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Abstract 

This work describes a novel technique to prepare a family of polymers 

which contain a polyquinoneimine backbone. The polymerization utilized a 

condensation reaction which yielded novel substituted polyanilines. 

The polymer generating reaction, formation of the imine, was optimized to 

a quantitative yield via a model compound study. The model quinoneimine was 

prepared from anthraquinone and two equivalents aniline in the presence of 

excess of titanium tetrachloride and 1,4-diazabicyclo[2.2.2]octane. 

The X-ray crystal structure of the model compound from anthraquinone had 

indicated that the ring system is not planar due to steric hindrance between the 

peri-hydrogen of anthraquinone and the ortho-hydrogen of the N-phenyl ring. The 

X-ray crystal structure of the model compound prepared from 4,8-dehydrobenzo

[1,2-b:4,5-b']dithiophene-4,8-dione reveals the quinone moiety to be planar. This 

indicates that the incorporation of a benzoquinone moiety with two fused thiophene 

rings in the model compound relieved the steric hindrance observed in the 

anthraquinone model compound. 

The model compound synthetic strategy was used to prepare 

polyquinoneimines from either of the above mentioned qui nones and aromatic 

diamines. The polyquinoneimines were prepared in high yields with molecular 
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weights up to 20,000. The polymers are red powders which are soluble in 

common organic solvents such as tetrahydrofuran, chloroform and chlorobenzene 

and form red transparent films. In contrast, polyanilines are typically black 

insoluble and intractible polymers. Characterization of the polymers prepared from 

either 4,4'-methylenedianiline or 4,4'-thiodianiline and anthraquinone revealed that 

5-20% of the product is a novel low molecular weight macrocyclic quinoneimine. 



1.1 Synthetic Metal of Interest 

Chapter 1 

Introduction 
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Science is continuously pursuing novel polymers which lead to new 

technologies and improvements on existing materials. The work in this dissertation 

describes one direction science is moving in the pursuit of novel polymers for new 

technologies. 

This work investigated the synthesis of a novel class of polymers known as 

synthetic metals. These materials exhibit the mechanical and chemical properties 

of polymers combined with the electronic properties of metals and semiconductors. 

Polymers classified as synthetic metals include polyenes, polyheterocyclics, 

poly aromatics and polyanilines. 

The synthetic metal of interest in this work was polyaniline, which was first 

reported in 1862.1 Since the first report the synthesis of polyaniline and its 

derivatives have been of interest but it was not until the 1980's that a huge interest 

in this family of polymers was observed, as shown by the rapidly growing number 

of publications dealing with polyaniline since the mid 1980's. The increasing 

interest was due to the incorporation of polyaniline into a rechargeable battery. 
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1.2 Known Forms of Polyaniline 

Polyanilines exist in both conducting and insulating forms and each exhibits 

interesting electrical and optical properties. The insulating polyaniline is known to 

exist in the three base forms, illustrated below: 

~NH~NH~NH~NH~ 
LEB 

EB 

PNB 

Figure 1.1 Known Forms of Polyaniline 
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These forms vary in oxidation state. The leucoemeraldine base (LEB) is the fully 

reduced form, the emeraldine base (EB) is the fifty percent oxidized form and the 

completely oxidized form is the pernigraniline base (PNB). 

To obtain the conducting forms of polyaniline one must "dope" the insulating 

forms of the polymer. The LEB base form has a nonconjugated backbone which 

becomes conjugated after p-doping (using a reagent such as iodine in CCI4), 

chemical or electrochemical partial oxidation of the polymer backbone. The EB 

form is doped via a non-redox process by protonating the polymer backbone to 

obtain the conducting material. The PNB form is subjected to n-doping (using 

sodium naphthalide in THF) to yield a partial reduction of the backbone and 

produce the conducting form. The conducting form is the emeraldine salt (ES), 

shown below, which exists as a polysemiquinone radical cation. 

ES 

Figure 1.2 Emeraldine Salt 



16 

1.3 Applications for Polyaniline 

The linear, conjugated structure of polyaniline and its derivatives allows for 

several potential applications. In general linear conjugated polymers are of interest 

due to their third-order nonlinear optical properties, electrical conductivity in doped 

states and large mechanical strength as a result of their rigid rod structures. In 

addition to mechanical strength, damage threshold and environmental stability are 

also important characteristics of the polymers. 

The first polymer battery, which utilized a polyaniline aqueous sulfonic acid 

system, was prepared by Jozefowicz in 1967.2 Due to the lack of performance 

improvement over conventional batteries the polyaniline battery did not attract 

significant interest. In 1981 conducting polymers became a widely examined topic 

with the invention of the first rechargeable lithium batteries using various polymer 

electrodes. The two key factors in the performance of polymeric electrodes in 

lithium batteries are the reversibility of the electrode reaction (coulombic efficiency) 

and self discharge. Examples of polymers that are typically thought of as 

conducting and have potential use as electrodes in rechargeable lithium batteries 

are polyaniline, polyacetylene, poly thiophene and polypyrrole. Of the above 

polymers, poly aniline has a slightly better coulombic efficiency than the other 

polymers, but the self discharge rate of polyaniline by far outpaces those of the 

other five polymers. Polyaniline thus overcomes the weakest pOint in polymeric 

battery systems, the self-discharge rate. 2 



17 

Polyaniline's current primary application is in commercial rechargeable 

batteries. It also shows promise in electromagnetic interference (EMI) shielding 

and film membranes for gas separations.3 While the rechargeable batteries require 

a highly conductive form of polyaniline, the conductivity requirements for EMI 

shielding are in the semiconducting range 10-1-10-4 cm-1
. This allows for 

derivatives of polyanilines to be used since substitutions of the polymer backbone 

typically lower the polymer's conductivity. 

Another potential application for poly aniline is optical switches. Picosecond 

optical switching devices require highly efficient third-order nonlinear optical 

materials. The one-dimensional 1t-electron delocalization allows for enhanced 

electronic hyperpolarizability. Advantages which organic polymers have in this 

field is their extremely fast response time as well as their high damage thresholds. 

Since the high degree of crystallinity of most conjugated polymers makes these 

polymers difficult to work with due to their low solubilities, amorphous or low 

degree of crystallinity polymers are preferred. 4 

1.4 Conductivity of Polyaniline 

The conductivity of poly aniline increases ten orders of magnitude upon fully 

doping the insulating base forms. The conductivity of the polymer can be adjusted 

by altering the degree of doping of the polymer backbone. It is also possible to 

adjust the conducting properties of the polymer by the preparation of composites 
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with water soluble polymers such as polyvinyl alcohol. These composites may find 

applications as antistatic materials for dissipation of electrostatic charge in 

electronic equipment, replacing conductive composites containing carbon and 

metal powders.5 

The conductivity of the emeraldine salt depends on the degree of 

crystallinity. As prepared the emeraldine salt has a low degree of crystallinity, and 

it contains approximately 15% solvent (plasticizer). When the polymer is heated 

above the glass transition temperature, the polymer film stretches up to four times 

its original length, increasing the degree of crystallinity. The stretching increases 

the conductivity while decreasing the solubility of the polymer. 

Properties of polyaniline can be altered by preparing polyaniline from 

substituted anilines. Substitutions can be made both on the ring6 and on the 

nitrogen7 of aniline. Alkyl side chains tend to decrease the crystallinity and 

increase the solubility of the polymer. An interesting copolymer is prepared when 

50% of the aniline used is substituted with a sulfonic acid group. The polymer 

prepared by this technique is a self doping conducting polymer as long as the pH 

is below 7.5. 8 This polymer exhibits even greater thermal, oxidative and 

environmental stability than what is typically observed for polyaniline. 
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1.5 Synthesis of Polyaniline 

Polyaniline is typically synthesized using an oxidative polymerization of 

aniline. The properties of the polymer are independent of whether chemical or 

electrochemical oxidation techniques are utilized in the synthesis of the polymer. 

One standard preparation utilizing chemical oxidation of aniline is carried out by 

adding a stoichiometric amount of ammonium persulfate to an aqueous solution 

that is 0.1 M in aniline and 1.0M in either p-toluenesulfonic acid or benzenesulfonic 

acid.5 The oxidative polymerization is reported to proceed via a radical cation of 

aniline which couples to form the dimer. Repetition of the formation of radical 

cations followed by coupling forms high molecular weight polymer. 

Interest in polymeric materials that exhibit potential use as synthetic metals 

has grown significantly over the past decade, and is continuing at a feverish pace. 

There are several areas in which detailed scientific studies need to be completed. 

It is the author's intent to investigate the synthesis of conjugated polymers similar 

to polyaniline via condensation polymerization. Utilizing the condensation 

methodology one can envision preparing a family of polymers containing a 

backbone similar to polyaniline which could exhibit a new twist on current 

properties possessed by synthetic metals. 



2.1 Background 

Chapter 2 

Background 
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An objective of the Hall research group has been to prepare an analog of 

polyaniline via a condensation polymerization instead of the oxidative 

polymerization of aniline by which it is typically prepared. The condensation route 

would allow for greater control than that in the nondiscriminating oxidative 

polymerization as well as novel derivatization of the polymer backbone. These 

polymers should possess interesting mechanical, electronic and optical properties 

similar to polyaniline which was discussed previously. 

Since the backbone of polyaniline is known to be a polyquinoneimine, the 

preparation of an aromatic polyquinoneimine was the main goal of this research. 

A condensation-type synthesis of poly aniline has been described by Wudl and 

coworkers using 1 ,4-cyclohexanone-2,5-dicarboxylic acid. 9 Our proposed strategy 

was to prepare the polyimine polymer backbone via a condensation reaction 

between an amine and a carbonyl functionality. Uehara reported a condensation 

polymerization utilizing an imine-forming reaction as we proposed. 10 They reported 

that polyaniline was prepared employing an imine-forming reaction by condensing 

p-phenylenediamine and benzoquinone in the presence of polyphosphoric acid. 



21 

It was highly unlikely that this synthetic strategy would work because 

benzoquinone would be subjected to Michael addition by the aromatic amine 

(Scheme 2.1). This work was repeated and indeed the unwanted Michael addition 

was observed instead of the desired condensation reaction. 

Scheme 2.1 Michael Addition 

In order to block the unwanted Michael addition a hindered quinone was 

chosen to replace benzoquinone. The quinone which was selected was 

anthraquinone due to its two six membered fused aromatic rings attached to the 

benzoquinone moiety. The six membered rings on each side of the benzoquinone 

blocked Michael addition while the aromatic side rings allowed the preparation of 

a conjugated polyquinoneimine. 

The reaction between various aromatic diamines and anthraquinone in the 

presence of polyphosphoric acid was investigated by Everaerts. 11 The polymers 
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obtained were similar to polyaniline in that they were insoluble, intractable black 

powders. The polymers analyzed correctly by elemental analysis and the infrared 

spectrum exhibited the characteristic imine absorption but due to their insolubility 

no further analyses were obtained. The one major distinction between these 

polymers and polyaniline was that they were not good electrical conductors, even 

upon doping. The polymers prepared by Everaerts were found to be in the range 

of insulators to semiconductors and showed little or no improvement upon doping. 

The low solubility of these polymers prevented a complete structural 

analysis. To learn more about the structure of the polymer a model compound 

was prepared. In order to determine that the polymer possessed the desired 

polyquinoneimine backbone, the data obtained from the structural analysis of the 

model compound could be compared to the data from the polymer. The model 

compound chosen was N,N'-diphenylanthraquinonediimine. The above model 

compound was prepared from anthraquinone and two equivalents of aniline in the 

presence of aluminum trichloride. X-ray analysis of the yellow crystal determined 

the crystal structure which is illustrated in Figure 2.1.11 

The crystal structure revealed that the model compound was not planar, 

which would prevent conductivity along the polymer backbone due to the lack of 

conjugation. The N-phenyl rings were twisted out of the plane of the central ring 

system by 63°. The anthraquinone mOiety was buckled by 18°. The nonplanarity 
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of the system resulted from steric hindrance between the peri hydrogens of the 

anthraquinone system and the ortho hydrogens of the N-phenyl rings. 

Figure 2.1 X-ray Structure of N,N-Diphenylanthraquinonediimine 

The next logical step was to choose a different quinone which would relieve 

the steric hindrance found in anthraquinone while being resistant to Michael 

addition. To remove the steric hindrance resulting from the peri hydrogens in 

anthraquinone it was thought that a quinone with two five membered fused ring 
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would be an improvement. A large improvement would be a five membered ring 

containing a heteroatom at the one position because there would no longer be a 

hydrogen in this position. The elimination of this hydrogen should allow for the 

rotation of the N-phenyl ring into the plane of the quinone. Systems which met the 

above requirements were benzoquinone with either two fused thiophene, oxazole, 

furan, imidazole or pyrrole rings. 

The first heterocyclic quinone which was investigated was the one with 

fused oxazole side rings. The N,N'-diphenyldioxazolequinonediimine model 

compound was prepared. 12 The synthesis of the model compound did not use the 

polyphosphoric acid route used by Everaerts because these conditions were too 

harsh. The methodology employed was to prepare the N-phenyl arsineimine from 

aniline and allow this to undergo a N-Wittig reaction with the quinone as described 

by Froyen. 13 This methodology did not provide an efficient route for the synthesis 

of the model compound due to low yields and large amounts of side products 

(triphenylarsine oxide). Another drawback was that the reaction preferred to stop 

at the monoimine instead of going on to the diimine. X-ray quality crystals of some 

of the mono- and diimines prepared from dioxazole benzoquinone were obtained 

and crystal structures were determined. 12 

The model compound prepared from dioxazolebenzoquinone illustrated one 

major improvement over the model compound prepared from anthraquinone. This 

was that the incorporation of the heterocylic five membered rings in the quinone 
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moiety reduced the steric hindrance between the quinone and the N-phenyl ring 

enough to eliminate the buckling of the quinone. As in the case of the 

anthraquinone model compound, the N-phenyl rings were twisted out of the plane 

of the quinone by 40-60°. 

2.2 Proposed Research 

The goal of this research was to develop a synthetic strategy to prepare an 

aromatic polyquinoneimine. A shortfall of previous attempts was that a polymer

forming synthesis was not found. The polymer-forming reaction was to be a 

condensation to form the imine in the polymer backbone. The monomers to be 

utilized were a quinone and an aromatic diamine. 

Previous work had shown that a benzoquinone containing two fused oxazole 

rings allowed for a planar quinone mOiety in the model compound. This would be 

a logical starting place but this research would investigate the incorporation of 

dithiophenebenzoquinone into the polymer backbone. The reason for changing the 

quinone was two-fold. The first is that it is unknown how stable the oxazole ring 

would be in the presence of Lewis acids. The second was to determine if the 

incorporation of the thiophene ring would lead to the same planar quinone moiety 

of the model compound as seen with the dioxazole quinone. 

It was reported that this type of condensation can be carried out in the 

presence of a Lewis acid. A suitable Lewis acid would have to be chosen and the 
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reaction optimized. The optimization of the methodology would be conducted on 

the model compound and what was learned from the model compound synthesis 

would be applied to the polymerization. 

Once the polymer was obtained a full characterization of the polymer would 

be completed. Properties such as the Tg, T m' solubility and film-forming ability 

would be determined. 



3.1 Background 

3.1.1 Selection of Quinone 

Chapter 3 

Quinone Synthesis 
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An objective of this research was to prepare a polymer from 4,8-

dehydrobenzo[1 ,2-b:4,5-b']dithiophene-4,8-dione (dithiophenebenzoquinone) and 

an aromatic diamine. The incorporation of the dithiophenebenzoquinone was 

expected to relieve steric hindrance found in the corresponding polymer using 

anthraquinone. The fused five membered rings attached to the quinone required 

less space than the six membered rings in anthraquinone. The heteroatom in the 

five membered ring eliminated the peri-hydrogen interaction to further relieve steric 

hindrance. A literature search produced three different methodologies to prepare 

the desired quinone. 

3.1.2 Reported Methods of Preparation of Dithiophenebenzoguinone 

The earliest reported technique (Scheme 3.1) was a self-condensation of 

2-lithio-N,N-dimethyl-3-thiophenecarboxamide. 14 Slocum reports a 41 % yield ofthe 

quinone using this technique. 
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Scheme 3.1. Synthesis Strategy Reported by Slocum 

The second report of the synthesis of dithiophenebenzoquinone (Scheme 

3.2) was by MacDowell. 15 The quinone was prepared in 54% yield by oxidation 

of the known acetoxy compound 16 with chromium trioxide in acetic acid. This 

technique was not of interest due to the required multistep synthesis of the acetoxy 

compound followed by a low-yielding final step. 
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Scheme 3.3 Synthesis Strategy Reported by Snieckus 
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The best reported synthetic strategy for dithiophenebenzoquinone was the 

one presented by Snieckus. 17 This method was a general route to preparing 

various polyaromatic quinones. It took advantage of a technique called tandem 

directed metalation (Scheme 3.3) to produce dithiophenebenzoquinone in a 77% 

yield. 

3.1.3 Ortho-Metalation Background 

Tandem directed metalation in the formation of quinones requires ortho

metalation to occur twice. Ortho-metalation utilizes the deprotonation of a Sp2_ 

carbon a to a heteroatom-containing substituent on an aromatic or olefinic 

substrate. The heteroatom containing group is a directing group which serves 

three roles in ortho-metalation chemistry .18 The first is to anchor the strong base 

(usually an alkyllithium) by coordination. The second is to provide an inductive 

electron-withdrawing effect in the deprotonation step. The final role is to stabilize 

the ortho metalated intermediate by chelation. 

The criteria for a good directing group are the following. 18 First it must be 

resistant to nucleophilic attack by the alkyllithium. This can be achieved by using 

sterically hindered amides such as CONEt2 or a charge-deactivated group such as 

CONR-. The directing group must contain a heteroatom which can coordinate with 

the incipient ortho metal atom in a four, five, or a six membered ring intermediate 



31 

with the five membered ring being the most favorable. Contained in Table 3.1 is 

a list of ortho-metalating directing groups listed by decreasing ability. 

Strong: CONR2 ~ CONHMe 

S02NR2 

(CH2)nNR2 (n = 1,2) 

Moderate: NMe2, CF3 

CN 

Weak: CH(OR)2 

CH20H 

Table 3.1. ortho-Metalation Directing Groups 19 

3.2 Synthesis of Starting Materials 

The required starting materials for the tandem directed metalation synthesis 

of dithiophenebenzoquinone were N,N-diethyl-3-thiophenecarboxamide and 3-

thiophenecarboxaldehyde. N,N-Diethyl-3-thiophenecarboxamide is prepared by a 

simple two-step synthesis from 3-thiophenecarboxylic acid (scheme 3.4). The:lrst 

step was to prepare the acid chloride from 3-thiophenecarboxylic acid. The 

second step was to generate N,N-diethyl-3-thiophenecarboxamide by reacting the 
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acid chloride with excess diethylamine. 80th reactions proceeded in near 

quantitative yields allowing for efficient conversion of the acid to the amide. 

COCI o XSEt,NH. 

S 

CONE~ o s 

Scheme 3.4. Synthesis of 3-Thiophenecarboxamide 

The next step was to carry out the tandem directed metalation procedure 

reported by Snieckus. Since the starting materials for the synthesis of 

dithiophenebenzoquinone were relatively expensive, it was decided to check the 

reproducibility of this methodology using less expensive starting materials. 

Snieckus reported that benzaldehyde and N,N-diethylbenzamide, more reasonably 

priced starting materials, gave anthraquinone utilizing the same methodology. 

N,N-Diethylbenzamide is readily prepared from benzoyl chloride and excess 

diethylamine in a quantitative yield. 



3.3 SYnthesis of Anthraquinone via Tandem Directed Metalation 

3.3.1 Reported Methodoloqy 
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The communication describing the synthesis of anthraquinone had a very 

vague description of the experimental procedure. The experimental description 

listed no clear order of addition of the reactants for the first metalation reaction. 

It left the impression that the metalation was carried out by dropwise addition of 

a THF solution of the amide to a THF solution of a 1:1 mixture of sec-butyl 

lithium:N,N,N',N'-tetramethylethylenediamine(TMEDA) at -78G e. The metalation 

procedure was clarified in a paper on related work which was published by 

Snieckus at the time this work was starting. 20 The procedure given in the later 

paper agrees with what was vaguely inferred in the first communication. There' 

was still no mention of the concentration at which these metalations were run. The 

metalation was followed by the addition of the aldehyde and a second metalation. 

The reaction mixture was allowed to warm to room temperature overnight. The 

final steps reaction were to acidify the reaction mixture to prepare the benzylic 

alcohol followed by air oxidation of the alcohol to produce the desired quinone. 

The THF layer was removed in vacuo and the quinone was isolated by extracting 

the water layer with methylene chloride. 
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3.3.2 Results from Literature Methodologv 

The first attempted synthesis of anthraquinone using the tandem directed 

metalation procedure described by Snieckus yielded no anthraquinone. The 

viscous yellow oil obtained was a mixture of several products as well as starting 

materials as seen by thin layer chromatography. The IR spectrum of the mixture 

displayed a strong alcohol absorption peak. 

There were two hypotheses on why the product would contain an alcohol. 

The first was that the intermediate benzylic alcohol had not been oxidized to the 

quinone. The second was that the reaction stopped after the metalated amide 

added to benzaldehyde, producing the benzylic alcohol. The latter would indicate 

the second metalation reaction was unsuccessful. 

3.3.3 Study of Tandem Directed Metalation Process 

When no quinone was obtained the first question which was addressed was 

the possibility of the final precursor not being oxidized by air. To insure that the 

final precursor was oxidized fully, an oxidizing agent, potassium ferricyanide, was 

added to the reaction mixture. The IR spectrum indicated that the product after 

the addition of the oxidizing agent was the same as when the oxidizing agent was 

not used. The data indicated that no keto-alcohol was formed because even in the 

presence of the oxidizing agent no anthraquinone was formed. 
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Since no anthraquinone was being produced the reaction was monitored in 

a stepwise fashion to ascertain if the expected reactions had occurred. The first 

step was to see if the first metalation was going properly. This was checked by 

attempting the metalation of N,N-diethylbenzamide followed by immediate 

quenching with an electrophile such as trimethylsilyl chloride. 

Using sec-butyllithium as the base and following the procedure discussed 

above, the solution of N,N-diethylbenzamide was added dropwise to a 1: 1 mixture 

of TMEDA and sec-butyllithium. The reaction was quenched with an excess of 

trimethylsilyl chloride(TMSCI). Snieckus reports a 70% yield21 for this reaction but 

the best yield obtained in this work was 42%. 

The above results necessitated an investigation of the base. Ortho

metalations are very susceptible to base selection. There are several conflicting 

reports in the literature about which is the best base to use in metalations where 

the directing group is an amide. The literature reports that a smaller base can be 

used to successfully metalate a more sterically hindered tertiary amide, but there 

are a few papers which reported good results using n-butyllithium with unhindered 

tertiary amides 14 such as N,N-dimethylbenzamide. Beak22 reported that only a 

very small amount of metalation occurred when n-butyllithium was used with N,N

diethylbenzamide. The major reaction was nucleophilic attack of the butyl anion 

on the carbonyl of the amide (Scheme 3.5). Snieckus also reported that n-butyl

lithium could be used to produce the desired ortho-metalated product from N,N-
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diethylbenzamide but one drawback was the above mentioned nucleophilic attack 

at the carbonyl producing valerophenone. 22 The lack of formation of anthraquinone 

agreed with Beak's22 findings that n-butyllithium could not efficiently metal ate N,N-

diethylbenzamide, but it could efficiently metalate a more sterically hindered amide 

such as N,N-diisopropylbenzamide. The nucleophilicity of n-butyllithium was 

reported to diminish upon the addition of an equivalent amount of a chelating 

agent such as TMEDA. 

rA(conBU 
Q + ~

CONE~ 

0_ 
U+ 

major minor 

Scheme 3.5. Metalation Using Small Unhindered Base 

The metalation with n-butyllithium in the presence of TMEDA was 

attempted. However, as described in the literature problems with nucleophilic 

attack occurred. An interesting result was found when attempting the metalation 

using Lochmann's base (1: 1 mixture of n-butyllithium and potassium t-butoxide). 

The metalated species were quenched with TMSCI. Analysis of the product 
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revealed it contained no silicon. Instead valerophenone, 2-benzoyl-N,N-

diethylbenzamide and anthraquinone were isolated chromatographically on silica 

gel column (Table 3.2). 

Molar Ratio Reaction Reaction AQa Amideb KetoneC 

Base:Amide Time(h) Temp(°C) 

1:1 3 60 8 35 57 

1.5:1 18 60 26 28 46 
3:1 18 60 5 18 77 

1:1 0.17 20 0 55 45 

a. Anthraquinone 
b. 2-Benzoyl-N,N-diethylbenzamide 
c. Valerophenone 

Table 3.2. Products Isolated from Metalation of N,N-Diethylbenzamide with 
Lochmann's Base 

Valerophenone was the result of nucleophilic attack on the carbonyl as 

discussed above. 2-Benzoyl-N,N-diethylbenzamide resulted from the ortho-

metalated species of N,N-diethylbenzamide condensing with N,N-

diethylbenzamide. The product of this reaction can be metalated and undergo an 

intramolecular condensation reaction to produce anthraquinone (Scheme 3.6). The 

other possible route to anthraquinone is through two metalated species reacting 

to form the dimetalated species of 2-benzoyl-N,N-diethylbenzamide. 

Anthraquinone is formed via an intramolecular condensation reaction of metalated 



38 

species. The data in the table show that as the amount of anthraquinone 

produced increased the amount of 2-benzoyl-N,N-diethylbenzamide isolated 

decreased. 

©rCONEt" 
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Scheme 3.6. Two Routes to Anthraquinone 
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Tile preparation of anthraquinone via a self condensation reaction of the 

metalated amide corresponds to the technique reported by Slocum, mentioned 

previously, on the preparation of dithiophenebenzoquinone.14 In a similar reaction 

Snieckus added as a footnote some unpublished results to his communication 17 

that claimed anthraquinone was produced in a 74% yield when ortho-metalated 

N,N-diethylbenzamide was allowed to warm to room temperature overnight. He 

makes this statement in two of his papers 17.23 but in another paper18 he 

contradicted himself by saying that only trace amounts of anthraquinone were 

obtained if the aldehyde was not added to the metalated amide. 

Changing the base did not ease the problem of obtaining the desired 

metalated product. A bulkier amide such as N,N-diisopropylamide would greatly 

reduce the likelihood of nucleophilic attack at the carbonyl. The first metalation 

step on N,N-diisopropylbenzamide was attempted with sec-butyllithium and the 

product was trapped with TMSCI. The yield was 75% compared to 42% when the 

N,N-diethylbenzamide was used. Thus a larger directing group gave a better yield 

in the first metalation reaction. 

The next step was to trap the product of the nucleophilic addition of the 

metalated benzamide to the aldehyde (Scheme 3.7). We should be able to be 

trap the oxyanion by adding an electrophile such as t-butyldimethylsilyl chloride 

(tBDMSCI) or a protonic source which will remain soluble at the reaction 
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temperatures such as propionic acid. In the latter case the alcohol should be 

obtained. 

©rHO 
sec-BuU ~CONEI:! .. 

tBDMSCI 

Scheme 3.7. Trapping of Nucleophilic Attack on Benzaldehyde 

The metalation of the amide followed by the addition to benzaldehyde was 

attempted several times using both diisopropyl- and diethylbenzamides. An insight 

to where the reaction was going astray was found when the reactions were 

followed by tic. For both amides, after the first equivalent of sec-butyllithium was 

added, the reaction mixture contained only one product. After benzaldehyde was 

added, four compounds were observed. Three of the compounds were identified 
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by tic. The mixture contained the two starting materials and the alcohol produced 

from nucleophilic addition of the metalated amide to benzaldehyde. The 

unidentified product could be eliminated by reducing the concentration of amide 

from 0.25M to 0.11 M. 

The final step was to trap the oxyanion. This was first attempted using 

tBDMSCI as the electrophile. Immediately following the addition of tBDMSCI the 

tic of the reaction mixture indicated the presence of nine products. This could not 

easily be explained. One possibility was that some of the rings were being 

dimetalated resulting in several different silyl substituted products. Identical results 

were obtained when this trapping effort was attempted with either N,N

diethylbenzamide or N,N-diisopropylbenzamide as the starting material and sec

butyllithium as the base. A solution of the respective amide was added to a 

mixture of TMEDA and sec-butyllithium. The trapped alcohol was observed in low 

amounts as seen in the lH NMR of the crude product. It was possible that the 

silyl ether had been hydrolyzed in the workup which would lower the observed 

yields. No concerted effort was undertaken to eliminate the hydrolysis. 

The trapping of the alcohol was attempted again but this time the 

electrophile added to the system was propionic acid. Upon the addition of 

propionic acid, tic showed the same number of spots that were there after the 

addition of benzaldehyde. The Rr's of the products after the addition of 

benzaldehyde were the same as after the addition of propionic acid. This 
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technique allowed for the isolation of a 21 % yield of the alcohol when N,N-

diisopropylbenzamide was used as the starting material. This result supports the 

occurrence of multiple metalation reactions, because when propionic acid was 

added to the system, the errant metalation reactions were not observed because 

these sites were just reprotonated. Because of this it is possible that several 

different intermediates upon protonation form the same alcohol. 

3.3.4 Revised Synthesis Strategy 

A new synthetic strategy was investigated, since the stepwise investigation 

of the tandem directed metalation was not providing much promise for the 

successful synthesis of anthraquinone. The retrosynthesis scheme for the 

proposed route is shown below with each step to be investigated in detail. 

The last step was to prepare anthraquinone by forming the final six 

membered ring from 2-benzoyl-N,N-diethylbenzamide in the presence of excess 

polyphosphoric aCid(PPA). The last step of this synthesis was confirmed first. 2-

Benzoylbenzoic acid is commercially available. It was converted into the amide 

by first converting the acid to the acid chloride using thionyl chloride followed by 

adding the acid chloride to excess diamine. Similarly to previous conversion of 

acids to amides, the reactions proceed smoothly and in high yields. Once the 

amide was obtained it was placed in excess PPA for 48 hours at 90 o e. The amide 

was efficiently converted to anthraquinone in 91 % yield. 
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+ 

Scheme 3.8. Retrosynthetic Analysis of Revised Strategy 

The next step was to devise an efficient synthesis of 2-benzoyl-N,N-

diethylbenzamide other than the route previously described since the thiophene 

equivalent of 2-benzoylbenzoic acid was not commercially available. The desired 

keto-acid could be prepared from an ortho-metalated benzamide and the proper 

electrophile. The electrophile chosen was an ester containing a good leaving 

group, p-t-butylphenyl benzoate. The product of its reaction with metalated N,N-

diethylbenzamide was obtained in 33% yield. 

Conditions were found to obtain metalation of benzamides but the yields of 

these reactions were not as high as the literature reported. The nonreproducibility 

of the literature results led to the development of a new metalation strategy. 
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Parham24 reported a technique to prepare a synthetically equivalent species, 

lithium o-lithiobenzoate. It was prepared by an ipso substitution reaction between 

o-bromobenzoic acid and two equivalents of n-butyllithium. The lithium halogen 

exchange is a very facile reaction that proceeds rapidly in high yields at -1 aaDe. 

Another advantage was that there was little possibility of nucleophilic attack of the 

base on the carboxylate anion. 

2 nBuLi 

Scheme 3.9. Parham Metalation Strategy 

Parham's metalation technique was verified by preparing the metalated 

species and adding propionic acid to the reaction mixture followed by allowing the 

reaction mixture to warm to room temperature. The success of the lithium halogen 

exchange was measured by the amount of o-bromobenzoic acid that was 

converted to benzoic acid. When n-butyllithium was added to the 2-bromobenzoic 

acid and the reaction was quenched with excess propionic acid, an 87% yield of 

benzoic acid was obtained. 

The next step was to confirm if the synthesis of 2-benzoylbenzoic acid was 

possible with this technique. The first attempt was to prepare the keto-acid by 
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adding benzoyl chloride to the metalated benzoate. A 21 % yield was obtained. 

This does not duplicate the 62% yield Parham reported. 25 The selection of a 

different electrophile, p-t-phenyl benzoate, allowed for 2-benzoylbenzoic acid to be 

prepared in a 60% yield. 

An equivalent technique was planned to prepare dithiophenebenzoquinone 

(Scheme 3.10). The last step would be the formation of the quinone from 2-(3-

thenoyl)-3-thiophenecarboxamide. The keto-carboxylic acid would be prepared 

from the reaction between lithium 2-lithio-3-thiophenecarboxylate and p-t

butyl phenyl 3-thiophenecarboxylate. p-t-Butylphenyl 3-thiophenecarboxylate can 

be synthesized in the standard fashion from the commercially available 3-

thiophenecarboxylic acid. Lithium 2-lithio-3-thiophenecarboxylate would be 

prepared in one of two fashions. The first was to start with 2-bromo-3-

thiophenecarboxylic and add two equivalents of n-butyllithium. The other route to 

this ortho lithiated carboxylate was to attempt a metalation of 3-

thiophenecarboxylic acid. The thiophene system has an advantage which the 

benzene system does not possess in that the hydrogens at the 2 and 5 position 

in the thiophene ring are more acidic than the hydrogens at the 3 and 4 position. 

This coupled with the ortho-directing 3-carboxylate group metalation would favor 

metalation in the two position of the thiophene ring. 

Two equivalents of n-butyllithium were added to 3-thiophenecarboxylic acid. 

The reaction was quenched with excess TMSCI. A 32% yield of the desired 
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product was obtained. The low yield of this reaction led to a proposed synthesis 

of 2-bromo-3-thiophenecarboxylic. 2-Bromo-3-methylthiophene is commercially 

available and might be oxidized to the desired acid. 

Scheme 3.10. Proposed Retrosynthesis of Dithiophenebenzoquinone 
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Scheme 3.11. Revised Strategy for the Synthesis of Dithiophenebenzoquinone 

3.3.5 Tandem Directed Metalation Order of Addition Study 

Before the synthesis of 2-bromo-3-thiophenecarboxylic acid was attempted, 

it was noted that Parham's metalation technique involved adding the alkyllithium 

base to the aromatic acid. This is opposite of the metalation technique reported 

by Snieckus20 and Beak22
, where the amide was added to the alkyl lithium base. 
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An observation that was noted by Beak, which was also very apparent from the 

work described above, was that metalation chemistry was very sensitive and was 

dependent upon almost every aspect of reaction conditions, including order of 

addition of the reactants, reaction temperature, reaction time, solvent, complexing 

agent and substituents on the directing group. 

Beak reports in the case of the metalation of N,N-diethylbenzamide, if the 

amide is added to a solution of sec-butyllithium the metalation proceeds efficiently. 

If the opposite order was used, a high yield of 2-benzoyl-N,N-diethylbenzamide 

was obtained along with a very small amount of the desired product. In Snieckus' 

more recent work20 he uses the same order of addition described by Beak but in 

previous papers he utilized the opposite order of addition and still obtained high 

yields for similar reactions. Slocum also reported success adding the base to the 

aromatic substrate. 14 The above illustrates the inconsistencies in the literature in 

regards to ortho-metalation chemistry. A recent article addressed the 

inconsistencies of ortho-metalation chemistry with a detailed study of the 

metalation of phenylcarbamic acid 1, 1-dimethylethyl ester.26 

The tandem directed metalation reaction to prepare anthraquinone was 

attempted with the order of addition being N,N-diethylbenzamide diluted in THF 

followed by TMEDA and sec-butyllithium. The first metalation was followed by the 

addition of benzaldehyde and a second equivalent of sec-butyllithium. The 

reaction mixture was allowed to warm to room temperature overnight and 
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quenched with saturated ammonium chloride followed by air oxidation. 

Anthraquinone was isolated in 34% yield. 

This was not the 44% yield that Snieckus reports but was a significant 

increase over previous attempts to repeat Snieckus results. By changing the order 

of addition originally reported by Snieckus the tandem directed metalation 

technique is successfully applied to the synthesis of anthraquinone. 

With the methodology discovered to successfully prepare anthraquinone, the 

methodology was applied to prepare dithiophenebenzoquinone. The reaction was 

attempted and the 77% yield that Snieckus reported was duplicated. 

The tandem directed metalation was dependent upon the concentration of 

the amide at the time of the first metalation reaction. Lower amide concentrations 

generated dithiophenebenzoquinone in higher yields, as seen in Table 3.3. The 

yield dropped significantly when more than 12.5 mmol of the amide was used. 
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[amide] mmol of amide % Yield 

0.05 12.5 77 
0.10 2.5 69 
0.10 25.0 7 
0.20 2.5 62 

Table 3.3. Study of Scale and Amide Concentration 

3.4 Conclusion 

Several alternative routes to dithiophenebenzoquinone were investigated 

using anthraquinone as a test compound. The results in the literature were not 

duplicated after several alterations. In the end the results reported by Snieckus 

were duplicated after the exact experimental methodology was determined. 

Work reported here offers possible alternative routes to the synthesis of 

dithiophenebenzoquinone. There exists a possibility that one of the above 

techniques could be optimized to prepare dithiophenebenzoquinone in a higher 

yield than reported. The optimization was not pursued because it was not the 

primary focus of this research to develop a more efficient methodology to prepare 

dithiophenebenzoquinone. Instead it was desired to use the quinone as a 

monomer to prepare polyaryldithiophenebenzoquinoneimine. 
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Polyaryldithiophenebenzoquinoneimine was to be prepared via a 

condensation polymerization. The kinetic requirements for a step growth 

polymerization demand that each step of the reaction proceed in quantitative yield 

so that polymer of high molecular weight is obtained. The polymer-forming 

reaction that will be repeated in the condensation polymerization is the formation 

of the imine. A model compound was used to optimize the yield of the imine

forming reaction before any polymerizations were attempted. 

An objective of this work was to develop a synthetic route to the model 

compound bis(N-phenyl) diimine of dithiophenebenzoquinone (Figure 4.1) in 

quantitative yield. The optimization of the model compound synthesis yield was 

completed using anthraquinone instead of dithiophenebenzoquinone. 

Anthraquinone was inexpensive and readily available, while dithiophenebenzo

quinone was prepared from a multistep synthesis, described previously, from 

expensive starting materials. It was believed that the reactivity of the quinones is 

similar, so the less expensive anthraquinone was used in the optimization study. 
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Prior to the start of this research project, several attempts had been made 

in this group toward the synthesis of the N,N'-diphenylanthraquinonediimine model 

compound from anthraquinone and two equivalents of aniline (Scheme 4.1). 

Previous techniques included mixing the reactants in the presence of PPA or in the 

presence of another Lewis acid, for example aluminum trichloride. The model 

compound preparation was also attempted via a N-Wittig reaction as described by 

Froyen. 13 Unfortunately none of the synthetic routes attempted produced the 

model compound in the desired quantitative yield. Previous attempts included 

running the reaction in the presence of various Lewis acids, such as aluminum 
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Scheme 4.1. Synthesis of N,N'-Diphenylanthraquinonediimine 
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trichloride, titanium tetrachloride and triethylamine, butyltin trichloride, silicon 

tetrachloride, trimethylchlorosilane, two equivalents of trimethylsilyl triflate and one 

equivalent of triethylamine and two-to-one triphenylphosphine oxide and triflic 

anhydride with 2% triethylamine and polyphosphoric acid.27 The best technique 

was found to be the one using titanium tetrachloride in the presence of 

triethylamine. Titanium tetrachloride had been established previously as a 

dehydrating reagent in the formation of imines from ketones and amines in work 

reported by Weingarten and coworkers.28 The overall yield of the reaction was 

improved when 50% excess of titanium tetrachloride and triethylamine were used, 

instead of stoichiometric amounts. 

4.2 Optimization of Synthetic Strategy 

There were four main studies undertaken to optimize the synthesis of the 

imine. These were an order of addition study, variation of the Lewis acid and 

tertiary amine used and a study on the effect of solvent. The starting point for the 

optimization work was the reaction using excess titanium tetrachloride and 

triethylamine (scheme 4.2) to prepare the anthraquinone model compound. 
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Scheme 4.2 Model Compound Synthetic Strategy 

55 

+ 6E~N 

The possibility of improving the yield of the reaction by changing the order 

of addition of the reactants was investigated. With four reactants, the number of 

different addition orders was 4! or 24, therefore a statistical approach reported by 
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Carlson was employed. 29 The goal of this method was to reduce the number of 

experiments required to find the optimum order of addition. The imine-forming 

reaction was carried out by varying the order of addition in a cyclic process. After 

the first experiment the order of addition was altered by adding the last item from 

the previous experiment first followed by the remaining reactants in the same 

order. This was continued until a cycle of four experiments was completed. The 

results of these experiments should eliminate subsets of inefficient addition orders 

and determine if other subsets require a more detailed investigation. 

The initial imine reaction produced the model compound in a 82% yield 

utilizing the order of addition: anthraquinone, triethylamine, aniline and titanium 

tetrachloride. The results of subsequent experiments are listed in Table 4.1. The 

optimum order of addition was determined to be aniline followed by triethylamine, 

titanium tetrachloride and finally anthraquinone. 

Reactant Order of Addition 

Aniline 1 1 1 2 3 4 

Triethylamine 2 4 4 3 4 1 

Titanium tetrachloride 3 3 2 4 1 2 

Anthraquinone 4 2 3 1 2 3 

% Yield 99 92 84 82 81 69 

Table 4.1. Order of Addition Study 
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The order of addition study allowed for the formation of a few hypotheses about 

the mechanism of the imine-forming reaction. Initially the proposed role of the titanium 

tetrachloride was two-fold. The first was to coordinate with the oxygen on the carbonyl 

which would make the carbon atom on the carbonyl more susceptible to nucleophilic 

attack by aniline. The second was to remove the water formed in the condensation 

reaction which required that at least a stoichiometric amount of titanium tetrachloride was 

used. The titanium tetrachloride reacted with the water to form titanium dioxide and 

hydrochloric acid. Imines are known to be unstable in acidic media, so triethylamine was 

added to the system to remove the evolved acid. 

The experiment mixing titanium tetrachloride and anthraquinone first did not 

efficiently produce the model compound. This negates the hypothesis that a 

titanium/carbonyl complex is the reactive species in the imine-forming reaction. 

It is proposed that the reactive species in the imine-forming reaction is a 

titanium(IV)/primary amine complex. Primary amines are believed to initially coordinate 

with titanium tetrachloride and then undergo base-catalyzed elimination of hydrogen 

chloride. Primary amines replace two of the chlorines bonded to the titanium in a 

substitution reaction to form TiCI2(NHR)2.3o.31 The result of the experiment where the 

aniline and titanium tetrachloride were mixed first followed by anthraquinone indicated that 

more than the titanium(IV)/aniline species was needed to obtain the model compound in 

high yield. It is still feasible that the reactive species was the titanium(IV)/aniline complex 

because the optimum results were found when both amines and the titanium tetrachloride 
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were allowed to react first. However, the formation of the titanium(IV)/aniline complex 

requires a base to initiate the loss of hydrochloric acid. If no triethylamine was present 

the base removing the hydrochloric acid was aniline which reduces the concentration of 

aniline because of the formation of the anilinium salt. Maier has proposed 

titanium(IV)/amine complexes as the reactive species in similar condensation reactions.32 

In all of the experiments the formation of a black tarry byproduct was observed. 

This byproduct caused problems in the isolation and purification of the model compound 

and it was believed that these problems would be magnified when the polymerization was 

attempted. The experiment mixing first the titanium tetrachloride with triethylamine 

revealed that a reaction between these two reactants was the source of the black 

byproduct. 

Tertiary amines have been reported to form adducts with titanium tetrachloride as 

well as to reduce titanium(IV) to titanium(III).31 The reaction between trimethylamine and 

titanium tetrachloride has been thoroughly studied. 31 Trimethylamine forms a stable 

adduct with titanium tetrachloride at -5°C with only a minimum of reduction to titanium(III), 

but upon heating to 1 aaoc a significant amount of reduction occurs. The model 

compound synthesis was conducted in refluxing toluene, therefore the reaction 

temperature is high enough to expect a significant amount of reduction of the titanium. 

The products of the reaction between titanium tetrachloride and trimethylamine have been 

shown to include (Me3N)2·TiCI3 and (Me3N)·TiCI4 • The reduction product is a brown-black 

material while the adduct has been found to range from yellow-brown to yellow-green. 
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The reported color of the reduction is consistent with the observed reactions between 

titanium tetrachloride and triethylamine. 

A Lewis acid which had not been investigated previously was zirconium 

tetrachloride. Zirconium tetrachloride is much more resistant than titanium tetrachloride 

to reduction in the presence of tertiary amines. Zirconium tetrachloride typically forms 

compounds such as ZrCI4(Lh when reacted with amines, where L is an aliphatic tertiary 

amine such as triethylamine. 33 Rarely has a tertiary amine been reported to reduce 

zirconium tetrachloride to a lower valence state. 

The anthraquinone model compound synthesis using zirconium tetrachloride was 

attempted and the black byproduct was almost completely eliminated. Employing the 

optimum conditions determined previously, a 61 % yield of the anthraquinone model 

compound was obtained. A significant amount of the product mixture was the 

monoimine. 

A possible reaction mechanism for the synthesis of the anthraquinone model 

compound was first the formation of an intermediate between titanium tetrachloride and 

aniline. The literature reports the formation of a zirconium diimide when aniline was 

added to zirconium tetrachloride.34 If the zirconium tetrachloride reaction was proceeding 

via a zirconium diimide (Zr(NCsHs)2) intermediate, the reaction would be similar to the N

Wittig reaction reported by Froyen,13 who used arsine imines to react with carbonyl

containing compounds to form imines. The preparation of model compounds from 

dioxazole benzoquinone using Froyen-type chemistry was previously attempted with little 
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success. 12 In both the Froyen-type chemistry and the reaction using zirconium 

tetrachloride, a mixture of mono- and diimines was prepared. 

Changing the Lewis acid in the imine-forming reaction led to a significant reduction 

of the byproduct, but the yield dropped significantly. An investigation of various tertiary 

amines was conducted in an attempt to eliminate the byproduct while maintaining the 

desired quantitative yield. Hindered tertiary amines were initially investigated such as 

ethyldiisopropylamine, N,N-diethylaniline, and n-hexyldimethylamine. These amines did 

not produce the desired quantitative yields and the black byproduct was generated. The 

only observable difference was the viscosity of the byproduct. Amines such as 

triethylamine produce a very viscous material while n-hexyldimethylamine produces a 

less viscous material. 

Hindered amines did not produce the desired result, therefore less hindered tertiary 

amines were investigated. These included 1,5-diazabycyclo[4.3.0]nonene (DBN), 1,4-

diazabicyclo[2.2.2]octane (DABCO), N-methylpiperidine and quinuclidine. DBN and N

methylpiperidine both produced the black byproduct. DABCO and quinuclidine did not 

produce this byproduct and the model compound was generated in a quantitative yield 

(Table 4.2). 

It was proposed that the reaction between the tertiary amine and titanium 

tetrachloride is an equilibrium redox reaction. The loss of the a-hydrogen is proposed to 

stabilize the oxidized amine and drive the equilibrium toward the products. DABCO and 
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quinuclidine would not be able to lose an a-hydrogen because this would result in a 

bridgehead olefin of the bicyclic system which is in direct violation of Bredt's rule. 32 

Tertiary Amine % Yield Byproduct Present 

N,N-Diethylaniline 80 ./ 
Triethylamine 99 ./ 

Ethyldiisopropylamine 89 ./ 
Dimethylhexylamine 99 ./ 
N-methylpiperidine 99 " DBN 86 " DABCO 99 

Quinuclidine 99 
None 32 

Table 4.2 Tertiary Amine Study 

Solvents attempted in previous work included xylene, nitrobenzene and 

phenyl ether.27 These solvents were selected for their ability to solubilize the 

reactants and products. The two main solvents investigated in this work are 

toluene and chlorobenzene. The basic difference between the two solvents is the 

difference in boiling points. Using chlorobenzene allowed the reaction to be 

conducted 21 DC higher. Changing solvent did not result in any significant 

improvement in the yield or shorten the reaction time. This corresponds to results 

previously obtained which found little effect of solvent on the overall reaction. 
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The solvent study completed the optimization of the model compound 

synthesis investigation. The optimized conditions were to reflux the reactants in 

one of the solvents discussed above for one day. The best tertiary amine was 

DABCO because it eliminated the reduction which occurs when tertiary amines 

react with titanium tetrachloride. The order of addition of the reactants was aniline, 

DABCO, titanium tetrachloride and anthraquinone. 

4.3 Characterization of Anthraquinone Model Compound 

The anthraquinone model compound was fully characterized using IR, lH 

and l3C NMR, elemental analysis and UV-Vis spectroscopy. The UV-Vis spectrum 

exhibited an absorption maximum at 398 nm with an extinction coefficient of 4970 

Mol cmol . All of the data for the anthraquinone model compound prepared by this 

technique was identical to the anthraquinone model compound prepared and 

characterized by Everaerts.21 

4.4 Dithiophenebenzoquinone Model Compound 

Using the optimum order of addition determined for anthraquinone, the 

model compound using dithiophenebenzoquinone and aniline was prepared. The 

model compound was prepared in 95% yield and formed yellow/orange needles 

when recrystallized from methyl ethyl ketone. 
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lH NMR and IR analysis confirmed that N,N'-diphenyldithiophenebenzo-

quinonediimine was prepared. IR analysis showed an imine peak at 1600 cm-l
, 

which was shifted slightly from the 1619 cm-l found for the diimine of 

anthraquinone. The l3C NMR of the dithiophenebenzoquinone model compound 

was similar to that of the anthraquinone model compound. Elemental analysis 

corresponded exactly to the calculated values. The UV-Vis spectrum exhibited a 

maximum absorption at 424 nm with an extinction coefficient of 3280 M-l cm-l
. 

)9) 
N 

)9) 
N 

Anti-S Anti-H Syn 

Figure 4.2. Stereoisomers of the Dithiophenebenzoquinone Model Compound 
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There are three possible stereoisomers of the dithiophenebenzoquinone 

model compound. Termed anti-H, anti-S and syn (Figure 4.2). Two of the 

isomers have the phenyl rings positioned anti with the anti-H having the phenyl 

rings on the side of hydrogen and the anti-S containing the phenyl rings situated 

on the side of the sulfur atom. The other stereoisomer has the phenyl rings in a 

syn fashion. The model compound exhibited a sharp melting point, which 

suggested that only one stereoisomerwas present. The dithiophenebenzoquinone 

model compound was determined by X-ray crystallography to exist in the anti-S 

conformation (Figure 4.3). 

Figure 4.3. X-ray Structure of N,N-Diphenyldithiophenebenzoquinonediimine 
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The quinone portion of the dithiophenebenzoquinone model compound was 

found to be planar which is in contrast to the crystal structure of the anthraquinone 

model compound which was shown to exist in a butterfly shape, with the quinone 

buckled by 18 0
• The X-ray data on the dithiophenebenzoquinone model compound 

supported the initial hypothesis of this research that switching from a quinone 

mOiety with fused six membered rings, such as anthraquinone, to a quinone with 

fused five membered rings containing a heteroatom, such as 

dithiophenebenzoquinone, would relieve steric hindrance and result in a planar 

quinone moiety. Incorporation of the dithiophenebenzoquinone structure into a 

polymer backbone could potentially lead to a planar polymer backbone. 

The phenyl rings were twisted 90 0 out of the plane of the quinone moiety. 

Two reasons were proposed for the observed rotation. The first was steric 

hindrance between the large sulfur atom and the ortho hydrogen of the phenyl ring. 

The sulfur atom was almost as large as the space occupied by the corresponding 

C-H bond. The second was that the rotated phenyl ring is now conjugated with 

the lone pair of electrons on the nitrogen of the imine. 

4.5 Structural Tendencies of N-Phenyl Imines 

The crystal structures of three isoelectronic structures, stilbene, azobenzene 

and N-benzylideneaniline (Figure 4.4) indicated the preference of the N-phenyl ring 

of N-phenyl imines to be rotated out of the plane of the imine. Stilbene and 
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azobenzene are known planar molecules, while N-benzylideneaniline is not planar. 

The C-phenyl ring of N-benzylideneaniline is coplanar with the imine but the N

phenyl ring is rotated out of the plane of the rest of the molecule by 60°. 

o <Q) 
Stilbene N-Benzylidene aniline Azobenzene 

Figure 4.4. Example of Rotated N-Phenyl Ring in Three Isoelectronic Compounds 

A search of the Cambridge Data Base for crystal structures containing the 

N-benzylidineaniline moiety was completed. Many reports have shown that the N

phenyl rings of N-phenyl imines tend to be rotated out of the plane of the imine by 

60-90°. This is illustrated in a histograph in Figure 4.5. There were a few cases 

where the N-benzylidene aniline moiety is planar. 

The majority of these systems contained a hydroxyl group on the ortho 

position of the C-phenyl ring. The hydroxyl group can hydrogen bond with the lone 

pair on the nitrogen (Figure 4.6). The hydrogen bonding would destroy the favored 



67 

conjugation between the nitrogen lone pair electrons and the N-phenyl ring. When 

the N-phenyl ring is not conjugated with the imine, it prefers to rotate to relieve 

steric hindrance and to become conjugated with the lone pair electrons on the 

nitrogen. The data base search revealed that if the N-phenyl group was planar 

with the imine, the C-phenyl group was planar with the imine making a planar 

molecule. The converse was not true . 

.•••• 1. ••• I .••• 1. ••• I .... I .... 1. ••. 1 .... 1 .... 1 ..... 
0.0 _ •• 

22.5 _ •••••••• 

45.0 _ •••••••••••••••••••• 

•• '* •••• '* '* '* ..•..•...... 
67.5 _ •••••••••••••••••••••••••••••• 

90.0 -
..... 1 .... 1. ••. I .... !. ... 1. ... I .... 1. ... 1. ... 1. .... 

2 4 6 8 10 12 14 16 18 20 

Figure 4.5. Angle of Rotation of N-Phenyl Rings of N-Phenyl Imines 

Figure 4.6. Hydrogen Bonding in N-Phenyl Imines 
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Even though the dithiophenebenzoquinone model compound was not 

planar, it is possible that a planar conjugated polymer could be prepared. 

Baughman and coworkers35 have shown that a model compound of polyaniline, 

N,N'-diphenylbenzoquinonediimine, also exhibited the phenyl rings rotated out of 

the benzoquinone plane by 60°. They have also prepared and obtained a crystal 

structure of the tetramer of polyaniline doped with two equivalents of acid. The X

ray crystal structure of the doped tetramer indicates that the four C-N-C bonds are 

coplanar. The rings were rotated out of the plane of the backbone by only ± 15° 

in an alternating fashion, but conjugation along the polymer backbone was 

maintained allowing the doped form of polyaniline to be an electrical conductor. 

The above data combined with the statement published by Epstein that ring 

rotations are an important component of the excited state of many polymers in 

which steric interactions force deviations from planarity in the ground state36 allows 

for the existence of a planar conjugated polymer from an aromatic diamine and 

dithiophenebenzoquinone. 

4.6 Molecular Modeling of Model Compound 

Molecular modeling of the model compounds was conducted. The goal of 

these experiments was to compare the known structure of the model compound 

to the results of the modelling calculations. Two different calculations were 
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performed, an MM2 calculation using PC Model software and a PM3 calculation 

using SYBYL software. 

The MM2 calculations found that the anti-S and anti-H structures were of 

equivalent energy while the syn structure possessed a slightly higher energy. 

These calculations indicated that there was significant steric hindrance between 

the ortho proton of the phenyl ring and either the sulfur or the peri hydrogen of the 

quinone system depending on which configuration was being considered. The 

calculations showed an angle larger than 1200 on the side of the imine carbon 

which contains the phenyl ring while the angle on the side opposite of the phenyl 

ring was less than 1200
• 
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X-ray MM2 PM3 

Bond Angles: 

C1a-C7-N 128.6 129 129 

C7-N-C11 122.1 134 129 

C1a-S-C2 91.5 91 92 

Torsion Angle: 

C7 -N-C 11-C12 39 96 

Angle Between 

Planes: 3 90.16 91.5 

a. The an lie between two defined Ilanes. g p 

Plane 1 = C11,C12,C13,C14,C15,C16. 

Plane 2 = C3a,C3,C2,S,C1a,C7,C3a',C3',C2',S',C1a',C7'. 

Table 4.3 Torsion Angles in Dithiophenebenzoquinone Model Compound 
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The PM3 calculations yield geometry similar to that from the MM2 

calculations. However, the PM3 calculations predicted the most stable conformer 

to be the anti-H. It was calculated to be two kcal more stable than the syn isomer 

which was calculated to be two kcal more stable the anti-S structure. 

Another PM3 modeling study investigated the stability of the model 

compound as a function of the torsion angle of the N-phenyl rings. The study 

revealed that a very broad energy minimum existed and the stability of the model 

compound was relatively independent of the torsion angle between 30-90 0
• The 

torsion angle experiment gave results similar to those produced in the Cambridge 

structural data base search. 

4.7 Conclusion 

The anthraquinone model compound was prepared in quantitative yield by 

optimization of the synthetic strategy. The yield was quantitized by experimenting 

with the order of addition of reagents. The source of a byproduct was identified 

as a reaction between titanium tetrachloride and triethylamine. This byproduct was 

eliminated by changing the Lewis acid and the tertiary amine used in the reaction. 

The best experimental results were obtained when DABCO was used. DABCO 

did not exhibit the redox chemistry typically observed between tertiary amines and 

titanium tetrachloride. 
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The dithiophenebenzoquinone model compound was prepared and fully 

characterized. An X-ray crystal structure revealed that the quinone portion of the 

molecule was planar while the N-phenyl portions were rotated out of the plane of 

the quinone. This was consistent with molecular modeling studies as well as what 

was found from a search of N-phenyl imines in the Cambridge structural data base 

of crystal structures. 
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Chapter 5 

Polymer Syntheses and Characterization 

5.1 Introduction 

As described in the background of this thesis, attempts toward preparing 

polyquinoneimines encountered several difficulties, including low yields, low 

molecular weights and preparation of black insoluble, intractable materials. The 

previous chapter described the development of a synthetic strategy to prepare the 

model compound in quantitative yield. The methodology developed for the 

synthesis of the model compound was next applied to the synthesis of the 

polymer. 

The quinone of choice for the current work was dithiophenebenzoquinone 

but the polymerizations were first attempted with anthraquinone due to availability 

and cost of the quinone. Several diamines were considered for incorporation into 

the desired polyarylquinoneimine (Figure 5.1) such as p-phenylenediamine, 4,4'

methylenedianiline, 4,4'-oxydianiline and 4,4'-thiodianiline. 4,4'-Methylenedianiline 

was the comonomer chosen for exploratory experiments because it was the most 

soluble diamine which would simplify the polymer synthesis and potentially yield 

a soluble polymer. 4,4'-Methylenedianiline is not conjugated due to the methylene 

spacer unit therefore a conjugated polymer cannot be produced. However, this 
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diamine was selected because it can potentially generate a polymer in high yield 

with high molecular weight. These factors overruled the consideration of using a 

diamine which would yield a conjugated polymer. Once high molecular weight 

polymers were obtained in good yields, a fully conjugated polymer could 

presumably be prepared using the same strategy. 

X=C~,O, S 

Figure 5.1. Polymer Repeat Unit 

Another objective of incorporating the methylene spacer unit in the polymer 

backbone was to allow a more detailed analysis than was obtained with previous 

insoluble polyquinoneimines prepared in this lab. 11 The lack of solubility of 

previous polyquinoneimines limited analysis to IR and elemental analysis. A 

soluble polymer could also be analyzed by NMR, SEC, UV-Vis and viscosity. 
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5.2 Polymerization Utilizing Model Compound Synthesis Strategy 

+ H2N·Ar·N~ + 1.5 TiCI4 + 6 DABCO 

1 

NoAr°i 

Scheme 5.1. Synthesis of Polymer 

The optimum yield of the model compound was obtained when the 

reactants were added in the following order: aniline, DABCO, titanium 

tetrachloride and anthraquinone. The reaction was conducted in toluene at reflux 

for 18 hours. A polymer was prepared from anthraquinone and 4,4'· 

methylenedianiline utilizing identical reaction conditions (Scheme 5.1). The 
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polymer was isolated from the heterogeneous reaction mixture by filtering off the 

insoluble materials. The filter cake was washed with excess hot toluene to recover 

any polymer which precipitated out of the reaction mixture. The solvent was 

removed from the polymer in vacuo. Further purification was obtained by 

dissolving the polymer in chloroform and precipitating it into hexanes. The polymer 

was isolated in 51 % yield which is a significant improvement from the 31 % yield 

obtained using the same reactants and non-optimized conditions. The polymer 

was a red powder which was soluble in common organic solvents such as 

chlorobenzene, tetrahydrofuran and chloroform. The isolated polymer formed a 

transparent red film upon slow evaporation of solvent. 

5.3 Effect of Tertiary Amine, Solvent and Reaction Time 

Early attempts at preparing the polymer did not produce the desired 

quantitative yield achieved in the model compound synthesis. To improve the 

polymerization, two variations from the optimized conditions for the model 

compound, were investigated. An investigation of the tertiary amine used in the 

polymerization was conducted to determine if the tertiary amine plays a significant 

role as it did in the model compound synthesis. The effect of the solvent on the 

polymerization was investigated even though the model compound synthesis 

produced no variation in the length of reaction or the overall yield when the solvent 

was changed. 
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As Table 5.1 illustrates. a significant increase in yield is obtained by 

changing the solvent from toluene to chlorobenzene. We propose that the 

improved reaction was not a function of solvent selectivity but instead was due to 

the increased reaction temperature since chlorobenzene refluxes 21°C higher than 

toluene. The increased reaction temperature results in increased solubility of the 

monomers and growing polymer chains. The increased solubility allows for 

increased monomer reactivity with other monomers and growing polymer chains. 

The change in solubility also allows for polymers of higher molecular weight to be 

prepared since the growing polymer chains stay in solution longer. 

To verify if changing the tertiary amine resulted in effects similar to what 

was observed in the model compound synthesis. the polymerization was attempted 

with either triethylamine or DABCO. As shown in Table 5.1. the yield of the 

polymerization did not differ significantly in toluene. However. in chlorobenzene 

the yield rose from 76% with triethylamine to 99% with DABCO. In both solvents 

the workup and isolation of the polymer was more difficult when triethylamine was 

used. The polymer had to be isolated from the byproduct resulting from the side 

reaction between triethylamine and titanium tetrachloride as observed in the model 

compound synthesis. It is possible that in chlorobenzene the increased reaction 

temperatures favored the redox reaction between titanium tetrachloride and 

triethylamine. An increased amount of the reduction side reaction between 
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titanium tetrachloride and triethylamine could account for the significantly lower 

yield from when DABCO was used in chlorobenzene. 

R3N % Yield % Yield 

CsHsCH3 CsHsCI 

Triethylamine 57 76 
DABCO 51 99 

Table 5.1. Effect of Changing Solvent and Tertiary Amine 

The relationship of yield to length of reaction was studied to verify the 

efficient synthesis of the polymer using the optimized conditions just discussed. 

A series of four polymerizations was attempted. The length of polymerization was 

varied from 1-4 days. A quantitative yield of the polymer was obtained in all four 

polymerizations. A quantitative yield could indicate two possible things. The first 

is that all of the monomers are incorporated into the growing polymer chains and 

the only difference between the experiments was the molecular weight of the 

polymers. The second is that after 24 hours the polymerizations were complete. 

The above studies have determined that the optimum technique for the 

polymerization of 4,4'-methylenedianiline and anthraquinone was to conduct the 

polymerization in refluxing chlorobenzene. Due to low solubility of the monomers 

and the polymers the original quinone and diamine concentration was O.08M. The 
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order of addition must be 4,4'-methylenedianiline, DABCO, titanium tetrachloride 

and anthraquinone. As found for the model compounds, the efficient 

polymerization required a 50% excess of titanium tetrachloride and DABCO. This 

methodology was also used to successfully prepare polymers from either 4,4'

thiodianiline or 4,4'-oxydianiline and anthraquinone. 

5.4 Structural Characterization of the Polymers 

IR, lH and 13C NMR, UV-VIS and elemental analysis were the 

characterization techniques used to assist in the structural confirmation of the 

polyquinoneimine. The imine peak was detected in the IR spectrum at 1619 cm-1 

just as in the model compound. No end groups were detected by IR spectrometry. 

The end groups of the polyarylquinoneimine, amino and carbonyl, display 

characteristic peaks in the IR spectrum which should be readily observed at 3300 

and 1688 cm-1, respectively. The lack of observed end groups indicated a polymer 

of significant molecular weight was prepared. 

The polymers were soluble in common organic solvents such as THF, 

chloroform and chlorobenzene. lH and 13C NMR analyses were conducted in 

deuterated chloroform. The lH NMR showed very broad peaks in the aromatic 

region with the same chemical shifts as observed in the model compound. The 

13C NMR yielded the same type of results as the lH NMR supporting that the 

structure of the polymer correlated to the model compound structure. The 13C 
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NMR also did not indicate the existence of the carbonyl end group. The only 

signal which could be readily identified in the 1H and 13C NMR spectra was the one 

resulting from the methylene spacer unit in the polymer containing 4,4'

methylenedianiline. No more detailed information could be obtained from the 1H 

and 13C NMR data. 

The UV-Vis spectra of the polymer exhibited an absorption maximum 

around 420 nm, which is shifted to higher wavelength than the corresponding N,N'

diphenylanthraquinoneimine model compound by 30 nm (Table 5.2). The 

extinction coefficients of the model compound and polymers are of the same order 

of magnitude. 

The increased wavelength of maximum absorbance and extinction 

coefficient of the polymers over the model compound indicated an increase in 

conjugation in the polymer. The polymers containing 4,4'-thiodianiline and 4,4'

oxydianiline exhibit an increase in wavelength of maximum absorbance and 

increased extinction coefficients over the polymer containing 4,4'

methylenedianiline. These data indicate the incorporation of the oxo- or thio

linkage in the dianilines resulted in increased conjugation from the lone pair 

electrons. 

Elemental analysis of the polymers did not match the theoretical values 

exactly. The elemental analysis data for a polymer prepared from 4,4'-thiodianiline 
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and anthraquinone are shown in table 5.3. The analysis revealed that the 

polymer sampled contained only 89% C,H,N and S. 

Sample Amax(nm) e(dL/g cm) e(M-1cm-1)a 

MDA/AQb 410 196 7260 
SDA/AQc 424 205 7960 
ODA/AQd 432 309 11510 
Modele 398 139 4970 

a. Calculated from first e value USIn g molecular wei Iht of re g p eat umt. 

b. Polymer prepared from anthraquinone and 4,4'-methylenedianiline. 

c. Polymer prepared from anthraquinone and 4,4'-thiodianiline. 

d. Polymer prepared from anthraquinone and 4,4'-oxydianiline. 

e. Model compound prepared from anthraquinone and two equivalents of 

aniline. 

Table 5.2 UV-Vis Data 

It was possible that the unaccounted composition resulted from solvent 

trapped in the polymer matrix. The last solvent the polymer was dissolved in 

during the workup was chloroform. The data was reanalyzed assuming the 

unaccounted composition resulted from chlorine in chloroform. The corrected 

values were within experimental error of the calculated values for the polymer 

prepared from 4,4'-thiodianilne and anthraquinone. 



82 

An experiment was designed to eliminate the solvent trapped in the polymer 

matrix. The polymer was reprecipitated two times from hexanes and dried under 

vacuum for three days at 56°C. Elemental analysis of the purified sample 

contained a reduced amount of unaccounted composition. The polymer was 

further purified by Soxhlet extraction with hexanes for three days followed by 

drying at 56°C under vacuum. Elemental analysis of the highly purified material 

again revealed a further reduction of the unaccounted material. 

SDAJAQ3 %C %H %N %S Total 

Calcd 80.39 4.15 7.21 8.25 100 

Found 
1b 71.02 3.71 6.17 7.95 88.85 

2c 78.81 3.99 7.06 7.75 97.61 

3d 78.75 4.69 6.11 8.89 99.04 
, .. 

a. Polymer prepared from 4,4 -thlodlamllne and anthraqUinone 

b. Dry at 56°C for 24 h under vacuum. 

c. Reprecipitate 2 times from hexanes, dry 3 days, 56°C under vacuum. 

d. Soxhlet extraction with hexanes 2 days, dry 3 days, 56°C under vacuum. 

Table 5.3. Elemental Analysis Data 

The observed error in the elemental analysis might also result from a 

titanium(IV) or titanium(lIl) species trapped in the polymer matrix. A film of an 

unpurified polymer from 4,4'-thiodianiline and anthraquinone was prepared. An X-
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ray fluorescence (XRF) analysis of the sample was obtained. The XRF analysis 

indicated no titanium present in the polymer sample but sulfur and chlorine were 

detected in amounts corresponding to what was reported by elemental analysis. 

The C:H:N:S ratios are similar for all three elemental analyses independent 

of the method of purification. The difference between experimental and calculated 

values of percent composition was reduced with each successive purification. The 

XRF indicated no titanium species was present in the polymer. All of the analytical 

techniques support that the original discrepancy observed in the elemental analysis 

was due to solvent trapped in the polymer matrix. 

5.5 Molecular Weight Determination of the Polyguinoneimine 

Two techniques were used to determine the molecular weight of the 

polyquinoneimines. The first was size exclusion chromatography (SEC), using 

chloroform as the mobile phase and styragel as the stationary phase. The 

molecular weights were calculated from a calibration curve prepared from 

polystyrene standards. The second technique was a determination of the 

polymer's inherent viscosity. 

The polymers prepared from anthraquinone and either 4,4'

methylenedianiline, 4,4'-thiodianiline or 4,4'-oxydianiline were analyzed by SEC. 

The chromatogram of the above polymers typically contained two peaks. The first 

fraction eluted with the solvent front. This indicated the fraction had a molecular 
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weight higher than the upper limit of the column which was a one million. The 

other fraction interacted with the column in such a fashion that it stayed on the 

column several minutes longer than the standards and the starting materials. An 

interaction between the polymer and the stationary phase is highly unusual. 

Therefore the original sample was reanalyzed to confirm that the correct analytical 

technique was used. Some changes were observed in the reanalysis. The first 

was that the percent area of the first fraction's peak decreased. The second 

difference was that the length of time the second fraction remained on the column 

decreased compared to the original injection of the sample into the SEC. The 

original sample was reinjected into the system several times over 24 hours. The 

retention time of the low molecular weight peak decreased slightly on each 

reanalysis until after approximately 24 hours the retention time remained constant. 

In the same time period the high molecular weight peak also decreased until it was 

no longer detectable. 

The chloroform from the above sample was removed in vacuo and the 

polymer was redissolved in fresh chloroform and analyzed by SEC. The retention 

time of the second fraction was the same as the retention time obtained for the 

second fraction of the initial sample. The retention time of the second fraction 

again decreased over time. Typically this would mean that the polymer is 

transforming itself into a higher molecular weight material with time as it stands in 

the chloroform solution. The first fraction's peak was detected again after the 
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solvent was changed but it never had quite as large an area as in the original 

analysis. 

The viscosity of the polymers prepared from anthraquinone and either 4,4'

methylenedianiline, 4,4'-thiodianiline or 4,4'-oxydianiline was measured in 

chloroform. In contrast to the SEC results, the viscosity of the polymers remained 

constant over 24 hours. The chloroform used to measure the viscosity, E.M. 

Science GR grade, was not the same as the chloroform used in the SEC, Burdick 

& Jackson B&J Chrompure HPLC solvent. The viscosity measurements were 

repeated in B&J chloroform. The polymer's viscosity was found to decrease with 

time. The main difference between the two brands of chloroform is that the E.M. 

Science brand is stabilized with 0.75% ethanol and the B&J brand contains 

amylene. The B&J chloroform is known to build up acid over time and it is 

possible that the acid buildup in the B&J chloroform produced the observed 

change in viscosity. 

The viscosity was also measured in THF and benzene. The viscosity of the 

polyarylanthraquinoneimines in these solvents was found to be constant over 24 

hours. No significant change in the inherent viscosity of the 

polyarylanthraquinoneimines was found as a function of changing solvent system. 

The inherent viscosity data of the polymers in E.M. Science chloroform are given 

in Table 5.4. 
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Samplea 11Inh(dLlg) 

MDA/AQb 0.19 
SDAlAQc 0.12 
ODAlAQd 0.19 

a. 0.10g of the polymer was dissolved In 10 mL of chloroform. 

b. Polymer from 4,4'-methylenedianiline and anthraquinone. 

c. Polymer from 4,4'-thiodianiline and anthraquinone. 
d. Polymer from 4,4'-oxydianiline and anthraquinone. 

Table 5.4 Inherent Viscosity of the Polymers 

A result which correlated to the SEC data was found when the solvent was 

removed from the polymer in vacuo and the viscosity was remeasured in fresh 

B&J chloroform. The reanalysis of the viscosity found the viscosity to increase 

from the minimum previously found for the sample. Again the viscosity of the 

polymer was observed to decrease with time. This observation indicated that the 

viscosity was dependent upon concentration. A low molecular weight form of the 

polyquinoneimines was favored in dilute solutions while high molecularweightform 

was formed upon concentrating the polymer. This phenomenon was observed for 

polymers prepared from anthraquinone and either 4,4'-methylenedianiline or 4,4'-

thiodianiline. 

Greber and coworkers37 reported the loss of viscosity in polyimines upon 

standing (Scheme 5.2). Greber concluded that polyimines exist in an equilibrium 
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between a macrocyclic dimeric form and a linear polymeric form. The macrocyclic 

form was favored but was converted to the linear polymeric form upon heating 

either neat or in dilute benzene solution. Upon continued heating the polymeric 

form converted back to the macrocyclic form. The viscosity of the solution 

increased greatly upon heating and the polymer can be isolated by coagulation. 

If the isolated polymer was redissolved in benzene the specific viscosity of the 

polyimine decreased from 2.43 to 0.16 in 90 minutes at room temperature. 

11 

-fN=CH-Q-cH=N-(CH2l30 (CI-I2l3Tn 

Scheme 5.2 Polymer Equilibrium Reported by Greber 
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Greber's37 work set the precedence for viscosity loss in polyimines. The 

mechanism for the viscosity loss was later shown by Taylor and Buntrock38 to be 

an imine exchange reaction which proceeded via a trimeric intermediate. It was 

doubtful that the same mechanism was occurring in this work because the 

probability of three monomeric imines coming in close proximity to each other in 

the correct position is significantly greater than the similar reaction in a polymeric 

system. The polymeric system required either three imines in the same polymer 

chain or three imines from a combination of polymer chains to come in close 

proximity to each other in solution to undergo the formation of the trimer and 

subsequent imine exchange to obtain depolymerization. 

A more probable mechanism to correlate with this work was reported by 

Toth and coworkers (Scheme 5.3).39 Their data support an acid-catalyzed imine 

exchange reaction. This exchange takes place with imines which were prepared 

from both aldehydes and ketones, even aryl ketones. The rate of exchange being 

faster in more polar solvents indicated ionic intermediates rather than a concerted 

mechanism. The occurrence of viscosity loss in a medium where trace amounts 

of acid are present and no viscosity loss in solvents with no acid support the acid

catalyzed mechanism. 
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Scheme 5.3 Toth Exchange Mechanism 

A simultaneous viscosity/SEC study was conducted to attempt to correlate 

the viscosity loss of the polymer (Figure 5.3) with the changes observed by SEC 

(Figure 5.2). The viscosity was measured in B&J chloroform over time while an 

aliquot of this sample was simultaneously injected into the SEC. The decrease in 

area of the first eluted fraction correlated with the decrease in viscosity. The 

viscosity loss continued after the disappearance of the first eluted peak. The 

continued viscosity loss at this point conflicted with the observed decrease in 
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retention time of the second eluted peak. The viscosity data indicate the sample 

was decreasing in molecular weight while the SEC data signify that the second 

fraction was increasing in molecular weight. This result is not fully understood but 

is best explained by the unknown interaction between the polymer and the 

stationary phase. It is possible that the linear polymer is being converted to 

macrocycles and the linear polymer has a greater affinity for the stationary phase 

than the macrocycles. 
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Figure 5.2 Change in SEC Chromatogram with Time 
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Figure 5.3 ViscosityfTime Relationship of Polyquinoneimine in B&J Chloroform 

An experiment to support the acid catalyzed backbiting theory was 

conducted (Figure 5.4). The viscosity of a polymer sample was measured in both 

brands of chloroform with 0.3 mol% triethylamine added to each one. The 

viscosity in amine-treated B&J chloroform decreased only slightly over time. The 

control experiment using 0.3 mol% triethylamine in E.M. Science chloroform gave 

the same viscosity/time relationship as found with just E.M. Science chloroform. 

The addition of a small amount of amine halting the viscosity loss of the polymer 

in 8&J chloroform supported the acid catalyzed backbiting theory for viscosity loss. 
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Figure 5.4 Viscosity of Polymer Prepared from 4,4'-Methylenedianiline and 

Anthraquinone 

The viscosity of the polymer was measured in a 1.16 mM solution of 

methanesulfonic acid in E.M. Science chloroform to observe if acid does catalyze 

the polymer's viscosity loss. The amount of acid present would allow for the 

protonation of 2% of the imines in the polymer backbone. Instead of an increased 

rate of viscosity loss a decreased rate was observed (Figure 5.4). 

The acid catalyzed exchange reaction was dependent upon acid 

concentration and it does not occur when the acid concentration is too high since 

two protonated imines will not undergo the exchange reaction. Toth's39 work does 
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not report what the upper limit of the acid concentration was that will still allow the 

exchange reaction. In similar work Barluenga40 observed an imine exchange 

reaction in small molecules when the molar imine to acid ratio was 3.0:0.05. It 

was possible that the maximum acid concentration for the polymer was 

significantly lower than for monomeric imines since coulombic repulsions of an 

overprotonated polymer chain would prevent the polymer from coiling into the 

proper orientation for the backbiting reaction. 

Previous analyses of the polymers by SEC displayed a two-fold problem. 

The first was that the polymer was not stable in the chloroform used as the mobile 

phase. The second was that the chloroform allowed an unknown interaction 

between the polymer and the stationary phase which resulted in a separation that 

was not fractionated by the size of the polymer chain. In an attempt to eliminate 

these two problems the mobile phase was changed to THF, since viscosity studies 

established that the polymers were stable in THF. The increased polarity of THF 

might be able to break up the interactions between the stationary phase and the 

polymer found when chloroform was used as the mobile phase. 

The polymers previously prepared were analyzed by SEC using THF (Figure 

5.5). All of the polymers were found to have two fractions: A high molecular 

weightfraction consisting of 80-95% of the sample with molecular weights between 

10000-20000. and a second fraction which gave a series of oligomeric peaks with 
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the molecular weight difference between each peak corresponding to the repeat 

unit of the polymer. 

These results confirmed that THF eliminated the interactions between the 

stationary phase and the polymer which existed when chloroform was the mobile 

phase. These results indicated that a polymer of substantial molecular weight 

along with 5-20% oligomers had been prepared. The presence of 5-20% 

oligomers in the SEC results indicated the polymerization might not be complete. 

Previously a length of reaction study was completed for the polymerization 

of 4,4'-methylenedianiline with anthraquinone with analysis of reaction time versus 

yield. Four new polymerizations were conducted. The length of reaction was 

increased by one day for each successive polymerization with the first 

polymerization conducted for one day. These samples were analyzed by SEC, 

using THF as the mobile phase, to determine if there was an increase of molecular 

weight with increased length of reaction. An unexpected result was obtained since 

the chromatograms of the four samples were identical indicating the polymerization 

was completed after 24 hours. This is in contrast to the increase in molecular 

weight with time which is typically observed for condensation polymerizations. 
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Figure 5.5 SEC Chromatogram of Polyquinoneimine Using THF as Mobile Phase 

5.6 Separation and Characterization of High and Low Molecular Weight Fractions 

Two ways were found to separate the high and low molecular weight 

fractions observed by SEC. The first was by preparative column chromatography 

on silica gel. The low molecular weight fraction had an Rf of 0.95 in acetone on 

silica gel while the high molecular weight fraction had an Rf of zero. The high 

molecular weight fraction could be removed from the column by switching the 
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solvent to THF. The second technique used to separate the fractions was to 

dissolve the polymer in chloroform and precipitate it into hexanes. The oligomers 

remained soluble in the hexanes/chloroform mixture. Both techniques worked 

efficiently at separating the two fractions. A technique to isolate individual 

oligomers in the series of low molecular weight oligomers was not obtained. As 

observed by SEC, 80-95% of the sample was in the high molecular weight fraction. 

There was no detectable difference in the IR and NMR of the high and low 

molecular weight fractions. The fact that no end groups were detected in the high 

molecular weight fraction could be explained by the molecular weight of the 

sample effectively diluting the end groups to a point where they were not detected. 

The lack of end groups observed in the low molecular weight fraction was 

unexpected. 

A possible explanation for no end groups being detected in the low 

molecular weight fraction was that the oligomers were macrocycles. A technique 

to determine the absolute molecular weight of the oligomers was fast atom 

bombardment mass spectrometry (FAB-MS). FAB-MS analysis revealed that the 

low molecular weight fraction was a series of macrocycles (Table 5.5) where n = 

1-4. 
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Calculated Molecular Weight 

n Molecular Weight from FAB-MS 

4 1942.43 1942 

3 1553.94 1554 

2 1165.46 1166 

1 776.97 777 

Table 5.5. FAB-MS Analysis of Low Molecular Weight Oligomers 
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5.7 Stepwise Synthesis of a Macrocyclic Quinoneimine 

The FAB-MS result confirmed that a side reaction in the polymerization 

process was the formation of macrocyclic quinoneimines. Attempts to obtain the 

individual macrocycles were not successful. Therefore a strategy (Scheme 5.4) 

was developed to prepare various size macrocyclic quinoneimines in a stepwise 

fashion. A stepwise synthesis could allow the isolation and characterization of a 

pure macrocycle. The strategy revolved around the synthesis of a 2: 1 adduct, 

either quinone:diamine:quinone or diamine:quinone:diamine. The 2:2 macrocycle 

could then be prepared by reacting 1 equivalent of a 2: 1 adduct with 1 equivalent 

of the appropriate monomer in dilute solution. The 2: 1 adduct could also be used 

to prepare larger macrocycles by reacting it with excess of the appropriate 

monomer to prepare the 3:2 adduct. Under appropriate conditions one could 

envision preparing larger macrocycles from the 3:2 adduct. 

The first adduct which was prepared was the 2: 1 anthraquinone:4,4'

methylenedianiline adduct. The reaction was completed using the optimum 

conditions determined previously for the model compound and the polymer. SEC 

analysis revealed 45% of the desired adduct was obtained. The remaining product 

was oligomers with molecular weights ranging from 3000-4500. This led to a 

series of experiments varying the molar excess anthraquinone from 4: 1 to 10: 1 to 

ensure excess quinone was present in the reaction mixture to hinder the formation 
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of oligomers. Analysis of the crude product of this series of experiments revealed 

identical results as the original experiment. 

+ H2~H2~H2 + 1.5 T1C14 + 6 CABCO 

xs Dlamlne 

Cyclic Tetramer Pentamer 

Scheme 5.4 Stepwise SyntheSiS of Macrocycles 

At higher concentrations, anthraquinone was not readily soluble in hot 

chlorobenzene. This led to the hypothesis that anthraquinone was not going into 

solution fast enough, therefore in solution excess diamine was present. This 
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would explain the formation of low molecular weight oligomers even though the 

reaction mixture contained excess quinone. 

Isolation of the 2:1 adduct was accomplished in two steps. The oligomers 

and the 2:1 adduct were readily soluble in chloroform while anthraquinone was 

minimally soluble in chloroform. The majority of the anthraquinone could be 

removed from the product by dissolving the product in a minimal amount of cold 

chloroform and filtering off the anthraquinone. The remainder of the anthraquinone 

could be separated cleanly chromatographically using chloroform on a silica gel 

column. The 2: 1 adduct could be separated from the oligomer either 

chromatographically using one percent ethyl acetate in chloroform as the mobile 

phase and silica gel as the stationary phase or via precipitation. The product was 

dissolved in acetone and precipitated into hexanes. The 2: 1 adduct remained 

soluble while the oligomers precipitated out of solution. 

2-t-butylanthraquinone is more soluble in chlorobenzene than 

anthraquinone. A 1 0: 1 molarratio of2-t-butylanthraquinone:4,4'-methylenedianiline 

was used in the reaction to determine if the solubility of anthraquinone was the 

reason for oligomer formation found in preparing the quinone:diamine:quinone 

adduct. 2-t-Butylanthraquinone was dissolved in 5 mL of chlorobenzene and 

rapidly added to the stirring reaction mixture to minimize the possibility of the 

diamine being in excess in solution. Analysis of the product by SEC revealed the 

same results that were found for anthraquinone. The above experiment confirmed 
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that the solubility of the quinone was not the reason for the oligomer formation 

since 2-t-butylanthraquinone was fully soluble in chlorobenzene. 

The data from the synthesis of the series of the 2: 1 adducts led to some 

possible theories on the reactivity of the two carbonyls of the quinone. The 

formation of oligomer perhaps resulted from a free diamine preferring to react with 

a carbonyl terminal oligomer instead of a free quinone. Oligomer formation in the 

presence of excess quinone indicated that the reactivity of the second carbonyl 

was greater than the reactivity of a carbonyl in an unreacted quinone. 

Two possible explanations are offered for the apparent increased reactivity 

of the second carbonyl. The first is that the titanium remained coordinated to the 

monoimine nitrogen which increased the electronegativity of the imine. The 

coordinated imine being in conjugation with the unreacted carbonyl made the 

second carbonyl carbon more electropositive than the carbonyl carbon of an 

unreacted quinone thus favoring growth of the polymer chain over starting a new 

chain. The other explanation is based on the X-ray structure of the model 

compound prepared from anthraquinone showing the buckling of the quinone 

moiety as a result of steric hindrance caused by the N-phenyl ring of the imine. 

Once the monoimine formed the anthraquinone ring buckled forcing the unreacted 

carbon into a position more susceptible to nucleophilic attack than a carbonyl of 

an unreacted anthraquinone. 
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The reactivity of the carbonyls discussed above could explain why high 

molecular weight polymers were obtained even in polymerization attempts where 

low yields were obtained. The polymerization was a condensation polymerization 

that was acting kinetically like a chain polymerization due to the enhanced 

reactivity of the second carbonyl. 

Troubles with oligomer formation in the 2:1 quinone:diamine adduct led to 

the attempted synthesis of the opposite adduct as a synthetic intermediate to the 

2:2 macrocycle. The synthesis was attempted using anthraquinone and a four-fold 

excess of 4,4'-methylenedianiline. Unlike the opposite 2:1 adduct, the 2:1 4,4'

methylenedianiline:anthraquinone adduct could not be separated from the excess 

4,4'-methylenedianiline. No solvent system was found to create a difference in the 

solubility or chromatographic properties of the two materials. The diamine could 

be separated from the 2: 1 adduct by Kugelrohr distillation of the diamine at 190°C 

and 0.8 mm of Hg, but thermal decomposition of the 2:1 adduct occurred. 

Since separation of the excess diamine from the 2: 1 adduct was not 

obtained, analyses were carried on the crude product. IR data confirmed the 

formation of the imine and that no unreacted carbonyls are present. SEC 

indicated only peaks corresponding to the 2: 1 adduct and unreacted diamine were 

present, confirming that no oligomers were formed. 

The formation of the 2: 1 diamine:quinone adduct revealed that the reactivity 

of the first amine is not less than that of the second amine of the diamine. This 



103 

is expected since 4,4'-methylenedianiline has two essentially independant aniline 

units. 

The stepwise synthesis of the 2:2 macrocyclic quinoneimine was attempted 

with the 2: 1 adduct of anthraquinone:4,4'-methylenedianiline and 4,4'

methylenedianiline. The reaction produced several products as observed by tic 

and SEC. The time-consuming nature of the separation combined with the 

difficulties encountered in acquiring cleanly separated products prevented further 

work in this area. 

5.8 Incorporation of Dithiophenebenzoguinone into the Polymer Backbone 

-fN 

Using the optimum conditions developed for the polymerization of 

anthraquinone and 4,4'-methylenedianiline, the corresponding polymer (see 

structure above) from dithiophenebenzoquinone was prepared. A 10% yield of the 
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polymer was obtained upon the standard isolation procedure with molecular 

weights ranging between 1000 and 3000 as determined by SEC. IR analysis 

indicated that the oligomers correlated with the model compound prepared from 

aniline and dithiophenebenzoquinone. These oligomers contained both amino and 

carbonyl end groups in the IR spectrum. 

The chlorobenzene-insoluble material was not the typical tan color found in 

previous polymerizations and model compound reactions; instead it was the same 

orange color as the polymer product isolated. IR analysis of the insoluble material 

revealed that the desired polymer was present. Solvents such as 1,1,2-

trichloroethane, N,N-dimethylformamide and dimethylsulfoxide were used in 

attempts to extract the polymer, but they only dissolved a trace amount of the 

polymer along with unwanted polymerization byproducts. The best solvent found 

for the polymer was 1,1 ,1 ,3,3,3-hexafluoroisopropanol. This solvent still did not 

dissolve all of the polymer as observed by IR analysis of the 1,1,1,3,3,3-

hexafluoroisopropanol-insoluble material. 

The polymer could not be fully removed from the polymerization byproducts 

as a result of the polymer's low solubility; therefore, the purification was attempted 

by dissolving the polymer byproducts. The byproducts of the polymerization are 

titanium dioxide and DABCQ·HCI. Both of these are soluble in aqueous alkali. 

Washing the polymer with aqueous alkali removed the majority of the impurities. 

The low solubility of the polymer containing dithiophenebenzoquinone indicated the 
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polymer system is reaching the solubility limits even with the incorporation of the 

most soluble diamine. The reason for the decreased solubility is that the quinone 

moiety of dithiophenebenzoquinone is planar while anthraquinone is buckled. The 

planar quinone moiety allows for better packing between the polymer chains which 

decreases the solubility. 

The polymerization of dithiophenebenzoquinone and 1,5-

diaminonaphthalene (see structure below) was attempted. Unlike previous 

polymerization attempts, when the titanium tetrachloride was added to the mixture 

of the amines, the reaction mixture turned green and became more intensely green 

as the reaction progressed. This is in contrast to the red color which is typical for 

these polymerizations. The polymerization was stopped after 24 hours and 95% 

of the starting quinone was recovered. None of the diamine was recovered 

indicating that a reaction between 1,5-diaminonaphthalene and titanium 

tetrachloride thwarted the desired polymerization. 

N N 
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5.9 Polymerizations Utilizing Various Diamines and Anthraguinones 

One of the goals of this work was to prepare polymers with a conjugated 

rigid rod structure. The insolubility of polymers prepared from 

dithiophenebenzoquinone, even when the most soluble diamine is used, led to the 

preparation of rigid rod polymers incorporating anthraquinone to increase the 

solubility of the polymers. Various diamines were used in attempts to prepare a 

rigid rod polymer. 

The polymerization of anthraquinone and benzidine produced polymer (see 

structure below) in 57% yield. One reason for the low yield was the low solubility 

of benzidine in hot chlorobenzene. The product was red powder that contained 

a mixture of oligomers with molecular weights ranging from 600-6100 as 

demonstrated by SEC. The IR of the product indicated that the both carbonyl and 

amino end groups were present on the polymer chain. The detection of end 

groups for this polymer indicated that the incorporation of the rigid diamine 

prevented the formation of macrocycles. 
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Difficulties isolating the free base of p,p'-diaminostilbene resulted in using 

a slightly different strategy to prepare the polymer from p,p'-diaminostilbene and 

anthraquinone (see structure below). Two extra equivalents of DABCO were 

added to the reaction mixture to remove the acidic protons from the 

diaminostilbene. The two amines were dissolved in dichlorobenzene and held at 

90°C for one hour before the titanium tetrachloride and anthraquinone were added 

to the reaction mixture. The product of the polymerization was red powder that 

was shown by SEC to be a mixture of oligomers ranging in molecular weight from 

600 to 2700. The product was obtained in a 30% yield with the remaining material 

insoluble in the solvent. 

n 

The polymerization of anthraquinone and 2,7-diaminofluorene was 

attempted in chlorobenzene (see desired structure below). A 77% yield of the 

crude polymer was obtained. IR analysis of the chlorobenzene-insoluble material 
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revealed that polymer was present. SEC analysis of the crude material indicated 

a majority of the crude product was unreacted anthraquinone. 

The polymerization was repeated in dichlorobenzene and aliquots of the 

reaction mixture were removed throughout the polymerization and analyzed by 

SEC. SEC analysis of the THF soluble fraction of the aliquots indicated that the 

polymerization was complete after 6 days. A 54% yield of crude material was 

obtained. A majority of the crude material was unreacted anthraquinone as shown 

by SEC. The molecular weight of the oligomers ranged from 300-1800 with the 

majority having a molecular weight of 530. 

R 

N 

R - H ortBu 

To increase the polymer's solubility the polymerization was repeated using 

2-t-butylanthraquinone in dichlorobenzene. The results were almost identical to 

what was seen in the previous two polymerizations. The molecular weight of the 
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oligomers ranged from 800-2800 with the majority of the oligomer having a 

molecular weight of 1300 as shown by SEC. The above polymerizations indicate 

trouble incorporating the conjugated diamines into the polymer backbone. We 

propose that due to their low solubility, the polymers are precipitating out of 

solution at a much lower molecular weight than when the dianilines were used. 

The polymerization with the 2,7 -diaminofluorene required longer reaction 

times than for polymers containing the dianilines. This indicates that a reaction 

between the titanium tetrachloride and the conjugated diamines is occurring which 

hinders polymer chain growth. This interaction was not seen with the non

conjugated dianiline but was observed when the polymerization of 

dithiophenebenzoquinone was attempted with 1,5-diaminonaphthalene. 

5.10 Stability of Polymer in Polyphosphoric Acid 

An effort to compare the polyquinoneimines to the polymers prepared by 

Everaerts11 was attempted. Everaerts polymers were prepared in polyphosphoric 

aCid(PPA}. It was originally proposed that these conditions were too harsh. The 

polymers obtained from anthraquinone and aromatic diamines in the presence of 

PPA analyzed correctly by elemental analysis and IR but they were insoluble, 

intractable, black materials and were not conductors upon doping. These polymers 

were prepared by mixing the quinone and the diamine and heating to 250°C in 

PPA. 



110 

The polymer prepared by the technique reported in this paper was placed 

in excess PPA and heated to 250D C for the same length of time Everaerts used 

to prepare his polymer. The polymer isolated from PPA was not the original red 

soluble polymer, but instead was a black insoluble material. The IR of the polymer 

changed significantly in that the IR spectrum went from well-defined peaks to very 

broad peaks with some of the peaks no longer present or shifted slightly. The IR 

spectra of the recovered material was similar to the IR of the polymers which 

Everaerts prepared. This result confirmed that the structure of the polymers 

prepared by Everaerts differed from that of the polymers prepared in this work. 



Chapter 6 

Experimental 

N,N-Diethyl-2-trimethylsilylbenzamide: 

111 

9.5 mL (11.7 mmol) sec-butyllithium was added to 5 mL THF which was 

chilled to -78 D C. Add 1.36 g (11.7 mmol) TMEDA. Wait 1 hr and add 1.88 g (10.6 

mmol) N,N-diethylbenzamide in 5 mL THF dropwise. After 1 hr add 4.0 mL 

trimethylsilyl chloride to the reaction mixture and allow to come to room 

temperature over 8 hr. Open system to air and add 20 mL saturated ammonium 

chloride. Remove THF in vacuo and extract water layer with methylene chloride. 

Wash methylene chloride layer with saturated sodium chloride solution followed by 

drying over sodium sulfate. Product is obtained by removing methylene chloride 

in vacuo. 

Yield: 80%; nmr (CDCI3), 0 0.28 (s, 9 H), 1.07 (t, 3 H), 1.27 (t, 3 H), 3.16 

(q, 2 H), 3.54 (q, 2 H), 7.17 (m, 1 H), 7.32 (m, 2 H), 7.58 (m, 1 H). 

N,N-Diisopropyl-2-trimethylsilylbenzamide: 

Same procedure as for N,N-diethyl-2-trimethylsilylbenzamide. 

Yield: 99%; nmr (CDCI3), 0 0.28 (s, 9 H), 1.13 (d, 6 H), 1.56 (d, 6 H), 3.48 

(m, 1 H), 3.81 (m, 1 H), 7.12 (m, 1 H), 7.30 (m, 2 H), 7.60 (m, 1 H). 
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2-Benzoylbenzoic acid: 

Dissolved 2.01 g (10.0 mmol) 2-bromobenzoic acid in THF and chilled to 

-90°C. Add 10.3 mL (20.0 mmol) n-butyl lithium dropwise keeping temperature 

below -90°C. After 1 hr add 1.40 g (10.0 mmol) benzoyl chloride dropwise. Wait 

90 minutes and pour over 100 mL of 5% hydrochloric acid. Separate layers and 

wash the aqueous layer with ether. Combine organic layers, wash with water 

followed by 10% sodium hydroxide. Water layer was acidified with 5% 

hydrochloric acid and the precipitate isolated. 

Yield: 24%; m.p. 127-8°C; nmr (CDCI3) 7.37 (m, 3 H), 7.52 (m, 2 H), 7.68 

(m, 3 H), 8.05 (d, 2 H), 9.42 (s, 1 h). 

p-t-Butylphenyl 3-thiophenecarboxylate: 

Dissolve 2.00 g (13.7) 3-thiophenecarboxylic acid chloride and 1.10 mL 

(13.7 mmol) pyridine in 15 mL ether and chill to O°C. Dissolve 2.06 g (13.7 mmol) 

were in 5 mL ether and add dropwise. Warm to reflux and reflux for 36 tl. Wash 

with water and dry ether layer over magnesium sulfate. Remove ether in vacuo 

and isolate product chromatographically on silica gel column using 9: 1 hexanes: 

ethyl acetate as the mobile phase. 

Yield: 68%; m.p. 75-6°C; nmr (CDCI3), 0 1.34 (s, 9 H), 7.11 (d, 2 H), 7.40 

(m, 3 H), 7.67 (m, 1 H), 8.30 (m, 1 H). 



113 

Dithiophenebenzoquinone: 

Dissolve N,N-diethyl-3-thiophenecarboxamide in 190 mL THF and chill to-

90G C. Add 1.45 g (12.5 mmol) TMEDA, followed by dropwise addition of 13.8 mL 

(13.8 mmol) of sec-butyllithium. After 1 h slowly add 1.40 g (12.5 mmol) 3-

thiophenecarboxaldehyde dissolved in 5 mL of THF. Add 15.6 mL (15.6 mmol) 

sec-butyllithium dropwise and warm to room temperature overnight. Open the 

system to air and acidify with excess saturated ammonium hydrochloride. Remove 

THF in vacuo and extract the product methylene chloride. Purify the product by 

preparative column chromatography on silica gel with chloroform as the mobile 

phase followed by sublimation at 180G C and 1.0 mm of Hg. 

Yield: 77%; NMR (CDCI3), 8 7.65 (d, 2 H), 7.69 (d, 2 H); nmr (CeDe), 86.60 

(d,2 H), 7.19 (d, 2 H). 

N,N'-Diphenylanthraquinonediimine: 

Dissolve 0.45 g (4.8 mmol) aniline and g (14.4 mmol) 1,4-diazabicyclo

[2.2.2]octane were dissolved in 15 mL toluene and heated to 90G C. Add a solution 

of 0.39 mL (3.6 mmol) TiCI4 in 5 mL toluene dropwise over 15 minutes. Add 0.50 

g (2.4 mmol) anthraquinone slowly and rinse the powder addition funnel with 10 

mL toluene. Heat the reaction mixture at reflux overnight. Isolate the product by 

filtering off the precipitate and removing the solvent in vacuo. Recrystallization 

from acetone. 
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Yield: 99%; m.p. 195-7°C; nmr (CDCI3), 86.95 (m), 7.12 (m), 7.32 (m), 7.43 

(m), 7.61 (d); IR 1619cm·1 (C=N). 

N,N'-Diphenyldithiophenebenzoquinonediimine: 

Same procedure as for the preparation of N,N'-diphenylanthraquinone

diimine but using dithiophenebenzoquinone. 

Yield: 95%, m.p. 296-8°C, nmr(CDCI3) 8 , IR 1597 cm-1 (C=N), elem. anal. 

calcd for C22H14N2S2: C, 71.32; H, 3.81; N, 7.56; S, 17.31; found C, 71.21; H, 

3.77; N, 7.81. 

General polymerization procedure: 

Dissolve 2.40 mmol aromatic diamine and 14.40 mmol DABCO in 10 mL 

chlorobenzene while heating to 90°C. Add 3.60 mmol titanium tetrachloride in 5 

mL chlorobenzene dropwise over 15 min. Wash addition funnel with 5 mL 

chlorobenzene. Add 2.40 mmol quinone to system via a powder addition funnel. 

Wash the funnel with 10 mL chlorobenzene. Allow reaction to reflux for 24 hand 

filter off precipitate. Wash filter cake with hot chlorobenzene and remove 

chlorobenzene from filtrate in vacuo. Purify the product by dissolving it in 

chloroform and preCipitating it into hexanes. 
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Polymerization of 4,4'-thiodianiline and anthraquinone: 

Yield: 92%; nmr (C6D6), 86.43 (m), 6.72 (m), 7.01(m), 7.30 (m), 8.45(m); 

IR 1619 cm-1 (C=N); elem. anal. calcd for C26H16N2S: C, 80.39; H, 4.15; N, 7.21; 

S, 8.25; found C, 78.81, H, 3.99; N, 7.06; S, 7.75. 

Polymerization of 4,4'-methylenedianiline and anthraquinone: 

Yield: 99%; IR 1619 cm-1 (C=N); elem. anal. calcd for C27HlsN2: C, 87.54; 

H, 4.90; N, 7.56; found C, 86.97; H, 5.01; N, 7.03. 

Polymerization of 4,4'-oxydianiline and anthraquinone: 

Yield: 64%; IR 1619 cm-1 (C=N). 

Polymerization of benzidine and anthraquinone: 

Yield: 57%; IR 1619 cm-1 (C=N)1688 cm-1, (C=O) and 3300 (NH2). 

Polymerization of 4,4'-diaminostilbene dihydrochloride and anthraquinone: 

Dissolve 0.68g (2.40 mmol) diamine in 15 mL toluene while heating to 90°C. 

Add 2.15 g (19.2 mmol) DABCO to the reaction mixture and stir 1 h. Add 0.39 mL 

(3.60 mmol) titanium tetrachloride in 3 mL toluene dropwise over 15 min. Wash 

addition funnel with 2 mL toluene. Add 0.50g (2.40 mmol) anthraquinone and 
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rinse the addition funnel with 5 mL toluene. Heat the reaction mixture at reflux for 

48 h. Workup as in the general polymerization procedure. 

Yield: 30%; IR 1619 cm-1 (C=N), 1688 cm-1 (C=O) and 3300 (NH2). 

Polymerization of 4,4'-methylenedianiline and dithiophenebenzoquinone: 

Yield: 10%; IR 1597 cm-1 (C=N), 1643 cm-1 (C=O), and 3300 cm-1 (NH2)' 

2:1 Adduct of anthraquinone:4,4'-methylenedianiline: 

Dissolve 1.21 g (6.08) 4,4'-methylenedianiline and 4.09 g ( 36.48) DABCO 

in 20 mL chlorobenzene while heating to 90°C. Add 1.00 mL (9.12 mmol) titanium 

tetrachloride dropwise over 15 min, rinse funnel with 5 mL chlorobenzene. Add 

5.06 g (24.32 mmol) anthraquinone and rinse funnel with 30 mL chlorobenzene. 

Heat reaction mixture at reflux overnight. Filter off insoluble materials and wash 

filter cake with hot chlorobenzene. Concentrate the filtrate in vacuo. 

Yield: 55%; NMR (CDCI3), 54.03 (s), 6.79 (d), 7.21 (d), 7.32 (m), 7.52 (m), 

7.70 (m), 8.30 (m), 8.47 (m); IR 1619 cm-1 (C=N), 1688 cm-1 (C=O). 

2: 1 Adduct of 2-t-butylanthraquinone:4,4'-methylenedianiline: 

Same procedure as for 2: 1 adduct of anthraquinone using 2-t

butylanthraquinone. 

Yield: 60%; IR 1619 cm-1 (C=N) and 1688 cm-1 (C=O). 
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2:1 Adduct of 4,4'-methylenedianiline:anthraquinone: 

Dissolve 0.99 9 (5.0 mmol) 4,4'-methylenedianiline and 0.34 9 (3.0 mmol) 

in 10 mL chlorobenzene while heating to 90°C. Mix 0.08 mL (0.75 mmol) titanium 

tetrachloride with 5 mL chlorobenzene and add dropwise over 15 min. Rinse the 

addition funnel was with 5 mL chlorobenzene. Add 0.10 9 (0.5 mmol) anthra

quinone and wash the funnel with 5 mL chlorobenzene. After 4 h at reflux filter the 

insoluble material and rinse with hot chlorobenzene. Remove the solvent from the 

filtrate in vacuo. 

NMR (CDCI3), cS 4.03 (s), 7.70 (m), 8.30 (m), 8.47 (m); IR 1619 cm-1
, 3300 

cm-1 (NH2)· 



Appendix A 

Crystal Structure Data for N,N~Diphenyldithiophenebenzoquinone 

a = 

Table of Experimental Details 

A. Crystal Data 

C22H14N2S2 
F.W. 370.50 F(OOO) 192 

crystal dimensions: 0.08x 0.13x 0.22 rnrn 
peak width at half-height = 0.25° 

Mo K~ radiation (A= 0.70930 A) 
temperature = 23 ± 1° 

triclinic space group P 1 
5.268 (1) A b = 8.022 (3) A c = 10.994 (4 ) 

(l = 102.65 (3) ° P = 95.65 (2)° y = 105.41 (3) ° 

Instrument: 
Monochromator: 
Scan type: 
Scan rate: 
Scan width, deg: 
Maximum 26: 
No. of refl. measured: 
Corrections: 

V 430.9 N 
Z = 1 P = 1. 43 g/ cm3 

II 3.0 cm- 1 

Table of Experimental Details 

B. Intensity Measurements 

Enraf-Nonius CAD4 diffractometer 
Graphite crystal, incident beam 
w-26 
1 - 7°/min 
0.6 + 0.14 tan6 
50.0° 
1789 total, 1515 unique 

Lorentz-polarization 
Reflection averaging (agreement on I 

A 

2.3%) 
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Table of Experimental Details 

C. Structure Solution and Refinement 

Solution: 
Refinement: 
Minimization function: 
Least-squares weights: 
Anomalous dispersion: 
Reflections included: 
Parameters refined: 
Unweighted agreement factor: 
Weighted agreement factor: 
Esd of obs. of unit weight: 
Convergence, largest shift: 
High peak in final diff. map: 
Low peak in final diff. map: 
Computer hardware: 
Computer software: 

Direct methods 
Full-matrix least-squares 
Ew ( I Fo I - I Fc I ) 2 
4 Fo2 / E2 ( Fo2 ) 
All non-hydrogen atoms 
875 with Fo2>3.0a(Fo2) 
118 
0.048 
0.055 
1. 57 
0.000 
0.31 (6) e-I/A? 
-0.22 (6) e-I/AJ 
VAX 
SOP/VAX (Enraf-Nonius) 
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Table of Positional Parameters and Their Estimated Standard Deviations 

Atom 

S 
C2 
C3 
C3a 
CIa 
C7 
N 
C11 
C12 
C13 
C14 
C15 
C16 

x 

0.0766(2) 
-0.1168(8) 
-0.0080(7) 

0.2552(8) 
0.3250(7) 
0.5714(7) 
0.6517(7) 
0.5058(8) 
0.5522 (9) 
0.4267(9) 
0.2552(9) 
0.2129(8) 
0.3373(8) 

y 

0.4652(2) 
0.2814 (6) 
0.2359(5) 
0.3644(5) 
0.4950(5) 
0.6436(5) 
0.7776(4) 
0.7958(5) 
0.7193(6) 
0.7467(6) 
0.8499(6) 
0.9267(6) 
0.9030(6) 

z 

0.2686(1) 
0.3035(4) 
0.4056(3) 
0.4560(4) 
0.3925(4) 
0.4334(4) 
0.3862(3) 
0.2771(4) 
0.1586(4) 
0.0526(4) 
0.0621(4) 
0.1793(4) 
0.2880(4) 

B(N) 

3.79(3) 
3.4(1) 
2.42 (9) 
2.79(9) 
2.53(9) 
2.75(9) 
3.49(8) 
3.1 (1) 
4.0(1) 
4.5(1) 
4.4(1) 
3.9(1) 
3.6(1) 

Anisotropically refined atoms are given in the form of the 
isotropic equivalent displacement parameter defined as: 
(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*B(3,3) + ab(cos y)*B(1,2) 
+ ac(cos P)*B(1,3) + bc(cos «)*B(2,3)) 

Table of General Displacement Parameter Expressions - U's 
---------------------------------------------------------

Name U(l,l) U(2,2) U(3,3) U(1,2) U(1,3) U(2,3) 
------- ------ ------ ------ ------ ------

S 0.0446(6) 0.0480(6) 0.0457(6) 0.0058(5) -0.0081(5) 0.0165(5) 
C2 0.038(2) 0.044(2) 0.041(2) 0.004(2) -0.000(2) 0.007(2) 
C3 0.030(2) 0.030(2) 0.027(2) 0.007(2) -0.007(2) 0.004(2) 
C3a 0.036(2) 0.032(2) 0.038(2) 0.011(2) 0.002(2) 0.011(2) 
CIa 0.034(2) 0.032(2) 0.029(2) 0.009(2) -0.002(2) 0.008(2) 
C7 0.032(2) 0.034(2) 0.038(2) 0.007(2) 0.003(2) 0.015(2) 
N 0.043(2) 0.042(2) 0.044(2) 0.003(2) -0.007(2) 0.019(1) 
C11 0.035(2) 0.032(2) 0.042(2) -0.007(2) -0.006(2) 0.017(2) 
C12 0.055(3) 0.051(2) 0.045(2) 0.013(2) 0.003(2) 0.017(2) 
C13 0.066(3) 0.067(3) 0.041(2) 0.023(2) 0.004(2) 0.017(2) 
C14 0.062(3) 0.062(3) 0.040(2) 0.017(2) -0.007(2) 0.018(2) 
CIS 0.047(2) 0.047(2) 0.054(3) 0.011(2) -0.006(2) 0.019(2) 
C16 0.042(2) 0.044(2) 0.047(2) 0.006(2) 0.000(2) 0.016(2) 
-------------------------------------------------------------------------
The form of the anisotropic displacement parameter is: 
exp [-2n2 (h2a 2U (1,1) +k2b2U (2, 2) +Fc2u (3, 3) +2hkabU (1,2) +2hlacU (1,3) +2klbcU (2 
,3) } ) 
where a,b, and c are reciprocal lattice constants. 
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Table of Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
====== ====== ======== ====== ====== ======== 
S C2 1.698(4) N C11 1.416(4) 
S CIa 1. 722 (3) C11 C12 1.388(5) 
C2 C3 1.374(4) C11 C16 1.387(5) 
C3 C3a 1.460(4) C12 C13 1.371(5) 
C3a CIa 1.373(4) C13 C14 1.375(6) 
C3a C7 1.471(5) C14 CIS 1.368(6) 
CIa C7 1. 462 (4) CIS C16 1.380(5) 
C7 N 1.284(4) 
----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Table of Bond Angles in Degrees 
-------------------------------

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
====== ====== ====== ----- ====== ====== ====== ===== 
C2 S CIa 91.5(2) CIa C7 N 128.6(3) 
S C2 C3 115.3(3) C7 N C11 122.1(3) 
C2 C3 C3a 108.1(3) N C11 C12 119.3(4) 
C3 C3a CIa 114.2 (3) N C11 C16 120.7(4) 
C3 C3a C7 122.8(3) C12 C11 C16 119.8(4) 
CIa C3a C7 122.9(3) C11 C12 C13 119.9(4) 
S CIa C3a 110.9(2) C12 C13 C14 120.8(4) 
S CIa C7 126.2 (3) C13 C14 C15 119.0(4) 
C3a CIa C7 122.8(3) C14 CIS C16 121. 7 (4) 
C3a C7 CIa 114.2(3) C11 C16 C15 118.8(4) 
C3a C7 N 117.3(3) 

----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table of Positional Parameters and Their Estimated Standard Deviations 

Atom x y z B (An 

H2 -0.288 0.215 0.256 5.0* 
H3 -0.089 0.138 0.438 5.0* 
H12 0.672 0.649 0.152 5.0* 
H13 0.458 0.693 -0.029 5.0* 
H14 0.168 0.869 -0.011 5.0* 
H15 0.093 0.997 0.186 5.0* 
H16 0.309 0.959 0.369 5.0* 

Starred atoms were not refined. 

Table of Bond Distances in Angstroms 

Atom 1 Atom 2 Distance Atom 1 Atom 2 Distance 
====== ====== ======== ====== ====== ======== 
C2 H2 0.950(3) C14 H14 0.950(4) 
C3 H3 0.950(3) C15 H15 0.950(4) 
C12 H12 0.950(4) C16 H16 0.950(4) 
C13 H13 0.950(4) 

Numbers in parentheses are estimated standard deviations in 
the least significant digits. 

Table of Bond Angles in Degrees 

Atom 1 Atom 2 Atom 3 Angle Atom 1 Atom 2 Atom 3 Angle 
====== ====== ====== ====== ====== ====== 
S C2 H2 122.1(3) C14 C13 H13 119.4 (4) 
C3 C2 H2 122.6(4) C13 C14 H14 120.9(5) 
C2 C3 H3 126.3(3) C15 C14 H14 120.2(4) 
C3a C3 H3 125.6(3) C14 C15 H15 119.1(4) 
C11 C12 H12 119.6(4) C16 C15 H15 119.1(4) 
C13 C12 H12 120.5(4) C11 C16 H16 120.4(4) 
C12 C13 H13 119.8(4) C15 C16 H16 120.8(4) 

----------------
Numbers in parentheses are estimated standard deviations in 
the least significant digits. 
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Table of Least-Squares Planes 
-----------------------------

Plane 1 
S -0.8792 2.8467 2.8412 0.0118 +- 0.0013 
C2 -1. 5435 1. 3280 3.2097 -0.0174 +- 0.0043 
C3 -0.9843 0.6904 4.2902 -0.0152 +- 0.0038 
C3a 0.0737 1.5430 4.8231 0.0233 +- 0.0040 
CIa 0.2321 2.7302 4.1519 0.0306 +- 0.0039 
C7 0.8845 1.1716 5.9931 0.0301 +- 0.0040 
C7' 1.1689 3.7658 4.5837 -0.0301 +- 0.0000 
CIa' 1.8213 2.2072 6.4249 -0.0306 +- 0.0000 
C3a' 1. 9796 3.3943 5.7537 -0.0233 +- 0.0000 
C3' 3.0376 4.2470 6.2867 0.0152 +- 0.0000 
C2' 3.5968 3.6094 7.3672 0.0174 +- 0.0000 
S' 2.9326 2.0907 7.7356 -0.0118 +- 0.0000 

Chi Squared = 273.9 

Plane 2 
S -0.8792 2.8467 2.8412 0.0196 +- 0.0013 
C2 -1. 5435 1. 3280 3.2097 -0.0145 +- 0.0043 
C3 -0.9843 0.6904 4.2902 -0.0217 +- 0.0038 
C3a 0.0737 1. 5430 4.8231 0.0l34 +- 0.0040 
CIa 0.2321 2.7302 4.1519 0.0277 +- 0.0039 
C7' 1.1689 3.7658 4.5837 -0.0349 +- 0.0000 
C7 0.8845 1.1716 5.9931 0.0104 +- 0.0040 

Chi Squared = 358.3 

Plane 3 
S' 2.9326 2.0907 7.7356 -0.0196 +- 0.0000 
C2' 3.5968 3.6094 7.3672 0.0145 +- 0.0000 
C3' 3.0376 4.2470 6.2867 0.0217 +- 0.0000 
C3a' 1. 9796 3.3943 5.7537 -0.0l34 +- 0.0000 
CIa' 1. 8213 2.2072 6.4249 -0.0277 +- 0.0000 
C7 0.8845 1.1716 5.9931 0.0349 +- 0.0040 
C7' 1.1689 3.7658 4.5837 -0.0104 +- 0.0000 

Chi Squared = 76.3 

Plane 4 
C11 3.1020 -1.7276 8.6800 -0.0013 +- 0.0046 
C12 0.8499 -0.1820 8.8996 0.0036 +- 0.0047 
C13 1. 4544 -0.6898 10.0204 0.0035 +- 0.0049 
C14 2.5883 -1. 4620 9.9200 -0.0046 +- 0.0049 
C15 1. 3855 -0.4420 7.6455 -0.0094 +- 0.0042 
C16 2.5l37 -1. 2406 7.5309 0.0083 +- 0.0044 

Chi Squared = 10.6 
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Dihedral Angles Between Planes: 
-------------------------------

Plane No. Plane No. Dihedral Angle 
--------- --------- --------------

1 2 0.40 +- 4.19 
1 3 0.40 +- 2.77 
1 4 90.16 +- 0.10 
2 3 0.00 +- 8.01 
2 4 90.19 +- 0.11 
3 4 90.19 +- 0.10 



125 

References 

1. H. Letheby, J. Chern. Soc., 15:161 (1832). 

2. Matsunga, T., Frontiers of Polymer Research, Prasad, P.N. and J.K 
Nigam, ed., Plenum Press, New York, (1991), 245. 

3. MacDiarmid, AG. and Epstein, AJ., Frontiers of Polymer Research, 
Prasad, P.N. and J.K Nigam, ed., New York, (1991) 259. 

4. Kaino, T. and T. Kurihara, Frontiers of Polymer Research, Prasad, P.N. 
and J.K Nigam, ed., Plenum Press, New York, (1991), 71. 

5. Trivedi, D.C. and S.K Dhawan, Frontiers of Polymer Research, Prasad, 
P.N. and J.K Nigam, ed., Plenum Press, New York, (1991),419. 

6. Wei, Y., W.W. Focke, G.E. Wnek, A. Ray and AG. MacDiarmid, J. Phys. 
Chern., 93, 495(1989). 

7. Manohar, S.K, AG. MacDiarmid, KR. Cromack, J.M. Ginder and AJ. 
Epstein, Synth. Met., 29, E349(1989). 

8. Yue, J., AJ. Epstein, Z. Zhong, P. Gallagher and AG. MacDiarmid, Synth. 
Met., 41,765(1991). 

9. Vachon, D., R.O. Angus, Jr., F.L. Lu, M. Nowak, Z.X. Liu, H. Schaffer, F. 
Wudl and AJ. Heeger, Synth. Metals, 18, 297(1987). 

10. Uehara, K and T. Kunugi, Nippon Kagaku Kaishi, 2, 265(1974). 

11. Everaerts, A, S. Roberts and H.K Hall Jr., J. Polym. Sci. Polym. Chern., 
24, 1703(1986). 

12. Yahagi, I., Ph. D. Thesis, University of Arizona, 1990. 

13. Froyen, P., Acta Chern. Scand., 23, 2935(1965). 

14. Slocum, D.W. and P.L. Gierer, Chern. Comm., 305(1971). 

15. MacDowell, D.W.H. and J.C. Wisowaty, J. Org. Chern., 37, 1712(1972). 

16. MacDowell, D.W.H. and J.C. Wisowaty, J. Org. Chern., 36, 3999(1971). 



126 

17. Watanabe, M. and V. Snieckus, J. Am. Chern. Soc .. 102, 1457(1980). 

18. Snieckus, V., Heterocycles, 14, 1649(1980). 

19. Snieckus, V., Chern. Rev., 90, 879(930). 

20. Mills, RJ., N.J. Taylor and V. Snieckus, J. Org. Chern., 54, 4372(1989). 

21. Mills, R.J., N.J. Taylor and V. Snieckus, J. Org. Chern., 54, 4377(1989) 

22. Beak, P. and RA Brown, J. Org. Chern., 47, 34(1982). 

23. Beak, P. and V. Snieckus, Acc. Chern. Res., 15,306(1982). 

24. Parham, W.E. and Y.A Sayed, J. Org. Chern., 39,2051(1974). 

25. Parham, W.E., C.K. Bradsher and K.J. Edgar, J. Org. Chern., 46, 
1057(1981) 

26. Stanetty, P., H. Koller and M. Mihovilovic, J. Org. Chern., 57, 
6833(1992). 

27. Park, D.Q. unpublished results, this lab. 

28. Weingarten, H., J.P. Chupp and W.A White, J. Org. Chern., 32, 
3246( 1967). 

29. Carlson, R, A Nordahl and W. Kraus, Acta Chern. Scand., 45, 46(1991). 

30. Cowdell, RT. and G.W.A Fowles, J. Chern. Soc., 2522(1960). 

31. Antler, M. and AW. Laubengayer, J. Am. Chern. Soc., 77, 5250(1955). 

32. Maier, M.E. and T. Brandstetter, Tetrahedron Lett., 32, 3679(1991). 

33. Drake, J.E. and G.W.A Fowler, J. Chern. Soc., 1498(1960). 

34. Gable, H.S., J. Am. Chern. Soc., 53, 1277(1931). 

35. Baughman, R.H., J.F. Wolf, H. Eckhardt and L.W. Shacklette, Synthetic 
Metals, 25, 121 (1988). 

36. Ginder, J.M. and AJ. Epstein, Physical Review B, 41, 10674(1990). 



127 

37. Greber, G., Makromol. Chern., 22, 183(1957}. 

38. Taylor, E.C. and R.E. Buntrock, J. Org. Chern., 36, 634(1971}. 

39. Toth, G., I. Pinter and A. Messmer, Tet. Lett., 9, 735(1974}. 

40. Barluenga, J., S. Fustero, N. Gomez and V. Gotor, Synthesis, 
966(1982}. 


