (2.11) 0.92 1.04 1.15 1 .49b 

" Volts vs SCE at 100 mV/s. Anodic peak potential, irreversible oxidation. 

All of the compounds presented in Table 3.2 display a fully reversible first 

oxidation. This is consistent with Nodwell's finding that terminal sulfur substituents are 

highly effective towards stabilizing radical cations of o1igothiophenes." As the chain 

length increases, El0 decreases along the series 2.3-2.8-2.11 (1.34-1.07-0.92 V), a 

trend that is consistent with nearly all other oligothiophenes. Furthermore, increasing the 

thiophene chain length permits the formation of additional reversible redox states, and 

these oxidation potentials (i.e., E20 and E30) also decrease with increasing thiophene 

conjugation length. The anodic and cathodic peak separations for each reversible couple 

are in the range of 62 - 70 mV, suggesting that these all result from single one-electron 

oxidations. 

These electrochemical results provide evidence that the internal sulfur bridge is 

indeed providing an electronic coupling pathway between the flanking thiophene units. If 

the sulfur link were completely insulating, then we would expect the electrochemical 

behavior to be very similar to the Series I11 compounds. For instance, if the two 

thiophene units were completely non-interacting, then the diradical dication of 2.3 would 

look very much like the radical cation of the parent compound 1.50. It might also be 



expected that the removal of the two electrons would occur at the same potential, thereby, 

resulting in a two-electron redox wave. This phenomenon has been seen in Janssen's m- 

phenylene bridged system (1.62), where the capped bithiophene (3.1) serves as a useful 

model compound.58 Compound 3.1 has two well-defined reversible one-electron 

oxidations at half-wave potentials of 1.10 and 1.61 V vs. SCE. On the other hand, 

compound 1.62 with a m-phenylene bridge has two redox waves (El0 = 1 .O1  V and El0 = 

1.18 V), each of which corresponds to a two-electron process affording the diradical 

dication 1.62~*~+ and the tetracation 1.62~+. These two redox couples each have anodic 

and cathodic peak separations of 150 mV, which is ascribed to two consecutive, but 

unresolved one-electron oxidation waves. Therefore, the m-phenylene bridge is 

ineffective at communicating charge due to its insulating/nonresonant nature. The fact 

that the first redox couple for 2.3 only corresponds to a one-electron oxidation and that it 

is much more difficult to remove a second electron provides evidence that the sulfur 

bridge is not insulating, as in the m-phenylene system, but rather it is providing a 

communication pathway for the charged thiophenes. Further support for this is gleaned 

by comparing 2.8 with 1.51. A stable dication can be generated for parent 1.51, while at 

most a stable dication can be generated for 2.8. Thus, if the sulfur bridge were completely 

insulating, it should also be possible to generate a stable tetracation for 2.8; however, this 

is not the case. 



Closer examination of the electrochemical behavior of 2.3 reveals that it has a 

second irreversible oxidation (Table 3.2). The first oxidation most likely results from the 

removal of an electron from one of the thiophene rings, whereas the second electron is 

removed from the other thiophene ring affording a diradical dication. A new reduction 

wave appears at more negative potential after the first scan past the irreversible oxidation 

wave (Figure 3.4b). This reduction wave is not observed if the switching potential is kept 

below 1.73 V (E2P") vs SCE (Figure 3.4a), signifying that it arises after the second 

oxidation. This second irreversible oxidation, along with the formation of a new redox 

couple at more negative potential is also observed for compounds 2.14 and 2.18 (Table 

Table 3.3. Oxidation potentials of Series I1 EDOT containing oligomers. 

Mess-E-S-E-SMes 0.95 1 .19~  
(2.14) 

Mess-TE-S-ET-SMes 0.79 0 .98~  
(2.18) 

Mess-ET-S-TE-SMes 0.79 0.94 1.31" 1.71b 
(2.22) 

" Volts vs SCE at 100 mV/s. Anodic peak potential, irreversible oxidation. " Quasi- 
reversible. 
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Figure 3.5. Cyclic voltammogram of 2.18 (Mess-TE-S-ET-SMes) showing the first 
three scans. Scan rate = 1000 mV/s. 

A representative CV of 2.18 is shown above in Figure 3.5. In subsequent scans for 

2.14 and 2.18, the new reduction waves develop corresponding oxidation waves, which 

support the formation of a new redox active species. We propose that the diradical 

dications of 2.14 and 2.18 are decomposing to the known biEDOT 1.55 and 

quaterthiophene derivative 1.58, respectively. A possible decomposition pathway for the 

diradical dication of 2.18 is depicted in Scheme 3.1. The internal carbon-sulfur bond of 

2.18~*~+ may be homolytically cleaved, followed by dimerization of the diradical cation to 

provide 1.5g202+. Neutral 1.58 is then formed by a two-electron reduction of this 

intermediate diradical dication. The determined formal potentials (2.14: EO = 0.59 V and 

2.18: EO = 0.50 V) of these new redox couples correspond very well to the literature 

values (1.55: El0 = 0.57 V and 1.58: El0 = 0.49 V) that were reported by ~ o d w e 1 1 . ~ ~  It 

should be noted that additional experiments would be required to confirm the formation 

of the tentatively assigned decomposition products 1.55 and 1.58. Further light can be 

shed on this second irreversible oxidation by comparing 2.18 with its isomeric 
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Scheme 3.1. Possible decomposition pathway for the diradical dication of 2.18. 

counterpart 2.22. Compounds 2.18 and 2.22 both undergo reversible one-electron 

oxidations, but only the latter exhibits subsequent reversible redox processes. We believe 

that the charge distribution in 2.18 and 2.22 is confined to the more electron rich EDOT 

rings rather than the P-unsubstituted thiophenes. The ability of sulfur-terminated EDOT 

rings to localize charge has also been observed in Nodwell's isomeric quaterthiophenes 

1.58 and 1.60 (see $1.5.4). Thus, the dicationic state of compound 2.18 experiences a 

buildup of charge in the EDOT rings directly adjacent to the sulfur bridge, which leads to 

its irreversible decomposition (Scheme 3.1). This destructive charge buildup around the 

internal sulfur bridge can be relieved by increasing the conjugation length, allowing for 

charge delocalization or by placing the more electron rich EDOT rings away from the 



internal sulfur bridge. The bis(bithiophene) (2.8), bis(terthiophene) (2.11), and the 

bis(bithi0phene) oligomer (2.22) with the EDOTs on the outside accommodate these 

requirements. Both compounds 2.8 and 2.11 can be reversibly oxidized to their dicationic 

states (Figure 3.4). This second reversible oxidation is now feasible because the charge is 

able to delocalize in the flanking bi- and terthiophene units. The increased conjugation 

length for the bis(terthiophene) (2.11) also permits the formation of a stable trication. 

As expected, the oxidation potentials for all the EDOT containing oligomers are 

significantly lower than their analogous thiophene counterparts, this being attributed to 

the electron-donating capacity of the ethylenedioxy substituents. This can be seen by 

comparing 2.3 with 2.14, or by comparing 2.8 with either 2.18 or 2.22. 

The fact that the electron-rich EDOT rings have a strong tendency to localize 

charge may be detrimental to EDOT-containing oligomers and polymers to transport this 

charge. However, interesting observations can be made when comparing 2.22 with 1.60. 

Both compounds contain terminal EDOT groups that are bridged by either a 

bis(thieny1)sulfide linker or by bithiophene, respectively. It has been previously shown 

that the dication structure of 1.60 is one in which the two charges are localized on the 

electron-rich EDOT ends. In other words, the dication of 1.60 can be thought of as two 

independent electrophores that are weakly coupled by a bithiophene spacer. The lack of 

delocalization in the bithiophene spacer is confirmed by the ease at which the second 

electron is removed from 1.60 with respect to the first. This is further manifested in the 

small difference (i.e., AEz.10 = EZ0 - El0 = 0.05 V) between the first and second formal 

potentials. The increased Coulombic repulsion to introduce a second charge for 2.22 

(AE2-,0 = 0.15 V) with respect to 1.60, suggests that there is a slightly greater degree of 



delocalization for the radical cation in the bis(thieny1)sulfide bridge. This is probably 

because the internal sulfur bridge pulls some of the charge away from the electron-rich 

EDOT ends. Thus, the sulfur bridge in 2.22 appears to be valuable in transporting the 

charge away from the electron-rich EDOT ends. A quasi reversible trication can even be 

generated for 2.22 (Figure 3.6). The irreversible oxidation at 1.71 V vs SCE is again most 

likely due to carbon-sulfur bond cleavage. 

2000 1500 1000 500 6 
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Figure 3.6. Cyclic voltammogram of 2.2 (Mess-ET-S-TE-SMes) in dichloromethane 
containing 0.1 M nBu4NBF4. Scan rate = 100 mV/s. 



3.3.3 Electrochemistry Studies on the Series I Oligomers 

The electrochemical data for the a-uncapped thienyl-sulfide monomers (Series I) 

are summarized in Table 3.4. All of the monomers displayed irreversible oxidation waves 

as expected for a-unsubstituted thiophenes, which is a prerequisite for 

electropolymerization reactions. 

Table 3.4. Oxidation potentials of Series I monomers. 

The electropolymerization experiments were performed in dichloromethane 

containing 1 M n-Bu4NBF4 by repeated scans slightly beyond the first anodic peak 

potential for each of the monomers. The polymerization potentials were kept as low as 

possible to avoid possible damage (e.g., internal carbon-sulfur bond cleavage, as was 

observed in the model compound studies) of the developing polymers. 

Electropolymerization of all monomers was confirmed by the observation that the peak 

current increased with increasing the number of scans, and that highly colored polymer 

films formed in all cases on the working electrode surface. 

As a representative example, Figure 3.7 shows the CV of monomer 2.25 as a 

function of the number of scans. The first scan shows the irreversible process with the 

anodic peak potential at 1 .015 V vs AgIAgCl; whereas, the fifth and tenth scans show the 

Monomer 

El0 (Via 

T-S-T E-S-E 85 TT-S-TT ET-S-TE TE-S-ET 
(2.1) (2.15) (2.4) (2.25) (2.26) 

1.150~ 1.1 8ob 1 .370b 1 .015~ 0.960~ 

" Volts vs AgIAgC1 at 100 mV/s. Anodic peak potential, irreversible oxidation. 



formation of a new redox couple with anodic and cathodic peak potentials at 660 and 600 

mV, respectively. The growth of the reduction peak indicates that the polymer can be 

reversibly oxidized and reduced. 

-25 I I 

800 400 0 

Potential 1 mV vs AglAgCl 

Figure 3.7. Electropolymerization of 2.25 in dichloromethane at 100 mV/s: (a) lSt scan, 
(b) 5th scan, and (c) loth scan. 

The platinum modified electrode for 2.25 in a monomer free electrolyte solution 

showed a broad reversible oxidation at more negative potential (Figure 3.8). The 

oxidation potentials for all of the deposited polymers are presented in Table 3.5. The 

variation of peak current of the modified electrodes was found to be linearly dependent 

on scan rate, which is indicative of surface-bound species. No changes were observed in 

the electrochemical properties of all polymers either after repeated cycling several 

hundred times or by exposing the polymers to air. The stability of the polymers is 

attributed to the excellent electrochemical properties of the thiophene and EDOT 

moieties, and also the presence of the divalent sulfur bridges that stabilize cationic 

thiophenes. 



Potential / mVvs AgIAgCI 

Figure 3.8. CV of the film of Poly(2.25) at different scan rates: (a) 0.025, (b) 0.050, (c) 
0.075, (d) 0.100, (e) 0.150, (f) 0.175, and (g) 0.200 Vls. 

Table 3.5. Oxidation potentials of Series I polymers. 

Polymer 

3.4 UV-Vis-NIR Spectroscopy 

3.4. I UV- Vis-NIR Spectroscopy of Selected Series 111 Oligomers 

As a reference point, UV-Vis-NIR spectra for the cationic a,o-bis- 

(mesitylthio)oligothiophenes (Series 111) were obtained, and the corresponding data is 

summarized in Table 3.6. Dilute solutions of the oligomers were chemically oxidized by 

the stepwise addition of nitrosonium tetrafluoroborate (NOBF4; El0 = 1 .OO V vs FC/FC+ in 

C H ~ C ~ ~ ) ' ~  in dichloromethane at room temperature. Stable radical cations could be 

generated for compounds 1.50 - 1.54 and dications for 1.52 and 1.53. Only radical 

(-T-S-T-). (-E-S-E-). 85 (-TT-S-TT-). (-ET-S-TE-),, (-TE-S-ET-),, 
poly(2.1) poly(2.15) poly(2.4) poly(2.25) poly(2.26) 

El0 (V)a 1.460 0.600 1.310 0.630 0.870 

" Volts vs AgIAgC1 at 100 mV/s. 



cations could be produced for monothiophenes 1.50 and 1.54 because they both only 

posses one reversible oxidation, as was shown by CV. The second oxidation potential of 

1.51 is too high to obtain its dication by chemical oxidation, even when using a very 

strong oxidizing reagent such as NOBF4. However, a spectrum of the dication was 

acquired by bulk electrolysis of 1.51 beyond its second anodic peak potential. In actual 

fact, all of the radical cations and dications could be generated by bulk electrolysis by 

holding the potential slightly beyond their first and second anodic peak potentials, 

respectively. Furthermore, the spectral data for all of the electrochemically generated 

cations using n-Bu4NBF4 as supporting electrolyte match exactly with those obtained by 

chemical oxidations with NOBF4. 

Table 3.6. Electronic absorption maxima for selected oxidized oligothiophenes.' 

RS-TI-SR RS-T2-SR RS-T3-SR RS-T4-SR RS-E-SR 
(1.50) (1.51) (1.52) (1.53) (1.54) 

neutral 

I 

" Absorption maxima are measured in nanometers. Values in italics are due to vibronic 
transitions. The M1 and M2 electronic transitions are defined in Figure 1.10. R = Mes. 

3 02 358 3 86 420 3 05 

radical 
cation 

Both monothiophenes 1.50 and 1.54 could be converted to radical cations by the 

addition of one equivalent of NOBF4. Upon oxidation, the dichloromethane solutions 

4 12 (MI) 500, 572 (MI) 676 (Ml) 654,756(Ml) 405(M1) 
638 (M2) 805,905 (M2) 1015, 1 170 (M2) 1190, 1420 (M2) 55 1 (M2) 



change from colorless to an intense violet color. The electronic absorption spectrum for 

the radical cation of 1.50 shows two absorption maxima at 412 and 638 nm, which are 

assigned to the SOMO-LUMO (M1 transition; see Figure 1.10) and HOMO-1-SOMO 

(M2) transitions, respectively. Similarly, the radical cation of the EDOT derivative 1.54 

exhibits two intense transitions at 405 (MI) and 55 1 nm (M2). 

In agreement with their increasing conjugation lengths, the principal radical 

cation transitions (i.e., M1 and M2) shift to lower energies in going from 1.50 to 1.53. 

The radical cation solution colors in dichloromethane range from violet to blue to green 

along the series 1.51-+1.52--+1.53. A representative UV-Vis-NIR spectrum of 1.52 is 

displayed in Figure 3.9. For compounds 1.51 to 1.53 additional higher energy bands with 

respect to M1 and M2 are observed. For other oligothiophenes these higher energy 

features have been ascribed to dimer transitions (i.e., Dl  and D2; Figure 1 .lo), in which 

their intensities are dependent on temperature, concentration and solvent polarity. The 

higher energy bands for the compounds presented in Table 3.6 do not show a dependence 

on either solvent polarity or concentration, suggesting that the phenomenon of n- 

dimerization does not occur within these molecules. Dimer formation is most likely 

suppressed because of the steric hindrance of the capping mesityl groups. We believe that 

these higher energy features are due to vibronic transitions because the difference in 

energy between each of the M1 and M2 transitions with their corresponding high energy 

bands are in the range of vibrational energies.83 For example, the energy differences for 

1.51 are 2517 cm-' (572-500 nm) and 1373 cm-' (905-805 nm). 
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Figure 3.9. UV-Vis-NIR spectra of the radical cation and dication of 1.52. 

Dications of 1.52 and 1.53 could be generated by treating them with two 

equivalents of NOBF4 in dichloromethane. The dication of 1.52 exhibits a dark blue color 

. in solution, while 1.53 is dark green. The dark purple dication of 1.51 was not accessible 

by chemical oxidation with NOBF4, so it was produced by electrolysis at 1.3 V vs 

AgIAgC1 using n-Bu4NBF4 as supporting electrolyte. As expected, the longest 

wavelength absorptions of these dications ((1.512+, 520 nm (2.38 eV); 1.52~'~ 696 nm 

(1.78 eV); 1.53~+, 893 nm (1.39 eV)) are bathochromically shifted with increasing 

conjugation length. A linear correlation is observed between the principal absorption 

energy and the inverse chain length, as shown in Figure 3.10. These principal absorption 

bands are due to HOMO-LUMO transitions. The higher energy bands for 1.52 and 1.53 

(654 and 806 nm, respectively) are assigned again to vibronic transitions. 



Inverse chain length (lln) 

Figure 3.10. Correlation of the longest wavelength absorptions for the dications of 1.51, 
1.52, and 1.53 with their inverse chain lengths. 

3.4.2 UV- Vis-NIR Spectroscopy of Series II Oligomers 

The a-capped bis(thieny1)sulfide (Series 11) oligomers were electrochemically 

oxidized and the resulting radical cations and dications were characterized by UV-Vis- 

NIR spectroscopy. The UV-Vis-NIR data is summarized in Table 3.7. Chemical methods 

(i.e., NOBF4) were avoided because in most cases the small differences in sequential 

oxidations did not permit for a discrete redox couple to be accurately addressed. 



Table 3.7. Electronic absorption maxima for Series I1 oxidized oligothiophenes." 

neutral 310 3 09 360 375 375 395 

radical 508 520 (Ml) 49 7 
cation 555 (Ml) 570 (sh) 563 (Ml) 

816 660 784 
896 (M2) 765 865 (M2) 

860 (M2) 

I 

' Absorption maxima are measured in nanometers. Values in italics are due to vibronic 
transitions. The M1 and M2 electronic transitions are defined in Figure 1.10. sh = 

shoulder. 

Compound 2.3 was oxidized by bulk electrolysis at its first anodic peak potential 

in dichloromethane. During the electrolysis the solution changes from colorless to an 

intense violet color. Complete conversion to the radical cation is observed by the loss of 

the neutral band at 310 nm in the UV-Vis-NIR spectrum and by the onset of two new 

major bands at 555 (MI) and 896 nm (M2). Each of these bands is accompanied by 

higher energy absorptions, which are again assigned to vibronic fine structure. Insights 

into the electronic structure of 2.3 can be further made by comparing it to 1.50, because 

both compounds contain monothiophene units flanked by sulfur atoms. The longest 

wavelength absorptions for the radical cation of 1.50 appear at 412 (MI) and 638 nrn 

(M2), which are significantly hypsochromically shifted with respect to the MI and M2 

transitions for 2.3. These observations suggest that there may be a strong intrachain 

interaction between the thiophene units via the sulfur bridge for compound 2.3, while in 



its monoradical cationic state. Interchain contributions are neglected based on the premise 

that the bulky mesityl groups do not permit close radical interactions between 

neighboring molecules, and also because x-dimerization is not observed in the optical 

spectra. This same phenomenon can be seen by comparing the analogous EDOT 

derivatives 1.54 and 2.14. The radical cation bands for 1.54 are at 405 (MI) and 551 nm 

(M2); whereas M1 and M2 for 2.14 are at 520 and 860 nrn, respectively. It should be 

noted that the M1 and M2 bands for 2.14 cannot be definitively assigned because other 

atypical bands appear in its spectrum (Figure 3.11). They were tentatively chosen as M1 

and M2 since they appear around the same position for those observed for the radical 

cation of 2.3. The nature of the additional bands at 570 and 660 nm is unclear at this 

point, but they might be due to a large structural change when 2.14 is converted to its 

radical cation. The band at 765 nm might be a vibronic transition that accompanies M2 

(860 nm), since they have an energy difference of 1444 cm-'. However, dimer bands can 

be ruled out based on the fact that the intensities of the 570, 660, and 765 nm peaks show 

neither a concentration nor solvent polarity dependence. Despite these unassigned 

features, the principal absorption bands for 2.14 are considerably bathochromically 

shifted compared to those for 1.54, giving further support that the EDOT rings in 2.14 are 

electronically coupled by way of the sulfur bridge. 
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Figure 3.11. UV-Vis-NIR spectrum of the radical cation of 2.14. 

Interesting observations can be made for the bis(bithiophene) derivatives 2.8,2.18 

and 2.22. Comparisons between 2.8 and 1.51 can be made since they both contain 

bithiophene units flanked by sulfurs. Compound 2.8 was converted to its radical cation 

(ElPa = 0.8 V vs Ag/AgCl) and subsequent dication (E2Pa = 1.3 V) by controlling the 

potential of the electrolysis. The radical cation exhibits a pale purple color, while the 

dication is dark purple in dichloromethane. The spectroscopic features for the radical 

cations of 2.8 and 1.51 are qualitatively the same; however, all of the absorption maxima 

for 2.8 (MI = 563 nrn and M2 = 865 nm) are in this case slightly blue-shifted with 

respect to those for 1.51 (MI = 572 nm and M2 = 905 nm). This contrasts the behavior of 

the monothiophene sulfur-bridged compounds (2.3 and 2.4) in which their radical cation 

absorptions are red-shifted with respect to their parent non-bridged (1.50 and 1.54) 

counterparts. This data indicates that little to no electronic coupling occurs between 



adjacent bithiophenes via the sulfur bridge, presumably because the radical cations are 

strongly localized in the bithiophene cores. Thus, polymers made up of bithiophene units 

bridged by divalent sulfur may not be good charge carries, which may be detrimental to 

the polymers overall conductivity. The corresponding bithiophene-sulfide polymer has 

been prepared by electrochemical polymerization of the T-S-T (2.1) monomer (see tj 

3.3.3); however, we were unable to compare its solution spectral data to the model 

compounds (i.e., 2.8 and 1.51) due to the poor solubility of the polymer. Alternatively, 

spectral data can be obtained by growing a thin polymer film on a transparent electrode 

(e.g., ITO); unfortunately, the polymer did not adhere very well to the IT0  electrode. 

The UV-Vis-NIR spectrum of the radical cation of the bis(bithiophene)sulfide 

(2.18) derivative with internal EDOTs is presented in Figure 3.12. Interestingly, the 

electronic spectrum for the radical cation of 2.18 has its principal absorption maxima at 

725 (MI) and 1241 nm (M2), values that are remarkably red-shifted compared to its 

parent bithiophene 2.8. The Mess-TE-S-ET-SMes (2.18) compound behaves similarly to 

Mess-E-S-E-SMes (2.14), whereby the monoradical cation is predominantly localized on 

the electron rich EDOT rings, allowing for strong electronic coupling through the sulfur 

bridge. 

The radical cation for the isomeric bis(bithiophene)sulfide (2.22) compound with 

the EDOTs on the outside could not be generated by either chemical or electrochemical 

techniques. The electrochemical oxidation of 2.22 proceeded directly to the dication due 

to the small potential difference between the cationic and dicationic states. For the same 

reason, only the dication could be obtained for Nodwell's quaterthiophene 1 . 6 0 . ~ ~  The 

main dication bands for 2.22 and 1.60 are at 892 and 860 nrn, respectively. The red-shift 



may result from a slightly greater degree of electronic communication in the 

bis(thieny1)sulfide bridge for 2.22 than the bithiophene bridge for 1.60. 

750 1000 1250 1500 

Wavelength (nm) 

Figure 3.12. UV-Vis-NIR spectrum of the radical cation of 2.18. 

It was not feasible to obtain UV spectra for each of the three reversible redox 

couples for the bis(terthi0phene)sulfide (2.11) compound because successive oxidations 

were too close together in potential. Even holding the potential just below the first anodic 

peak potential (ElP" = 0.9 V vs AgIAgCI) resulted in what we believe is the dication for 

2.11. The dication exhibits a dark green color in dichloromethane with an absorption 

maximum at 680 nm. 



3.4.3 UV-Vis-NIR Spectroscopy of a Polymer Derived from a Series I Monomer 

Since all of the polymers (see Table 3.5) are insoluble in standard organic 

solvents, the spectroelectrochemical properties of films of the polymers were examined 

on transparent indium thin oxide (ITO) electrodes. As an example of an ITO-deposited 

film, poly(2.15) (Figure 3.13) shows various electronic spectra as a function of applied 

potential.85 At 1.3 V (vs AgIAgCl), poly(2.15) is deep blue and exhibits two maximum 

absorptions at 605 and 1020 nm. As the potential is lowered to a maximum of -0.2 V, the 

dark yellow neutral form of poly(2.15) appears and shows two peaks at 455 and 484 nrn. 

The dopinglde-doping processes are fully reversible, which confirm the excellent stability 

of the polymer in both reduced and oxidized states. All of the other polymers exhibit 

similar spectroelectrochemical properties. 

Figure 3.13. Electronic spectra of poly(2.15) at different potentials: (a) +1.3, (b) +0.5, (c) 
+0.2, (d) 0, (e) -0.2 V vs AgIAgCl. 



The mesityl capped model compounds can also be used to gain an understanding 

of how electronic communication occurs in their polymer counterparts. As a 

representative example, compound 1.55 (Mess-EE-SMes) serves as an effective model 

for poly(2.15) ((-E-S-E-),) because both contain biEDOT units flanked by sulfur atoms. 

Neutral poly(2.15) has its absorption maxima at 455 and 484 nm, whereas model 

compound 1.55 absorbs at 362 nm. The fact that poly(2.15) has its absorptions red-shifted 

with respect to 1.55, provides evidence that the biEDOT units are electronically coupled 

in the neutral polymer. Furthermore, the doped polymer has its longest wavelength 

absorptions at 605 and 1020 nm, and the radical cation of 1.55 has two bands at 509 and 

900 nrn. The red-shift is most likely due to strong intrachain electronic coupling of the 

biEDOT groups in the polymer. The mesityl-capped model compounds prohibited an 

understanding of how interchain interactions may contribute to electronic coupling 

because the steric hindrance of the mesityl groups did not allow for neighboring 

molecules to come in close contact with each other. However, interchain interactions in 

the polymers might serve as a secondary pathway for electronic coupling, since they lack 

mesityl end-groups. Regardless of the exact conduction mechanism, all of the polymers 

show excellent charge transport properties, and this can be seen for poly(2.15), which has 

a maximum conductivity of 1.5 x lov3 S cm-'. This conductivity value is comparable to 

those obtained for doped polyacetyleness6 and poly(phenylene)sulfides.52 



3.5 Conclusions and General Remarks for Part I 

The first part of this chapter dealt with the electrochemistry of the thiophene- 

sulfide capped oligomers (Series 11), which revealed some interesting observations. All of 

the Series I1 compounds could be reversibly oxidized to at least a monoradical cation by 

CV, illustrating the stabilizing ability of the divalent sulfur bridges. For compounds 2.8 

(Mess-T2-S-T2-SMes), 2.11 (Mess-T3-S-T3-SMes), and 2.22 (Mess-ET-S-TE-SMes) 

higher oxidation states could also be reversibly obtained. A reversible dication could be 

generated for 2.8 and reversible trications for 2.11 and 2.22. Compounds 2.3 (MesS-T-S- 

T-SMes), 2.14 (Mess-E-S-E-SMes) and 2.18 (Mess-TE-S-ET-SMes) could only be 

reversibly oxidized to monoradical cations, whereas attempts to introduce a second 

charge resulted in irreversible decomposition of the oligomers. In all of these compounds 

a new redox couple appears at most negative potential after scanning past the second 

irreversible oxidation (see Figure 3.5). For 2.3 and 2.14 it is believed that the first 

electron is removed from one of the thiophene rings and then a second electron is 

removed from the adjacent ring. Irreversible decomposition results from the large charge 

buildup around the sulfur bridge. Although compound 2.18 contains bis(bithiophene) 

units, it is believed that the charge is localized in the electron-rich EDOT rings that are 

directly adjacent to the sulfur-bridge, causing it to electrochemically behave analogously 

to 2.14. Presumably the internal carbon-sulfur bond is cleaved providing new dimerized 

products. The increased conjugation lengths for 2.8 and 2.11 allows for the charge to 

strongly delocalize in the flanking bi- and terthiophene units, respectively. The extended 

delocalization in these compounds helps to pull the charge away from the internal sulfur 

bridge. 



Comparative UV-Vis-NIR studies on the Series I1 compounds with those of 

Series I11 showed that strong electronic coupling via the internal sulfur bridge occurred 

only for compounds 2.3, 2.14, and 2.18. Therefore, it is anticipated that polymers made 

up of either -T-S-T-, -E-S-E-, or -TE-S-ET- units would also show good electronic 

transport properties. Poly(thio-2,5-thienylene) (i.e., (-T-S-),) has received some attention, 

but the electrochemically doped polymer is quite unstable and prone to irreversible 

changes via cross-linking processes.87 The EDOT polymer analog (i.e., (-E-S-),) has 

never been prepared, but it is expected to exhibit better stability than its parent P- 

unsubstituted thiophene because (a) the P-positions are blocked from undergoing cross- 

linking reactions, (b) the ethylenedioxy substituents stabilize cationic thiophenes by an 

electron-donating effect, and (c) the bridging sulfur substituents should also help stabilize 

the doped polymer. Poly(2.26) (i.e., (-TE-S-ET-),) has been prepared in this thesis and 

no changes were observed in the electrochemical properties of the polymer either after 

repeated oxidative/reductive cycling several hundred times or after exposure to air. The 

stability of the polymer is due to the excellent electrochemical properties of the thiophene 

groups and also the presence of divalent sulfur that stabilize the charged thiophenes. 

We have prepared poly(2.15), which also exhibits excellent electrochemical 

stability and electronic transport properties for a formally non-conjugated polymer. The 

maximum conductivity of this polymer was measured to be 1.5 x S cm-'. This 

moderately high conductivity further supports that sulfur bridges are effective at 

communicating charge between oxidized thiophenes. The polymer also exhibits good 

electrochromic properties, that is, the polymer is dark yellow-orange in its neutral state 

and is dark blue in its fully oxidized form. The electrochromic behavior is fully 



reversible, as expected on the basis of the electrochemical stability mentioned above. 

This compliments the electrochemical behavior of PEDOT (1.4), which is dark blue in its 

neutral form due to it being a low band gap polymer, and almost transparent in its doped 

form. This is an example of how the bridging sulfw groups greatly modulate the 

electronic properties of the thiophene polymers. 

In summary, we have prepared a series of oligomers that are bridged by sulfur and 

capped with redox-inactive mesityl groups. These compounds were shown to be highly 

effective model compounds for thienyl-sulfide polymers. The model compounds allowed 

for an understanding of how substitution patterns of thiophene and electron-rich EDOT 

blends related to the stability of the compounds in their doped states, and also how these 

substitution patterns related to electronic communication. The model studies motivated 

the synthesis of some new sulfur-bridged thiophene polymers. Several of these polymers 

exhibited high stability in both their neutral and doped states, and showed excellent 

electrochromic and charge transport properties. 



3.6 Future Directions for Part I 

From the model compound studies, it is anticipated that a polymer made of 

alternating EDOT and sulfur bridges (3.5) should exhibit excellent charge transport 

properties and stability when doped; however, no such polymer has been prepared to 

date. It might be possible to prepare this polymer from a difunctional monomer, such as 

compound 3.4. Nodwell has shown that 2,5-dibromo-3,4-ethylenedioxythiophene (3.2) 

can be converted to 3.3 by treating it with one equivalent of n-butyllithium, followed by 

reacting the intermediate lithio species with MesSC1. Using a similar approach, the 

monolithiated intermediate could be trapped with electrophilic sulfur, and the resulting 

lithium-thiolate could be protonated by aqueous acid to afford the desired monomer 3.4 

(Scheme 3.2). Due to the fact that brominated EDOTs are not very reactive towards 

difunctional monomer 

Scheme 3.2. Proposed synthesis of poly(3.5). 

KOH, Cu20 I DMF I polymerization 



nucleophilic substitution, it might be necessary to persuade the polymerization reaction 

by a copper mediated coupling strategy, as initially outlined in $2.2.1. The doping of the 

neutral polymer (3.5) could in principal be done either chemically (e.g., FeC13, NOBF4, 

etc.) or electrochemically. 

A second offspring from this work would be to exchange the central bridging 

sulfur groups with other main group elements (e.g., phosphorus, silicon, or boron). This 

can easily be achieved by applying our convergent protocol, as outlined in Scheme 2.12. 

The incorporation of electron-deficient boron is particularly interesting because not only 

will the electronics of the flanking thiophenes be influenced by the boron atom itself, but 

can also be modulated by changing the pendant R group (Scheme 3.3). The boron atom is 

also susceptible to reaction with Lewis bases (e.g., amines (R3N:) and phosphines 

(R3P:)), which can serve as a secondary pathway to alter the electronic properties. 

Scheme 3.3. Proposed synthesis of boron-bridged thiophene oligomers. 



3.7 Experimental Section 

General Experimental 

Cyclic voltammetry measurements were conducted on a BAS CV-SOW 

instrument in three-electrode electrochemical cells. The working electrode was a glassy 

carbon disk, the counter electrode was a platinum wire, and the reference electrode was a 

silver wire. Dichloromethane was dried by heating at reflux over calcium hydride, 

followed by distillation. Ferrocene (0.470 V vs SCE in dichl~romethane)~~ was used as 

an internal standard for the electrochemical experiments. Cyclic voltammograms were 

obtained under argon at room temperature in a dichloromethane solution containing 

approximately 1 mmol of analyte and 0.1 M of n-BqNBF4 as supporting electrolyte. The 

Ep,-Ep, separations of the reversible couples were within 10% of that of the Fc/Fc+ 

couple. 

Electrolyses of 2.3, 2.8, 2.11, 2.14, 2.18, and 2.22 were performed in 

dichloromethane containing 0.1 M n-BqNBF4 at constant potential (anodic peak 

potentials of oligomers) in a cell with two compartments. The anode and cathode were 

platinum plates (3 crn2). The electrolysis potential was applied versus AgIAgC1 reference. 

Electrolyses of 2.1, 2.4, 2.15, 2.25, and 2.26 were conducted in dichloromethane 

containing 1 M n-BmNBF4 using platinum plate (3 cm2) electrodes in a one compartment 

cell. AgIAgC1 was used as the reference electrode and was calibrated versus the FC/FC' 

redox (EO = 0.580 V vs internal reference. 

Chemical oxidation experiments were performed by adding aliquots of NOBF4 in 

dichloromethane from a gas-tight syringe to a solution of the neutral oligomer also in 

dichloromethane. The resulting oxidized solutions were transferred to sealed quartz 



cuvettes by stainless steel cannulas. Cuvettes were oven dried for 24 h prior to use. UV- 

Vis-NIR spectra were obtained on a Varian Cary 5 spectrometer at room temperature. 



Chapter 4 

Introduction and Context for Part I1 

4.1 Introduction 

A radical is defined as a species that contains one or more unpaired electrons. 

Most radicals are transient and highly reactive intermediates since they have a strong 

preference to form closed-shell configurations by pairing up in either bonds or in non- 

bonding sets. Stable open-shell species are intriguing because (a) they contradict typical 

bonding conventions and (b) they do not demonstrate the reactivity patterns (e.g., facile 

dimerization, He or R* abstraction, autoxidation, etc.) normally associated with radicals. 

In describing radicals, the terms persistent and stable are often used interchangeably, and 

so here it is imperative to decipher between the two. According to Power, "A persistent 

radical has a relatively long lifetime under the conditions it is generated, whereas a stable 

radical is inherently stable as an isolated species and shows no sign of decomposition 

under an inert atmosphere at room temperature".89 ~ r o m  a practical perspective, the term 

stable will be used to describe those radicals that can be isolated in the solid state and 

stored for a minimum of several days without decomposition. A radical that has a 

sufficient lifetime to be characterized by conventional techniques (e.g., chemically or 

spectroscopically) will be defined as apersistent one. 

Stable radicals are not only interesting from a fundamental standpoint, but also 

from a practical one. They have potential use in the area of molecular-based magnetic 

and electronic materials." This is because most technologically important materials 

require unpaired electrons for magnetic and charge transport properties. Structural, 

dynamic, and mechanistic details for biological systems have been probed by using stable 



radicals as spin labels in conjunction with ESR spectroscopy.9' They have also found use 

as reagents for selective cross-coupling reactions and as additives for radical based 

polymerizations.92 These synthetic applications require the use of stable radicals, because 

they tend to have more controlled chemical reactivity than typical radicals. Thus, the 

purpose of this introductory chapter is to give a brief survey on the general classes of 

stable radicals and to describe the features that govern their stability (e.g., spin 

delocalization, use of heteroatoms and steric protection). 

4.2 Survey on Persistent and Stable Radicals 

Most radicals exist only as transient intermediates during the course of reactions, 

thus making them extremely difficult to observe, much less isolate. One method used to 

detect the presence of reactive radicals is by spin trapping. This technique is briefly 

described in 54.2.3. Direct spectral data can be obtained in some instances for short lived 

radical species by freezing them in the crystal lattices of other molecules. For example, 

the methyl radical survives with a half-life of 10 - 15 minutes in a methanol lattice at 77 

K, which allows for its detection by ESR spectroscopy.93 When not frozen, the transient 

methyl radical undergoes dimerization and is prone to abstraction reactions with its 

surroundings (Scheme 4 . 1 ) . ~ ~  The driving forces for these reactions are the formation of 

Scheme 4.1. Possible fates of the methyl radical: (a) dimerization and (b) hydrogen 
abstraction. 



strong carbon-carbon (345 - 355 kJ mol-') and carbon-hydrogen (400 - 415 kJ mol-') 

bonds in the ethane and methane products, respectively. In addition, the generation of 

ethane and methane from the methyl radical are also kinetically favored. Unlike primary 

alkyls, several secondary and tertiary radicals are known to be persistent. For example, 

under standard conditions (25 OC, [radical] = M) the half-lives of (Me3C)2CH* and 

(Me3C)3C* are on the order of minutes.95 The persistency of these radicals is primarily 

due to the steric protection that the bulky tert-butyl groups offer. As will be seen 

throughout this chapter, steric protection is one of the most common methods used for 

stabilizing radicals. 

4.2.1 Triarylmethyl Radicals 

In 1900, Moses Gomberg serendipitously discovered the triphenylmethyl 

(commonly referred to as "trityl") radical 4.1 while trying to synthesize 

hexaphenylethane from triphenylmethyl chloride and silver metal (Scheme 4.2).96 For a 

long time it was believed that 4.1 was in equilibrium with hexaphenylethane, but in 1968 

Ag 
Ph3CCI - 

benzene 

Scheme 4.2. Synthesis of Gomberg's triphenylmethyl radical (4.1). 

the exact structure of the dimer (4.2) was deduced by NMR spectroscopy.97 In fact, 

hexaphenylethane cannot form due to severe steric interactions between the phenyl 

groups in the approaching trityl radicals. Radical 4.1 is best described as persistent 

because it dimerizes in solution, and also exists as a dimer in the solid state. 



Figure 4.1. The canonical forms of the triphenylmethyl radical. 

ESR spectroscopy of 4.1 shows that the majority of spin density resides on the 

central carbon (a(13c) = 26 + 3 G) with much smaller amounts on the phenyl rings (a(H,) 

= 2.55, a(H,) = 2.78 G). The fact that spin resides on the para-positions (see Figure 4.1) 

of 4.1 corroborates well with the formation of 4.2. Thus, dimer 4.2 results from the head- 

to-tail coupling of the two trityl radicals according to Scheme 4.3. In general, the 

Scheme 4.3. Formation of dimer 4.2. 

persistent nature of triarylmethyl radicals is ascribed predominantly to steric factors more 

than spin delocalization. To prove this, radicals 4.3 and 4.4 were prepared and studied.98 

The former has a fully planar structure allowing for maximum delocalization of the 

radical, whereas the latter adopts a propeller-like structure by virtue of the sterically 

crowding ortho methoxy substituents. If delocalization is the major contributing factor to 

stability, then dimerization of 4.3 should be difficult. The opposite holds true if steric 

hindrance plays the dominant role; that is, association of 4.4 should become more 

difficult. Experimentally it was found that no dimerization occurs for 4.4 in the solid state 

or in solution, while the dimer of 4.3 only dissociates into radicals on heating in solution 

(1 - 2% dissociation in xylene (10" M) at 140 OC) .~~  



4.3 4.4 (R = OMe) 

Several other substituted triarylmethyl radicals have been reported in the 

literature, some of which have been structurally characterized by X-ray crystallography. 

For example, tris(p-nitrophenyl)methyl, an exceptionally stable organic radical, was 

determined by crystallography to be monomeric in the solid state with its phenyl rings 

twisted by about 30' from each other.99 

Gomberg's discovery has motivated the syntheses of diradical 4.5 (S = l),loO 

tetraradical 4.6 (S = 2)lo1 and even polyradical 4.7 (S a 10).lo2 Polyradicals of the latter 

type are being extensively studied by Rajca's group as building blocks for high-spin 

magnetic materials. lo3 
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4.7 (Ar = p - ' ~ u ~ 6 ~ 4 )  



4.2.2 Phenalenyl Radicals 

Phenalene reacts readily with methoxide to give the corresponding anion, which 

can be subsequently oxidized to phenalenyl radical 4.8 (Scheme 4.4).lo4   he highly 

delocalized phenalenyl radical persists in dilute solution as long as oxygen remains 

Scheme 4.4. Synthesis of phenalenyl radical 4.8. 

absent. A temperature dependent equilibrium exists between radical 4.8 and its 

corresponding o-dimer. At low temperature the dimer is favored, while at higher 

temperatures the dimer reverts back to radical 4.8. The tendency for 4.8 to undergo o- 

dimerization has prevented its structure to be determined by crystallography. However, 

Yamamoto and co-workers recently synthesized 2,5,8-tri-tert-butyl-phenalenyl radical 

4.9 and were successful in obtaining its crystal structure.105 The tert-butyl groups were 

placed at the three P-positions to aid in the stability of the phenalenyl radical and to 

prevent o-dimerization. Solid radical 4.9 is stable indefinitely in an inert atmosphere. The 

molecules form discreet face-to-face n-dimers with an interplanar contact distance 

ranging from 3.2 to 3.3 A. The molecules are staggered by 60 O from one another to avoid 

steric interaction of tert-butyl groups (Figure 4.2). The ESR spectrum of 4.9 shows seven 

lines, as expected for the radical coupling to the six equivalent ring protons. 



Figure 4.2. Compound 4.9 and a diagram of its solid-state structure showing the 
face-to-face n-dimer. 

Haddon et al. have also reported the synthesis and structural properties of a 

perchlorinated phenalenyl derivative (4.10).lo6 The monomeric radicals of 4.10 stack in 

one-dimensional columns in the solid state with a minimum interplanar contact distance 

of 3.78 A. The peri-chlorine atoms prohibit the molecules from coming in close contact 

with each other. Phenalenyl 4.10 and its derivatives are actively being pursued as neutral 

radical  conductor^.'^^ 

Azaphenalenyl radicals are also beginning to appear in the literature, and these 

systems are exciting because the Lewis basic nitrogen atoms can potentially be used as 

coordination sites; for example, to paramagnetic metal centers (Figure 4.3). The incentive 

here is to design functional magnetic materials by taking advantage of the so-called 

"metal-radical" approach. 



4.11 ( X =  N; Y , Z = C H )  
4.12 (X, Y, Z =  N) 

metal ion I 

Figure 4.3. (a) Azaphenalenyl radicals 4.11 and 4.12 and (b) a possible coordination mode 
of 4.12 to paramagnetic metal centers. 

In contrast to the persistent parent phenalenyl 4.8, azaphenalenyl radical 4.11 is 

more stable as it does not dimerize in solution' or in the solid state under normal 

conditions. ' O8 Interesting1 y, an attempted complexation of 4.1 1 with Cu(hfac):! (hfac = 

hexafluoroacetylacetonate) lead to the formation of a o-dimer (4.13), which was 

characterized by X-ray crystallography (Scheme 4.5).'08 Complex 4.13 is important 

because it represents the first example of a structurally characterized o-dimer of a 

phenalenyl radical. 

Scheme 4.5. Synthesis of an azaphenalenyl o-dimer copper complex (4.13). 

42.3 Nitroxide and Nitronyl Nitroxide Radicals 

One of the simplest inorganic radicals is nitric oxide (NO). The unpaired electron 

is fully delocalized (see canonical forms in Figure 4.4) over the NO framework and 

resides in an antibonding n* SOMO. The stability is in part due to its electron-rich hybrid 



Figure 4.4. Canonical forms of nitric oxide. 

structure, but also because of the lone pair repulsions which disfavor o-dimerization. A 

purely inorganic derivative of nitric oxide is Fremy7s salt ((KS03)2NO*), which was 

isolated in 1845 as the first free radical.lo9 The related nitroxide radicals have the NO 

radical flanked by organic groups, as represented in 4.14. The stability of nitroxides rely 

little if it all on steric protection, but rather the inherent electronic properties of the NO 

group itself (see above). Analogous to nitric oxide, self-association of nitroxide radicals 

is unfavorable because of the lone pair repulsions in the resulting o-dimer (Figure 4.5). 

Figure 4.5. Unfavorable o-dimerization of generic nitroxide radical 4.14. 

Di-tert-alkyl nitroxide radicals 4.15-4.18 are stable and all show three dominant 

lines in their ESR spectra."' The lines are split by 15-16 G as a result of the unpaired 

electron coupling to the nitrogen atom. Interestingly, compound 4.18 is so stable that it 



has been shown to react with Grignard reagents without causing any damage to the 

nitroxide radical (Scheme 4.6)."' 

Scheme 4.6. Reaction of nitroxide 4.18 with a Grignard reagent. 

On the other hand, alkyl nitroxides that have hydrogen atoms on their a-carbons 

are subject to decomposition. The intermediate dialkylnitroxides (4.19) can be prepared 

by the oxidation (e.g., using Pb02) of N,N-dialkylhydroxylamines, which then undergo 

rapid conversion to nitrones (4.20) via a-hydrogen elimination (Scheme 4.7)."2 

Nitroxides of the type 4.19 are not sufficiently long-lived to be i~olated. ' '~ 

Scheme 4.7. Formation of nitrones (4.20) via a-hydrogen elimination of alkylnitroxides 
(4.19). 

There are also several examples of phenyl substituted nitroxide radicals, but these 

usually require adequate blocking groups (e.g., 'BU, OMe, N02, etc.) at the para positions 

to aid in their stability. One reason for this is exemplified by the decomposition of tert- 

butylphenylnitroxide (Scheme 4 . ~ ) . " ~  Even though nitroxide 4.21 does persist for several 



days in dilute solution, delocalization of spin onto the para position of the phenyl ring 

results in the slow formation of 4.23 and 4.24 via intermediate 4.22. 

Scheme 4.8. Decomposition pathway for a phenyl substituted nitroxide radical (4.21). 

Nitroxide radicals are important products in spin trapping reactions.'15 Spin 

trapping is a technique often used in conjunction with ESR spectroscopy to detect the 

presence of reactive radicals. In essence, a particular compound interacts with a reactive 

radical to make a more persistent or stable radical. For example, nitroso compounds 

(RN=O) are particularly good spin traps because they react rapidly with radicals (*R7) to 

make stable nitroxide radicals (R'RN-Om). The resulting nitroxides are then easily 

detected by ESR. 

Closely related to the nitroxides are the nitronyl nitroxide radicals (4.27). 

Bis(hydroxy1amino) 4.25 can be condensed with a range of aldehydes to give 4.26 

(Scheme 4.9).'16 The latter can be oxidized (PbOz is most commonly used) to give the 

corresponding nitronyl nitroxides 4.27. ESR studies show that the spin is delocalized on 



the two equivalent N-0  fragments giving rise to a prominent five line pattern with ' 4 ~  

coupling constants on the order of 16-1 7 G. 

+ R-CHO - 

4.25 
4.26 4.27 

Scheme 4.9. Synthesis of nitronyl nitroxide radicals (4.27). 

4.2.4 Hydrazyl Radicals 

During the period of 1920-9, Goldschrnidt and co-workers discovered and 

investigated a new class of hydrazyl radicals.' l7  The parent triphenylhydrazyl radical 4.28 

was prepared by oxidation of triphenylhydrazine with lead dioxide (Scheme 4.10). The 

Ph, H Ph, . Ph, 
10x1 N-NPh2 N-N + N-N, - 

PI,' Ph ~ h /  Ph 
- P~~N-N:  

Ph 
4.28 

4.29 

Ph, N=O 
N-N 

PI,' Ph 

Scheme 4.10. Formation, dimerization, and nitrosation of hydrazyl radical 4.28. 

green radical could be stored in the solid state at -80 OC for several days without 

decomposition. Blue ether solutions of the radical slowly decompose to its dark red dimer 

4.29. Presence of persistent 4.28 could also be confirmed by its conversion to 

nitrosoamine 4.30 upon treatment with nitric oxide. Amongst dimer formation, hydrazyl 



4.28 also decomposes to diimine 4.31 and diphenylamine according to Scheme 4.1 1 ."8 

Most other hydrazyls (triaryl or otherwise) experience similar decomposition fates (see 

Ph, . 
2 N-N, - P h 2 N - N a y b  - N-NPh2 - Ph2N-N O N P h  + Ph2Nl-l 

Ph 
Ph 

4.28 
4.31 

Scheme 4.11. A decomposition pathway for hydrazyl radical 4.28. 

Schemes 4.10 and 4.1 I), and as such they are generally perceived as a class of short-lived 

radicals. That being said, there are a few examples of stable hydrazyls that take advantage 

of steric protection. An example of this is 2,2-diphenyl-1 -picrylhydrazyl (DPPH) radical 

4.32 that has sterically protecting ortho-nitro sub~tituents."~ DPPH is stable indefinitely 

in the solid state and in dilute solution. It is commonly used as an ESR standard for 

determining radical concentrations. The ESR spectrum of 4.32 shows that the unpaired 

electron resides primarily on the two nitrogens with a coupling constant of 9.35 G to the 

picryl nitrogen, and 7.85 G to the other nitrogen atom. 



4.2.5 Verdazyl Radicals 

In contrast to hydrazyls, the structurally related verdazyl radicals (4.33 and 4.34) 

generally display good stability. The verdazyls were first discovered, serendipitously, by 

Kuhn and Trischrnann in the early 1960s while attempting to alkylate formazans (see 

~5 .2 .1 ) . "~  Since this landmark discovery several other synthetic strategies to verdazyls 

have been developed, and these are described in Chapter 5. 

Figure 4.6. Numbering scheme and generic structures of verdazyl radicals 4.33-4.36. 

The two most heavily studied verdazyls (4.33 and 4.34) have generic structures as 

represented in Figure 4.6. Both are stabilized by delocalization of the unpaired electron 

over the four nitrogen atoms (see canonical forms in Figure 4.7). Verdazyls of type 4.33 

R ' \ N ~ m + B '  R', r\ R' R'\ A R' r !J' r tJ' R'\'+,n. R' 
I 
N \  N O  f-) 

r r' 
Y 

R R R R 

Figure 4.7. Canonical forms of a generic verdazyl radical. 

generally adopt a half-boat conformation with the C6 group raised slightly from the plane 

of the rest of the molecule (Figure 4.8a). A crystal structure of the triphenylverdazyl 

radical 4.33 (R = R' = Ph and R" = H) shows that the methylene bridge is raised by 0.62 

A."' On the other hand, verdazyls of type 4.34 (i.e., those containing a carbonyl or 



thiocarbonyl group at C6) adopt fully planar structures (Figure 4.8b). The planarity is due 

to an amide-type resonance of the carbonyl or thiocarbonyl group with the adjacent N1 

and N5 nitrogen atoms. 

Figure 4.8. Schematic diagrams of (a) showing the nonplanar geometry of 4.33 at the methylene 
carbon, and (b) showing the planar structure of 4.34. 

The ESR spectra of parent verdazyls 4.33 and 4.34 each show a prominent nine 

line pattern that arises from coupling of the unpaired electron to the four nearly 

equivalent nitrogen atoms. The coupling pattern is in agreement with (a) the four 

resonance forms of verdazyls, as shown in Figure 4.7, and (b) the extended Hiickel 

calculations that show the unpaired electron residing in a delocalized .n-molecular orbital 

spanning the four nitrogen atoms (Figure 4.9).I2l Coupling of the electron to each of the 

nitrogen atoms are usually on the order of 5-6 G. 

Figure 4.9. .n SOMO of a generic verdazyl. 

The parent verdazyls show extraordinary stability in both the solid state and in 

dilute solution. In fact, many solid verdazyl derivatives can be left out in air for several 

years without decomposition. 



4.2.6 PhosphaverdazyZ Radicals 

Synthetic routes to verdazyl radicals 4.33 and 4.34 with a plethora of substituents 

on the carbon and nitrogen ring atoms have been well established. The alteration of these 

peripheral substituents generally has little consequence on the overall stability and 

electronic properties of the verdazyl radical itself. This is largely due to the radical being 

confined to the central electron-rich n-system (vide supra). Surprisingly, there have been 

no studies on how the electronic and structural properties are influenced by skeletal atom 

substitutions at the Y and/or Z positions of verdazyls 4.35 and 4.36, respectively. In this 

respect, previous research in our group has focused on the incorporation of phosphorus at 

these Y and Z positions. Phosphorus is appealing because its spin-active nucleus ( 3 1 ~ ;  I = 

%) is 100% abundant; thus providing an additional handle on the electronic structure by 

ESR spectroscopy. 

In 1999, Hicks and Hooper reported the synthesis (Scheme 4.12) and ESR results 

of 6-phosphaverdazyl 4.37 and 3-phosphaverdazyl 4.38.122 Unfortunately, the stability of 

Scheme 4.12. Synthesis of phosphaverdazyls 4.37 and 4.38. 



these is not as high as their carbon analogues. They survive for several days to weeks as 

solids at -30 OC, but at room temperature or in solution they decompose more rapidly. 

Decomposition of these radicals has precluded their structures to be determined by X-ray 

crystallography. Therefore, insights into their electronic and molecular structures have 

been accomplished by a combination of DFT calculations and ESR spectroscopy. 

The ESR spectrum for phosphaverdazyl 4.38 is almost identical to that of parent 

verdazyl 4.34 (R = Ph, R' = Me, and X = 0) ,  except for a small coupling of 0.2 G to the 

phosphorus atom. The coupling is in close agreement with Hiickel calculations for the 

SOMO of 4.38, which predicts zero spin density on phosphorus by the fact that a nodal 

plane bisects the 3- and 6-positions. By analogy to verdazyl 4.34, it is inferred that 4.38 

also adopts a planar geometry. In contrast, the 6-phosphaverdazyl (4.37) was observed to 

have a relatively stronger coupling of 5.2 G to its phosphorus atom. At first glance this 

seems surprising since there are no exocyclic orbitals of proper symmetry to overlap with 

the verdazyl n system. The non-planar geometry of 4.37 does, however, permit for 

sufficient mixing of the o and n systems, thereby resulting in spin leakage onto the 

phosphorus. 

The intriguing results obtained for 4.37 motivated the synthesis of a 
MezN, ,,o 

Me,N,P, ,Me 
I ? verdazyl radical with a dimethylamino group attached to the 

N ~ N *  
~h phosphorus. Radical 4.39 was deliberately designed by Hicks and co- 

workers to examine if spin could leak out onto the exocyclic nitrogen 

Indeed a relatively strong coupling of 4.6 G to the exocyclic nitrogen was 

observed by ESR, but in this instance there was no coupling to the phosphorus atom. 

Since X-ray structural information could not be obtained for 4.39, high level DFT 



calculations were performed to gain insight on the electronic and molecular structures. 

Briefly, the DFT calculations revealed that the lowest energy conformation for 4.39 is 

one in which the phosphaverdazyl ring system is nearly planar and that the NMe2 has its 

p-orbital sitting above the verdazyl n SOMO. The planarity of the system, as inferred by 

DFT calculations, agrees well with there being no spin density on phosphorus, and this is 

again a consequence of a nodal plane passing through that position for the SOMO. The 

through-space interaction between the nitrogen p-orbital and the verdazyl n SOMO is 

what causes the spin to leak onto the nitrogen atom (Figure 4.10). This phenomenon is 

Figure 4.10. End-on view of 4.39 showing the overlap of the nitrogen p-orbital with the 
verdazyl n system. 

referred to as "spiroconjugation". Hicks et al. later reported that spiroconjugation also 

occurs in phosphazene 4 . 4 0 . ' ~ ~  This system is particularly interesting because it 

represents a rare instance of spin injection into a phosphazene ring. 



4.2.7 Sulfur-Nitrogen Radicals 

Nitrogen sulfide (NS*), unlike nitric oxide, is exceptionally unstable and 

125 decomposes rapidly to polythiazyl (SN),. Nitrogen sulfide has been detected in a 

frozen argon matrix at 12 K . ~ ~ ~  However, thioaminyl radicals are known to be persistent 

and in some instances stable. The bis(alky1) substituted thioaminyl radicals are at best 

persistent, but a few bis(ary1) (4.41) derivatives show considerably higher degrees of 

stability.127 The thioaminyls are commonly prepared by oxidation of sulfenamides 

(Scheme 4.13).12' Sulfenamides themselves are made by the reaction of aryl mines  with 

aryl sulfenyl chlorides in the presence of an auxiliary base. Aryl substituted thioaminyls 

Scheme 4.13. Synthesis of thioaminyl radicals (4.41). 

are stabilized by delocalization of the electron, not only within the electron-rich SN 

bridge (Figure 4.1 I), but also in the aryl substituents. Bulky ortho substituents (e.g., R = 

t Bu or Ph for 4.41) also aid in stability by protecting the radical from undergoing 

dimerization and other decomposition reactions. '29 

Figure 4.11. Resonance structures of the thioaminyl radical. 



A large number of radicals based on sulfur-nitrogen ring systems have been 

developed, and many of these enjoy a high degree of stability.l3' A few select examples 

(4.42-4.44) of thiazyl radicals will be described herein, but is by no means meant to be 

exhaustive. 

The isomeric dithiadiazolyls 4.42 and 4.43 are 5-membered ring heterocycles 

each containing 7n electrons. 1,2,3,5-dithiadiazolyl radical 4.42 can be prepared by the 

reduction (e.g., zinc metal or triphenylphosphine) of dithiadiazolium cation 4.45 (Scheme 

4. 14).13' The cations are commonly made by the reaction of persilylated a m i d i n e ~ ' ~ ~  with 

sulfur dichloride. Similarly, reduction of cation 4.46 gives 1,3,2,4-dithiadiazolyl radical 

+ 133 4.43. Cation 4.46 can be prepared by a 4 + 2 cycloaddition of a nitrile with S2N . 

4.46 4.43 

Scheme 4.14. Synthesis of isomeric dithiadiazolyl radicals 4.42 and 4.43. 

The 1,2,3,5-dithiadiazolyls (4.42), with a range of R groups, have a propensity to 

form diamagnetic n-dimers in the solid state.134 An exception to this is Rawson's 

dithiadiazolyl radical 4.47 that forms discrete monomeric radicals in the solid state."' 



The radical is interesting because it magnetically orders at an unprecedented critical 

temperature (Tc) of 36 K . ' ~ ~  TO date this is the highest Tc reported for a purely organic 

based radical. 

The ESR spectra for 1,2,3,5-dithiadiazolyls (4.42) normally show a five line 

pattern as a result of the electron coupling to the two equivalent nitrogen atoms (a(14~) = 

5.0 G). Coupling to the R substituents is negligible due to a nodal plane passing through 

the ring carbon atom (see SOMO in Figure 4.12 for 4.42). Triplets are most often 

observed in the ESR spectra for the 1,3,2,4-dithiadiazolyl radicals 4.43, arising from 

coupling to the nitrogen at the 2-position. In agreement with the SOMO for 4.43 (Figure 

4.12), coupling to the nitrogen atom at the 4-position is small. 

Figure 4.12.n SOMOs of radicals 4.42,4.43, and 4.44. 



When R is tert-butyl for 4.43 the radical is stable indefinitely at room 

temperature,13" whereas the methyl derivative is prone to polymerization, and only 

persists while in dilute solution.138 

One method to prepare 1,3,2-dithiazolyls (4.44) is by the condensation of SNS' 

with an alkyne (Scheme 4.1 5).'33 Many derivatives of 4.44 with varying R groups have 

been prepared and structurally characterized. For example, when R is a cyano (CN) 

group, the radicals dimerize in a face-to-face manner.139 However, discrete monomeric 

radicals have been observed in the solid state for 1,3,2-dithiazolyls fused to aromatic 

groups (e.g., quinoxaline and naphthalene).l4' Coupling of the unpaired electron to the 

nitrogen atom at the 3-position in 1,3,2-dithiazolyls (4.44) results in an ESR spectrum 

with three prominent lines separated by approximately 11 G. 

Scheme 4.15. Synthesis of 1,3,2-dithiazolyl radicals (4.44). 



4.3 Aims and Objectives for Part I1 

A survey of the more common classes of radicals reveals that three common 

strategies can be employed in achieving radical stability: (a) delocalization of the spin 

onto electron-rich heteroatoms (e.g., sulfur, nitrogen, and oxygen); (b) delocalization of 

the spin onto substituents; and (c) sterically protecting the radical center with bulky 

substituents. The latter technique has been most heavily used, but for practical 

applications is the least desirable. Most applications require radicals to be able to interact 

(e.g., chemically, magnetically, etc.) with other species or themselves. Too much steric 

protection can suppress or even prevent these interactions. For example, solid state 

radicals typically exhibit their highest degrees of magnetic or conductive responses when 

neighboring radicals can strongly interact in a cooperative fashion without self- 

associating to closed-shell species. Although these association modes can often be 

avoided by placing very bulky substituents around the radical center, this usually leads to 

poor magnetic or conductive exchange interactions between the neighboring spins as they 

are now too far apart. An alternative approach is to use main group elements (e.g., sulfur, 

nitrogen, and oxygen), for which we have already seen are highly effective at stabilizing 

radicals without the need for steric protection. In this vein, nitroxides, nitronyl nitroxides, 

and verdazyls all experience good stability, while relying little if any on steric protection. 
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Table 4.1. Comparison of some acyclic radicals (above) and their corresponding 
resonance delocalized cyclic counterparts (below). 

Acyclic 
Radical 

Cyclic 
Radical 

0 
R.N.R 

I I R ' ~  I 

R@ N, 
R.N* R'N. R.N. 

R 
Hydrazyl Thioaminyl Al koxyaminyl 

Nitroxide 

0 
1 R,N,X,N.R I 8  s-s 

I I 

N ~ N *  R N ~ N @  R 

Verdazyl Dithiadiazolyl 
Nitronyl Nitroxide 

R 

Dioxadiazinyl 

Unknown 

The most stable organomain group radicals to date are based on nitronyl 

nitroxides, verdazyls, and cyclic sulfur-nitrogen compounds (see Table 4.1). All of these 

radicals have the inherent properties of their corresponding acyclic counterparts, but in 

addition are further stabilized by resonance delocalization through their cyclic 

frameworks. One class of radicals that was not mentioned in this chapter are the N- 

alkoxyaminyl radicals, which are isoelectronic with thioaminyls. N-alkoxyalkylaminyl 

radicals have been studied as a class of persistent radicals, but are generally not 

isolable."' Recently, however, Miura et a1 have overcome this by preparing a range of 

isolable and air stable N-alkoxyarylaminyl radicals (4.48-4.50).'~~ Several of these 

derivatives could be characterized by X-ray crystallography. The radicals are stabilized 

by delocalization within the NO bridge and also onto the aryl substituents. The 



incorporation of bulky ortho substituents (e.g., tert-butyl or aryl) on the N-aryl groups 

also aid in sterically protecting the radicals. 

Surprisingly, there are no known cyclic analogs of alkoxyarninyl radicals (see 

Table 4.1). In this regard, the unknown 6-membered ring dioxadiazinyl radicals should 

serve as effective resonance-delocalized alkoxyaminyls. Dioxadiazinyls are anticipated to 

show good stability based on many factors. Firstly, they are similar to alkoxyaminyls, but 

now have an added degree resonance delocalization through the cyclic framework. 

Secondly, these radicals are stabilized by delocalization on electron-rich NO groups as is 

the case for nitroxides, nitronyl nitroxides, and alkoxyaminyls. Lastly, the dioxadiazinyls 

are anticipated to be electronically similar to the exceptionally stable verdazyl radicals 

(see Chapter 5). All of these attributes make dioxadiazinyl radicals worth pursuing as a 

new class of stable radicals. Most of the well known classes of stable radicals have been 

prepared accidentally (e.g., recall Gomberg's triphenylmethyl radical or Kuhn and 

Trischrnann's parent verdazyl), and many of the newer ones are simply derivatives of 

these. A less common theme is to design entirely new stable radicals from scratch, and 

thus it is the intention of the remainder of this thesis to describe rational synthetic routes 

to dioxadiazinyl radicals. 



Chapter 5 

Exploratory Syntheses Toward Dioxadiazinyl Radicals 

5.1 Introduction 

The purpose of this chapter is to describe the synthetic efforts put forth to prepare 

a series of 3- and 6-substituted dioxadiazinyl radicals 5.1. New heterocyclic chemistry 

will need to be developed as there are no paramagnetic or even diamagnetic examples of 

the 02N2CE (5.1) ring system. This structure is desired because it closely resembles that 

of verdazyl radicals, which are known to exhibit excellent ~tabi1ity. l~~ Our group is 

actively involved in the systematic study of how skeletal atom substitutions at the 3- and 

6-positions influence the stability and electronic properties of verdazyl radicals 5.2 (see 

Chapter 4). To extend this work, we became interested in placing divalent oxygen 

substituents at the 1- and 5-positions, and similarly want to examine how these 

modifications will influence structure-property relationships. 

The electronic structure of dioxadiazinyl radicals is anticipated to be qualitatively 

similar to that of verdazyls based on the DFT calculations performed by Dr. Robin Hicks 

(Figure 5.1). Both contain 7n electrons in a planar ring system, and the SOMO of each is 

a delocalized n orbital spanning four heteroatoms. However, differences between the spin 

distributions and the SOMO energies can be seen by examination of Figure 5.1. These 



structural differences and the anticipated stability make dioxadiazinyl radicals worth 

pursuing as a new class of neutral radicals. 

Me 
N-N N-o 

~ - f  *o 
N-N, 

~4' +O 
N-0 

Me 

Figure 5.1. .n-SOMOs of verdazyl radical 5.3 and dioxadiazinyl radical 5.4 
calculated at the UB3LYPl6-3 1 G* level. 

Section 5.2.1 highlights the initial efforts of Greg Patenaude (a previous graduate 

student in our group) toward preparing dioxadiazine heterocycles by condensing 

oxyamidoximes with either carbon or main group based substrates. The challenges he 

encountered while attempting to synthesize the 02N2CE ring system (radical or 

precursor) motivated the development of two new synthetic strategies that are specific to 

this chapter. The first of these, as described in section 5.3.1, involves studying the 

condensation reactions of 0-silylated chloroxirnes with hydroxylamine, with the intent to 

prepare 6-siladioxadiazine heterocycles. The second strategy (section 5.3.2) examines the 

possibility of preparing various 3-substituted dioxadiazanes by condensing 

bis(hydroxy1amino) compounds with substituted aldehydes. 



5.2 Background 

5.2.1 Synthetic Strategy I - Condensation Reactions of Oxyamidoximes 

In the early 1960s, Kuhn and Trischrnann found that formazans could be 

functionalized with primary alkyl halides to give tetrazines (Scheme 5.1).l19 The 

tetrazines are then air-oxidized to the corresponding verdazyl radicals. Using a similar 

approach, Patenaude sought to prepare a series of unknown dioxadiazines (5.6 and 5.7) 

by condensing oxyamidoximes (5.5) with a wide range of either carbon (e.g., aldehydes 

R'\ H R" H R 
NH y*R' base R~,,X,.R~ 0 2  R'\,~,,R' 

N ~ N  
- I I - I I 

RWCH2X 
R ,yNH R N ~ N e  R 

Scheme 5.1. Preparation of verdazyl radicals by the alkylation of formazans. 

and ketones) or main group dihalide (e.g., RBC12, R2SiC12, RPC12, etc.) based substrates 

(Scheme 5.2).144 ~ o m ~ o u n d s  5.6 and 5.7 could then be converted, in principle, to 

R' R 

0% I I R'RCO 
?H ?H - E x 2  

,yNH - ,yNH - H20 - 2  HX N ~ N H  
R 

R R 

Scheme 5.2. Proposed syntheses of dioxadiazinyl(5.8) and heterodioxadiazinyl(5.1) 
radicals. 
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dioxadiazinyl radicals 5.8 and 5.1 by oxidation. Oxyamidoximes themselves are typically 

synthesized in one of two ways: (a) the reaction of arnidoximes with hydroxylamine 

hydrochloride, or (b) by treating nitrile oxides with free hydroxylamine (Scheme 5.3).145 

Oxyamidoximes prepared by the latter method are primarily restricted to aryl substituents 

attached to the carbon position, because alkyl nitrile oxides undergo rapid dimerization to 

give furoxan byproducts. 

OH -NH4CI 

N ~ N H 2  
+ NH20H*HCI 

R 

R = alkyl or aryl 

?@ 
8" 
R 

R = aryl 

Scheme 5.3. Synthetic pathways to oxyamidoximes (5.5). 

Greg Patenaude prepared a p-tolyl substituted oxyamidoxime according to 

Scheme 5.4.'" The first step involves the chlorination of oxime 5.9 to afford the 

hydroximinoyl chloride 5.10. Dehydrochlorination of 5.10 with one equivalent of 

hydroxylamine in DMF gave the intermediate nitrile oxide 5.11, which was reacted in 

situ with a second equivalent of hydroxylamine to provide the desired oxyamidoxime 

5.12 in 36%. The low yield is largely due to competing furoxan (5.13) formation via 

dimerization of the intermediate nitrile oxide. 



YH OH ?H ?H 
NCS - 

N? N ~ C l  -NH20H.HCI 
p-to1 DMF 

p-to1 p-to1 

Scheme 5.4. Synthesis ofp-tolyl substituted oxyamidoxime (5.12). 

Cyclization reactions of 5.12 with several electrophiles were attempted by 

Patenaude, but isolation of the proposed 6-membered dioxadiazine ring system was 

frustrated as unidentifiable product mixtures had formed in each case (Scheme 5.5). 14' 

Scheme 5.5. Attempted syntheses of various 6-substituted dioxadiazines. 

Desherces et al. reported on the cyclization reactions of oxyamidoximes with 

aldehydes; however, in all instances, N-hydroxy-1,2,4-oxadiazolines (5.15 - 5.16) were 

formed (Scheme 5.6).146 Similarly, Patenaude isolated 5.17 and 5.18 while attempting to 

condense 5.12 with either p-tolualdehyde or propionaldehyde in the presence of catalytic 



acid. Presumably the 5-membered ring forms by attack of the NH group on intermediate 

5.14 (Scheme 5.6).144 

?H ?H 
+ R'CHO ----+ 

R 

- y N - o ~  
R 

(5.15) R = Ph, R' = Et 
(5.16) R = Ph, R' = p-NO2 
(5.17) R = p-tol, R' = Et 
(5.18) R = p-tol, R' = p-tol 

Scheme 5.6. Formation of the 5-membered ring N-hydroxy-l,2,4-oxadiazolines (5.15 - 5.18). 

5.3 Results and Discussion 

5.3.1 Synthetic Strategy 11 - Condensation Reactions of Functionalized Chloroximes 

In 1993, Neugebauer and co-workers developed a route to 6-0x0 and 6- 

thioxoverdazyl radicals (Scheme 5.7).12' The reaction of hydrazones 5.19 with phosgene 

or thiophosgene gave the corresponding carbamoyl chlorides 5.20. Ring closure is 

achieved by treating 5.20 with either alkyl or aryl hydrazines in the presence of an 

R'\ X RNHNH2 X 

y H  
CI2C(X), X = 0 ,  S 

N ~ H  R =  ~ h ,  IBU R = Ph, Me 
R R' = Ph, Me 

R R R 

Scheme 5.7. Neugebauer's synthesis of 6-0x0 and 6-thioxoverdazyl radicals. 



auxiliary base to afford the tetrazanes (5.21). Conversion of 5.21 to verdazyl radicals 5.22 

is then effected by oxidation. 

In light of the difficulties encountered during attempts to synthesize the 

dioxadiazine ring system by Strategy I, an alternative synthetic pathway, which closely 

resembles Neugebauer's oxoverdazyl synthesis, has been devised. A retrosynthetic 

analysis suggests that the target dioxadiazine ring structure, with a silicon group in the 6- 

position, might be directly accessible by ring-closure of a dihalogenated intermediate E 

with hydroxylarnine (Scheme 5.8). It was anticipated that E could be prepared directly by 

chlorinating the Si-H group of D. Compound D itself could be formed by either selective 

halogenation of B at the imine C-H group, or by reacting chloroxime C with a 

diaIkylchlorosilane (e.g., R'2SiHCl). Direct 0-silylation of oxime A with R72SiHC1 

should give hydrosilane B. It is also worth noting that dichlorination of B might proceed 

directly to compound E in a one-pot procedure. 

U 

Scheme 5.8. Retrosynthetic analysis of the 6-siladioxadiazinyl radical G .  



As a first step, the functionalization of p-tolualdehyde oxime with simple 

chlorosilane reagents was tested. Thus, treatment of oxime 5.9 with chlorotrimethylsilane 

in the presence of triethylamine and 4-(dimethylamino)-pyridine in CH2C12 furnished the 

silylated oxime 5.23 in 68% (Scheme 5.9). Oxime 5.9 could also be silylated with 

chlorodimethylsilane in EtzO to give the required hydrosilane 5.24 in 87%. Since the 

latter compound is of the type B in the retrosynthetic scheme, the next step was to 

prepare D. Although oximes themselves can be easily chlorinated at room temperature,'47 

no reaction between NCS and 0-silyloxime 5.23 was observed in chloroform or DMF, 

even at elevated temperatures. No attempts were made to chlorinate the hydrosilane 

(5.24) because (a) it was anticipated that its C-H group would also be non-reactive 

towards NCS, and (b) a successful synthesis of D was independently discovered by way 

of intermediate C (see below). 

Me, ,Me 

oxSiMe3 
MeaSiCl YH NEt3 (1.1 equiv.) Me2SiHCI, NEB oxSi.~ 

4 "9 DMAP (0.1 equiv.) p-tol Et20, RT 
CH?CI?, RT 87 % 

68 % 
5.23 5.9 5.24 

Scheme 5.9. Syntheses of 0-siiylated oximes 5.23 and 5.24. 

Instead of functionalizing the C-H group after the 0-silylation (i.e., B-D), the 

silylation of a chloroxime was alternatively investigated. Thus, treatment of a chloroxime 

with a chlorosilane in the presence of an auxiliary base would be expected to give 5.25 

(Scheme 5.10). Under these conditions, however, direct 0-silylation probably does not 

occur, but rather the silylation proceeds via the formation of an intermediate nitrile oxide. 



The nitrile oxide is rapidly formed by the action of base on the chloroxime. Regardless of 

the silylation pathway, the outcome remains the same as long as chlorosilanes are used in 

conjunction with chloroximes. 

base, R',SiCI 
base K3SiCl - ____) 

- base-HCI 

N y C I  
-base.HCI 

R 
silylation of 

R nitrile oxide R 
5-25 direct 0-silylation 

L J 

Scheme 5.10. Direct 0-silylation versus silylation of a nitrile oxide. 

Reactions of alkyl or aryl nitrile oxides with silanes are not unknown, but in most 

instances careful conditions are required such that competing dimerization to furoxans is 

avoided. Alkyl nitrile oxides are particularly prone to dimerization; for instance, 

acetonitrile oxide has been reported to exist for less than one minute at 18 " c . ' ~ ~  Cunico 

et al. have shown that the cycloreversion of dimethylfuroxan by flash vacuum pyrolysis 

(630 "C, 0.05 mmHg) provides acetonitrile oxide, which can be subsequently condensed 

at -78 "C and allowed to react with a wide range of silanes at -25 OC in EtzO (Scheme 

5.1 I).'" Aryl nitrile oxides have considerably longer lifetimes (minutes to several days) 

than their alkyl counterparts, but are still subject to dirneri~ation.'~' Nevertheless, Cunico 

0 
0.G FVP Me3SiX Q _____) 

(630 OC, 0.05 mmHg) 

?,SiMe3 

Me Et20, -25 OC NyX 
Me Me Me 

X = CI, CN, SMe, N, 

Scheme 5.1 1. Silylation of acetonitrile oxide. 



reported that 0-(trimethylsilyl)benzohydroxamoyl chloride 5.26 could be prepared from 

chlorotrimethylsilane and benzonitrile oxide, but the publication lacked specific 

experimental details (Scheme 5.12).15' 

OH base 
N \  CI -* 
Y 

Scheme 5.12. Silylation of benzonitrile oxide. 

The p-tolyl substituted nitrile oxide was used in subsequent chemistry because its 

rate of dimerization ( 5  - 7 days) is substantially slower than that of benzonitrile oxide (30 

- 60 minutes).'52 The dehydrochlorination of 5.10 was achieved by treatment with 

triethylamine in Et20, and the resulting nitrile oxide (5.11) was quenched with a slight 

excess of chlorotrimethylsilane (Scheme 5.13). Removal of the salt byproducts by 

filtration and concentration of the filtrate provided the desired product in almost pure 

form. The crude product can then be vacuum distilled to give an analytically pure sample 

of 5.27 in 85%. The proton decoupled 2 9 ~ i  NMR in CD2C12 of 5.27 shows a single 

resonance at 29.34 ppm. In a similar manner, nitrile oxide 5.11 could be trapped with 

chlorodimethylsilane to afford the hydrosilane 5.28 in 84% after distillation. The 'H 

NMR spectrum of 5.28 is shown in Figure 5.2. The most important feature is the 6H 

doublet at 0.42 ppm, resulting from the coupling ( 3 ~ ~ ~  = 3 HZ) of the methyl hydrogen 

atoms to the hydrogen atom directly attached to silicon. The corresponding 1H septet 

(3~HH = 3 HZ) is observed at 4.88 ppm. All other peaks are consistent with the proposed 



structure. Compound 5.28 is of the form D in our retrosynthetic analysis, and so the next 

step was to perform the conversion to the dihalogenated derivative E. 

Me, ,Me Me, .Me 
M e 3 S C  0 1 F Me2SiHCI, Et20 cat. PdC12, CCI4 O,Si. 

I 
CI 

oOC to RT, 85 % O•‹C to RT, 84 % 57 % 

p-to1 

5.27 5.11 5.28 5.29 

Scheme 5.13. Syntheses of 0-silylated chloroximes (5.27 and 5.28) and chlorosilane 5.29. 



Figure 5.2. 'H NMR spectrum of 5.28 in CD2C12. The peak with an asterisk is due to 
CHDC12. 

Catalytic palladium dichloride in carbon tetrachloride was used to chlorinate 

hydrosilane 5.28 (Scheme 5.13). The chlorosilane 5.29 could be obtained in 57% as a 

clear and colorless oil after distillation. The 'H NMR of 5.29 is shown in Figure 5.3. The 

most notable feature is the loss of the doublet and septet from the starting hydrosilane, 

and the onset of a 6H singlet centered at 0.69 ppm for the chlorosilane. 



Figure 5.3. 'H NMR spectrum of 5.29 in CD2C12. The peak with an asterisk is due to 
CHDC12. 

The next step was to perform the ring closure to dioxadiazine F via the 

dihalogenated precursor E. Based on the oxophilic nature of silicon, it is anticipated that 

the reaction of silylated chloroxime 5.29 with free hydroxylamine will give the Si-0 

isomer 5.31 rather than the Si-N isomer 5.30 (Scheme 5.14). Most other examples of 

analogues reactions have shown that chlorosilanes react preferentially with 

hydroxylamine to provide the Si-0 bound i ~ 0 m e r . l ~ ~  For example, it has been shown that 

0-trimethylsilyl hydroxylamine can be prepared by the mono-silylation of 

hydroxylamine with one equivalent of chlorotrimethylsilane in dichl~romethane.'~~ 



Me, Me Me, ,Me Me, Me  

o,Si.N~ NH20H O,Si.~~ NH20H 03.0 
* - - - - - - - - N, CI - - - - - - - -  

Y N ~ N H  

Scheme 5.14. Possible outcomes for the reaction of 5.29 with hydroxylamine. 

Due to the fact that neat hydroxylamine is known to decompose at room 

temperature and that it has been reported to explode at elevated temperatures,'55 it was 

alternatively prepared in situ by the dehydrochlorination of hydroxylamine hydrochloride 

with triethylamine in THF. Silylated chloroxime 5.29 was then allowed to react with an 

equivalent of free hydroxylamine and two equivalents of triethylamine in THF for 24 

hours at room temperature (Scheme 5.15). Surprisingly, the major product formed was 

the known p-tolyl substituted oxyamidoxime 5.12. Compound 5.12 could also be 

Me, Me 
Si, ? CI NH20H, 2 NEt3, THF OH OH 0 

+ 0.f.0, + unidentifiable products 

N ~ C I  
RT, 24 h 

p-to1 p to l  

Scheme 5.15. Reaction of 5.29 with hydroxylamine to give 5.12 and 5.13. 

generated by subjecting 5.27 to an analogous reaction with hydroxylamine (Scheme 

5.16), suggesting that the chlorine attached to silicon in 5.29 is not required for the 

desilylation. 



?xSiMe3 xs. NH20H, THF OH OH - 
N~ 

RT, 24 h 

p-to1 
,+fNH p-to1 

5.27 
5.1 2 
(58%) 

Scheme 5.16. Reaction of 5.27 with hydroxylamine to give oxyamidoxime 5.12. 

One possibility is that compound 5.12 is formed according to Scheme 5.17. The 

first step could involve addition of hydroxylamine at the imine carbon, followed by 

subsequent elimination of chloride ion. The chloride ion could then attack silicon, 

resulting in the loss of chlorotrimethylsilane or dichlorodimethylsilane. It does, however, 

seem counterintuitive that chloride ion can cleave an exceptionally strong silicon-oxygen 

(452 kJ mol-I) bond. Closer examination of the crude product mixture from Scheme 5.15 

Me\ ,Me Me, ,Me ?H ?H 

- (Me&3RCI 
N NH20H - p-tol yo 

p-tol 5.12 

R = Me or CI 

Scheme 5.17. One possible mechanism for the formation of 5.12. 

revealed that furoxan 5.13 had also formed. Therefore, it seems more likely that 5.12 is 

forming via nitrile oxide 5.11 (Scheme 5.18), rather than the initially suggested 

mechanism. The first step might involve the loss of the silicon group upon interaction of 

5.27 or 5.29 with base to yield oxime 5.10 (Scheme 5.18). The base initiated 



dehydrochlorination of 5.10 would provide the necessary nitrile oxide. Compounds 5.12 

and 5.13 would then form analogously to Scheme 5.4. 

Me, .Me p to l  

base 
R - - - - - - - - , YH base 

9 N+fNH 
5.1 2 

____) y@ N Cl desilylate N ~ C l  -bare*HCI 

p-to1 p-to1 p-to1 

5.1 0 5.1 1 

(5.27) R = Me 
(5.29) R = CI 

5.13 

Scheme 5.18. Alternative pathway to oxyamidoxime 5.12 and furoxan 5.13. 

Silyloxime 5.23 and an excess of hydroxylamine were combined in THF and 

stirred at room temperature for 24 hours (Scheme 5.19). No reaction was observed, 

signifying that hydroxylamine is not a general desilylating reagent, and that a chlorine 

group must be attached to the imine carbon of an 0-silylated oxime for the desilylation to 

occur. 

y S i M e 3  XS. NHzOH, THF - no reaction 

"9 RT, 24 h 

p-to1 

5.23 

Scheme 5.19. Attempted reaction of silyloxime 5.23 with excess hydroxylamine. 



Although a clear understanding as to why hydroxylamine initiates the desilylation 

of 5.27 and 5.29 is lacking, the protection of silicon with bulky substituents might help to 

suppress this undesirable reaction. Thus, the targeted compound is of the form E in the 

retrosynthetic analysis (Scheme 5.8) with R = p-tolyl and R' = tert-butyl. Unfortunately, 

the synthesis of the necessary precursor 5.32 failed by the standard method (Scheme 

5.20). It is believed that the silane is too bulky to react with the nitrile oxide. The only 

product formed was furoxan 5.13 as evidenced by 'H NMR spectroscopy. 

'BU, :BU 
'BU~S~HCI, Et20 0 0 [ &' 1 p-tol-N-0 . 
0 OC to RT, 48 h p-tol p to l  

5.13 

Scheme 5.20. Attempted synthesis of a bulky silylated chloroxime 5.32. 



5.3.2 Synthetic Strategy 111 - Condensation Reactions of Bis(hydroxy1arnino) 
Compounds 

In 1980, Neugebauer et al. found that 6-oxoverdazyl radicals 5.35 could 

alternatively be prepared by oxidation of tetrazanes 5.34 (Scheme 5.21).Is6 Reaction of 

four equivalents of methylhydrazine with phosgene gas at low temperature gives 2,4- 

dimethylcarbohydrazide (5.33). The tetrazanes (5.34) are then prepared by the 

condensation of 5.33 with aldehydes. This strategy allows for functionality at the 3- 

position of the tetrazane ring system by treating the intermediate hydrazides with 

appropriate electrophiles. 

X 0 
0 
U ,,, R'CHO M ~ ~ ~ ~ ~ * M ~  [ox] ~ e , ~ , k ~ . ~ e  I I - I I - 

H N ~ C I H  N \  N. 
R' = Ph, H Y 

Scheme 5.21. Alternative synthesis of 6-oxoverdazyl radicals (5.35). 

Using an approach similar to the one outlined in Scheme 5.21, preparation of the 

analogous dioxadiazane ring system 5.37 by condensation reactions of various 

bis(hydroxy1amino) (5.36) derivatives with aldehydes was envisioned (Scheme 5.22). 

HONH2 RCHO ?,E'? (0x1 
EC12 ------, - ___) 

NH2 NH2 

5.36 HNxH R N ~ N o  R 

5.37 5.1 

Scheme 5.22. Condensations of 5.36 with aldehydes to dioxadiazanes 5.37. 



The dioxadiazinyl radicals could then, in principle, be prepared by oxidations of 5.37. A 

few examples of mono(0-hydroxylamines) (5.38) have appeared in the literature, and are 

typically prepared by reactions of hydroxylamine with main group substrates (E-Cl; E = 

P or Si) (Scheme 5.23).157 In the case of phosphorus, 0-(diphenylphosphiny1)- 

hydroxylamine (Ph2P(0)ONH2) has been extensively used as a powerful aminating 

reagent to a wide range of nucleophiles (nu:).15' However, in the presence of carbonyl 

containing compounds, such as ketones or aldehydes, mono(0-hydroxylamines) 

condense to give oximes 5.39. 159 

Scheme 5.23. Reaction of mono(0-hydroxylamines) (5.38) with nucleophiles or carbonyl 
compounds. 

Recently, Klingebiel and co-workers reported the synthesis of a stable 0,O'- 

bis(hydroxy1amino)silane 5.40 (Scheme 5.24).160 Compound 5.40 should serve as an 

intermediate to a 6-siladioxadiazinyl radical by analogy to Scheme 5.22. Unfortunately, 

we have been unable to reproduce the synthesis of 5.40 by the literature protocol or by 

ethylenediamine (2 equiv.) tBu% jBu 
NH20H*HCI (2 equiv.) 

' B U ~ S ~ C I ~  w o,si. 
CH2CI2, -30 OC to RT, 24 h I ?  

NH2 NH2 

5.40 

Scheme 5.24. Literature synthesis of 'BU~S~(ONH,), (5.40). 



modifications of it. According to the literature procedure, the first step involves the 

dehydrochlorination of hydroxylamine hydrochloride by using ethylenediamine as the 

acceptor base. This results in the formation of hydroxylamine, which is then allowed to 

react with di-tert-butyldichlorosilane at -30 OC. The mixture was then warmed to room 

temperature and stirred overnight. After removal of the insoluble salt byproducts, the 

authors claim that "compound [5.40] was isolated as crystals at room temperature." It 

seemed puzzling that no specific details were given on how the compound was actually 

crystallized. All attempts to crystallize the crude product from various solvents failed, but 

later it was found that a white semicrystalline material could be obtained by vacuum 

sublimation at room temperature. However, all of the spectral data obtained for either the 

crude or sublimed materials were found to be inconsistent with those reported in the 

literature for 5.40. Most striking is that the sublimed material has its melting point at 148 

OC, whereas literature compound 5.40 melts at 66 OC. In addition, the 'H NMR of our 

material in C6D6 lacks the expected NH2 resonance at 4.81 ppm, and also no signal is 

observed in the 1 5 ~  NMR, providing evidence that the hydroxylamino groups are absent. 

Regardless as to whether the reaction is performed according to the literature procedure 

in CH2C12 with ethylenediamine or in THF with triethylamine as base, the isolated 

material is qualitatively the same. The challenges associated with repeating the literature 

synthesis of 5.40, and our inability to assign a structure using the spectral data obtained 

for our isolated product(s), has forced this chemistry to be abandoned. 



To the best of our knowledge, the only other bis(hydroxy1amino) compound that 

exists in the literature is 0,O'-bis(hydroxy1amino)methane 5.43. Reaction of the sodium 

salt of ethyl acetohydroximate with methylene iodide gives the N-protected 0,O'- 

bis(ethy1acethydroximate)methane 5.41 (Scheme 5.25). 161 Deprotection is then achieved 

by acid hydrolysis of 5.41, resulting in the formation of the bis(hydroch1oride) salt 

5.42.162 Although 5.42 has been converted to its freebase form 5.43, isolation of the latter 

compound in its pure form was avoided because it is known to be shock sensitive with a 

tendency to explode (in fact 5.43 was developed by the United States of America Air 

Force to be used as an oxidizing agent for rocket fuels). 162 

H H 
EtO CH212, NaOH 

t O X 0  
HCI, diglyme H H 

2 )==N-OH I I b 

Me CH3CN, reflux, 42 h 
0 x 0  

Y 
I I EtO-.,+N N \  OEt 50 OC, 15 m i n  -c I+~3N NH3+CI- 

Me Me 
5.42 

5.41 I NaOH, MeOH 

1 RT, 1 h. 

Scheme 5.25. Synthesis of methylene dioxyamine 5.43. 

It was found that 5.43 could alternatively be generated in-situ by treating 5.42 

with triethylarnine in methanol. Intermediate 5.43 was then subjected to reactions with 

aldehydes for the purpose of making 3-substituted dioxadiazanes. When a dilute 

methanol solution of p-tolualdehyde is slowly added to a concentrated solution of 5.43 

and allowed to reflux for 15 hours, the only product isolated is bis(imine) 5.44 (Scheme 



H H 
H H 2 NEt3, MeOH 

0x0 
RT, 10 min. [ 8 ] p-tol-CHO MeOH OXO 

I I 
* 

-CI+H~N NH~+CI- - 2 NEtyHCI NH2 NH2 reflux, 15 h 

5.42 5.43 
5.44 

Scheme 5.26. Condensation of methylene dioxyamine (5.43) with p-tolualdehyde. 

5.26). This was not entirely surprising, as the analogous bis(hydrazides) are also prone to 

bis(imine) formation when reacted with aldehydes. For example, Patenaude found that 

the reaction of 5.45 with benzaldehyde gave bis(imine) 5.46 exclusively (Scheme 

5.27).'44 Attention was then directed to aldehydes that contain strongly electron- 

Scheme 5.27. Condensation of 5.45 with benzaldehyde to give bis(imine) 5.46. 

withdrawing groups (EWGs). This type of substitution should make the imine carbon of 

intermediate 5.47 more electrophilic, thereby facilitating the attack of the NH2 group 

(Scheme 5.28). 

Scheme 5.28. Proposed synthesis of dioxadiazanes using electron-withdrawing aldehydes. 



Given our group's previous success in preparing pyridyl substituted t e t r a~anes , ' ~~  

an attempt to condense 5.43 with 2-pyridinecarboxaldehyde was made (Scheme 5.29). In 

this case, the targeted dioxadiazane 5.48 was not formed, but rather a mixture of 

bis(imine) 5.49 and mono(imine) 5.50. The two compounds could be isolated by 

2 NEt3, MeOH 
RT, 10 min I 

I I 
NH2 NH2 

5.43 

N C H O , M ~ O H  

reflux, 18 h 

Scheme 5.29. Condensation of 5.43 with 2-pyridinecarboxaldehyde. 

separation on a basic alumina column. The 'H NMR spectra for 5.49 and 5.50 are 

presented in Figures 5.4 and 5.5, respectively. The only notable difference between the 

spectra of 5.49 and 5.50, is that the latter exhibits an amine (NH2) resonance at 5.69 ppm. 

Unexpectedly, intramolecular ring-closure to 5.48 did not occur, despite the fact that the 

necessary precursor 5.50 is forming in the reaction mixture. NMR scale reactions of neat 

5.50 in either CD30D, DMSO, or ds-toluene were subsequently performed with intent to 

effect the ring-closure to 5.48. In all cases however, 5.50 remained unchanged even after 

refluxing for 72 hours. Nevertheless, compound 5.50 could be isolated pure and does 



remain a potentially important intermediate to a pyridyl substituted dioxadiazane ring 

system. 

Figure 5.4. 'H NMR spectrum of bis(irnine) 5.49 in CDC13. The peak with an asterisk is 
due to CHC13. 



Figure 5.5. 'H NMR spectrum of mono(imine) 5.50 in CDC13. The peak with an asterisk 
is due to CHC13. 



5.4 Conclusions and General Remarks for Part I1 

The main objective for the second part of this thesis was to prepare a new series 

of various 3- and 6-substituted dioxadiazinyl radicals, which are expected to show good 

stability by analogy to verdazyls. Two synthetic pathways were explored. 

Given Neugebauer's success with preparing tetrazanes 5.21 by ring-closure 

reactions of carbamoyl chlorides with substituted hydrazines, a similar approach to 

dioxadiazines was implemented. Thus, 0-silylated chloroxime 5.29 was prepared and its 

reactions with hydroxylamine were studied. Interestingly, the targeted 6-siladioxadiazine 

was not formed, but rather N-hydroxy-p-toluarnidoxime 5.12 was isolated as the major 

product. It is believed that 5.12 is being formed via nitrile oxide 5.11, because small 

amounts of another product that is also known to form from this intermediate can be 

isolated, namely di-p-tolylfuroxan 5.13. The exact details for how the nitrile oxide is 

being generated from the starting 0-silylated chloroxime 5.29 remain unclear, and 

additional experiments will be required to resolve this. 

Another method for preparing verdazyl radicals is by oxidation of tetrazanes. It 

was described earlier that tetrazanes themselves can be readily made by condensations of 

bis(hydrazides) with aldehydes. By analogy, reactions of bis(hydroxy1amino) substrates 

with aldehydes should afford dioxadiazanes. Although 0 , O  '-bis(hydroxylamino)silane 

5.40 has been reported to exist, attempts to replicate its synthesis by the literature 

procedure, or by modifications of it, failed. This compound would have been useful as an 

intermediate to various 3-substituted 6-siladioxadiazinyl radicals; however, the 

difficulties associated with preparing 5.40 denied the possibility for this chemistry to be 

further explored. Fortunately, the synthesis of 0,O'-bis(hydroxylamino)methane 5.43 



works remarkably well, and so the chemistry of this intermediate with several aldehydes 

was investigated. The only product obtained from the condensation of 5.43 with p- 

tolualdehyde was bis(imine) 5.44. Attention was then directed at using a more electron- 

deficient aldehyde, namely 2-pyridinecarboxaldehyde, which should render the imine- 

carbon of 5.47 more electrophilic, thereby facilitating the nucleophilic attack of the 

pendant amine group (Scheme 5.28). In this experiment the desired 3-pyridyl substituted 

dioxadiazane ring system was not formed, but rather a mixture of bis(imine) 5.49 and 

mono(imine) 5.50. The latter compound is interesting because it still remains a useful 

intermediate to dioxadiazane 5.48. Solution NMR scale experiments have been 

performed in attempts to thermally induce the intramolecular cyclization of 5.50 to 5.48, 

but in all cases the starting substrate remained unchanged. Indirect strategies will need to 

be developed and explored for the synthesis of 5.48, some of which are described in the 

section to follow. 



5.5 Future Directions for Part I1 

This chapter has shown that the designed synthesis of stable radicals, and even 

their precursor molecules, can be challenging. The synthesis of a dioxadiazine (radical or 

otherwise) ring system was unsuccessful, but it is important to stress that some interesting 

and fundamental science has been revealed during these attempts. These fundamental 

results should provide a benchmark to those who wish to further embark on this 

chemistry. Based on all of the observations from this chapter, it is felt that these 

alternative avenues (vide infra) to the dioxadiazinyl radical hold some promise. 

N-protected hydroxylamines have proven to be valuable precursors for the 

selective preparation of 0-substituted hydroxylamines. This strategy was applied to the 

successful synthesis of 5.43 via the deprotection of methylene-0,O'- 

bis(ethy1acethydroximate) 5.41. In this vein, the analogous silicon derivative 5.51 has 

been prepared, but its deprotection chemistry has yet to be explored (Scheme 5.30). Other 

carbon and phosphorus derivatives are also possible by treating ethyl acetohydroximate 

Me. Me . - 

EtO Me2SiCI2, 2 NEt3 o,si. 
2 )=N-OH , ?  

Me toluene, 85 OC, 4h * E t O ~ N  NyOEt 

Scheme 5.30. Synthesis of dimethyl-0, Of-bis(ethy1acethydroximate)silane 5.51. 

with appropriate electrophiles (e.g., R3PC12, RP(O)C12, C12C(O), triphosgene, etc.) 

(Scheme 5.3 1). Deprotection and subsequent freebasing of 5.52 to 5.54 should afford the 

0 , 0  '-bis(hydroxy1amino) compounds 5.36. The resulting bis(hydroxy1amino) 

compounds with varying main group element linkers might exhibit different reactivity 



towards aldehydes than 0,O'-bis(hydroxy1amino)methane 5.43. These changes may 

facilitate the ring-closure to the targeted dioxadiazane ring structure (Scheme 5.3 1). 

EtO 2 base 
2 PN-oH +  EX^ - - - - - - - - - - -  + 

Me - 2 base-HX 

2 base - - - - - - - - - -  R-CHO ?,Ex? 

- 2 base.HX NH2 NH2 

5.36 R 

Scheme 5.31. Proposed syntheses of other substituted O,Of-bis(hydroxy1amino) 
compounds (5.36) and their condensation reactions with aldehydes. 

The closest we have come to a dioxadiazane ring structure is compound 5.50. 

Since all of the direct routes to the 02N2CE ring system have not yet been successful, 

other indirect ones should be explored. One possibility here is to place a halogen group at 

the imine carbon, which may facilitate the nucleophilic attack of the amine group 

(Scheme 5.32). Subsequent ring-closure of either 5.55 or 5.56 might afford the 

dioxadiazinyl radical precursor 5.57. Pyridyl substituted dioxadiazinyl radicals (5.58) are 

particularly exciting because they offer the potential to be used as ligands for metal 

complexes, much like the coordination chemistry of ~ e r d a z ~ 1 s . l ~ ~  



Scheme 5.32. Proposed halogenation of 5.50, followed by ring-closure to 5.57. 



5.6 Experimental Section 

General Experimental 

General experimental details can be found in $2.4. Experimental details that are 

unique to this chapter are described below. 

2 9 ~ i ( ' ~ )  NMR spectra were recorded on a Bruker AMX 360 instrument (71.55 

MHz) and are referenced relative to tetramethylsilane. Infrared spectra were recorded as 

Nujol mulls on KBr plates or as KBr pressed pellets by using a Perkin Elmer One FT-IR 

spectrometer. 

Carbon tetrachloride was distilled over phosphorus pentoxide. All reagents were 

purchased from Aldrich and used as received except as otherwise stated. Triethylamine 

was distilled over calcium hydride and hydroxylamine hydrochloride was dried under 

vacuum for 24 h prior to use. 

p-Tolualdehyde oxime (5.9). This compound was prepared by the literature route.'" To 

a mixture ofp-tolualdehyde (59 mL, 0.5 mol) in 300 mL of ice-water and 125 mL of 

ethanol was added hydroxylamine hydrochloride (42 g, 0.6 mol) in one portion. To this 

was slowly added 12.5 M NaOH (100 mL) as to not allow the reaction mixture 

temperature to exceed 30 OC. The addition of base took approximately 1 h. After the 

addition, the mixture was stirred for a further 1 h at room temperature. The mixture was 

then extracted with Et20 (2 x 250 mL) to remove any neutral impurities, and the 

remaining aqueous phase was made acidic by the slow addition of concentrated 

hydrochloric acid (70 mL). Ice was added to the mixture during the acidification to 

ensure the internal temperature did not exceed 30 O C .  The aqueous phase was then 



extracted with EtzO (3 x 250 mL), and the combined organic extracts were dried over 

anhydrous calcium sulfate. After filtration of the drying agent, the solvent was removed 

from the filtrate by rotary evaporation to leave a white crystalline solid ofp-tolualdehyde 

oxime, yield 51 g (75 %). 'H NMR (CD2C12): 6 8.19 (s, lH), 7.42 (d, J =  8 Hz, 2H), 7.15 

(d, J =  8 Hz, 2H), 2.38 (s, 3H). This compound was used without further purification. 

p-Tolualdehyde chloroxime (5.10). Prepared by a modification of the literature 

method.147 p-Tolualdehyde oxime (8.1 g, 60.0 mrnol) was dissolved in anhydrous DMF 

(100 mL) and a large excess of NCS (12.0 g, 90.0 mmol) in DMF (60 mL) was added 

rapidly via syringe. The resulting pale yellow solution was stirred at room temperature 

for 24 h. The mixture was poured into water (200 mL) and this was extracted with Et20 

(3 x 60 mL). The combined organic extracts were washed with water (3 x 100 mL) to 

remove any remaining DMF and then dried over anhydrous sodium sulfate. After 

filtration of the drying agent, the solvent was removed from the filtrate by rotary 

evaporation to leave a pale yellow solid. This solid was suspended in pentane (50 mL) to 

remove the colored impurities. The solid was filtered and washed with cold pentane (3 x 

15 mL) to provide the title compound as a white solid, yield 7.4 g (73 %). 'H NMR 

(CDC13): 6 8.30 (s, 1H), 7.63 (d, J =  8 Hz, 2H), 7.19 (d, J =  8 Hz, 2H), 2.39 (s, 3H). 

0-Trimethylsilyl-p-tolualdehyde oxime (5.23). To a solution of p-tolualdehyde oxime 

5.9 (1 .OO g, 7.40 mmol) in CH2C12 (10 mL) was sequentially added triethylamine (1 .I3 

mL, 8.15 mmol), 4-(dimethy1arnino)pyridine (90 mg, 0.74 mmol), and 

chlorotrimethylsilane (0.94 mL, 7.4 mmol) at room temperature. A white precipitate 



formed immediately and the reaction mixture was stirred for an additional 2 h. The 

precipitate was removed by gravity filtration and the solid was washed with CH2C12 (3 x 

5 mL). The filtrate was concentrated to a gummy white solid, which was purified by 

column chromatography (neutral alumina, 1 : 1 hexanes/chloroform). The product was 

isolated as a colorless oil, yield 1 .O5 g (68 %). 'H NMR (CD2CI2): 6 8.13 (s, lH), 7.47 

(d, J =  8 Hz, 2H), 7.17 (d, .l= 8 Hz, 2H), 2.37 (s, 3H), 0.26 (s, 9H). 13c NMR (125 MHz, 

CD2C12): 6 153.91, 140.77, 130.46, 129.89, 127.51, 21.73, -0.49. 2 9 ~ i  NMR (CD2C12): 6 

25.22. HRMS (EI) for CI lH17NOSi [M']: Calcd: 207.1079. Found: 207.1082. 

0-Dimethylsilyl-p-tolualdehyde oxime (5.24). A stirred mixture of triethylamine (1.80 

mL, 13.0 mmol), p-tolualdehyde oxime 5.9 (1.35 g, 10.0 mmol), and 

chlorodimethylsilane (1.44 mL, 13.0 mmol) in Et20 (40 mL) was stirred at room 

temperature for 24 h. The white precipitate of triethylamine hydrochloride was filtered 

off, washed with Et20 (3 x 10 mL), and the solvent was flash distilled from the filtrate to 

leave a pale yellow oil. Vacuum distillation at 48 O C I ~ O - ~  Torr afforded the title 

1 compound as a colorless oil, yield 1.68 g (87 %) H NMR (CD2CI2): 6 8.12 (s, lH), 7.50 

(d, J =  8 Hz, 2H), 7.21 (d, J = 8 Hz, 2H), 4.83 (septet, 3~~~ = 3 HZ, lH), 2.37 (s, 3H), 

0.36 (d, 3~~~ = 3 HZ, 6H). I3c NMR (CD2C12): 6 154.62, 141 .O6, 130.05, 129.94, 127.63, 

21.74, -1.88. 2 9 ~ i  NMR (CD2C12): 6 12.32. HRMS (EI) for Cl~HijNOSi [Mi]: Calcd: 

193.0923. Found: 193.0926. Anal. Calcd for CloHIjNOSi: C, 62.13; H, 7.82; N, 7.25%. 

Found: C, 62.58; H, 7.42; N, 7.07%. 



0-(Trimethylsily1)-p-toluhydroxamoyl chloride (5.27). p-Tolualdehyde chloroxime 

5.10 (3.00 g, 17.7 mmol) was dissolved in Et20 (80 mL) and the solution was then cooled 

to 0 OC. Triethylamine (2.94 mL, 21.2 mmol) was added rapidly via syringe, which 

resulted in the formation of a thick-white precipitate. Immediately after was added 

chlorotrimethylsilane (2.70 mL, 21.3 mmol). After stirring at 0 OC for 1 h, the white 

slurry was allowed to warm to room temperature and stirred overnight. The white 

precipitate of triethylamine hydrochloride was filtered off, washed with Et20 (3 x 20 

mL), and the solvent was flash distilled from the filtrate to leave a viscous yellow oil. 

Vacuum distillation at 75 0 ~ / 1 0 - ~  Ton afforded the title compound as a colorless oil, 

yield 3.64 g (85 %). 'H NMR (CD2C12): 6 7.75 (d, J =  8 Hz, 2H), 7.22 (d, J =  8 Hz, 2H), 

2.38 (s, 3H), 0.32 (s, 9H). 13c NMR (125 MHz, CD2C12): 6 142.13, 141.68, 130.78, 

129.64, 127.77, 21.64, -0.52. 2 9 ~ i  NMR (CD2C12): 6 29.34. HRMS (El) for 

CI1Hl6C1NOSi [M+]: Calcd: 241.0690. Found: 241.0685. Anal. Calcd for ClIH16C1NOSi: 

C, 54.64; H, 6.67; N, 5.79%. Found: C, 54.76; H, 6.46; N, 5.8 1 %. 

0-(Dimethylsily1)-p-toluhydroxamoyl chloride (5.28). p-Tolualdehyde chloroxime 

5.10 (3.00 g, 17.7 mmol) was dissolved in Et20 (80 mL) and the solution was then cooled 

to 0 OC. Triethylamine (2.94 mL, 21.2 mmol) was added rapidly via syringe, which 

resulted in the formation of a thick-white precipitate. Immediately after was added 

chlorodimethylsilane (2.40 mL, 21.6 mmol). After stirring at 0 OC for 1 h, the white slurry 

was allowed to warm to room temperature and stirred overnight. The white precipitate of 

triethylamine hydrochloride was filtered off, washed with Et20 (3 x 20 mL), and the 

solvent was flash distilled from the filtrate to leave a viscous yellow oil. Vacuum 



distillation at 80 O~/10" Torr afforded the title compound as a colorless oil, yield 3.38 g 

(84 %). 'H NMR (CD2C12): 6 7.76 (d, J =  8 Hz, 2H), 7.22 (d, J =  8 Hz, 2H), 4.88 (septet, 

3 JHH = 3 HZ, lH), 2.39 (s, 3H), 0.42 (d, 3 ~ m  = 3 HZ, 6H). I3c NMR (125 MHz, CD2C12): 

6 143.21, 141.93, 130.47, 129.68, 127.82, 21.64, -1.91. 2 9 ~ i  NMR (CD2C12): 6 15.18. 

HRMS (EI) for CloH1&lNOSi [M']: Calcd: 227.0533. Found: 227.0538. Anal. Calcd for 

CloHl&lNOSi: C, 52.73; H, 6.20; N, 6.15%. Found: C, 52.53; H, 5.80; N, 6.46%. 

0-(Chlorodimethylsi1yI)-p-toIuhydroxamoy1 chloride (5.29). To a solution of 5.28 (3.0 

g, 13.2 mmol) in carbon tetrachloride (50 mL) was added catalytic palladium dichloride 

(234 mg, 10 mol %) at room temperature. An exothermic reaction immediately took 

place resulting in a dark brown reaction mixture. After the exothermic reaction ceased, 

the mixture was then heated to reflux for 24 h. The mixture was cooled to room 

temperature, and the solvents were removed by flash distillation leaving a dark black 

residue. Vacuum distillation at 85 O ~ / 1 0 - ~  Torr afforded the title compound as a colorless 

oil, yield 1.97 g (57 %). 'H NMR (CD2C12): 6 7.77 (d, J  = 8 Hz, 2H), 7.24 (d, J =  8 Hz, 

2H), 2.39 (s, 3H), 0.69 (s, 6H). I3c NMR (125 MHz, CD2C12): 6 145.44, 142.44, 130.05, 

129.76, 128.01, 21.69, 1.74. 2 9 ~ i  NMR (CD2C12): 6 24.05. HRMS (El) for 

C10H13C12NOSi [M']: Calcd: 261.03 43. Found: 261 .0139. Anal. Calcd for 

CloHl3Cl2N0Si: C, 45.81; H, 5.00; N, 5.34%. Found: C, 46.22; H, 5.13; N, 5.25%. 

Reaction of 5.29 with hydroxylamine. To a stirred slurry of hydroxylamine 

hydrochloride (168 mg, 2.42 mmol) in THF (8 mL) was added triethylamine (0.30 mL, 

2.16 mmol) via syringe. After stirring at room temperature for 24 h, the resulting 



triethylamine hydrochloride salt was filtered off and washed with THF (3 x 4 mL). To the 

filtrate containing free hydroxylamine was added triethylamine (0.55 mL, 3.97 mmol), 

and the solution was then cooled to -30 OC. A solution of 5.29 (0.50 g, 1.91 mmol) in 

THF (10 mL) was added to the above via cannula, which resulted in the immediate 

precipitation of a white solid. This was stirred at -30 OC for 30 min, and then the mixture 

was warmed to room temperature and left to stir overnight. The white precipitate was 

filtered off, washed with THF (3 x 5 mL), and the filtrate was concentrated in vacuo to 

leave a viscous yellow oil. Addition of dichloromethane (10 mL) to this oil resulted in the 

precipitation of a white solid. The white solid was filtered, washed with cold CH2C12 (3 x 

5 mL), and dried, yield 280 mg (67%). All spectral data match an authentic sample of N- 

hydroxy-p-toluamidoxime (5.12). 'H NMR (DMSO): 6 10.21 (s, 1 H), 8.36 (s, lH), 8.1 1 

(s, lH), 7.43 (d, J= 8 Hz, 2H), 7.18 (d, J =  8 Hz, 2H), 2.30 (s, 3H). Mp: 90 "C  it.'^^ mp 

88 - 89 OC). The filtrate from above was concentrated by rotary evaporation to provide a 

sticky yellow solid. Column chromatography (neutral alumina, chloroform) provided a 

second component, which appears to be furoxan 5.13, yield 55 mg (1 1 %). 'H NMR 

(CD2C12): 67.38(d, J=8Hz72H),7 .35 (d, J=8Hz,2H),7.21 (d, J=8Hz,2H),7.18(d,  

J =  8 Hz, 2H), 2.39 (s, 3H), 2.37 (s, 3H). Mp: 143 "C  i it.'^^ mp 142 - 143 "C). 

Reaction of 5.27 with hydroxylamine. To a slurry of hydroxylarnine hydrochloride (730 

mg, 10.5 mmol) in THF (15 mL) was added triethylamine (1.30 mL, 9.38 mmol) by 

syringe. After stirring at room temperature for 21 h, the solution containing free 

hydroxylamine was transferred with filtration to a solution of 5.27 (573 mg, 2.37 mmol) 

in THF (20 mL). After being left to stir overnight, the precipitate of hydroxylamine 



hydrochloride was filtered off and washed with THF (2 x 10 mL). The filtrate was then 

concentrated in vacuo to provide a sticky white solid. To this was added CH2C12 (10 mL), 

which resulted in a powdery white solid. The solid was filtered, washed with CH2C12 (2 x 

10 mL), and dried to afford N-hydroxy-p-toluamidoxime (5.12), yield 200 mg (58 %). 'H 

NMR (DMSO): 6 10.21 (s, lH), 8.36 (s, lH), 8.11 (s, lH), 7.43 (d, J =  8 Hz, 2H), 7.18 

(d, J =  8 Hz, 2H), 2.30 (s, 3H). 

Representative reaction for the attempted synthesis of 5.40. To a slurry of 

hydroxylamine hydrochloride (730 mg, 10.5 mmol) in THF (15 mL) was added 

triethylamine (1.30 mL, 9.38 mmol) by syringe. After stirring for 22.5 h, the resulting 

triethylamine hydrochloride was filtered off and washed with THF (2 x 5 mL). The 

filtrate was cooled to 0 OC and di-tert-butyldichlorosilane (0.5 mL, 2.37 mmol) was added 

dropwise by syringe. The mixture was warmed to room temperature and left to stir 

overnight. The insoluble byproducts were filtered and washed with THF (2 x 10 mL). 

The filtrate was concentrated to a sticky white solid, which was subsequently sublimed in 

vacuo (10" Torr) onto a cold finger at room temperature, yield 280 mg. Mp: 148 OC. 'H 

NMR (C6D6): 8 1.18 (s, 4H), 1.08 (s, 1H). 13c NMR (C6D6): 6 28.36, 27.86,20.91, 20.37. 

2 9 ~ i  NMR (C6D6): 6 -6.04, -9.05. MS (EI): mh 196 (20%), 181 (8%), 134 (28%), 119 

(39%), 105 (29%), 92 (30%), 77 (loo%), 57 (32%). IR (KBr): 3439 (br, s), 3321 (br, s), 

2967 (s), 2948 (s), 2934 (s), 2893 (s), 2860 (s), 1597 (w), 1477 (s), 1468 (s), 1390 (w), 

1363 (m), 1216 (w), 1 172 (w), 1055 (m), 1012 (m), 938 (m), 827 (s), 802 (s), 656 (m), 

569 (w) cm-'. 



0,O'-Bis(ethy1acethydroximate)methane (5.41). This compound was prepared by the 

literature route.161 A mixture of powdered NaOH (7.75 g, 0.19 mol) and ethyl 

acetohydroximate (20.0 g, 0.19 mol) in CH3CN (300 mL) were brought to reflux. To this 

was added methylene iodide (8.6 mL, 0.10 mol) dropwise by syringe, and the solution 

was left to stir at reflux for 42 h. After which time the dark brown mixture was cooled to 

room temperature, and the volatiles were removed by rotary evaporation. 

Dichloromethane (250 mL) was added to the resulting brown sludge and the sodium 

iodide was filtered off. Removal of the solvent from the filtrate afforded a yellow oil, 

which was subsequently vacuum distilled (58 OC, 1 o - ~  Tom) to provide the title compound 

as a colorless liquid, yield 12.0 g (58 %). 'H NMR (CDC13): 6 5.28 (s, 2H), 4.05 (q, J =  7 

Hz, 4H), 1.95 (s, 6H), 1.24 (t, J = 7 Hz, 6H). 

Bis(hydroch1oride) salt of 0,O'-bis(hydroxy1amino)methane (5.42). This compound 

was prepared by the literature route.'62 To a solution of 5.41 (10.0 g, 45.8 mmol) in 

diglyme (100 mL) was added concentrated hydrochloric acid (8.4 mL). The mixture was 

then heated to 60 OC for 20 min, and then cooled to room temperature. The resulting 

white precipitate was filtered off, washed with Et20 (3 x 80 mL), and dried. Yield: 6.5 g 

(94 %). Mp: 150 OC  it.'^^ 154 - 155 OC). Anal. Calcd CHsC12N202: C, 7.95; H, 5.34; N, 

18.55%. Found: C, 7.93; H, 5.38; N, 18.19%. 

Reaction of 0,O'-bis(hydroxy1amino)methane (5.43) with p-tolualdehyde. To a 

solution of the bis(hydroch1oride) salt 5.42 (906 mg, 6.00 mmol) in MeOH (20 mL) was 

added triethylamine (1.66 mL, 12.0 mmol) rapidly by syringe. The mixture was then 

heated to a gentle reflux, and a solution of p-tolualdehyde (0.71 mL, 6.02 mmol) in 



methanol (200 mL) was added dropwise over 5 h. After which time the mixture was left 

to reflux for an additional 15 h. The mixture was cooled to room temperature and the 

volatiles were removed by rotary evaporation. The remaining white solid was redissolved 

in CHC13 (80 mL) and washed with water (5 x 50 mL) to remove the triethylamine 

hydrochloride byproduct. The organic layer was collected, dried over MgS04, and 

evaporated under reduced pressure. The residue was subjected to column 

chromatography on silica gel using hexanedethyl acetate (1:l v/v) as eluent to give a 

white semicrystalline solid of bis(imine) 5.44, as the only isolable product. Yield: 480 mg 

(28%). 'H NMR (CDC13): 6 8.20 (s, 2H), 7.43 (d, J =  8 Hz, 4H), 7.16 (d, J =  8 Hz, 4H), 

5.68 (s, 2H), 2.28 (s, 6H). 13c NMR (CDC13): 6 151.38, 140.68, 129.60, 129.16, 127.58, 

99.58, 21.70. IR (Nujol): v(C=N) 1608 (s) cm-I. HRMS (El) for Cl7H18N202 [M+]: Calcd: 

282.1368. Found: 282.1376. 

Reaction of 0,O'-bis(hydroxylamino)methane (5.43) with 2-pyridinecarbox- 

aldehyde. To a solution of the bis(hydroch1oride) salt 5.42 (2.70 g, 17.9 mmol) in MeOH 

(25 mL) was added triethylamine (4.98 mL, 35.9 mmol) rapidly by syringe. The mixture 

was then heated to a gentle reflux, and a solution of 2-pyridinecarboxaldehyde (1.70 mL, 

17.9 mmol) in methanol (300 mL) was added dropwise over 5 h. After which time the 

mixture was left to reflux for an additional 18 h. The mixture was cooled to room 

temperature and the volatiles were removed by rotary evaporation. Diethyl ether (80 mL) 

was added to the residue, and the white solid of triethylamine hydrochloride was filtered 

off. Removal of the solvent from the filtrate gave a yellow oil, which was purified by 

column chromatography on basic alumina. The first component (Rf = 0.61) was eluted 



with CHC13/EtOAc (4:l vlv) to provide bis(imine) 5.49 as a white solid, yield 830 mg, 

(1 8%). 'H NMR (CDC13): 8 8.58 (d, J = 3.7 Hz, 2H), 8.27 (s, 2H), 7.85 (d, J = 7.4 Hz, 

2H), 7.67 (td, J =  7.4, 1.5 Hz, 2H), 7.24 (dd, J =  7.7, 5.1 Hz, 2H), 5.83 (s, 2H). 13c NMR 

(CDC13): 6 152.20, 151.37, 149.94, 136.68, 124.59, 121.58, 100.02. IR (Nujol): v(C=N) 

1583 (s), 1561 (s) cm-'. HRMS (EI) for CI3Hl2N4O2 [M']: Calcd: 256.0960. Found: 

256.0969. The second component (Rf = 0.39) was then eluted with EtOAc to provide 

mono(imine) 5.50 as a pale yellow liquid, yield 1.40 g (47%). 'H NMR (CDC13): 6 8.60 

(d, J =  4.4 Hz, lH), 8.29 (s, lH), 7.84 (d, J =  8.1 Hz, lH), 7.68 (td, J =  7.4, 1.5 Hz, lH), 

7.27 (dd, J =  7.7, 5.1 Hz, lH), 5.69 (s, 2H), 5.35 (s, 2H). I3C NMR (CDC13): 6 151.84, 

151.46, 149.93, 136.68, 124.55, 121.41, 101.59. IR (Neat): vWH) 3313 (s), 3241 (m), 

v(C=N) 1583 (s), 1563 (s) cm-'. HRMS (EI) for C7H9N302 [M+]: Calcd: 167.0695. 

Found: 167.0697. 

0,O'-Bis(ethylacethydroximate)dimethylsilane (5.51). A stirred mixture of 

triethylamine (14.8 mL, 106.8 mmol), ethyl acetohydroximate (10.0 g, 97.0 mmol), and 

dichlorodimethylsilane (6.0 mL, 49.5 mmol) in toluene (300 mL) was heated at 85 OC for 

4 h. After which time, the resulting thick-white suspension was cooled to room 

temperature and stirred overnight. The white precipitate of triethylamine hydrochloride 

was filtered off, washed with toluene (3 x 20 mL), and the solvent was flash distilled 

from the filtrate to leave an orange oil. Vacuum distillation at 50 O ~ / 1 0 - ~  Ton afforded 

the title compound as a colorless oil, yield 12.2 g (94 %). 'H NMR (C6D6): 8 4.00 (q, J = 

7 Hz, 4H), 1.98 (s, 6H), 1.05 (t, J =  7 Hz, 6H), 0.57 (s, 6H). I3c NMR (C6D6): 6 166.44, 

62.74, 14.74, 13.94, -2.92. 2 9 ~ i  NMR (C6D6): 8 4.89. IR (neat): 2980 (m), 2943 (w), 2902 



(w), 1646 (s), 1397 (w), 1376 (s), 1302 (vs), 1255 (s), 1 1 18 (w), 1095 (w), 1060 (m), 

l o l l  (s), 979 (s), 926 (s), 873 (m), 828 (m), 805 (m), 665 (m) cm-I. HRMS (EI) for 

C10H22N204Si [M+]: Calcd: 262.1349. Found: 262.1358. Anal. Calcd for CIOH22N204Si: 

C, 45.78; H, 8.45; N, 10.68%. Found: C, 45.27; H, 8.33; N, 10.41%. 
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