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The aminium salt initiated cation radical chain cycloaddition 

polymerization of various oxygenated difunctional monomers is investigated in 

order to minimize a limiting factor, a competing carbocation pathway, by 

applying a dichloromethane/water binary solvent mixture. Polymerizations have 

also been initiated by electrochemical oxidation and photosensitized electron 

transfer.  

The synthesis of cation radical cycloaddition polymers of difunctional 

carbazole monomers which contain reactive trans-1-propenyl groups for 

polymerization in the N-, 3- or 6- positions of carbazole, is presented. All 

polymers containing carbazole units in the polymer main chain show good 

solubility in halogenated organic solvents, high molecular weights, and high 

thermal stabilities. The reaction appears to proceed via a highly efficient cation 
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radical chain mechanism which circumvents the usual hole transfer step of the 

propagation cycle. This polymerization represents the first observation of direct 

cation radical Diels-Alder cycloaddition polymerization and affords a novel 

polymer structure.  

The cation radical Diels-Alder cycloadditions of monofunctional, highly 

electron-rich substrates such as N-(trans-1-propenyl)carbazoles and N-phenyl-3-

(trans-1-propenyl)carbazole to generate monomers of interest in connection with 

ring-opening metathesis polymerization are also presented. The cycloadditions of 

various electron-rich monomers to 1,3-cyclopentadiene efficiently generate 

norbornene monomers, which readily undergo ring-opening metathesis 

polymerization to yield electron rich polymers. Both ring-opened homopolymers 

and copolymers containing carbazole groups are synthesized.  

In addition, investigations of photorefractive effects resulting from a 

combination of photoconductive and electro-optic effects (change in refactive 

index in response to an electric field) in composites which utilize new carbazole-

containing polymers as charge transport components are carried out, and their 

photorefractive performances are compared with the performance of the standard 

composites based upon poly(N-vinyl carbazole). 

Finally, some studies of anion radical chain cycloadditions of tethered 

enones by cathodic reduction, which involve intramolecular anion radical 

cyclobutanation and unprecedented Diels-Alder cycloaddition, are reported. 

Evidence for stepwise cycloaddition involving distonic anion radical 

intermediates has been illustrated. 
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CHAPTER I: INTRODUCTION AND BACKGROUND 

 

The reactions of organic cation radicals in solution have been investigated 

extensively during the preceding two decades, but prior to that time frame 

relatively little of their useful chemistry was known.1,2 As a direct result of the 

pioneering research of the Ledwith group at Liverpool, the tendency for cation 

radicals to undergo efficient cycloaddition chemistry was revealed3,4 and has 

subsequently been developed extensively in several laboratories, including this 

one.5-7 The cation radical chain mechanism proposed and established by the 

Ledwith group has subsequently become the prototype mechanism for cation 

radical cycloadditions (Scheme 1-4). Since the early 1980’s, the Bauld group at 

the University of Texas at Austin has established8 and developed many cation 

radical cycloadditions, including both cyclobutanation and Diels-Alder reactions. 

These studies have facilitated mechanistic and theoretical understanding of cation 

radical cycloadditions and have emphasized their potential utility for organic 

synthesis. The main goals in this work are the extension of efficient cation radical 

chain cycloaddition chemistry to the synthesis of new polymer structures in which 

the monomer units are linked to each other by cyclobutane or Diels-Alder 

linkages and the investigation of their potential materials properties with 

particular emphasis on the photorefractive effect. 

The first stable cation radical salt was discovered well before the 

discovery of the first stable radical (trityl)9 or carbocation (also trityl).10 Würster 
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isolated his now well-known salts (1a, b; Scheme 1-1) in 1879, simply by 

reacting the corresponding diamines with an excess of bromine in methanol/acetic 

acid solvent.11 Wieland prepared triarylaminium tribromide (2) in 1907.12 

However, it was not until 1926 that Weitz’s research on the corresponding 

aminium perchlorate (3) clarified the actual nature of these substances as 

monomeric species in which the cationic component has both an unpaired 

electron and a single unit of positive charge,13 and Weitz coined both of the now 

common terms cation radical and aminium ion. 

 
Scheme 1-1 

 

 

 

 

 

 

 

Cation radicals are a unique chemical species distinct from both 

carbocations and radicals and which can be generated through the removal 

(ionization) of an electron from a neutral molecule.2 In contrast to carbocation, 

radical or carbanion formation, no bonds are broken in cation radical formation, 

although bonding is diminished by removal of an electron from a bonding MO. 

The MO from which the electron is removed is usually the HOMO of the 

A2

1A N
3

.+

1a: R = H (Red)
1b: R = Me (Blue)

 2: A = Br3,  A1 = CH3,  A2 = H

A

 3: A = ClO4,  A1 = CH3,  A2 = H

.+

NR2

NR2

4: A = SbCl6, A1 = Br, A2 = H

Br3
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precursor, which then becomes the singly occupied molecular orbital (SOMO) of 

a cation radical (Scheme 1-2). Essentially, the removal of an electron from the  

 

 

 

 

 

 

 

 
Scheme 1-2: An MO picture of cation radical formation 

 

HOMO of a neutral molecule can be considered to leave a “hole” in the electron 

density. This SOMO then predominantly controls the spin distribution in the 

cation radical. If the neutral precursor molecule was nonpolar or at least not very 

polar, the same SOMO primarily controls the (positive) charge density in the 

cation radical. When the same SOMO controls spin distribution and charge 

density, they are said to be ‘coupled’. In essence, spin and charge density ‘travel 

together’.14 However, if the neutral precursor has substantial charge separation, 

the net charge density is a composite of the effects of the SOMO electron density 

and the density contributed by other occupied MOs. When spin and charge 

density are separated, they are said to be ‘uncoupled’.14 A cation radical in which 

the spin and charge are essentially completely separated is termed a ‘distonic’ 

cation radical (Scheme 1-3). 

E

- e

Neutral Precursor Cation Radical

SOMOHOMO

LUMO
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Scheme 1-3: Spin and charge coupling/uncoupling in cation radicals 

 

The generation of a cation radical from a neutral molecule can be achieved 

in several ways, including both chemical and physical means.15 Among other 

methods, three methods have been most commonly used to generate cation 

radicals in solution: photosensitized electron transfer (PET), anodic 

electrochemical oxidation, and chemical oxidation. The PET procedure was 

initially reported by Ellinger in his research on N-vinylcarbazole5 and has 

continued to be developed by a number of groups,7,16 including this group.17 This 

procedure is free of problems arising from competing Bronsted acid catalyzed 

reactions since the sensitizer anion radicals produced in the electron transfer step 

consume any acid. Anodic electrochemical oxidation has also played an important 

role in the study of cation radical intermediates for the investigation of 

mechanistic interest. The most convenient and efficient technique for generating 

cation radicals of various substrates involve the utilization of the chemical oxidant 

tris(4-bromophenyl)aminium hexachloroantimonate (4; Scheme 1-1) in methylene 

chloride.3,18 This triarylaminium salt (4), the most shelf-stable commercially 

available catalyst, is readily prepared by the oxidation of tris(4-

CH2H2C

Coupled                                         Distonic

benzene cation radical 1,4-butanediyl cation radical
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bromophenyl)amine (Eox = 1.05 V vs. SCE)19 with antimony pentachloride in 

dichloromethane. 

As mentioned previously, the cyclodimerization of N-vinylcarbazole 

(NVC) by Ledwith was the first reported instance of cation radical cycloaddition 

in solution (Scheme 1-4).4,20 Not only was the overall reaction novel in the 

formation of cyclobutane rings (cycloabutanation), which is unusual outside of 

photochemistry, but even more importantly, the cation radical chain mechanism 

which was proposed and demonstrated for the reaction represented a 

fundamentally new reaction mechanism. This mechanism involved electron 

transfer (ET) or hole transfer (HT) steps. The term HT is frequently used to 

describe the specific type of electron transfer from a neutral molecule to a cation 

radical. The cation radical is considered to have a hole, which is transferred to the 

neutral molecule, which then becomes a cation radical, while the original cation 

radical is neutralized. Thus, the formation of a new cation radical from another 

neutral molecule is a key to efficient cation radical chain mechanism. Ionization 

of the substrate was accomplished by either inorganic oxidants such as ferric ion 

or PET using chloranil as the sensitizer.21 The propagation cycle consists of 

alternating cycloaddition of neutral NVC to the corresponding cation radical 

NVC+· and subsequent hole transfer from the cyclobutane cation radical to neutral 

NVC, thereby also regenerating NVC+·. The stepwise nature of the cycloaddition 

stage has recently been confirmed by stereochemical studies on N-(cis-2-

deuteriovinyl)carbazole.22 
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Scheme 1-4: Cation radical chain mechanism for the cyclodimerization of N-

vinylcarbazole (Ar2N = N-carbazolyl) 

 

An analogous study of the stereochemistry of the cyclobutadimerization of 

trans- and cis-anethole carried out under aminium salt (4) conditions, however, 

provides results which are in sharp contrast to the cyclodimerization of N-

vinylcarbazole.23 The cyclobutadimerization of both cis- and trans-anethole were 

found to be highly stereospecific. Subsequently, the same reactions were studied 

under PET conditions by the Lewis group and were confirmed to be 

stereospecific.24 The mechanistic significance of these results is that a mechanism 

analogous to the one proposed by Ledwith for the cyclobutadimerization of N-

vinylcarbazole which involves a distonic cation radical, is difficult to reconcile 

with stereospecificity. A more plausible mechanism of cyclodimerization of 

trans-anethole (5; The peak oxidation potential is 1.1 eV vs. SCE)25 involves 

concerted (or quasi-concerted) cycloaddition to yield a long bond cation radical 

Fe +3

or hv, sens.
    (PET)

NVC
+.

NAr2
Ar2N . +

NVC

NVC

 ..

+.
NAr2

Ar2N

NVC

HT
NVC

+. +

N

NAr2

Ar2N



 7

intermediate. When the reaction is carried out at 0 oC, only the trans,anti,trans 

(tat) cyclobutadimer is obtained (Scheme 1-5). However, at -30 oC, an 

approximately 50:50 mixture of this isomer along with the trans,syn,trans (tst) 

isomer is obtained. When the tst isomer is treated with the aminium salt at 0 oC, it 

isomerizes completely to the more stable tat isomer via retrocyclobutanation and 

 

 

 

 

 

 

 

 

 

 

 
Scheme 1-5: Stereospecific cyclodimerization of trans-anethole (An = 4-

methoxyphenyl) 

 

re-cycloaddition. It is also noteworthy that even the reversal is stereospecific, 

since none of the other possible diastereoisomers are formed. This result is nicely 

interpreted in terms of the ionization of the tst cyclobutadimer to a long bond 

cation radical, followed by concerted fragmentation to trans-anethole and trans-

anethole cation radical, avoiding the formation of cis-anethole. 

CH2Cl2, 0 oC

4
An

An

CH2Cl2, -30 oC

4 An

trans, anti, trans dimer

trans, syn, trans dimer

An

An

trans, anti, trans dimer

+ An

  4,  0 oC

An

(5)
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The subsequent development of cation radical cycloaddition chemistry1,2 

has been especially facilitated by the use of tris(4-bromophenyl)aminium 

hexachloroantimonate as a convenient chemical initiator. The common 

mechanistic motif of cation radical cycloaddition is that one component is ionized 

to the corresponding cation radical and this, in turn, reacts with a neutral molecule 

to yield an adduct cation radical, which is subsequently neutralized by single 

electron transfer. Indeed, the reactivity of cation radicals is exceptionally high, 

and many of these cation radical/neutral reactions occur at rate which approaches 

diffusion control.26 Therefore, for readily ionizable, difunctional monomers which 

are not too highly disposed to undergo intramolecular cycloaddition or 

cyclization, cation radical chain cycloaddition polymerization is a theoretical 

possibility. This represents an especially attractive possibility for a number of 

reasons, most important of which would appear to be the fact that chain 

polymerizations based upon the cation radical intermediate had not previously 

been observed. Further, thermal cycloaddition polymerization, though known, is 

typically relatively inefficient and especially so for those which involve 

cyclobutanation.27 A chain cycloaddition polymerization mechanism based upon 

the participation of cation radical intermediates at every step of the propagation 

cycle would therefore represent a fundamentally new mechanism for 

polymerization28 and could yield polymer structures which are relatively 

inaccessible by other means. Based upon this kind of reasoning, this research 

group explored the realization and development of cation radical chain 

cycloaddition polymerization. 
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Building upon trans-anethole (5) as a model monofunctional compound, 

difunctional monomer (6) was selected for polymerization. Polymerization of 6 in 

dichloromethane solution at 0 oC in the presence of catalytic amount of tris(4-

bromophenyl)aminium hexachloroantimonate (4) yielded a soluble 

cyclobutapolymer (Scheme 1-6).29 The formation of a cyclobutapolymer 

decisively implicated a cation radical mechanism, since cyclobutane formation  

 

 
Scheme 1-6: Cation radical chain cyclobutapolymerization of bis-1,2-[4-(1-

propenyl)phenoxy]ethane (6) using tris(4-bromophenyl)aminium 
hexachloroantimonate (4) as initiator 

 

does not occur at all thermally under these condition, nor are cyclobutadimers 

formed via acid catalyzed processes.17 Further, the virtually exclusively formation 

of trans,anti,trans cyclobutane linkages exactly parallels that found for 

authenticated cation radical chain cyclodimerization of the closely analogous 

monofunctional compound, trans-anethole. 

O

O  CH2Cl2
    5 min

4

, 0 oC

O

O

n

6
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The observation that catalytic quantities (5-10 mol%) of an aminium salt 

(4) in the polymerization of 6 are sufficient to effect cation radical reactions in 

high yield suggests the operation of either a catalytic or chain mechanism 

(Scheme 1-7).1 In the specfic context of an aminium salt-induced cycloaddition, 

the neutral reactant (R) is ionized to the corresponding reactant cation radical 

(R+·) by intermolecular hole transfer from the aminium salt. This R+· then reacts 

with neutral reactant to yield the product cation radical (P+·), which then must be 

neutralized by hole transfer to an appropriate neutral molecule. In the chain 

mechanism (Steps 1-3a), the neutral reactant (R) is source of a single electron  

 
.+.+

.+.+

.+.+

.+.+

1.     Ar3N     +     R                     Ar3N      +     R

2.     R                             P

3a.     P     +     R                            P      +     R

3b.     P     +     Ar3N                       P      +     Ar3N  

 

Chain Mechanism: Step 1 (Initition) and Step 2 and 3a (Propagation) 

Catalytic Mechanism: Steps 1,2 and 3b 

 
Scheme 1-7: Chain and catalytic mechanisms 

 

donor for the neutralization of P+·, and the reactant cation radical is regenerated. 

In the closely related catalytic mechanism (Steps 1,2, and 3b), the product cation 

radicals (P+·) are, however, neutralized by hole transfer to the neutral triarylamine 
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formed in the first step, and the aminium ion is regenerated. Therefore, further 

oligomerization or polymerization must involve the successive re-ionization of 

the dimer and each higher oligomer, in turn, by aminium salt.29 When the 

aminium salt (4) is used, the ionization step is usually substantially endergonic. 

Therefore, the catalytic mechanism would appear to be much less likely to 

account for the efficiency of this cation radical cycloaddition polymerization. 

Even in the case of a cation radical chain mechanism, there are two 

possible scenarios, a step growth process and a chain growth process. The 

question of whether the chain growth or the step growth process was addressed in 

several experiments. The principle criterion employed was that step growth 

polymerization can not yield high molecular weight polymers until essentially all 

of monomer is consumed, whereas in chain growth polymerization polymeric 

material is formed from the outset, even at relatively low monomer conversions. 

Quantitatively, this is expressed in the equation (1.1) and (1.2) where Mw is the 

     Mo(1+P)        (1.1) 

       (1-P) 

 PDI = 1 + P         (1.2) 

weight average molecular weight, Mo is the molecular weight of the monomer, 

and the P is the fraction of the monomer consumed.30 In one polymerization 

experiment at a monomer concentration of 0.03 M, and using 10 mol% of the 

initiator, the reaction was quenched after 30 seconds, yielding a polymer having 

Mw 15300 (PDI = 2.2). The monomer conversion was found to be 82 % leading to 

a predicted value of Mw 2629 (PDI = 1.82) for a step growth process. In a separate 

Mw  = 
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experiment at a monomer concentration of 0.022 M and using only 5 mol% of the 

initiator, the reaction was quenched after 2.5 minutes (50% monomer conversion), 

yielding a polymer having Mw 10000 (PDI = 1.8). These stand in sharp contrast to 

the values calculated for a pure step growth process: Mw = 882; PDI = 1.5. 

Additional kinetic experiments established that the average molecular weight at a 

given reaction time (2.5 minutes) and using identical initiator concentrations are 

directly proportional to the initial monomer concentration. The proposed 

mechanism for the cation radical chain cycloaddition polymerization of monomer 

6 is illustrated in Scheme 1-8. Considering first the initiation step, the peak 

oxidation potential of 6 and tris(4-bromophenyl)amine (1.23 and 1.05 V, 

respectively vs. SCE), indicate that the required initiating electron transfer is 

mildly endergonic (4.2 kcal/mol). The ionization of monomer 6 is therefore 

plausibly expected to occur at a moderate rate, appropriate for steady initiation, 

but not generating a high steady state concentration of monomer cation radicals, 

which would favor coupling reactions between two monomer cation radicals. The 

rate of cycloaddition of trans-anethole cation radical to trans-anethole has also 

been measured and been found to be extremely fast (k = 2.0 x 107).26 The 

intermediacy of a long bond cation radical has also been confirmed in the latter 

cycloaddition.31 The key aspect of the polymerization of 6 which makes the chain 

mechanism feasible is rapid intramolecular electron transfers from the 

cyclobutane long bond to the terminal propenyl groups. This transfer should be 

substantially exergonic, and that is indicated by comparison of the peak oxidation 

potentials of 6 (1.23 V)32 and the cyclobutadimer of trans-anethole (1.60 V), 
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Scheme 1-8: The cation radical chain cycloaddition mechanism for the 

polymerization of monomer 6 
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through space, but efficient transfer requires either spatial proximity of the long 

bond and the terminal propenyl group or transmission through a relatively small 

number of bonds separating the two moieties. 

It is important to note that prior to the report of the polymerization of 6 by 

this laboratory, no precedent had existed in literature for the propagation of 

polymerization chains via cation radicals. However, there are at least two distinct 

ways that important role had previously been established for cation radical 

intermediates in polymerization processes. The first is illustrated by the ionization 

of N-vinylcarbazole to the corresponding cation radical, followed by coupling of 

two such cation radicals to give a dication.33 Polymerization of N-vinylcarbazole 

then results from a cationic polymerization mechanism initiated by the dimer 

dication. This type of polymerization, then, is of the strictly linear addition type, 

as opposed to cycloaddition, and does not involve cation radicals at all in the 

propagation cycle. The second significant role of cation radicals in polymerization 

is illustrated by the polymerization of pyrrole by oxidative means (e.g. anodic 

oxidation or oxidation by a metal ion oxidant).34 In this case, cation radicals 

appear to be involved in every step of a step growth polymerization. The 

polymerization is not of the linear addition or cycloaddition type, but of the 

substitution type and is neither catalytic nor chain. Each monomer unit must be 

oxidized to the corresponding cation radical by the appropriate oxidant, which 

must therefore be supplied in stoichiometric, as opposed to catalytic, amounts. 

In this introduction, a number of pioneering observations in the area of 

cation radical cycloaddition chemistry which also includes cation radical chain 
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cycloaddition polymerization, a fundamentally new addition polymerization 

method involving cation radical intermediates in each propagation step 

originating in this laboratory, have been illustrated. The following chapters will 

demonstrate recent progress and observations in cation radical chain 

cycloaddition polymerization: minimizing a limiting factor, a competing 

carbocation pathway, of cation radical polymerization using tris(4-

bromophenyl)aminium hexachloroantimonate (4) as initiator (Chapter II); an 

unprecedented cation radical chain Diels-Alder polymerization leading to novel 

carbazole polymers (Chapter III); an efficient synthesis of ring-opening 

metathesis monomers and polymers containing ionizable moieties using cation 

radical Diels-Alder cycloaddition chemistry to generate the appropriate 

norbornene-type monomers (Chapter IV); and investigation of photorefractive 

effects resulting from a combination of photoconductive and electro-optic effects 

(change in refractive index in response to an electric field) in composites which 

utilize new carbazole-containing polymers as charge transport components 

(Chapter V). Finally, some studies of anion radical chain cycloaddition of tethered 

enones, which involve intramolecular anion radical cyclobutanation and Diels-

Alder cycloaddition (Chapter VI) will be described. 
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CHAPTER II: FURTHER STUDIES OF CATION RADICAL 
POLYMERIZATION OF OXYGENATED MONOMERS 

2.1 BACKGROUND 

Cation radical chain cycloaddition polymerization of readily ionizable, 

difunctional monomers represents a fundamentally new and potentially powerful 

polymerization mechanism involving efficient intramolecular electron transfer 

within cation radical intermediates involved in the propagation cycle initiated 

under aminium salt conditions (4).1 A novel aspect of this fundamentally new 

type of addition polymerization is its propensity for cycloaddition, including 

cyclobutanation (CB) and Diels-Alder cycloaddition (DA) as opposed to linear 

addition polymerization2 which is commonly observed in free radical, anionic, 

and cationic methods. Besides the unique inter-monomer linkages such as CB and 

DA, these polymerizations using tris(4-bromophenyl)aminium 

hexachloroantimonate as initiator occur under exceptionally mild thermal 

conditions and short reaction times. Polymers with relatively high molecular 

weights and good solubility in common organic solvents can be obtained easily by 

this polymerization method.  

The use of a chemical initiator, tris(4-bromophenyl)aminium 

hexachloroantimonate (4), has been found to be the most convenient and efficient 

technique for generating cation radicals for polymerization. This dark blue salt is 

self-stable and commercially available. However, a limiting factor of cation 

radical polymerization using tris(4-bromophenyl)aminium hexachloroantimonate 
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(4) as initiator is competition from carbocation pathways.2 Whereas the cation 

radical pathway leads to cycloaddition, the carbocation pathway leads to linear 

addition polymerization. By analogy to the familiar coupling of radicals, cation 

radicals couple with each other to give dications, which then deprotonate. Thus, 

Bronsted acid is presumably generated by deprotonation of the intermediate 

dications. When the acid generated is a strong Bronsted acid, then acid catalyzed 

competing reactions can potentially occur. The generation of strong Bronsted 

acids under aminium salt induced reaction conditions is well-established.3 This 

acid catalyzed competing reaction was observed when monomer (7) was 

polymerized under aminium salt condition (Scheme 2-1).2 The application of the 

standard aminium salt procedure to this monomer (7) yielded an insoluble, 
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evidently highly cross-linked polymer as the major product. Solid state 13C NMR 

spectroscopy revealed that this was not primarily a cyclobutapolymer, but a linear 

addition polymer, cross-linked through the second propenyl functionality. Further 

investigation of monomer 7 by treatment with triflic acid as a catalyst, which 

should only generate acid catalyzed polymers, was carried out at 0 oC, and the 

resulting polymer was virtually the same as one from an acid catalyzed reaction 

under the aminium salt condition.4 Thus, the polymer generated under aminium 

salt conditions is considered to arise via a cationic polymerization mechanism. 

Since cation radicals are known to be able to act as strong acids, one of the goals 

for successful and efficient cation radical cycloaddition polymerization is to 

minimize competing acid catalyzed reactions. 

To this end, it is of interest to investigate other initiation methods 

including photosensitized electron transfer (PET) and anodic oxidation for the 

cation radical polymerization. The typical PET procedure5 used in this laboratory 

for accomplishing cation radical cycloadditions consists of irradiation of the 

appropriate substrate dissolved in a dry acetonitrile solution, which also contains 

an electron deficient photosensitizer such as 1,4-dicycanobenzene (DCB), with a 

mercury vapor lamp using a Pyrex vessel so that high energy radiation is filtered 

out, and ultra violet light is absorbed exclusively by the sensitizer. However, for 

substrates which have significant absorption at or above 290 nm, appropriate 

filters such as uranium filters are required. Although PET method is relatively 

slow and can be accompanied by solubility problems, this procedure is free of 

problems arising from competing Bronsted acid catalyzed reactions, since the 
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sensitizer anion radicals produced in the electron transfer step consume any acid 

generated via the enhanced acidities of cation radicals. 

Oxidation at a reticulated vitreous carbon anode is another convenient 

means of electrochemically generating cation radicals on a preparative scale. In 

the standard electrochemical method, a divided electrochemical cell was used 

where the counter electrode (vitreous carbon) was separated from the bulk 

reaction chamber by a glass frit. The working electrode (vitreous carbon) and the 

reference electrode (Ag/Ag+) were placed in the bulk reaction chamber which 

contained a solution of the monomer and an electrolyte (0.1 M LiClO4 in a 

mixture of acetonitrile and dichloromethane). The counter electrode chamber was 

filled with electrolyte solution up to the same level. Electrolysis of the substrate 

was carried out 0.75 V at 0 oC under a nitrogen atmosphere. 

 

2.2 RESULTS AND DISCUSSION 

In contrast to most polymerization methods, which proceed most 

efficiently when vinyl monomers are employed, cation radical cycloaddition 

polymerization and cation radical cycloadditions in general tend to work better 

with propenyl monomers. In part, this is the result of the greater ease of ionization 

of propenyl as compared to vinyl groups, a consequence of the electron-releasing 

ability of alkyl groups. In addition, propenyl monomers are favored over vinyl 

monomers because of the tendency of the latter to undergo rapid cationic 

polymerization induced either by protonation of vinyl groups by strong Bronsted 

acids generated during the aminium salt initiated reactions or by direct 
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electrophilic reaction of the aminium ion with the sterically unhindered vinyl 

groups to generate carbocations. On the other hand, the corresponding propenyl 

monomers appear to be much less subject to either acid-catalyzed or 

electrophilically catalyzed, carbocation mediated polymerization. When the 

alkene moiety is terminally disubstitued by, for example, methyl groups 

(isobutenyl moieties), ionization is even more facile, but both carbocation and 

cation radical polymerizations are sharply retarded. It should, however, be noted 

that relatively efficient monofunctional cation radical cycloadditions have been 

established for phenyl vinyl sulfide and phenyl vinyl ether, so that these 

functionalities could also prove to be effective in the bifunctional, polymerization 

context.6 

Monomer 6 was synthesized according to a method previously reported by 

our laboratories (Scheme 2-2).7 Friedel-Crafts acylation of diphenoxyethane with 

propionyl chloride, followed by sodium borohydride reduction gives the  
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corresponding alcohol. Dehydration of this alcohol to the target monomer was 

problematic, and the published yield of this reaction was only 42%. The 

polymerization of 0.056 M solution of 6 in dry dichloromethane (DCM) solution 
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at 0 oC for 10 minutes under a nitrogen atmosphere in the presence of 15 mol% of 

4 gave a soluble polymer having a weight average molecular weight (Mw) of 

37000 and a polydispersity index (PDI) of 7.31, as described in a preliminary 

report.7 In the present work, a very pure sample of 6 was obtained in good yield 

(81%) by optimization of dehydration reaction condition via phosphorus 

oxychloride. Polymerization under similar conditions (0.03 M, 15 mol% of 

initiator, 12 minutes) afforded a polymer of Mw 85500 (PDI = 2.3). The 

anticipated cyclobutapolymer structure was confirmed by both 1H and 13C NMR 

spectroscopy. Although it was possible to obtain a high molecular weight polymer 

from the optimized reaction conditions, NMR spectra showed evidence of what 

appeared to be a small amount of acid catalyzed polymer linkages, amounting to 

no more than 10% of the product of cyclobutapolymers. This analysis is based 

upon the relative proportion of methyl absorptions at 1.1 ppm, characteristic of 

methyl groups attached to cyclobutane rings, and those which occur at higher 

field (0.8 ppm). 

To minimize acid catalyzed polymerization in aminium salt induced 

polymerization, a mixture of DCM and water was used. The use of water as a 

second phase was specifically designed to remove any inorganic acid which is 

initially present in the aminium catalyst and also to continue to extract these acids 

from the organic DCM solution as they may be formed during the polymerization. 

Polymerization of 6 using aminium salt catalyst 4 in a 7:1 mixture of DCM and 

water for 12 minutes resulted in the isolation of cyclobutaoligomers (n = 2-4) 

instead of CB polymers, but there was now no trace of acid catalyzed polymer 
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linkages (Scheme 2-3). Apparently, water is able to sweep out the acids from the 

organic phase with reasonable efficiency, but also is able to intercept the  
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propagating cation radical chains earlier than would otherwise be the case. It has 

been well established by other studies in this research group that in the cation 

radical reactions of monofunctional molecules carried out in the mixed solvent, a 

much larger amount of aminium salt is required than when pure DCM is 
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When the standard PET procedure was applied to monomer 6, only the 

cyclobutadimer and trimer of 6 (Scheme 2-4) were obtained, presumably because 

back electron transfer from the sensitizer anion radical is relatively efficient in 

quenching the intermediate long bond cation radicals prior to extensive 

propagation.9 These adducts represent the first and second stages of propagation, 

and as such still have ionizable terminal propenyl groups. Therefore when the 

 CH2Cl2/H2O

  0 oC, 12 min
O

O

2-4

6
Ar3N

+.



 26

purified cyclodimer of 6 was subjected to PET conditions, further polymerization 

occurred and, interestingly, was much more efficient than before, yielding a 

polymer the NMR spectrum of which was essentially identical to that obtained in 

 

 
Scheme 2-4: Photosensitized cylcoaddition polymerization of monomer 6, using 

1,4-dicyanobenzene (DCB) as the sensitizer 
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the aminium salt method, except that the Mw was 11400 (PDI = 2.0). It is also 

note that the lower molecular weight polymers show stronger NMR absorptions 

from the terminal propenyl groups than do the polymers obtained from the 

aminium salt method. The reasons for the much greater efficiency of 

polymerization of this dimer/trimer mixture are not yet clear. 

Initiation of the polymerization of monomer 6 could also be accomplished 

by anodic oxidation of 6 to its cation radical at a reticulated vitreous carbon 

anode. In a typical reaction (0.1 M solution of LiClO4 in a 1:3 mixture of 

acetonitrile and DCM) at the anode potential of 0.75 V, a cycloaddition polymer 

was again obtained which was virtually identical to that obtained from the both 

the aminium salt and PET methods except for Mw (3366 and PDI = 2.5) and the 

intensity of the propenyl end group absorptions. In particular, there were no more 

than traces of the upfield methyl absorptions which are characteristic of acid-

catalyzed, carbocation-mediated polymerization. 

The polymerization of 4,4´-bis(trans-1-propenyl) diphenyl ether (7), 

which was synthesized using the same sequence as for monomer 6, substituting 

diphenyl ether for diphenoxyethane, was also investigated (Scheme 2-5). As noted 

in the previous discussion, the application of the standard aminium salt procedure 

to this monomer resulted in the isolation of polymeric materials which were 

insoluble in any solvent, presumably via acid catalyzed polymerization.2 The 

failure of the cation radical chain cycloaddition method to prevail with 7, as it 

does with 6 is evidently not the inability of the initiator to ionize 7, since the peak 

oxidation potential of the latter is 1.36, which is well within the range of the 
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ability of this initiator to ionize substrates at a rate sufficient to support efficient 

cation radical chain chemistry.10 Instead, it is postulated that the intramolecular 
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of the insoluble polymer. 

As in the case of monomer 6, the photosensitized reaction of 7 gave 

primarily the dimer. Once again, purification of the cyclodimer and initiation 

under PET conditions (Scheme 2-7) afford moderately efficient cycloaddition 

polymerization (Mw 7220; PDI = 6.7).  

 

 

 
Scheme 2-7: Photosensitized electron transfer (PET) initiated polymerization of 

the cyclodimer of monomer 7 
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monomer. A previous investigation of the reaction of a 1:1 mixture of trans-

anethole and 4-vinylanisole under aminium salt conditions revealed that the cross 

adduct was formed in good yield, and neither trans-anethole dimer nor the 

vinylanisole dimer were dected.11 This result was in accordance with the 

assumptions that trans-anethole would be preferentially ionized to its cation 

radical, and this would be preferentially react with unhindered vinyl moiety of a 

neutral monomer molecule. To take advantage of both the greater ease of 

ionizaiton of propenyl groups and the intrinsically higher reactivity of vinyl 

groups toward cation radicals which then probably afford high molecular weight 

polymers, the unsymmetrical monomer 8 was synthesized (Scheme 2-8).11 A 

stirred mixture of 4-hydroxyacetophenone and Cs2CO3 in DMF was reacted with  
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1-(2-bromoethoxy)-4-propionylbenzene, available in this laboratory from the 

reaction of 4-hydroxypropiophenone with 1,2-dibromoethane in K2CO3, to give 

the corresponding diketone. Subsequent reduction and dehydration of the product 

diketone gave monomer 8. The polymerization (0.04 M, 10 mol% initiator) of 

monomer 8 (Scheme 2-9) was impressively facile, leading to the formation of a 

soluble polymer having Mw 450000 (PDI = 4.9) after only two minutes of 

reaction, as expected from the previous studies. In the modified polymerization 

using a 5:1 mixture of DCM, the observed results were similar to those obtained 

in pure DCM, except for the molecular weight of polymer (Mw 12700; PDI = 2.3). 

The similarity of the NMR spectra of these polymers to that of the cross adduct of  

 

 
Scheme 2-9: Mixed cycloaddition/cyclopolymerization of an unsymmetrical 

monomer 8 under aminium salt conditions 
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trans-anethole and vinylanisole was striking, indicating the presence of an 

abundance of these unsymmetrical cyclobutane linkages. However, very careful 

NMR studies (including 500 MHz 1H NMR and both H-H and C-H correlation 

spectra) had previously revealed the additional presence of moieties formed by 

cyclopolymerization (Scheme 2-9). The ratio of cyclobutapolymerization to 

cyclopolymerization was found to be approximately 1:1 under the standard 

aminium salt conditions. Under the modified aminium salt conditions, the ratio of 

these two types of linkage appeared to be substantially unchanged. Suggesting the 

possibility that the macropolymerization is not being catalyzed by strong Bronsted 

acids. Evidently, linear addition was not a major competitor, since no insoluble 

polymer was formed, and linear polymerization would be expected to result in 

crosslinking.  

The observation of efficient macrocyclopolymerization (ring size = 15) is 

noteworthy, especially for a propenyl monomer.12 Presumably the competing 

macrocycloplymerization is carbocation mediated, but there are strong indications 

that it is at least not exclusively Bronsted acid catalyzed. This evidence includes 

the observation that carrying out the polymerization in the presence of a large 

excess of sodium carbonate, which usually is at least partially effective in 

suppressing competing acid catalyzed processes, essentially leaves the ratio of 

cyclobutapolymerization to cyclopolymerization unchanged.11 In the presence of 

a hindered amine base, 2,6-di-tert-butylpyridine, which should completely 

suppress acid catalyzed reactions, the presence of some cyclopolymerization 

linkages is still observed. Plausible mechanistic possibilities for carbocation 
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generation include the coupling of cation radicals to generate dicarbocations 

which are capable of initiating cationic macrocyclopolymerization and 

electrophilic catalysis via direct reaction of the aminium ion with vinyl linkages. 

The latter mechanism would be expected to be especially facile in the case of 

unsubstituted vinyl, as opposed to propenyl, linkages. 

 

SUMMARY 

Cation radical cylcoaddition polymerization of various oxygenated 

monomers has been attempted using modified chemical oxidation conditions, 

photosensitized electron transfer (PET) conditions and anodic oxidation 

conditions in order to minimize a tendency of these monomers to undergo 

Bronsted acid catalyzed reactions in competition with the desired cation radical 

catalyzed cycloaddition reactions. Using a dichloromethane/water binary solvent 

mixture to extract strong Bronsted acids from the polymerization medium, it 

proved possible to essentially eliminate the rather small amounts of competing 

acid catalyzed reaction, although the polymers are not surprisingly of much lower 

molecular weight than those obtained using pure dichloromethane as the solvent. 

It appears reasonable to assume that the solubility of water in dichloromethane is 

sufficient to permit the interception of polymer chains by the weakly nucleophilic 

water molecules and thus limit the degree of polymerization. In addition, studies 

under photosensitized electron transfer (PET) and anodic oxidation conditions 

show that cycloaddition polymerization can be carried out in such a way as to 

completely eliminate acid catalyzed reactions and generate polymers of 
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substantial molecular weight. However, the PET method, in particular, requires an 

extra synthetic step to obtain the appropriate dimeric or oligomeric starting 

materials. 
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CHAPTER III: CATION RADICAL POLYMERIZATION OF 
CARBAZOLE DERIVATIVES 

3.1 BACKGROUND 

Since the discovery of photoconductivity of poly(N-vinyl carbazole) 

(PVK),1 there has been considerable interest in photoconducting polymers. 

Among a variety of photoconducting polymers, poly(N-vinyl carbazole) has been 

extensively investigated as a thermal or photoconductive polymer.2-4 

Photoconductivity is observed when a radiation source raises an electron from a 

valence band to a conduction band where it is free to contribute to electrical 

conductivity. PVK itself is photoconductive, but only in the UV region.1  

 

 

 

 

 

 

Numerous efforts were made in the early development of organic 

photoconductors to render PVK photoconductive in the visible region.5 The high 

thermal stability of PVK even up to 300 oC is well known.6 The impetus to 

investigate and understand photoconductive phenomena has stemmed from a 

desire to exploit the use of polymeric photoconductors in such applications as 

electrophotography. In 1970, IBM introduced its Copier 1 series, in which an 
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organic photoconductor, the charge-transfer complex of PVK:TNF (2,4,7-trinitro-

9-fluorenone), was used for the first time.7 Although the PVK:TNF 

photoconductor had been phased out of the market place because of the low 

photosensitivity, the toxicity of TNF, and the poor mechanical strength,8 the 

interest in carbazole based polymer systems still remains high in view of their 

unusual thermal, electrical and photoelectrical properties of these materials. 

Carbazole compounds are well-known to exhibit good hole transporting 

properties and their photocarrier generation efficiency can be sensitized by 

formation of charge transfer (CT) complexes.9 Carbazole also has the flexibility 

for structure modification and thus has been covalently incorporated into 

polymeric systems either in main chain or linked to the main chain as pendant 

units.10 Interestingly, polymers containing trans-1,2-bis-9-carbazolylcyclobutane 

(DCZ) were first reported in 198111 and the subsequent research on these 

polymers showed that they rarely form excimers, the formation of which is  
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sterically hindered by DCZ groups, and they have higher photoconductivity than 

poly(N-vinyl carbazole) (PVK).12 Although the detailed mechanism of the 

carbazole hole transport is not fully understood, it has been generally assumed 

that the presence of a structural trap is responsible for the decrease in the hole 

drift mobility.13 This structural trap is believed to have an excimer 

conformation.14 Several research groups reported the synthesis of polymers 

containing trans-1,2-bis-9-carbazolylcyclobutane (DCZ) functionalities into the 

polymer backbone14a, 15 or as pendent groups.14b, 16 

It has been shown in the previous chapter that cation radical chain 

cycloaddition polymerization of difunctionalized monomers provides polymers 

with cyclobutane linkages in their polymer main chain. Unlike other common 

addition polymerization such as by free radical and cationic methods, cation 

radical cycloaddition reaction is also capable of yielding Diels-Alder linkages 

using a single monomer which contains both of dienophilic and conjugated dienic 

moieties via cation radical vinylcyclobutane rearrangement.17-18 It is therefore 

worthy exploring the feasibility of incorporating difunctional carbazole 

compounds into this new cation radical chain cycloaddition polymerization 

method. In fact, the monomers selected by this research group to initially 

demonstrate the feasibility of cation radical chain cycloaddition polymerization 

were exclusively oxygenated monomers which contain relatively readily ionizable 

functionalities. Thus, the polymerization of difunctional monomers containing 

heteroatom functionality other than oxygen is quite attractive to pursue from the 

point of view of extending the scope of cation radical chain cycloaddition 
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polymerization. More specifically, it appears quite likely that carbazole-

containing polymers generated via cation radical polymerization may posses 

properties of particular interest for applications in opto-electronic devices based 

upon the established photoconductive and opto-electronic properties of carbazole 

containing polymers.  

 

3.2 RESULTS AND DISCUSSION 

With the dual incentives of extending the scope of cation radical 

cycloaddition polymerization to heteroatom-containing systems and synthesizing 

novel carbazole-containing polymers having potentially useful opto-electronic 

properties, the highly electron rich monomer N-phenyl-3,6-bis(trans-1-

propenyl)carbazole (9) was prepared by the following the sequence (Scheme 3-

1).19 Friedel-Crafts acylation of N-phenylcarbazole with propionyl chloride on the 

active 3- and 6-positions, followed by sodium borohydride reduction gave  
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corresponding diols which were then eliminated by phosphorous oxychloride in 

pyridine, producing the desired monomer (9) in a 75% yield. When this monomer 

(9) was treated in dichloromethane solution at 0 oC with tris(4-

bromophenyl)aminium hexachloroantimonate (4; 15 mol%), polymerization 

occurred rapidly (Scheme 3-2). Quenching with methanolic potassium carbonate 

followed by a typical two phase water/dichloromethane workup gave a glassy 

polymer which was highly soluble in dichloromethane and other organic solvents. 

This polymer was found to have Mw 106200 (PDI = 3.1). Although the absorption 

peaks were broad, the 1H NMR spectrum of the polymer was clearly inconsistent 

 
Scheme 3-2 

 

with the cyclobutapolymer structure initially anticipated on the basis of the 

oxygenated bis(propenyl) monomers described in the previous chapter. Indeed, 

the polymer has no detectable traces of absorptions (methyl and olefinic) 

corresponding to unreacted propenyl end groups (1.94, 6.25, and 6.59 ppm 

respectively), indicating that both propenyl groups of the monomer have reacted 
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essentially completely. Cycloaddition polymerization is thus indicated, since 

linear polymerization of a difunctional monomer would necessarily generate an 

insoluble, network polymer.  

Monomer 10 was then synthesized to confirm that the polymerization occurs 

in the carbazole moiety as opposed to the N-phenyl moiety. The synthetic route 

followed the same sequence as before, but using N-methylcarbazole as starting 

material, and afforded the desired monomer in 52% yield. The monomer 10 was 

polymerized under typical reaction conditions, yielding a soluble polymer 

(Scheme 3-3). Its NMR spectrum was essentially identical to the polymer of 9 

except for the N-methyl peak. This result suggests that the polymerization occurs 

predominantly on the propenyl moieties. 

 
Scheme 3-3 
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typical aminium salt (4) conditions. Elucidation of the structure of these dimers 

should thus provide the necessary foundation for the understanding of the 

structure of the polymer derived from the difunctional monomer. N-phenyl-3-

(trans-1′-propenyl)carbazole (11) was synthesized using the same sequence as for 

monomer 9, affording the desired product in 91% yield. When 11 was treated in 

the same reaction condition for 1 minute, a 34% yield of the mixture of 

diastereoisomeric dimers (12) was obtained (Scheme 3-4). The structure of these 

dimers was established by 1H and 13C NMR and H-H correlation spectra, as well  

 
Scheme 3-4 

 

as by LRMS and HRMS. As in the case of 9, the products of the reaction of 11 

were found not to be cyclobutane dimers, but instead a mixture of three 

diastereoisomer dimers (12) corresponding to a rather novel Diels-Alder 
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absorptions of the dimer (12) correspond very closely with those of polymer of 9 
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except that the absorptions of the latter are broad; the chemical shift assignment 

for the one major dimer in the aliphatic region was 4.63 (Ha), 2.94 (Hc), 2.34 (Hb), 

1.92 (Hd), 1.80 (He), 1.43 (Hf), 1.03 (Hg) whereas the corresponding chemical 

shifts of the polymer was 4.8-4.6(br), 3.5-3.3(br), 2.9-2.6(br), 2.3-2.2(br), 1.9-

1.6(br), 1.4-0.9(br). Further investigation of this monomer 11 was carried out to 

confirm the cation radical cycloaddition mechanism using a hindered amine base. 

The same dimer mixture was obtained in 43% yield when the reaction was carried 

out in the presence of the hindered amine base, 2,6-di-tert-butylpyridine, thus 

precluding the possibility of an acid catalyzed or other carbocation mediated 

process.20 The literature contains several precedents for such a cation radical 

Diels-Alder cycloaddition across a diene linkage, one double bond of which is 

part of an aromatic system.21 These reactions are generally considered to be 

stepwise in nature, proceeding via distonic cation radical intermediates which 

subsequently cyclize to the ortho position of the aromatic ring. The proposed 

mechanism of dimerization of monomer 11 (Scheme 3-5) follows the same 

pattern as these precedents. The initially formed Diels-Alder adducts are, in all 

cases, subsequently aromatized to afford the observed cyclodimers via processes 

which are not yet well defined. 

One of the especially interesting and useful aspects of cation radical 

cycloaddition polymerization chemistry is that polymerization can usually be 

“capped” at various molecular weights by including some of the corresponding 

monofunctional substrate in the polymerization medium. When a mixture of 9 and 

11 (10 mol%) was subjected to polymerization, the resulting polymer was found  
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Scheme 3-5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

to have a weight average molecular weight of 62100 (PDI = 2.7) which have the 

same basic structure and NMR spectrum as the uncapped polymer. Finally, even 

when the polymerization process was carried out with a 2:1 ratio of 11:9, an 85% 

yield of oligomers (average nonamers) was formed, providing further evidence 

that the polymerization is indeed occurring via a chain growth process. The 

proton NMR spectrum of these oligomers is virtually identical to that of the 

higher molecular weight polymer, except for the line width. In addition to these 

oligomers, a small amount (10% yield) of the 2:1 adduct (11:9) was isolated from 
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this mixture, and the NMR spectrum of this ‘trimer’ proved to be virtually 

identical in the aliphatic region of that of the dimer 12.  

It is significant that, notwithstanding the rather modest yields of dimers 

which are obtained in the reaction of the monofunctional analogue 11, the 

polymerization of 9 is extremely rapid and highly efficient in generating Diels-

Alder type linkages. It is considered to be a key to the efficiency of cation radical 

cycloaddition polymerizations that the hole transfer which is required for the 

neutralization of the adduct cation radicals and which, in the case of 

monofunctional substrates, is required to be intermolecular, can be intramolecular  
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and therefore potentially much faster in the case of difunctional molecules 

(Scheme 3-6). The special efficiency of this cation radical Diels-Alder chain 

cycloaddition polymerization is considered to relate, at least in part, to the 

circumstance that even intramolecular electron transfer is circumvented in this 

case, since the cation radical moiety, as it is originally generated upon the Diels-

Alder linkage, is actually already delocalized upon the exocyclic propenyl moiety. 

Propagation of the chain by reaction at this propenyl moiety is therefore feasible. 

It is also worthy to note that this polymerization represents the first example of a 

highly efficient and direct cation radical chain Diels-Alder polymerization. 

In continuation of the synthesis of new derivatives of carbazole-based 

polymers to explore the effect of the structure upon the opto-electronic and 

photorefractive properties of these materials, the reaction of difuctional N-

alkylcarbazoles has been further investigated. The N-alkylcarbazoles used for this 

purpose were N-octyl-3,6-bis(trans-1′-propenyl)carbazole (13) and N-(2′′-ethyl-

hexyl)-3,6-bis(trans-1′-propenyl)carbazole (15); in addition to the corresponding 

monofunctional monomers, N-octyl-3-(trans-1′-propenyl)carbazole (14) and N-

(2′′-ethyl-hexyl)-3-(trans-1′-propenyl)carbazole (16) respectively, which will cap 

the end propenyl group of the propagating polymer chain. It is expected that the 

polymers derived from these difunctional carbazole monomers having long alkyl 

chains attached to the nitrogen atom would have enhanced solubility in organic 

solvents and lower glass transition temperature (Tg), which is desirable in 

connection with photorefractive effects.  
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Monofunctional analogues of N-octyl-3-(trans-1′-propenyl)carbazole (14) 

and N-(2′′-ethylhexyl)-3-(trans-1′-propenyl)carbazole (16) were prepared from 

carbazole introducing an alkyl group into a 9- position of carbazole by a 

modification of the reported procedure (Scheme 3-7),22 subsequent acylation with 

propionyl chloride, sodium borohydride reduction and elimination by 

phosphorous oxychloride producing the desired monomer (14) and (16) in a 78% 

and 81% yield, respectively. The tris(4-bromophenyl)aminium 

hexachloroantimonate salt induced reaction of monofunctional monomer 14 was  

 
Scheme 3-7 
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then investigated as a basis for elucidating the structure of the polymers derived 

from both the N-octyl and N-2′-ethylhexyl substituted difunctional monomers 13 

and 15, respectively. When 14 was treated in dichloromethane solution at 0 oC 

with tris-(4-bromophenyl)aminium hexachloroantimonate (4; 10 mol%) for 1 

minute, followed by column chromatography, a 40% yield of the mixture of 

diastereoisomeric dimers (17) was obtained (Scheme 3-8). The structure of these 

dimers was established by 1H and 13C NMR and H-H correlation spectra, and 

again they were confirmed to be cation radical Diels-Alder cycloadducts whose 

NMR absorptions in aliphatic region is essentially the same as that of N-phenyl-3-

(trans-1′-propenyl)carbazole (11): 4.53 (Ha), 2.90 (Hc), 2.28 (Hb), 1.82 (Hd), 1.94 

(He), 1.38 (Hf), 1.03 (Hg) ppm. 

 
Scheme 3-8 

 

Monomer 13, N-octyl-3,6-bis(trans-1′-propenyl)carbazole, and monmer 15, 

N-(2′′-ethyl-hexyl)-3,6-bis(trans-1′-propenyl)carbazole, were synthesized using 

the same sequence as for the corresponding monofunctional analogues, 14 and 16, 

N

R

14; R = octyl

   0 oC, 1min

Ar3N
+.

 Ar = N-octyl-3-carbazolyl

N

R

Ar

f H3C

a H

H b CH3 g
H c

H d

H e



 49

and investigated under the typical aminium salt condition (Scheme 3-9). The 

polymerization of each monomer was carried out in the presence of the 

corresponding monofunctional analogues (30 mol%) to cap the reactive end 

propenyl group of polymer chain. Under capping polymerization conditions, it is 

possible to minimize the number of end propenyl functionalities in the polymer 

chain. This was considered desirable because such propenyl end groups attached 

to carbazole moieties may represent a deep hole trap, which could affect the 

photorefractive properties of the polymer unfavorably. Another motivation for 

pursuing the capped polymers was to avoid generating polymers of unduly high 

molecular weight. It has been demonstrated already that the cation radical chain 

cycloaddition polymerization of N-phenyl-3,6-bis(trans-1′-propenyl)carbazole is 

highly efficient, and the resulting polymer has exceptionally high molecular 

weight even in a reaction time of 1 minute. However, it is by no means clear that 

higher molecular weight polymers will show superior material properties to 

polymers of more moderate molecular weight. It appeared reasonable to us to 

assume that the latter might actually have fewer structural defects, and 

applications in opto-electronic devices require polymers to be pure and relatively 

free of defects, it was conjectured that polymers of moderate molecular weight 

may actually have superior material properties. The polymerization (10 mol% of 

initiator) of monomer 13 in the presence of 30 mol% of 14 resulted in the 

formation of cation radical Diels-Alder cycloaddition polymers having Mw 22000 

(PDI = 1.77). The resulting polymer showed NMR absorptions in the aliphatic 

region which are closely similar to those of the dimer of N-octyl-3-(trans-1′-
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propenyl)carbazole (14), except for the line width. When monomer 15 and 16 

were applied to the same reaction condition (Scheme 3-9), similar results were 

observed except for the molecular weight (30200; PDI = 2.03). As expected, these 

polymers have relatively lower molecular weight than that of the uncapped 

polymer derived from N-phenyl-3,6-bis(trans-1-propenyl)carbazole (Mw 106200; 

PDI = 3.1), and they show enhanced solubility in common organic solvents. 

 
Scheme 3-9 

 

 

 

 

 

 

 

 

 

 

Finally, as part of our program of synthesizing new carbazole-based 

cycloaddition polymers, the synthesis and polymerization of a new difunctional 

propenyl carbazole monomer, N,3-bis(trans-1-propenyl)carbazole (17), has also 

been investigated.23 The synthesis of monomer 17 is illustrated in Scheme 3-10. A 
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equivalent, the latter through the subsequent base-catalyzed isomerization of the 

N-allyl group. However, this isomerization yields a mixture of cis- and trans-N-

propenyl groups, which is quite difficult to separate chromatographically. The 

pure N-trans-propenyl monomer was obtained very efficiently from the mixture 

by first converting it to the 1-ethoxypropyl derivative (HCl/ethanol), followed by 

elimination of ethanol from the latter (acetyl chloride/pyridine/dioxane). This 

elimination results in the exclusive formation of the N-trans-propenyl derivative 

(17). The use of the N-allyl group as a convenient protecting group for the 

nitrogen atom of carbazole appears attractive in a more general sense, since the 

propenyl group can undoubtedly be hydrolytically removed in dilute aqueous acid 

in a manner analogous to the reaction with ethanol. 

 
Scheme 3-10 
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The polymerization of 17 (Scheme 3-11) was initiated by two distinctly 

different methods. The chemical method consists of treating a solution of 17 and 

15 mol% of aminium salt (4) in dichloromethane at 0 oC. The reaction, under 

these conditions, is complete within 1 min and affords a soluble polymer having 

Mw 8780 (PDI = 7.3). The electrochemical method consists of subjecting a 

dichloromethane/acetonitrile solution of 17, which also contains lithium 

perchlorate as the electrolyte and 2,6-di-tert-butylpyridine as a hindered base to 

inhibit any potential acid catalyzed chemistry, to anodic oxidation at a vitreous 

carbon anode, using a potential of 0.65 V vs SCE. The monomer was completely 

consumed within 1 hour after 14.9 coulombs of charge had passed, and workup 

yielded a polymer (Mw 6240; PDI = 4.49). The NMR of which is virtually 

superimposable upon that obtained from the aminium salt initiated polymerization 

except the degree of polymerization. Both polymers show broad absorptions in  
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proton), 4.4-4.7 (C1 proton), in addition to the absorptions of the aromatic 

protons. 

Although these spectra appeared to be generally consistent with expectation 

for the unsymmetrical cyclobutapolymer of Scheme 3-11, it appeared desirable to 

synthesize a non-polymeric model compound of known and closely related 

structure for a closer comparison. Interestingly, but unfortunately, we were unable 

to obtain any of the desired cross adduct in an attempted reaction between two 

monofunctional molecules which closely model the functionality present in 17, 

namely N-propenylcarbazole and N-phenyl-3-propenylcarbazole, under aminium 

salt conditions. This result alludes to the crucial importance of having both the N-

propenyl and the 3-propenyl groups in the same molecule, i.e., to the importance 

that intramolecularity plays in the reactions of 17. As an approximate model 

compound, the cross adduct between N-propenylcarbazole and trans-anethole was 

successfully prepared (Scheme 3-12). The 1H NMR spectrum of this cross adduct 

is indeed quite closely comparable in the aliphatic region to that of the polymer, δ 

1.06 and 1.48 (the two non-equivalent methyl groups), 1.82-1.96 (C3 proton), 

2.96-3.05 (C4 proton), 3.71 (the methoxy methyl protons), 4.01 (the C2 proton), 

4.55 (the C1 proton). The existence of major amounts of cyclobutane linkages 

formed by the symmetrical coupling of two N-propenyl groups is ruled out, since 

the cyclobutane dimers of N-propenylcarbazole have equivalent C1 and C2 

protons which absorb at much lower fields (δ 5.8). Although the symmetrical 

cyclobutane dimer of N-phenyl-3-propenylcarbazole (11) does have benzylic 

protons which absorb at δ 4.2, there are, of course, no other aliphatic proton 
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Scheme 3-12 

 

absorptions below this (specifically no absorption at δ 4.6). Further, the absence 

of symmetrical cyclodimerization of two N-propenyl groups suggests that there is 

little likelihood of symmetrical cyclodimerization of two C3-propenyl groups, 

which would have to accompany the dimerization of N-propenyl groups. On the 
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the molecular ion corresponding to an alkene fragment formed by 

retrocyclobutanation involving the weakest cyclobutane bond. Such cleavage is 
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not observed for acyclic addition products formed via carbocation mechanisms. 

Further, although Diels-Alder adducts may undergo the retro cation radical Diels-

Alder reaction, typically these do not produce diene or dienophile fragments as 

the parent ion. Importantly, in the present case, retrocycloaddition of Diels-Alder 

adduct linkages is not expected at all, because previous work establishes that the 

initial Diels-Alder adducts formed by conjugate addition to an aromatic ring 

rapidly re-aromatize to structures which are even less capable of retro Diels-Alder 

reactions.19  

Significantly, the CI MS of this same polymer also has a substantial peak 

corresponding to the molecular weight of 3-(trans-1′-propenyl)carbazole (Scheme 

3-13). The formation of this ion, which has no substituent upon the nitrogen atom,  

 
Scheme 3-13 

 

N
N
H

+.

H

N

N +.

CIMS
+

Diels-Alder
end groups



 56

is not expected of cyclobutane adduct linkages, but is just what one might expect 

from the presence of some Diels-Alder linkages. The Diels-Alder type linkages 

which, by analogy to the previous research, should be formed from 17 are seen to 

have a terminal 3-propenylcarbazole moiety attached to a benzylic position of 

another carbazole ring. Generation of a cation radical site upon this terminal 

carbazole moiety could easily result in the formation of the cation radical of 3-

(trans-1′-propenyl)carbazole by a cyclic β-elimination process. It therefore 

appears likely that, although cyclobutane linkages are predominant in this 

polymer, there is a significant fraction of Diels-Alder linkages as well.  

Another unique aspect of cation radical chain cycloaddition polymerization 

is the capability for re-initiating polymerization via ionization of the propenyl end 

groups of the polymer. When the purified polymer obtained from the aminium 

salt initiated polymerization of 17 (Mw 8780) is subjected to an additional 

treatment with tris(4-bromophenyl)aminium hexachloroantimonate (4) under the 

same conditions as before, the molecular weight of the isolated polymer is 

increased to 17700 (PDI 4.0). 

The capping of the polymerization of 17 by both types of functionality 

present in 17 (N- and 3-propenylcarbazole functionalities) was studied (Scheme 3-

14). When an excess (3:1) of 3-(trans-1′-propenyl)-N-phenylcarbazole (11) was 

employed as a capping agent in conjunction with the polymerization of 17, a 

mixture of oligomers was formed. The chromatographically purified mixture of 

oligomers could not be individually separated into monodisperse compounds, but 

it was established by means of mass spectrometry, molecular weight distribution, 
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and mass balances that they consisted mainly of "tetramers" (two molecules of 17 

and two of the capping agent) and "trimers" (one molecule of 17 and two of the 

capping agent) along with smaller amounts of higher oligomers. Thus the Mw was 

found to be 1330 (PDI = 2.0), compared to 1060 expected for this type of 

tetramer. Further, the mass of the capping agent incorporated into the mixture of 

oligomers corresponded to an approximately 1:1 molar ratio of monomer and 

capping agent. Moreover, the 1H NMR spectrum of this oligomer mixture 

revealed the absence of olefinic hydrogens, indicating that propenyl end groups  

 
Scheme 3-14 

 

were not present and thus that capping groups must be present at essentially all of 

the oligomer termini. Finally, CI mass spectrometric analysis revealed the 

predominant presence of the 2+2 tetramer with substantial amounts of trimers, 

and lesser quantities of pentamers and hexamers. Similar results were obtained 

when capping was carried out with a 1:1 ratio of 17 and the capping agent. That 

the polymerization was efficiently capped in itself indicates the operation of a 

cation radical chain process. More specifically, the presence of a capping 
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cyclobutane moiety is indicated by the presence in the CI and FAB MS of a 

strong peak for the positive fragment corresponding to the cap (m/e = 284; M+1). 

In the EI MS this peak was by far the dominant peak (i.e., the parent ion). As has 

been previously noted, the cation radicals of cyclobutane adduct are well known 

to fragment extensively in just this manner. Corresponding capping studies using 

N-propenylcarbazole also generated a mixture of polymers and oligomers, the 

latter consisting of mostly trimers and tetramers. 

The polymerization of 17 under anodic oxidation conditions has 

previously been noted. The formation of a polymer which is essentially identical 

to that formed in the aminium salt-induced reaction is significant since acid 

catalyzed, carbocation mediated processes are not normally encountered under 

electrochemical conditions and especially in the presence of added hindered base. 

For a relevant comparison of the reactivity of monomer 17 with the reactivity of 

N-propenyl groups in a monofunctional substrate, the electrochemical oxidation 

of N-propenylcarbazole was studied under conditions identical to those used for 

the polymerization of 17 except that an anodic potential was applied (0.45 V vs 

SCE) which was approximately equal to the oxidation potential of N-

propenylcarbazole (Eox=0.38 V vs. SCE). After a reaction time identical to that 

used for 17 (1 h; 17.0 coulombs of charge), the reaction mixture was worked up 

and analyzed by NMR spectroscopy. The recovered material consisted 

predominantly of unreacted N-propenylcarbazole, with only trace amounts of the 

cyclobutane dimers of this substrate. The observation of the formation of these 

cyclobutane dimers does confirm the operation of cation radical 
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cyclodimerization to the exclusion of other (e.g., cationically propagated) 

processes, but the recovery of predominantly N-propenylcarbazole emphasizes the 

inefficiency of the cation radical dimerization of this monofunctional substrate as 

contrasted to the polymerization of 17. Thus, both the absence of acid catalyzed 

or carbocation mediated processes and the presence of relatively inefficient cation 

radical chemistry is confirmed. 

These observations concerning the relative reactivity of 17 and N-

propenylcarbazole are further substantiated by cyclic voltammetry (CV) studies. 

While the CV scans of both N-propenylcarbazole and N-phenyl-3-

propenylcarbazole appeared to be reversible and temporally stable, that of 17 was 

not. Significantly, the peak corresponding to the first peak oxidation potential of 

17 completely disappeared after the first scan and could not be found at all on 

subsequent scans. The N-propenyl groups of 17 were thus completely reacted 

within 1 second. The new oxidation potential observed after the first scan (0.59 

V) corresponds approximately to that expected from oligomers having only 

terminal 3-propenyl groups. 

The much greater reactivity of the cation radical cycloaddition of 17 than 

either of the corresponding monofunctional analogues is of fundamental interest. 

That the enhanced reactivity of 17 is not merely the result of having 

complementary functional groups present is also indicated by the failure of the 

attempted reaction of N-propenylcarbazole with N-phenyl-3-propenylcarbazole. A 

plausible explanation for this phenomenon is nicely provided by the propagation 

mechanism proposed in Scheme 3-15. The cyclobutanation appears to occur in an  
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Scheme 3-15 

 

unsymmetrical fashion, with the N-prepenyl group of one monomer molecule 

reacting preferentially with the 3-propenyl group of another. This novel result was 

rationalized on the basis of the greater nucleophilicity (i.e., higher reactivity 

toward an electrophilic cation radical) of the enamine type N-propenyl group than 

of a 3-propenyl group. As a consequence of reaction at the N-propenyl of a 

monomer molecule to form a cyclobutane cation radical, intramolecular electron 

transfer necessarily occurs to the 3-propenyl group of that new monomer unit. 

The latter than preferentially reacts with the N-propenyl group of still another 

monomer molecule, etc. 
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Although the details of the mechanism of initiation of the polymerization 

of 17 are less certain, the electrochemical studies, along with the capping studies, 

combine to suggest a probable initiation mechanism (Scheme 3-16). The 

oxidation potential measurements reveal that N-propenylcarbazole (Eox=0.38 V) is 

substantially more easily ionized than N-phenyl-3-propenylcarbazole (Eox=0.60 

V). Consequently, although the cation radical moiety of 17+. must be delocalized 

over both the N- and 3-propenyl functions, it appears likely that  there is greater 

hole density (cation radical character) on the N-propenyl group and that reactivity 

at this site is probably preferred. The previously noted preference of cation 

radicals for reacting at the more nucleophilic double bond of the enamine function  
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would then suggest initial dimerization predominantly between two N-propenyl 

functions, with subsequent ring closure of the distonic cation radical and hole 

transfer to the 3-propenyl moiety. This proposal is further supported by the 

observation that, even in the presence of a 3:1 ratio of capping agent (N-phenyl-3-

propenylcarbazole), the main product of oligomerization is the 2+2 "tetramer" 

(Scheme 3-17), and not a doubly capped monomer ("trimer"). 

 
Scheme 3-17 

 

 

 

 

 

 

 

 

 

 

SUMMARY 

The synthesis and polymerization of several carbazole-containing 

monomers have been investigated using either the stable cation radical salt tris(4-

bromophenyl)aminium hexachloroantimonate (4) or anodic oxidation to initiate 

the reaction yielded polymers having intermonomer linkages which are of either 

the Diels-Alder type or cyclobutane type. The first example of a direct cation 
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radical chain Diels-Alder polymerization has been observed. All substrates in this 

chapter show greatly enhanced reactivity toward cation radical cycloaddition 

polymerization. The photorefracive effects of some of these polymers have been 

measured and will be discussed in chapter 5. 
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CHAPTER IV: RING-OPENIG METATHESIS 
POLYMERIZATION OF CATION RADICAL DIELS-ALDER 

CYCLOADDITION MONOMERS 

4.1 BACKGROUND 

Ring-opening metathesis polymerization (ROMP) of cyclic olefins is a 

well known1 and useful technique for the synthesis of new materials. Molecules 

containing the bicyclo[2.2.1]hept-2-ene (norbornene) ring system are especially 

reactive toward ring-opening metathesis polymerization (ROMP).2 Living ROMP 

methods2a, 3 have allowed not only the synthesis of polymers with controlled 

structure but also the preparation of copolymers with narrow molecular weight 

distribution. Furthermore, the well-defined Grubbs’ catalyst RuCl2(CHPh)(PCy3)2 

has had a tremendous impact on ROMP due to its stability towards functional 

groups and protic media and its ease of handling.4  

In view of the importance of polymers of the carbazole type for 

applications as opto-electronic devices, including organic light-emitting diodes 

and photorefractive materials,5 the development and study of new types of 

carbazole polymers is recognized as especially desirable. However, the synthesis 

of ionizable polymers based upon other functionalities is also attractive. As has 

been discussed in previous chapters, cation radical cycloaddition chemistry is 

potentially an especially appropriate tool for the construction of ionizable 

polymers such as carbazole-containing polymers by cation radical cycloaddition 

polymerization. Besides the development of a fundamentally new cation radical 

chain polymerization, another strategy for preparing novel carbazole unit-
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containing polymers was also investigated, using cation radical Diels-Alder 

cycloaddition chemistry, i.e. the synthesis of carbazole-functionalized 

bicyclo[2.2.1]hept-2-ene derivatives, followed by ring-opening metathesis 

polymerization (ROMP). Consequently, homopolymerization or copolymerization 

of these electron-rich monomers is of special interest. 

Cation radical Diels-Alder cycloaddition is well-known6 and has been 

shown to be carried out cleanly, conveniently and efficiently by chemical 

ionization of the diene, using tris(4-bromophenyl)aminium hexachloroantimonate 

(4).7 When 1,3-cyclohexadiene was carried out in dichloromethane solvent at 0 oC 

for 5 minutes in the presence of 5 mol% of the initiator (4), the Diels-Alder 

cyclodimers of the endo/exo ratio of 4.5:1 was afforded in 70% yield (Scheme 4-

1); whereas the thermal Diels-Alder cyclodimerization of 1,3-cyclohexadiene 

requires at least 20 h at 200 oC to achieve the modest and apparently optimum 

yield of 30% of the DA cyclodimers (endo:exo = 4:1).8 The low yields obtained  

 
Scheme 4-1 

 

 

 

 

 

and the forcing conditions required in the uncatalyzed DA cyclodimerization of 

1,3-cyclohexadiene are a reminder of a limitation of the DA reaction, viz. that DA 

reactions are typically not efficient unless the dienophile is substantially electron 
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deficient.9 An important aspect of the cation radical DA chemistry is thus the 

feasibility of utilizing electron-rich dienophiles. 

Another well-known limitation of the uncatalyzed DA reaction is its 

pronounced sensitivity to steric effects. The sterically hindered diene, 2,5-

dimethtyl-2,4-hexadiene, for example, has never been observed to participate in 

the DA reaction as either diene or dienophile even under the relatively forcing 

conditions (200 oC, 2 days). However, when an equimolar mixture of 1,3-

cyclohexadiene and 2,5-dimethtyl-2,4-hexadiene is subjected to the aminium salt 

condition, a 40% yield of DA cross adducts (endo:exo = 4:3) is obtained in 

addition to 20% of the cyclodimers of 1,3-cyclohexadiene (Scheme 4-2).7 This  

 
Scheme 4-2 

 

reaction occurred smoothly by the readily ionizable acyclic diene serving as the 

dienophilic component. Consequently, the observed result suggests that the cation 

radical Diels-Alder reaction is relatively effective in employing sterically 

hindered substrates.  

The uncatalyzed Diels-Alder reaction is well known to be highly 

stereospecific, preferentially occurring via syn addition to both the diene and 
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dienophilic components. Stereochemical studies of the cation radical DA reaction 

have confirmed an analogous stereospecificity in the cycloaddition of the three 

geometric isomers of 2,4-hexadiene as dienophilic components and 1,3-

cyclohexadiene as the diene component, indicating either a concerted as opposed 

to a stepwise, cycloaddition7 or conceivably, a stepwise one in which the 

cyclization step is very much faster than the bond rotations (around single bond) 

in the intermediate which would engender stereorandomization.  

Cation radical Diels-Aler reactions, if they are indeed concerted, can be 

classified as either [4+1] or [3+2] cycloadditions in the terminology of 

Woodward-Hoffmann, depending upon whether the dienophile or the diene 

component is ionized.10-11 The cycloaddition is formally symmetry allowed in the 

[4+1] mode, which involves the dienophilic component as the cation radical, but 

forbidden in the [3+2] mode, which involves a diene cation radical. The great 

majority of cation radical Diels-Alder reactions seem to be of the formally 

allowed [4+1] type, as opposed to the [3+2] mode. However, orbital symmetry 

allowedness/forbiddenness is evidently not an overriding consideration since it 

was already known and recognized that cyclobutanation, a formally symmetry-

forbidden [2+1] cycloaddition, is incredibly facile.  

Although the thermal Diels-Alder addition is one of the most useful 

methods in synthetic organic chemistry, it has some well-defined limitations. In 

particular, it is rather sensitive to steric effects in both the dienophilies and dienes, 

and it works much more efficiently with elecron deficient dienophiles than with 

electron rich ones. In contrast, though cation radical Diels-Alder reactions have 
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their own set of limitations, they are nicely complementary to the thermal DA in 

being far less sensitive to steric effects, and in being most readily applicable to 

electron rich dienophiles.  

 

4.2 RESULTS AND DISCUSSION 

Although the cyclodimerization of N-vinylcarbazole, reported 30 years 

ago, represented the first example of a cation radical/neutral cycloaddition 

reaction as well as the prototype example of a cation radical chain mechanism,12-

13 no other examples of cation radical cycloadditions of N-vinylcarbazole to other 

neutral substrates seem to have been observed.14 However, the first cation radical 

Diels-Alder cycloadditions using N-vinylcarbazole as a dienophile have been 

reported only very recently from this laboratory (Scheme 4-3).15 Using tris(4-

bromophenyl)aminium hexachloroantimonate (4) and a modification of the  
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standard reaction conditions, a two-phase solvent system consisting of a mixture 

of dichloromethane and water and 20 mol% of aminium salt instead of the usual 

5-10 mol%, cation radical DA additions of N-vinylcarbazole to both cyclopenta-

1,3-diene and cyclohexa-1,3-diene have been observed. These reactions were 

found to occur in very modest yield (30%) and then only with cyclic, conjugated 

dienes. Further, a two step mechanism for these cycloadditions has been 

established through the use of the stereospecifically labeled substrate ((Z)-N-(2-

deuteriovinyl)carbazole). 

To explore the synthesis of carbazole-functionalized bicyclo[2.2.1]hept-2-

ene derivatives, followed by ring-opening metathesis polymerization (ROMP), N-

(trans-1′-propenyl)-carbazole (18), the most efficient dienophilic component yet 

studied for the cation radical Diels-Alder reactions with a wide variety of 

conjugated dienes, both cyclic and acyclic,16 was prepared. In a previous report, 

monomer 18 was synthesized as a trans rich mixture (72:28, trans:cis) from N-

allylcarbazole, by base-catalyzed isomerization using potassium tert-butoxide in 

dimethylsulfoxide. Both the allylation of carbazole and the isomerization are 

essentially quantitative reactions. However, pure N-(trans-1′-propenyl)-carbazole 

was prepared in the present work in 62% yield by means of the acid catalyzed 

addition of 1-ethoxypropyl group (propanal/ethanol/HCl) to carbazole, followed 

by the elimination of ethanol from the 1-ethoxypropyl derivative (acetyl 

chloride/pyridine/dioxane).  

The Diels-Alder cycloaddition of N-(trans-1′-propenyl)-carbazole (18) was 

carried out with a 10 fold excess of 1,3-cyclopentadiene at 0 oC in a mixture of 
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water/dichloromethane for a reaction time of 10 seconds (Scheme 4-4). A two-

phase solvent system for this reaction greatly enhanced the ability of cation 

radical chemistry to prevail in the competition with cationic chemistry, 

presumably, by extracting the strong inorganic Bronsted acids into the aqueous 

phase as they are generated. Further, this reaction proved to be highly 

periselective, yielding no traces of cyclobutane-type products, even at very early 

reaction times (low conversions). The corresponding pure endo Diels-Alder 

adduct (19) and the pure exo DA adduct, with the endo adduct predominating 

(5:1), were obtained in a total yield of 72%. The structures of both DA adducts 

were characterized by 1H and 13C NMR and NOESY spectroscopy. The Diels-

Aler adduct containing a relatively easily ionizable N-carbazolyl moiety was thus 

efficiently prepared. 

 
Scheme 4-4 

 

The mechanism of this reaction is considered to follow the pattern of 

analogous cation radical Diels-Alder reactions and is believed to proceed via 

electron transfer from the electron-rich dienophile, N-(trans-1′-propenyl)-
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carbazole, to the catalyst to yield the corresponding dienophile cation radical (step 

1), followed by addition of the latter to the neutral diene (step 2) and then 

subsequent neutralization of the adduct cation radical by electron transfer from 

the monomer (step 3) (Scheme 4-5).15, 17-18 The cycloaddition stage itself consists 

of a two-step process involving an intermediate distonic cation radical.  

 

 

 

 

 

 

 

 

 

 

 
Scheme 4-5: Ar = N-carbazolyl 

 

Polymerization of the Diels-Alder adduct (19) using the Grubbs catalyst 

[bis(tricyclohexylphosphine)benzylideneruthenium dichloride] under standard 

dry-box conditions was smooth and efficient, leading to a novel ROMP polymer 

having a weight average molecular weight of 26600 (PDI = 1.60), which was 

characterized by its NMR spectrum (Scheme 4-6).19 This polymer exhibits good 

solubility in a variety of organic solvents. The thermal properties of the resulting 
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polymers were evaluated by differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA). Polymer films are easily formed by casting 

and are transparent. The polymer was highly stable up to a temperature around 

344 oC, but no glass transition temperature (Tg) was observed prior to thermal 

decomposition temperature. The photorefractive performance of this polymer has 

been investigated and will be discussed in chapter 5. 

 
Scheme 4-6 

 

This result demonstrates a very unique approach for the synthesis of 

electron-rich norbornene type monomers, which are amenable to ring-opening 

metathesis polymerization (ROMP), utilizing the cation radical Diels-Alder 

cycloaddition of readily ionizable dienophiles to conjugated dienes and especially 

to cyclic conjugated dienes such as 1,3-cyclopentadiene using the self-stable and 

commercially available catalyst tris(4-bromophenyl)aminium 

hexachloroantimonate (4). It is also worthy to note that cyclopentadiene is 

perhaps the most effective diene available in the context of cation radical Diels-
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Alder cycloadditions. Since this diene is structurally constrained to the s-cis 

conformation necessary for Diels-Alder additions, competition from 

cyclobutanation is generally not observed, and the reactions proceed directly to 

the Diels-Alder adduct in high yield. The oxidation potential of 1,3-

cyclopentadiene is also quite high, so that this diene is not effectively ionized by 

the usual initiator and therefore does not undergo dimerization under the relevant 

polymerization conditions. Rather, it is the dienophile which is the source of the 

reactive cation radicals. In this way, an electron rich dienophile, which is typically 

not effective in the ordinary Diels-Alder reaction, is converted to a highly electron 

deficient, reactive cation radical dienophile.  

A few ionizable dienophiles which commonly have electron-donor groups 

(EDGs) in conjugation with the dienophilic π bond are illustrated in Table 4-1,19 

but the range of such groups which promote effective participation in the cation 

radical Diels-Alder reaction is believed to be quite wide. The adduct 20 (Scheme 

4-7) has previously been obtained in 75% yield as a 4:1 mixture of the endo- and 

exo-trans-diastereoisomers.20 The purified endo-isomer, obtained by silica gel 

chromatography using a petroleum ether eluent, was used for the polymerization 

studies. Polymerization using the Grubbs catalyst [bis(tricyclohexylphosphine)-

benzylideneruthenium dichloride] under standard dry-box conditions was 

efficient, leading to a ROMP polymer of Mw 222600 (PDI = 1.46) (Scheme 4-7). 

Integration of the four main chemical shift areas (aromatic: vinyl: MeO: aliphatic 

= 4:2:3:9) confirmed the gross structure of the polymer. A new monomer 

containing the 2-dibenzofuranyl group (21) was then prepared by the 
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cycloaddition of 2-(1′-trans-propenyl)dibenzofuran to 1,3-cyclopentadiene. The 

adducts were obtained in 84% yield after a reaction time of only 3 minutes when 

using 15 mol% of the aminium salt catalyst (4). Polymerization of 21 using the 

Grubbs catalyst generated a ROMP polymer of Mw 87500 (PDI = 1.57). A similar 

synthesis of 22 via cation radical Diels-Alder cycloaddition was then carried out. 

This monomer was converted in like manner to a ROMP polymer of Mw 10200 

(PDI = 1.5). 

 
Scheme 4-7 

 
Table 4-1: Types of electron donating group (EDG) and yields of both cation 
radical Diels-Alder cycloaddition and ring-opening metathesis polymerization. 
 

EDG Cycloadduct Yield (%) ROMP Yield (%) 
p-anisyl 20 75 77 

2-dibenzofuranyl 21 84 63 
2-dibenzothiophenyl 22 87 77 

 

Although the cation radical Diels-Alder reaction has its own set of 

limitations, such as the ionization ability of aminium catalyst, it is nicely 

complementary to the neutral DA in being most readily applicable to electron rich 

dienophiles. Consequently, these reactions provide a very general approach to the 

synthesis of bicyclo[2.2.1]hept-2-ene derivatives containing electron-rich 
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functionality and thus to the synthesis of ROMP polymers which have the 

potential to be charge transport agents.  

Perhaps the most interesting result in the context of the exploitation of 

cation radical Diels-Alder cycloaddition chemistry to prepare ring-opening 

metathesis polymers is the synthesis of ROMP polymers of 19 as has been 

discussed. Structurally novel polymers containing the highly ionizable carbazole 

moiety are thus expected to have practical applications such as photorefractive 

materials. This application depends on the relatively high photoconductivity of 

readily ionizable polymers, for example, poly(N-vinyl carbazole). The level of 

photoconductivity, in turn, depends upon the relative efficiency of (in this case, 

positive) charge generation (i.e., cation radical formation) on the ionizable 

moieties in the polymer and the ability of these charges to move through the 

polymer medium (charge transport). In view of the importance of structural 

effects on the photoconductivity of polymers, the cation radical DA addition of N-

phenyl-3-(trans-1′-propeny)carbazole (11) to 1,3-cyclopentadiene is of particular 

interest. Since the ionizable functionality in the resulting ROMP polymers is a N-

phenyl-carbazolyl group instead of N-carbazolyl group, the former may provide 

higher ionizability as well as reduce the distance between neighbor carbazole 

moieties through the protruding phenyl group, which would potentially enhance 

the photoconductivity.  

To exploit this concept, the aminium salt induced Diels-Alder cycloaddition 

of N-phenyl-3-(trans-1′-propeny)carbazole (11) was carried out with a 10 fold 

excess of 1,3-cyclopentadiene at 0 oC in a mixture of water/dichloromethane 
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(Scheme 4-8). The reaction was completed in 15 minutes, and the crude product 

was purified by column chromatography on silica gel to afford a mixture of 

cycloadducts (endo:exo = 10:1) and unreacted dienophile 11 in a total yield of 

76%. The pure cycloadduct 23 was obtained by the successive reaction of these 

isolated reaction mixtures with 5 mol% of tris(4-bromophenyl)aminium 

hexachloroantimonate (4) in only dichloromethane solution for 2 minutes, 

followed by aqueous workup and purification on column chromatography on 

silica gel, yielding 52%. The structure of DA adduct was characterized by 1H and 
13C NMR and H-H and C-H correlation spectra, as well as by LRMS and HRMS 

spectroscopy.  
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The ring-opening metathesis polymerization of the cycloadduct 23 was 

then carried out using the Grubbs catalyst, and a ROMP polymer having Mw 

45600 (PDI = 1.35), was successfully obtained (Scheme 4-9). The polymer 

structure was characterized by its NMR spectrum and exhibited good solubility in 

various common organic solvents. The glass transition temperature of the 

resulting polymer was observed at 203 oC, and the polymer was generally stable 

up to a temperature around 273 oC. Only 6% of weight loss was observed at 343 
oC. 

 
Scheme 4-9 
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It appeared to be of still further interest to investigate saturation of the 

double bonds in the main chain of these ring-opening polymers, which could 

enhance the mobility of the polymer chains and thus promote through-space 

charge “hoping” between carbazole moieties, resulting in enhanced 

photoconductivity and improved photorefractive performance. Thus, the 

corresponding hydrogenated polymers were also targeted and were obtained 

efficiently (70% yield) using p-toluenesulfonylhydrazide as a reducing agent 

(Scheme 4-9). The hydrogenated polymers show broad absorptions in the 1H 

NMR, but the absorptions between 4.4 and 5.6 ppm which corresponded to the 

vinyl protons of the double bonds of the starting ring-opened polymers 

completely disappeared. This shows that the hydrogenated polymers are 

successfully obtained by using p-toluenesulfonylhydrazide as the reducing 

agent.21 The resulting polymer was found to have Mw 39900 (PDI = 1.45). The 

thermal properties were evaluated by differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA). The hydrogenated polymers showed better 

thermal stability than the corresponding unhydrogenated polymers, proving to be 

stable at least up to 302 oC. However, but interestingly, the glass transition 

temperature of the hydrogenated polymer was lower (Tg of 181 oC) than that of 

unhydrogenated polymer. Both the ROMP polymers of 23 and the corresponding 

hydrogenate polymer in Scheme 4-9 were subjected to investigation of 

photorefractive effects, which will be discussed in the following chapter. 

Photorefractive effects result from a combination of photoconductive and 

electro-optic effects (change in refractive index in response to an electric field) in 
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composites. The composite material typically contains a charge generator (CG), 

which absorbs the light and creates mobile charges, a charge transport agent 

(CTA), such as poly(N-vinyl carbazole) (PVK), and finally a non-linear optical 

chromophore (NLO).22 The photosensitizer for charge injection into the material 

is required in only rather small quantities, so that the photorefractive material is 

often comprised of two main components, the CTA and NLO agents. PVK has 

often been the choice of the CTA. Since the resulting CTA/NLO composites are 

often unstable with respect to separation, an attractive approach to synthesizing 

more effective photorefractives is to include both the CTA and NLO 

functionalities covalently connected within the same polymeric material.23 

Previously, this had been accomplished in the context of a random CTA/NLO 

polymer.23 Since the interpositioning of less ionizable NLO units between the 

ionizable CTA units would seem to have possibilities for diminishing the 

efficiency of charge transport along a polymer chain, it appeared desirable to 

synthesize a diblock polymer containing separate CTA and NLO blocks. Further, 

since ROMP polymerization is a living polymerization method which is 

especially effective in generating block copolymers, it appeared attractive to 

investigate the possibility of block copolymerizing a cycloadduct such as 19 with 

a closely related derivative which could provide the basis for introducing the NLO 

functionality.  

Both block and random copolymers were synthesized, the latter in order to 

provide a basis for evaluating the proposed advantages of block polymerization. 

The incorporation of both CTA and NLO functionalities into the same polymer 
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chain was intended not only to avoid possible phase separation, but also to 

maximize the PR effect by minimizing waste space possibly associated with the 

use of distinct CTA and NLO molecules and maximizing the interaction of the 

NLO moieties with the electric field generated by charge transport. 

The synthesis and ring-opening metathesis polymerization of the endo 

Diels-Alder adduct (19) has previously been investigated (Scheme 4-4 and 4-6). 

Since it was critical to the proposed synthesis of a diblock polymer that this 

polymerization be a living polymerization, the polymerization of 19 was re-

investigated (Scheme 4-10) at three different monomer to catalyst ratios using the 

Grubbs’ catalyst RuCl2(CHPh)(PCy3)2. Living polymerization was confirmed by  

 
Scheme 4-10 

 

the observed linear relationship between the Mw and the monomer to catalyst ratio 

(Table 4-2).24 Further, the low polydispersities are also consistent with a living 

polymerization. This polymerization was also investigated for different reaction 
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As a convenient comonomer for the proposed synthesis, the 3-bromo 

derivative (24) of 19 was selected. This monomer proved to be conveniently 

available from 19 via N-bromosuccinimide bromination (Scheme 4-11), and the 

bromo functionality permits efficient subsequent installation of the desired 2,2-

dicyanovinyl NLO functionality. The ROMP polymerization of 24 was carried 

out, affording a polymer of Mw 62500 and PDI 1.35 (Table 4-2). 

 

 
Table 4-2: Weight average molecular weights (Mw) and polydispersity indices 
(PDI) in the polymerization of monomers 19 and 24 at various [M]/[I] 
(monomer/catalyst) molar ratios using bis(tricyclohexylphosphine)-
benzylideneruthenium dichloride as the catalyst at room temperature ([M] = 0.05 
M; solvent: dichloromethane). Results determined by GPC using polystyrene 
calibration standards. 
 
 

[M]/[I] Mw (g mol-1) PDI 
100[a] 48 000 1.42 
50[a] 20 500 1.25 
33[a] 14 400 1.25 
100[b] 62 500 1.35 

[a] monomer 19/reaction time of 1 h 
[b] monomer 24/reaction time of 1.5 h. 
 

Table 4-3: Weight average molecular weights (Mw) and polydispersity indices 
(PDI) in the polymerization of monomer 24 at different reaction times, using 
[M]/[I]=50:1. 
 
 

reaction time (h) Mw (g mol-1) PDI 
1 24 600 1.32 
1.25 25 300  1.24 
1.5 25 300 1.24 
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Scheme 4-11 

 

The block copolymerization of 19 and 24 was then performed, using 19 as 

the first monomer and a 19:24 ratio of 2:1, with the aim of obtaining a block 

copolymer having approximately 33% NLO moieties (Scheme 4-12). The block 

copolymer, having Mw 36400 and PDI 1.5, was isolated in 93% yield, 

corresponding to the efficient consumption of both monomers. For comparison 

purposes, to evaluate the effectiveness of having separate blocks of CTA and 

NLO moieties, the corresponding random copolymer was prepared by subjecting 

a 2:1 mixture of 19 and 24 to identical ROMP polymerization conditions. 

The efficiency of the conversion of the bromo functionality to the desired 

NLO functionality was first explored via a model compound, 3-bromo-N-

methylcarbazole (Scheme 4-13). Treatment of the latter with butyl lithium, 

followed by reaction of the lithio compound with DMF provided the desired 

aldehyde in 77% yield. The reaction of the latter with malononitrile gave the pure 

2,2-dicyanovinyl compound in 60% yield. 
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Scheme 4-12 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 4-13 
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The same reactions were then carried out upon both the diblock and 

random copolymers (Scheme 4-14). The yields, weight average molecular 

weights and polydispersities of the block copolymers having bromo, formyl, and 

dicyanovinyl functionalities are shown in Table 4-4 and those of the 

corresponding random copolymers in Table 4-5. The physical properties of the 

block and random copolymers are compared in Table 4-6. The increase in the PDI 

which occurs upon cyanovinylation of the block, but not the random, copolymer 

is somewhat surprising. However, degradation of the polymer during 

cyanovinylation appears highly unlikely since an analogous increase in PDI is not 

obtained in the case of the random polymer, and the model dicyanovinylation 

proceeds without problems. 
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Table 4-4: Weight average molecular weights and polydispersity indices of the 
brominated block polymer, the corresponding formylated block polymer, and the 
dicanovinylated block polymer for 50:1 monomer: catalyst ratios. 
 

Polymer Yield [%] Mw [g mol-1] PDI 
block copolymer 93 36400 1.50 
formylated block copolymer 88 46100 1.71 
cyanovinylated block copolymer 81 42000 3.01 

 

 
Table 4-5: Weight average molecular weights and polydispersity indides for the 
random, brominated copolymer and the corresponding formylated and 
dicyanovinylated copolymers. 
 

Polymer Yield [%] Mw [g mol-1] PDI 
random copolymer 98 31600 1.35 
formylated random copolymer 80 43700 1.57 
cyanovinylated random copolymer 68 44100 1.62 

 

 
Table 4-6: A summary of the weight average molecular weights (Mw), 
polydispersity indices (PDI), glass transition temperatures (Tg) and thermal 
decomposition temperatures (Td) of the dicyanovinylated block and random 
copolymers. 
 

Polymer Yield (%) Mw
[a](g mol-1) PDI[a] Tg

[b] (oC) Td 2%
[c] (oC)

block copolymer 81 42 000 3.01 242 368 
random copolymer 68 44 100 1.62 238 374 

[a] As determined by GPC in THF using polystyrene as a calibration standard. 
[b] DSC measurements were conducted at a heating rate of 15 oC min-1. 
[c] Temperature at which 2% weight loss was determined by TGA in nitrogen at a 
heating rate of 10 oC min-1. 
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The presence of the formyl and dicyanovinyl groups is clearly revealed by 
1H and 13C NMR, UV, and IR spectroscopy. On the basis of the model reactions, 

it is estimated that the efficiency of installation of NLO functionalities in the 

polymers is approximately 45%. Superimposed GPC traces of the three diblock 

polymers (containing bromo, formyl, and dicyanovinyl functionalities) are 

illustrated in Figure 4-1. All of the polymers are quite stable thermally, as 

illustrated by the representative TGA trace for the diblock CT/NLO polymer 

(Figure 4-2) and the Td’s listed in Table 5. The long wavelength visible absorption 

of the NLO functionalities in both the block and random copolymers is at 415 nm. 

The photorefractive effect of both diblock and random copolymers was 

investigated and will be discussed in the following chapter. 

 
 

Figure 4-1: GPC elution profiles (taken in THF at room temperature at a flow rate 
of 1.0 ml min-1): (a) block copolymer; (b) formylated block copolymer; (c) 
cyanovinylated block copolymer. 
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Figure 4-2: TGA curves for unsubstituted homopolymer (a), block copolymer (b) 
and random copolymer (c) measured under nitrogen. Temperature was raised at 
rate of 10 oC min-1. 

 

 

SUMMARY 

Cation radical cycloaddition chemistry using tris(4-bromophenyl)aminium 

hexachloroantimonate (4) as a catalyst has been shown to have useful applications 

to polymer synthesis via two distinctively different approaches. One strategy is 

the polymerization of a variety of difunctional electron-rich monomers and 

comonomers via a fundamentally new cation radical chain mechanism, as has 

been discussed in chapter 3. This new polymerization method represents the most 

efficient route yet developed for cycloaddition polymerization, and is particularly 

novel in its ability efficiently to generate polymers in which the various monomer 

units are connected via cycloabutane or Diels-Alder linkages. The other strategy 

is cation radical cycloadditions of monofunctional, electron-rich substrates to 1,3-
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cyclopentadiene yield new norbornene monomers, which are amenable to ring-

opening metathesis polymerization, as discussed in this chapter. Both ring-opened 

homopolymers and copolymers containing carbazole moieties have been 

synthesized. The presence of readily ionizable groups, and especially the 

carbarzolyl group, in polymers is capable of imparting desirable photoconductive 

or photorefractive properties upon the polymer.  
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CHAPTER V: PHOTOREFRACTIVE EFFECTS IN CATION 
RADICAL POLYMERS 

5.1 BACKGROUND 

In 1966 Arthur Ashkin and his coworkers at Bell Laboratories first noticed 

the photorefractive (PR) effect during second harmonic generation experiments 

with lithium niobate (LiNbO3), allowing a laser beam to pass through the crystal 

that converts one color of intense laser light to another.1 At first the beam merely 

passed through the crystal, but a few minutes the crystal began to scatter the 

incident beam into a broad fan of light, the optical properties of which had been 

altered by a laser light. The basic model of this PR effect was advanced by F. S. 

Chen at Bell Laboratories in 1967.2 Since in linear optical media such as lenses, 

prisms and polarizing filters, light beams merely pass through one another without 

changing the properties of the material, PR materials are categorized as non-linear 

optical (NLO) media. 

Since the PR effect was first evidenced, a variety of inorganic 

photorefractive materials has been discovered, including ferroelectrics (BaTiO3, 

KNBO3, etc.), stillenites (BSO, BGO, BTO, etc.), and doped semiconductors 

(GaAs:Cr, InP:Fe, etc.).3 Many potentially important applications have been 

proposed and demonstrated for PR inorganic crystals in the area of high density 

optical data storage, image processing, phase conjugation, optical limiting, 

simulations of neural networks, and programmable optical interconnection.4 
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However, inorganic PR crystals are difficult to produce and process, which 

eventually limited the use of these materials in a variety of applications.  

In 1990, the PR effect in an organic material was observed for the first 

time with 2-cyclooctylamino-5-nitropyridine doped with 7,7,8,8,-

tetracyanoquinodimethane.5 These crystals, however, proved very difficult to 

grow since most dopants were expelled during the crystal preparation. On the 

other hand, a polymeric material composed of an optically non-linear epoxy 

polymer bisphenol-A-diglycidylether doped with the hole transporter 

diethylaminobenzaldehyde diphenylhydrazone was successfully prepared by an 

IBM research group in 1991.6 Unlike organic crystals, polymers can be doped 

with various molecules of quite different sizes with relative ease as well as 

formed into a variety of configurations, as required by the application. 

Consequently, pursuing the development of organic or polymeric PR materials is 

desirable for their material applications.  

In addition to the compatibility of polymers with various dopants, there is 

another motivation pursuing organic or polymeric PR materials, which comes 

from a consideration of a particular figure-of-merit. This figure-of-merit compares 

the index change in different materials and is defined as Q = n3re/εr, where n is the 

optical index of refraction, re is the effective electro-optic (EO) coefficient, and εr 

is the relative dielectric constant. Q approximately measures the ratio of the 

optical non-linearity to the internal space charge distribution by medium 

polarization. However, Q does not vary much from material to material in 

inorganic material since the optical non-linearity is driven chiefly by the large 
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ionic polarizability. Indeed, high electro-optic coefficients r in inorganic crystals 

for PR applications are accompanied by high dc dielectric constants ε, which limit 

the figure-of –merit for PR effect. On the other hand, the non-linearity in organic 

material is a molecular property arising from the asymmetry of the electronic 

charge distributions in the ground and excited states, and large electro-optic 

coefficients in organic materials are not accompanied by large dc dielectric 

constants.7 Consequently, a potential improvement, such as exhibiting large EO 

coefficients with low dielectric constants, can be made for organic materials.  

An overview of the PR effect will be described below, which closely 

follow the explanation in Moerner’s review paper,8 with a few changes. The 

photorefractive (PR) effect is defined as spatial modulation of the index of 

refraction, which is defined as the ratio of the speed of light in a vacuum to that in 

the material, due to charge redistribution in an optically non-linear material. 

Figure 5-1 describes the microscopic process required to produce a hologram by 

the PR mechanism.9 When two intersecting coherent beams of light are incident 

on a material; they create an interference pattern of bright and dark regions with 

wavelength (or grating spacing) ΛG as shown (a) in Figure 5-1.  

The first step for the PR effect is the generation of mobile charge. The 

material contains a component that absorbs light and creates mobile charges. This 

can be viewed as the separation of electrons and holes induced by the absorption 

of the optical radiation. The next step is transport of the generated charges, and 

one carrier must be more mobile than the other in order to observe the effect. As 

assumed Figure 5-1 (b), the holes are in general more mobile for organics.  
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Figure 5-1: The processes of the photorefractive effect, adapted from reference 8. 
E0 is the applied electric field, ΛG is the grating spacing, and Φ is the spatial phase 
shift between the intensity and light patterns. 

 

Charges then move through the material either by diffusion due to charge density 

gradients or drift in an externally applied electric field. Both cases generally 

proceed by hopping of the charge from transport site to transport site. The charges 

will move until they are immobilized at trapping sites, in Figure 5-1 (c). If they 

are still in an illumination zone, they may be re-excited and start moving again. 

However, when the charges are trapped in a dark region, they will remain in the 

dark regions. As a result of the separation of charge in the material, an electric 

field is generated inside the material, as illustrated in Figure 5-1 (d). This field is 
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generally called the space charge field (Esc). Since the material is electro-optic, 

the internal electric field internally modulates the refractive index of the material. 

This is referred to as a hologram or refractive index grating that can diffract light. 

Consequently, the initial light distribution is optically encrypted in the form of a 

refractive-index pattern in the material, and this effect can be used as a data 

storage medium.  

The PR effect is closely related to another non-linear phenomenon such as 

photochromism, thermochromism, thermorefraction, and generation of excited 

states, which are local (no phase shift) and cannot exhibit two wave mixing 

(TWM) under normal conditions. The total spatial phase shift between the peaks 

of the optical intensity pattern in Figure 5-1 (a) and the peaks of the index of 

refraction modulation in Figure 5-1 (d) is denoted as Φ. This phase shift is 90o in 

the inorganic crystals where diffusion is dominant transport process with zero 

external electric field. When an external electric field is applied and drift and 

diffusion compete, Φ departs significantly from 90o, but at significantly high 

fields where the drift mechanism for transport is dominant, Φ again approaches 

90o. When the phase shift is nonzero, the index grating is a nonlocal grating. This 

phase shift leads to an effect called energy transfer, in which light from one 

writing beam can be coupled to the other. This effect is called “two wave mixing” 

(TWM) and is a typical characteristic of the PR material. Many of the novel 

applications, including coherent image amplicaiton, novelty filtering, self-pumped 

phase conjugation, and beam fanning optical limiters, rely on the TWM gain.10 



 98

To be photorefractive, a polymer needs to have second-order non-linear 

optical properties (a dependence of the optical index of refraction on the electric 

field) in addition to photoconductivity. The elements necessary for producing a 

PR phase hologram in organic materials are a photoinduced charge generator, a 

transporting medium, trapping sites, and molecules that provide optical non-

linearity. Thus, photorefractivity has been demonstrated so far in guest-host 

systems where a glassy polymer matrix is doped with either a transport agent for 

the photoconductivity, a photosensitizer or a second-order molecule (NLO 

chromophores).11 PR polymer composites are now numerous, and the 

performance of many of them equals or exceeds that for conventional inorganic 

crystals. 

Organic materials have several important differences in physical behavior 

that set them apart from the inorganic crystals and semiconductors. The first 

difference to be considered is charge generation. Whereas this process is not 

dependent on electric field in crystals and semiconductors, it is highly field 

dependent in amorphous organic materials. Once a bound electron-hole pair has 

been created by optical absorption, separation of this pair to create a free hole can 

be achieved by an applied electric field. Most organic PR materials have 

incorporated small amounts of either fullerene C60 or TNF (2,4,7-trinitro-9-

fluorenone) as charge generators. These molecules have been found to be efficient 

sensitizers for free hole generation in PVK,12 and fullerene C60 are found to be 

superior to several other charge generators due to its broad absorption, solubility, 

and ability to be reversibly oxidized and reduced. Reversibility of charge 
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generation is very important for PR materials since any pattern can be erased by 

uniform illumination, allowing the subsequent writing of a new hologram. 

The next difference is the charge transport characteristics. The mobility 

(µ) of charges is in the range of 10-2 – 1 cm2/Vs for crystals and 102 – 105 cm2/Vs 

in semiconductors and is reasonably field independent in both cases.13 In 

amorphous organic materials, the mobility is in the range of 10-10 – 10-4 cm2/Vs 

and is highly field dependent.14 The main reason for these differences is that as 

opposed to band transport in crystals and semiconductors, transport in amorphous 

organic materials occurs by hopping in a distribution of states. Each hop 

represents a barrier crossing which will have a probability associated with 

hopping that will be field and temperature dependent.  

The major difference between the two material classes is the electro-optic 

effects. The change in refractive index of a material in response to an electric field 

is referred to as the electro-optic effect. In the case where the refractive index 

change is linear in the electric field, the electro-optic effect can be expressed as:15 

∆n = -(1/2)n3reffEsc  

where n is the refractive index and reff is called the effective electro-optic 

coefficient. When the material has a linear electro-optic effect, it is called as the 

Pockels effect and is the dominant effect in photorefractive crystals and 

semiconductors. However, the EO effect in organic materials is often more 

complicated, and to understand the difference between the two material classes 

non-linear optical phenomenon will be described. Non-linear optical effects arise 

from non-linear polarization of molecules and materials. The ability of the 
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charges in the material to be displaced by an electric field (such as that associated 

with light) is referred to as polarizability. In the presence of low-intensity light, 

the induced polarization of a molecule is linearly proportional to the electric field 

strength of the light. However, in the presence of high-intensity light, the 

polarization of the molecule is no longer linear in the field. The induced 

polarization of the molecule is thus a nonlinear function of the field strength E, 

and can be approximated by a Taylor series expansion:16 

P = αE + (1/2!)βE2 + (1/3!)γE3 ….. 

where P is the induced polarization, α is the linear polarizability, and β and γ are 

the first and second hyperpolarizabilities, respectively. Second-order nonlinear 

optical effects referred to above are a direct manifestation of non-linear 

polarization arising through the (1/2!)βE2 term of the Talyor series and only occur 

in molecules that do not have a center of symmetry. For the polymeric mterials to 

exhibit bulk second-order optical non-linearities, the non-centrosymmetric non-

linear molecules must be arranged in the materials in such a manner that the bulk 

material also does not have an effective center of symmetry. The electro-optic 

effect due to alignment of the chromophore is achieved by applying an electric 

field to the sandwiched formed by placing the polymer between two electrodes or 

by poling. Poling is possible if the chromophores have a permanent or electric 

field induced dipole moment and there is some degree of orientational movement 

in the material. Generally, the guest-host approach leads to a polymeric system 

with a low glass transition temperature (Tg), and this can be efficiently poled at 

room temperature. Due to the low Tg, the NLO can be aligned not only by the 
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applied field but also in situ by the sinusoidally varying space-charge field (Esc) 

itself during grating formation. This means that the index change depends on the 

square of the total field, and such a quadratic response is often referred to as the 

Kerr (orientational) effect.  

In traditional inorganic PR materials, the refractive-index modulation 

arises only from the space-charge field acting on the electro-optic (Pockels) effect 

of the materials. The early PR polymers developed by IBM17 combined solely 

electro-optic and photoconducting properties. In contrast, present-day polymers 

are highly efficient PR polymers, such as the plasticized polyvinyl carbazole 

based polymers incorporating 2,5-dimethyl-4-(p-phenyl-azo)anisole as the non-

linear optic material.18 These materials have a low Tg and exhibit an orientational 

contribution to the refractive-index modulation. This is called as orientational 

enhancement effect,19 which is due to the ability of the chromophores to re-orient 

at room temperature under the influence of the total electric field which is the 

superposition of the internal modulated field and the externally applied field. As a 

result, after photorefractive hologram formation, the molecules no longer have a 

uniform orientation but have an orientation that is spatially modulated both in 

magnitude and in direction. This periodic orientation of the chromophores 

doubles the effect of the EO contribution and, more importantly, leads to a 

modulated birefringence that significantly enhances the total refractive-index 

modulation due to the polarization anisotropy (light polarized parallel and 

perpendicular to the molecular axis will experience different indices of refraction) 

of the electro-optic chromophores.20  
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Thus, once the space charge field (Esc) has been created in materials with 

low Tg, polymeric photorefractives respond by forming an index modulation 

(grating) via two effects. One contribution is due to the Pockels electro-optic non-

linearity due to the poling of the chromophores by the applied field, and the other 

due to local periodic poling which also leads to a refractive index grating based on 

the periodic orientation of birefringent molecules. Based upon all these reults, 

samples with low Tg and containing chromophores with large polarizability 

anisotropy are desirable for PR applications. 

Overall, the most efficient photorefractive polymers to date are plasticized 

guest/hot systems. Those PR polymer composites are numerous now, and the 

performance of many of them equals or exceeds that for conventional inorganic 

crystals. However, there are certain limitations for these systems that need to be 

optimized. One is the electric field required for poling of the chromophores, 

charge mobility, and charge generation and sample thickness. Whereas electric 

fields on the order of 1 – 10 kV with a usual sample thickness near 100 are 

required for PR polymers and organic glasses, PR inorganic crystals and 

semiconductors often need no applied field or relatively small electric fields. The 

thickness of samples is limited by the sample fabrication techniques, which is 

normally in the range of millimeters to centimeters; on the other hand, research on 

PR polymers and organic glasses has usually been carried out with voltages of 10 

kV or less, which limits the thickness of the sample to tens to hundreds of 

micrometers. Since diffraction efficiency is very important in real applications, 

sample thickness is a serious drawback for these materials. Another is the ability 
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of the NLO chromophores to orient during grating formation. Since the speed of 

hologram growth may be limited by the orientational mobility of the 

chromophores in the polymer composite, the molecular orientation time need to 

vary over a large range for material application.  

 

5.2 EXPERIMENTAL METHODS 

All measurements in this chapter were carried out in the laboratory of 

Professor Moerner at Stanford University, and the protocol used here has been 

developed at the same place. The procedures are described elsewhere.21 

Holographic measurements were carried out using two beam coupling (2BC). 

Direct current (DC) photoconductivity, which occurs during hologram formation, 

was measured separately. To explore the non-linear optical effects in 

photorefractive polymers, transient ellipsometry was carried out. There are 

several techniques that can be used to examine PR effects, but the three 

techniques mentioned above were mainly used to examine a new class of 

polymers, cycloaddition polymers.  

Doping of a polymer matrix which acts as a host matrix and also as a 

charge transporter with a photosensitizer and non-linear chromophores has been 

employed in this experiment. No additional trapping components were added. 

Transporter polymers were synthesized in this group. A photosensitizer, such as 

fullerene C60, was bought commercially and used as received. Non-linear 

chromophores used here were obtained through collaborations with Professor 
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Moerner’s laboratory at Stanford University, and were synthesized in Twieg’s 

group at Kent State University. 

A. Sample preparation 

There are two methods to prepare samples, drip casting and freeze-drying. 

In most cases, drip casting has been employed and will only be discussed here. 

First, all of the necessary components were dissolved in chlorobenzene to obtain a 

homogeneous solution, which typically required about 1 mL of chlorobenzene for 

80 mg of solid materials in each sample. Solutions were then stirred for at least a 

couple of hours and usually for overnight. Stock solutions of C60 in 

chlorobenzene, sonicated for at least 2 hours to fully dissolve the fullerene, were 

prepared beforehand. After stirring, undissolved particles were removed by 

passing the solutions through 0.2 µm Teflon filters with a syringe. Next, the 

solution was dripped onto indium-tin-oxide (ITO) coated glass plates with the 

pattern shown on the left side of Figure 5-2 while the plates were heated about 60 
oC. The dripping procedure entails making a small puddle on the plate with a few 

drops of solution, and then waiting until the solvents has evaporated about 15 – 20 

minutes, before creating another puddle. ITO plates on a hot plate were partially 

covered with a glass dish to prevent making air bubbles inside the materials. The 

process takes around 2 hours for 3 mL of solvent. After dripping, the samples 

were left on the hot plate to dry for 1 – 1 ½ hours, still partially covered with a 

glass dish. After drying, the sample were put into an oven overnight at a 

temperature near the melting point of the chromophores.22  
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Figure 5-2: Illustration of a typical ITO plate used for photorefractive samples 
(left) and an illustration of a polymer film sandwiched in between two of these 
plates such that the two ITO patterns overlap in the middle while leaving the side 
ITO strips available for electrode attachment, adapted from reference 21. 

 

It is critical to avoid the formation of bubbles in the sample, which can 

lead to electrical breakdown or arching when an electric field is applied. The 

choice of solvent, dripping procedure and oven conditions can all influence the 

formation of such bubbles. After cooling plates to room temperature, Teflon 

spacer were glued into each corner of a ITO glass plate to control the film 

thickness, which was usually in the range of 80 – 120 µm. Pairs of polymer 

covered slides were then sandwiched together near the temperature used in the 

oven set to form a sample. After sandwiching on the hot plate, the sample was 

quenched to room temperature by placing it on an aluminum plate. It is necessary 

that the entire ITO square be covered with polymer, and the ITO side stripes 

being on opposite sides of the sample as shown on the right side of Figure 5-2 to 

prevent arching. The actual thickness of the sample was determined with a 

micrometer. Due to the strong dependence of PR measurements on sample 

thickness, this can be a source of uncertainty in data. The final step of sample 
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preparation was to apply silver paste to the exposed ITO electrodes to enhance the 

contact between the ITO and the metal clips employed in the experiment. 

Sometimes epoxy glue was applied to the edges of sample to seal, protect, and 

rigidize the sample.  

B. DC photoconductivity 

Among several methods, the photoconductivity can be measured by a 

simple dc technique in which the current is measured in the absence and presence 

of an excitation beam, and the result expressed in terms of a conductivity change 

per unit light intensity. The conductivity obtained from the simplest form of 

Ohm’s law is:  

σ =  d    =  d . I  
    R . A     V . A  

where d is the sample thickness, R is the resistance, I is the current, V is the 

applied voltage and A is the area. Thus, by knowing the dimensions of the 

sample, the applied voltage, and the light and dark current through the sample, a 

light and dark conductivity can be calculated. For a given sample, conductivity 

was measured at a constant voltage vs. a range of intensities, and also at a 

constant intensity vs. a range of applied electric fields. 

In a typical run, a given voltage was applied until the steady state current 

can be measured. This is the dark current, which can be formed due to charge 

injection from the electrodes and the movement of ionic impurities. When the 

sample was uniformly irradiated with laser light at a given wavelength intensity, a 

current in a steady state was again measured. This additional current is the 

photocurrent. A typical run is shown in Figure 5-3.  
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Figure 5-3: A typical DC conductivity trace on a photorefractive polymer sample, 
adapted from reference 21.  

 

C. Transient ellipsometry  

Using transient ellipsometry measurements, the time evolution of the 

refractive index change due to the orientation of the chromophores, being 

independent on space charge field formation, can be measured. The resulting 

curves can be compared to a measure of the time evolution of the hologram 

formation. If the orientation is not the limiting factor, the ∆n measured by 

ellipsometry evolves on a faster time scale than that for hologram formation. The 

general idea of the setup shown in Figure 5-4 is to direct a laser beam through a 

polarizer, the sample, and then an analyzer (another polarizer that is set to 90 

degrees with respect to the first). Ordinarily no light should pass through the 

analyzer, but when a non-linearity is created in the sample, the sample acts as a 

waveplate which allows light to pass through the analyzer.  
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Figure 5-4: Transient ellipsometry setup; DL-diode laser, HWP-half wave plate, 
P-polarizer, M-mirror, D-detector, SB-Soleil Babinet compensator, L-lens, 
adapted from reference 21.  

 

The diode laser was used and operated at 905 nm, which lies far outside 

the absorption of the material. No photocurrent is thus generated during the 

measurement, and only changes in refractive index as opposed to absorption 

changes will be measured. An aperture was placed after the laser to compensate 

for the elliptical beam profile. A half wave plate was used to adjust the intensity 

in conjunction with the first polarizer. The first polarizer was oriented at 45 

degrees with respect to vertical polarization, and the sample was tilted 

horizontally at about 51 degrees with respect to the incoming beam in order to 

acquire a phase shift. The larger the angle, the longer the path length through the 

sample, which increases the difference in phase between the s and p polarizations, 

and eventually increases the signal. Therefore, the largest angle is desired. 

The reflection from the first glass plate of the sample is collected on a 

detector and used as a reference for the intensity of the laser. After passing 

through the sample, a Soleil Babinet compensator is used to remove any ellipticity 
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on the beam without applied field which would result from any residual 

birefringence of the sample. The analyzer follows the compensator, and lastly the 

light from the analyzer is collected with a lens onto another detector.  

First, the starting voltage was measured, and then the voltage across the 

samples was applied, which limit the time resolution of the measurement to about 

half a millisecond. When the voltage was turned off, both the rise and decay of 

the signal were measured. The data collected contains time, signal (measured 

voltages minus initial voltage), normalized signal (signal/voltage for maximum 

transmission). Delta n was calculated in the following way: 

 

 

where λ is the laser wavelength, ϕ is the internal angle of incidence, which was 

29 degrees for these measurement, d is the sample thickness, and Sn is the 

normalized signal.  

D. Holographic setup 

In the two beam coupling (2BC) experiment, the change in the transmitted 

intensity of either of the write beams is recorded as the other write beam is 

switched on while a grating is formed. Each writing beam is partially diffracted in 

the direction of the other write beam due to the grating. By monitoring the 

intensity of both writing beams as the grating is formed, the nature of the grating 

can be determined. This can be done most clearly when the intensities of the two 

writing beams are equal: an asymmetric change in the intensities of the two 

writing beams, i.e., an increase of intensity of one of the writing beams and an 

∆n(t) = λcosφּarcsin √|Sn|
         2πdsin2φ 
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approximately equal decrease in the intensity of the second writing beam can only 

occur from an index of refraction grating which is phase shifted relative to the 

intensity grating. Thus, an asymmetric change of intensity of the two writing 

beams as the grating is written is a signature of the PR effect. The normalized 

beam-coupling gain coefficient Γ, or more precisely the energy-transfer 

coefficient, is given below:23  

Γ = 1 [ln(γoβ) – ln(β + 1 –γo)]  
   L 

where L = dcosθ is the optical path for the beam with gain, d is the sample 

thickness, and γo = Psiganl, with pump/Psignal, without pump, Psiganl is the measured power of 

the write beam, β is the ratio of the write powers before the sample. 

The holographic setup used is shown in Figure 5-5. The 647 or 676 nm 

line of a krypton ion laser (Coherent Innova 300) was used. When the laser beam 

travels until it is split in half with a beam splitter, the beam traveling to the right 

was used as an erase beam. The other transmitted beam reflects off a mirror to 

then be split again by another beam splitter. This beam splitter was a glass plate, 

so only a few percent of the beam is reflected. This portion of the beam was used 

as the probe beam in the degenerate four wave mixing measurements, which will 

not be explained here. The majority of the light passed through the glass until it 

was split by another beam splitter (an 80/20 splitter). The reflected 20 percent was 

used as a reference beam to monitor power fluctuations by setting the beam into a 

lens which focused the beam onto a photodetector. The transmitted 80 percent 

was used for the writing beams. After passing through a hole in the Plexiglas box,  
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Figure 5-5: Holographic setup; FC-filter coupler, BS-beam splitter, HWP-half 
wave plate, P-polarizer, M-mirror, L-lens, QWP- quarter wave plate, S-shutter, A-
aperture, D-detector, BD-beam dump, AOM-acousto optic modulator, and the 
dotted line denotes a Plexiglas box, adapted from reference 21.  

 

the beam was split in half by a beam splitter. The transmitted beam (which will be 

referred to as the pump beam, while the other beam will be called the signal 

beam) was passed through another half wave/polarizer combination. The two 

equal intensity p-polarized writing beams had external angles of 30 and 60 
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degrees with respect to the sample normal. After overlapping in the sample, both 

beams were collected with lenses onto photodetectors. 

A beam splitter was placed behind the sample in the path of the 

transmitted pump beam to allow co-linear propagation of the pump and probe 

beams while simultaneously enabling detection of the pump beam output power. 

A second beam splitter was placed in the path of the signal beam before the 

sample in order to pick off the diffracted probe beam, which was then sent 

through a polarizer and an aperture before hitting a large area photodetector. The 

polarizer and aperture in the diffracted beam’s path were used to isolate the 

diffracted beam from any scattered or reflected light from the writing beams. The 

signal from this detector was fed into the lock in amplifier.  

 

5.3 RESULTS AND DISCUSSION 

Most desirable photorefractive materials for real applications require both 

high gain and high speed. In a recently published work24-25 in which the author 

was involved, using a newly synthesized chromophore, 2-dicyanomethylene-3-

cyano-5,5-dimethyl-4-(4′-dihexylaminophenyl)-2,5-dihydrofuran (DCDHF-6), in 

a classical PVK host matrix, photorefractive composites were found to produce 

large photorefractive gain coefficient Γ up to 400 cm-1 with sub-second response 

times at applied electric fields of 100 V/µm. These gain coefficients are among 

the highest values reported for photorefractive polymers and the speed is in the 

range of the fastest as well. Furthermore, it turned out that the DCDHF-6 

chromophore (Scheme 5-1) could also form an amorphous organic glass by itself. 
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The photorefractive effect on monolithic organic glasses, DCDHF-6/C60 samples, 

was investigated and showed large gain coefficients (Γ > 100 cm-1) at the 

moderate field strength of only 20 –25 V/µm. The use of a monolithic (single-

component, but multifunctional) glass-forming molecule instead of the host-guest 

approach is an alternative approach to have the same advantages as polymeric 

materials and provide a higher concentration of the nonlinear optical moiety. 

Strong beam fanning was also observed during the two wave mixing 

measurement which can be enhanced or reduced depending on the application.  

Since the DCDHF-6 chromophore exhibits improved results in typical 

photorefractive polymer composites in some circumstance, it is desirable to use 

this chromophore for investigations of other systems. Unfortunately, the supply of 

DCDHF-6 was not sufficient, so that it was not possible to use it in our 

experiments. Instead, 4-di(2-methoxyethyl)aminobenzylidene malononitrile 

(AODCST) in Scheme 5-1 was used in all of the polymer composites for the 

investigation of the PR effects of the cycloaddition polymers mentioned in  

 

 
Scheme 5-1: Chemical structures of 4-di(2-methoxyethyl)aminobenzylidene 
malononitrile (AODCST) and 2-dicyanomethylene-3-cyano-5,5-dimethyl-4-(4′-
dihexylaminophenyl)-2,5-dihydrofuran (DCDHF-6). 
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previous chapters. It has already been demonstrated that PVK/AODCST/BBP/C60 

can produce gain coefficients of over 200 cm-1 and time constants in the 

millisecond range at a writing intensity of 1 W/cm2 and an applied field of 100 

V/µm.26   

A typical PVK/AODCST/BBP/C60 composite was adapted to examine the 

photorefractive effects of cycloaddition polymers, replacing PVK with the 

cycloaddition polymers as shown in Scheme 5-2 and Table 5-1. Thus, the 

cycloaddition polymers act as both the host matrix and as the hole transporter. A 

plasticizer such as benzyl butyl phthalate (BBP) was used to adjust the glass 

transition temperature of the whole composite to near room temperature so that 

the orientational enhancement effect described above can be accomplished.  

 

 

 

 

 

 

Scheme 5-2: Chemical structures of cycloaddition polymers.  

 

   Table 5-1 
 

R Ar Polymer Code 
phenyl N-phenyl-3-carbazolyl poly(NphCbz) 
octyl N-octyl -3-carbazolyl poly(NocCbz) 

2″-ethyl-hexyl N-2″-ethyl-hexyl-3-carbazolyl poly(NheCbz) 
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The polymer composite consisted of Poly(NphCbz)/AODCST/BBP/C60 

(35/35/30/05 wt. %), and the sample was prepared by using the standard 

techniques already mentioned. The photoconductive properties were examined 

with an applied field of 20 V/µm using a direct current (DC) technique (λ = 676 

nm). The intensity dependence of the photoconductivity as shown in Figure 5-6 

was sublinear where the exponent a of the power law fits σphoto ∝ Ia at 0.62. The  

 

 

 

Figure 5-6: Intensity dependence of the photoconductivity (open circles) and dark 
conductivity (filled circles) of a Poly(NphCbz)/AODCST/BBP/C60 composite; E 
= 20 V/µm and λ = 676 nm.  
 

dark conductivity is similar to a corresponding PVK/AODCST/ BBP/C60 

composite. Sublinear intensity dependence is considered to be the evidence for a 

high concentration of shallow traps,27 and this is in accordance with the 

observation that the dark current decreased very slowly. Shallow traps are traps 
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that have small energy difference between the trap and transport manifold so that 

they can be emptied thermally. A hole travels in a transport manifold and then 

gets trapped, meaning that it does not travel for some time before being 

“detraped” back to transport manifold and continuing to travel; if the trap is deep, 

the hole cannot detrap so easily. The traps can be provided by non-linear optical 

chromophores,28 other dopants, uncontrolled impurities, or can be intrinsic traps 

in the charge hopping manifold of the host polymer matrix. In this composite, 

either AODCST or structural defects or unusual packing of poly(NphCbz) could 

constitute a shallow trap. Under such conditions, it is possible that carbazole 

moieties are a little further away from each other, then this would cause the holes 

to have a longer residence time before making a jump from one carbazole to 

another. However, other possibilities exist to explain the difference in 

photoconductivity between the composites of poly(NphCbz) and PVK.   

To evaluate the size of the potential nonlinear optical response, the 

orientation of the chromophores in a Poly(NphCbz)/AODCST/BBP/C60 

composite was measured by transient ellipsometry. As shown in Figure 5-7, the 

change in refractive index is plotted at 120 s after the applied field. These values 

are similar to those observed in a PVK/AODCST/ BBP/C60 composite. This 

composite showed the close to quadratic dependence that is expected for an 

orientational electro-optic effect. However, the orientation of the chromophore is 

very dispersive and much slower than in PVK/AODCST/ BBP/C60; orientation 

occurs over all time scales at least up to 120 s that the transient does not level off 

for this sample.   
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Figure 5-7: Applied electric field dependence of the refractive index change after 
120 s in a Poly(NphCbz)/AODCST/BBP/C60 composite, λ = 905 nm.  

 

To characterize the photorefractive performance of the 

Poly(NphCbz)/AODCST/BBP/C60 sample, two wave mixing experiments in a 

standard geometry were performed. The filled circles in Figure 5-8 represent the 

field dependence of the gain coefficient, and the open triangles represent the field 

dependence of the photorefractive speed at a writing intensity of 140 mW/cm2. 

The electric field dependence of the photorefractive gain coefficient Γ is slightly 

below (~20%) the values achieved in a PVK/AODCST/ BBP/C60 composite at a 

given value of the electric field, which is somewhat expected from the 

measurement of the photoconductivity of a Poly(NphCbz)/AODCST/BBP/C60 

composite. The time transient of the two wave mixing experiment can be fit with  
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Figure 5-8: Electric field dependence of the gain coefficient (filled circles) and 
speed (open triangles) of a Poly(NphCbz)/AODCST/BBP/C60 composite, I = 140 
mW/cm2 and λ = 676 nm.   

 

a bi-exponential function. At 40 V/µm and 140 mW/cm2, the fast response speed 

was 1.9 s-1 with a weight ~34%, and the slow response speed was 0.28 s-1. This 

yields the weighted average speed of 0.54 s-1. At 1.1 W/cm2, the fast response 

speed was 7.9 s-1 with a weight ~41%, and the slow response speed was 0.47 s-1 

which yields average speed of 1.49 s-1. These response speed values are about an 

order of magnitude below those observed in a PVK/AODCST/ BBP/C60 

composite at a given electric field and light intensity.  

Under these conditions the Poly(NphCbz)/AODCST/BBP/C60 composite 

exhibits a gain coefficient and birefringence comparable to an analogous PVK-

containing composite. However, the PR speed is reduced due to both 

photoconductivity and hindered chromophore orientation. As discussed before, 
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the reason for the reduced photoconductivity might come from trapping. Trapping 

is a trade-off process in a PR polymer; it is necessary to create a space charge 

field, but when too many traps are present the charges get trapped too fast. In this 

case the phase shift could not reach its maximum value around 90 degrees. PR 

polymer composites, including PVK-containing composites, generally suffer from 

such a phenomenon.   

To improve the PR performance in a Poly(NphCbz)/AODCST/BBP/C60 

composite, it is suggested that replacing the phenyl group in the 9-position of 

poly(NphCbz) with an alkyl substituent might enhance the PR performance. Since 

a phenyl group in the 9-position of carbazole could lead to a different spatial 

packing of the polymer, a charge (hole) hopping process might not be as efficient 

as in a PVK manifold. In addition, introducing a long alkyl group at the 9-position 

of carbazole might reduce the glass transition temperature (Tg) of the 

corresponding polymers which could enhance the overall PR performances due to 

an improved orientation enhancement effect as discussed before, as well as 

improve polymer solubility which could also play an important role in sample 

preparations. It is also important to note that the N-phenyl moiety provides a 

substantial amount of increased delocalization and stabilization of the hole, which 

also could engender decreased hopping rates. Again, the substitution of an alkyl 

group for phenyl would rendered the hole delocalization/stabilization factor more 

nearly analogous to PVK.  

As mentioned in chapter 3, n-octyl and 2′-ethylhexyl groups were 

introduced into the 9-position of carbazole, in the hope that the PR performances 
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of these corresponding polymers would be enhanced in comparison to 

poly(NphCbz) as a consequence of orientational effects engendered by the long 

alkyl chains. Unfortunately, the chromophore AODCST tended to phase separate 

in both host polymer matrixes of poly(NocCbz) and poly(NheCbz). Although 

organic photorefractive materials offer several potential advantages over their 

inorganic and semiconducting counterparts due to their low cost, ease of 

processibility, and chemical tenability, phase separation of dopants particularly 

from chromophores is one of the problematic issues. The non-linearity of the 

chromophore increases with its dipole moment, but the miscibility of the molecule 

in the non-polar host polymer is reduced. Both poly(NocCbz) and poly(NheCbz) 

are more difficultly miscible with AODCST than poly(NphCbz), based upon 

observations in a sample preparation process. Since AODCST is one of the best 

chromophore except for DCDHF-6, an alternative approach of synthesizing a 

cycloaddition polymer having an ethyl group in the 9-position of carbazole 

appears attractive. Further studies on structural modifications and their effect on 

PR performance are continuing in this laboratory.  

In a different category of polymers, PR effects in ring-opened 

homopolymers and copolymers containing carbazole moieties were examined as 

shown in Scheme 5-3, A sample of a Poly(NBCbz)/AODCST/BBP/C60 composite 

was prepared by the standard sample preparation method. It turned out, however, 

that the chromophore AODCST was not stable within this host polymer during 

the sample preparation process. It was assumed that some chemical process 

occurred within the sample composite when this sample was dried in a high 
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temperature vacuum oven. The chromophore was evaporated, and the prepared 

sample showed strong absorption in the visible range which was not desirable for 

PR measurements. Further characterization of these polymer composites was not 

possible.  

 

 

Scheme 5-3: Chemical structures of ring-opened polymers. 

 

Table 5-2  
 

Entry R Polymer Code 
I N-carbazolyl poly(NBCbz) 
II N-phenyl-3-carbazolyl poly(NBphCbz) 
III  poly(NB-H-phCbz) 
IV  poly(NB-b-Cbz) 

 

On the other hand, a Poly(NBphCbz)/AODCST/BBP/C60 (49.5/35/15/0.5 

wt. %) sample was successfully prepared to measure its PR performance. The 

photoconductive property of a Poly(NBphCbz)/AODCST/BBP/C60 composite 
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was examined with an applied field of 20 V/µm using a dc technique. The 

intensity dependence of photoconductivity could be fit with a power law (σph ~Ia, 

where a = 0.64). The magnitude of the photoconductivity is lower than one 

observed in a Poly(NphCbz)/AODCST/BBP/C60 composite.  

Transient ellipsometric measurements were carried out to characterize the 

orientational behavior of the chromophore in a given composite, and the results 

are shown in Figure 5-9. These values are almost the same as those observed for a 

Poly(NphCbz)/AODCST/BBP/C60 composite. Again, the transient did not level 

off. The orientational process at 40 V/µm can be fitted with bi-exponential 

function, with faster speed of ~5-20 s-1 depending on the electric field and slower 

speed of ~0.01-0.03 s-1 in a weight of ~75%.  

 

 

Figure 5-9: Applied electric field dependence of the refractive index change after 
120 s in Poly(NBphCbz)/AODCST/BBP/C60, λ = 905 nm.  
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Two beam coupling was performed to examine PR performances. The two 

beam coupling gain coefficient, as a function of electric field (filled circles), and 

the field dependence of the photorefractive speed (open triangles) at a writing 

intensity of 110 mW/cm2 are shown in Figure 5-10. The gain coefficient Γ is 

slightly greater than the values observed in a Poly(NphCbz)/AODCST/BBP/C60 

composite at a given electric field. The time transient of the two wave mixing  
 

Figure 5-10: Electric field dependence of the gain coefficient (filled circles) and 
speed (open triangles) of a Poly(NBphCbz)/AODCST/BBP/C60 composite, I = 
110 mW/cm2 and λ = 676 nm.  
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composite exhibited gain coefficients, birefringence, and orientational transients 

comparable to the Poly(NphCbz)/AODCST/BBP/C60 composite. However, the 

PR speed was decreased due to the reduced photoconductivity. 

These results, in particular the reduced PR speed but the somewhat 

improved gain coefficient, in a composite of poly(NBphCbz) compared to the one 

of poly(NphCbz) suggest that the PR performance in a composite containing 

poly(NB-H-phCbz) might be expected to be improved. Since the polymer 

backbone in poly(NB-H-phCbz) is more flexible than poly(NBphCbz), it could 

potentially facilitate the hopping process. A sample of a Poly(NB-H-

phCbz/AODCST/ BBP/C60 composite has been prepared, and the appropriate 

measurements and analyses of this sample are in progress. These results will be 

presented elsewhere.  

Poly(NB-b-Cbz) was considered a desirable target material due to the fact 

that covalent attachment of an NLO chromophore to a conducting host polymer 

matrix would obviously prevent a phase separation of the polar chromophores 

from the polymer backbone. Consequently, it was hoped, the self lifetime of the 

host/guest composite would be greatly enhanced. However, a composite of 

poly(NB-b-Cbz) could not be used to prepare a low Tg photorefractive sample, 

since none of a wide range of plasticizers was able to reduce the Tg of the 

poly(NB-b-Cbz) to near room temperature, a condition of which is essential for 

the available experimental setup. Obviously, a different physical process such as 

high temperature poling where high glass transition temperature polymers are 
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desired will be required to investigate this polymer, but was not available in this 

research. Thus, further studies of this polymer were not pursued.  

 

SUMMARY 

Photorefractive performances on Poly(NphCbz)/AODCST/BBP/C60, a 

composite of the cation radical polymer of N-phenyl-bis(3,6-trans-

propenyl)carbazole, and Poly(NBphCbz)/AODCST/BBP/C60, a composite of the 

ROMP polymer of the cation radical Diels-Alder adduct of N-phenyl-3-trans-

propenylcarbazole, have been studied and compared with the performance of 

standard composites based upon poly(N-vinlycarbazole). In both cases, the 

polymer composites prove to be photorefractive, and the magnitude of the PR 

effects are comparable to those in standard PVK composites, when the same NLO 

agent is employed. However, overall PR speeds are slower, perhaps as 

consequence of the relatively more rigid polymer structures, which tend to slow 

the rate of conformational changes. 

Optimization of these cation radical polymer structures to improve their 

photorefractive properties for providing enhanced PR effects is continuing in this 

laboratory. The proposed optimizations are based upon generating more flexible 

polymer structures and varying the oxidation potentials of the charge carrying 

moieties by varying the nature of the substituent at the 9 position.  

As has been discussed, the most efficient photorefractive polymers to date 

are plasticized host/guest systems. However, photorefractive polymers with a high 

glass transition temperature are also urgently needed for purely electro-optic 
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effects, which can be of use in long-term holographic data storage. Of course, the 

orientational enhancement effect will not play an important role in these cases. 

For such purposes, poly(NB-b-Cbz) would be considered as a strong candidate 

since the Tg of this polymer is 242 oC, it is thermally highly stable, and is 

obviously not susceptible to phase separation of the polar chromophores from the 

polymer backbone due to the covalent attachment of an NLO chromophore to a 

conducting host polymer matrix.   
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CHAPTER VI: ANION RADICAL CHAIN CYCLOADDITION 

6.1 BACKGROUND 

Addition of a single electron to a neutral molecule (M) generates a unique 

chemical species, called an anion radical (or radical anion), which simultaneously 

has a unit of negative charge and an unpaired electron.1 The most common  

 

 

method for generating anion radicals is the treatment of neutral molecules with 

alkali metals, usually in an ethereal solvent such as tetrahydrofuran (THF). 

Historically, the stable anion radicals of benzophenone (benzophenone ketyl), 

benzil, and anthracene were among the first to be prepared.2 Other methods of 

preparation include electrochemical, photochemical, chemical and radiolytic 

reduction of neutrals.  

Useful examples in the context of organic chemistry involving anion 

radical intermediates are Birch reduction,3 Piancol coupling,4 and acyloin 

condensation reactions.5 Whereas cation radical chain cycloadditions, including 

cyclobutanation, Diels-Alder cycloaddition, and cyclopropanation, are now well-

known,6 relatively little of the anion radical cycloaddition chemistry has been 

developed  

Up to now, only two key observations of efficient prototype anion radical 

chain cycloadditions are reported in the literature.7-8 These studies describe the 

cyclobutanation of aryl vinyl sulfones (Scheme 6-1) and of vinylpyridines, types 

eM M .
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of which are shown in Scheme 6-2, by a cathodically initiated reaction. In the case 

of aryl vinyl sulfones, the chain nature of the reaction was established by the 

observation that good yields of the trans-cyclobutane dimers were obtained when 

only ca. 10% of the theoretical amount of current was passed. In both instances,  

 
Scheme 6-1 

 

 

 

 

 

 

 
Scheme 6-2 

 

 

 

 

 

cyclodimerization is proposed to occur through a chain mechanism involving the 

cycloaddition of a substrate anion radical to a neutral substrate molecule (M). 

Subsequent intermolecular electron transfer from the anion radical of the cyclized 

product to a neutral reactant molecule regenerates the substrate anion radical to 

propagate the chain (Scheme 6-3).  
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Scheme 6-3 

 

 

Ion radicals (anion radicals and cation radicals) are recognized as reactive 

intermediates which have distinctively different reactivity patterns from 

carbocations and carbanions. As a case in point, cation radicals strongly tend to 

undergo cycloadditions, including cyclobutanation, Diels-Alder cycloaddition, 

and cyclopropanation. In addition, a fundamentally new polymerization 

mechanism, viz., cation radical chain cycloaddition polymerization, which is 

especially effective for readily ionizable monomers has been proposed and 

developed by this group. On the other hand, only two preliminary reports of anion 

radical chain cycloaddition as shown above are reported. Therefore, it is of 

interest to pursue the development of anion radical cycloaddition and eventually 

expansion of this concept to explore anion radical chain cycloaddition 

polymerization which has not been exploited for the purpose of polymerization.  
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6.2 RESULTS AND DISCUSSION 

Recently, Professor M. J. Krische at the University of Texas at Austin 

reported an intramolecular cobalt-catalyzed [2+2]cycloaddition of tethered enones 

(Scheme 6-4).9 By this methodology, substituted bicyclo[3.2.0] ring systems in 

diastereomerically pure form have been obtained efficiently.  

 
Scheme 6-4 

 

 

 

 

 

 

Given the requirement of aroyl-substituted enone partners, the ease of 

reduction of the bis(enone) substrates and structural analogy to previously 

reported anion radical cyclobutanations,7-8 it appeared reasonable to consider 

mechanisms invoking the intermediacy of anion radicals. To evaluate the 

plausibility of metal-catalyzed anion radical pathways and potentially expand the 

scope of these little known anion radical chain cycloadditions, the 

electrochemically promoted anion radical cycloadditions of several bis(enones) 

were investigated. 

All starting bis(enone) substrates in this research were synthesized in and 

provided by the laboratory of Professor Krische of this department. The substrate 

initially chosen for study was phenyl-substituted bis(enone) 25a. Cyclic 
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voltammetry (CV) revealed the peak reduction potential of 25a to be -1.20 V 

versus SCE. Reduction was irreversible. In order to promote a chain process, 

reduction was carried out at a voltage (-0.90 V) well below that of the peak 

reduction potential using reticulated vitreous carbon working electrodes. It was 

subsequently verified that for reductions carried out at -1.50 V, essentially only 

dimerization and oligomerization result. Presumably, reduction at the lower 

voltage results in lower current densities and lower steady state concentrations of 

the anion radical. Under these conditions, generation of bis(anion radical) 

intermediates is also attenuated. 

Given these considerations, a 0.02 M solution of 25a in electrolyte 

solution (0.1 M LiClO4 in acetonitrile) at ambient temperature was subjected to 

electrochemical reduction. The reduction was found to be essentially complete 

when only 30% of the theoretically required electrical charge had been passed, i.e. 

the starting material was completely consumed and the current had dropped to 

near zero. The overall yield of isolated products was 76%, with polymeric 

products accounting for the remaining mass balance. The products formed include 

the same bicyclic isomer cis-26a formed in the cobalt-catalyzed reaction, the 

corresponding stereoisomer trans-26a, and the unprecedented Diels-Alder 

cycloaddition product 27a, the structure of which was verified by the analysis of 
1H and 13C NMR and H-H and C-H correlation spectroscopy. The total yield of 

these three bicyclic products is 45%, and the ratio of cis-26a:trans-26a:27a is 

2:2.4:1. In addition to these bicyclic products, the monocyclic product 28a and the 

corresponding aldol product 29a were formed in 21% and 10% yields, 
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respectively. The structural assignment of 29a was corroborated by x-ray 

crystallographic analysis (Scheme 6-5).10  

 
Scheme 6-5 

 

 

 

 

 

Since chain propagation requires an intermolecular electron transfer to 

neutral substrate, it appeared possible that increasing the initial concentration of 

25a would facilitate the chain process. Indeed, when the initial concentration of 

substrate was doubled (to 0.04 M), only 17% of the stoichiometrically required 

amount of electrical charge was required for the complete conversion of 25a. 

However, the amount of dimeric and polymeric products increased to 52%. 

The formation of both cis- and trans-26a, along with the monocyclic 

product 28a (also a 2:1 mixture of cis/trans isomers), suggests a stepwise 

cycloaddition process involving the intermediacy of the distonic anion radical of 

28a formed via β-β coupling of the mono-enone mono- anion radical of 25a. The 

distonic anion radical of 28a contains both enolate anion and enolyl radical 

moieties and is subject to α-α coupling to yield the anion radical of 26a. This 
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coupling is presumably made energetically feasible by the presence of the benzoyl 

moiety owing to delocalization of the incipient anion radical onto both the 

carbonyl and phenyl moieties. Chain propagation is achieved by an exergonic 

electron transfer from the anion radical of 26a to neutral 25a. For the anion 

radical of 28a, coupling between the enolate oxygen and the α-carbon of the 

enolyl radical is also possible and gives rise to the formal hetero-Diels-Alder type 

adduct 27a. Once again, a benzoyl group serves to stabilize the anion radical 

derived upon six-membered ring formation and exergonic electron transfer to 

starting material propagates the chain mechanism (Scheme 6-6). 

 
Scheme 6-6 
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of cis-28a is then converted to the corresponding aldol addition product 29a. The 

formation of both cis- and trans-26a, coupled with the formation of 28a, provides 

evidence that the cycloadditions occur through a stepwise mechanism involving 

the anion radical of 28a. 

With regard to the mechanism of the cobalt-catalyzed cyclobutanation, 

parallel trends in substrate scope with respect to the electrochemically promoted 

reaction would lend support for a mechanism involving anion radical 

intermediates. In sharp contrast to the dibenzoyl enone 25a, the corresponding 

bis(4-methoxybenzoyl) derivative 25b does not undergo cyclobutanation in the 

presence of the Co(dpm)2/silane catalysts system, instead favoring the Michael 

cycloreduction pathway.11 In terms of a possible anion radical mechanism, the 

bis-anisoyl derivative 25b should be more difficult to reduce than the parent 

benzoyl derivative 25a. Under electrochemical conditions, generation of the anion 

radical of the bis(anisoyl) derivative 25b should be possible, although a more 

negative potential should be required. The CV study of 25b revealed a peak 

reduction potential at -1.30 V. Again, reduction was irreversible. The peak 

reduction potential of 25b is ca. 0.1 V more negative than that of 25a. 

Consequently, the reduction of 25b was carried out at -1.0 V. Reduction occurred 

under these conditions, and starting material was consumed, but no bicyclic 

products were formed. Instead, dimers and oligomers of unknown structure and 

monocyclic products analogous to 28a were observed. This suggests a likely 

explanation for the failure of 25b to undergo cycloaddition: the formation of the 

second bond would require the anion radical moiety to reside upon an anisoyl 
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moiety, which is less capable of stabilizing negative charge than a simple benzoyl 

group. 

The CV study of the mixed anisoyl 4-nitrobenzoyl bis(enone) 25c revealed 

a reduction potential of -1.00 versus SCE. Here, reduction was found to be 

reversible. Reversible reduction is attributed to the formation of a relatively long-

lived anion radical, which is stabilized by the 4-nitrobenzoyl moiety. The reaction 

of this substrate was carried out at –0.8 V, and failed to yield any bicyclic or 

monocyclic products, instead providing dimers and oligomers. Presumably, this 

relatively stable anion radical is unable to effect even the first bond formation. 

Reaction of this substrate in the presence of the Co(dpm)2/silane catalysts system 

exclusively favors the cycloreduction pathway over cycloaddition. Finally, 

substrates 25d and 25e each fail to undergo intramolecular cycloaddition under 

cathodic reduction conditions or via cobalt catalysis (Figure 6-1). 

 

 

 

 

 

 

 

 
Figure 6-1: Additional bis(enone) substrates. 

 

25d 25e

O

CH2
H3CO )2

O

S)2

S

CH2)2

OO

25b

O

H3CO
25c

O

NO2



 139

The key role of the benzoyl group in stabilizing the anion radical moiety of 

the product is evident from the mechanism depicted in Scheme 6-5. However, this 

mechanism does not require the presence of two benzoyl groups, suggesting that 

the mixed benzoyl/acetyl-substituted bis(enone) 25f (peak reduction potential of  

–1.14 V) might be a suitable substrate for anion radical cyclobutanation. Upon 

cathodic reduction of 25f at –1.0V at an initial concentration of 0.02 M, a 21% 

yield of bicyclic cyclobutanated products were obtained. Additionally, the 

tricyclic aldol-cyclodehydration product 30f, characterized by single crystal x-ray 

diffraction, was isolated in 10% yield. At lower concentration (0.003M), the yield 

of 25f is increased to 35% and tricycle 30f is not observed. Interestingly, 

irrespective of concentration, no monocyclic products analogous to 28a are 

detected. For 25f, the observation of cycloaddition products under cathodic 

reduction parallels the result obtained in the cobalt-catalyzed reaction of 25f, 

where the cis-exo-bicyclic product is formed exclusively in 63% yield (Scheme  

6-7). 

 
Scheme 6-7 
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The present results provide new examples of a relatively uncommon 

reaction type, anion radical chain cyclobutanation. Furthermore, an example of a 

previously unprecedented anion radical chain Diels-Alder cycloaddition has been 

brought to light. In addition, evidence for stepwise cycloaddition involving 

distonic anion radical intermediates has been observed. As such, these studies 

provide a starting point from which the scope of these new reaction types may 

continue to broaden, as has proved to be the case for cation radical chain 

cycloadditions. With regard to the mechanism of the related cobalt-catalyzed 

reactions, substantial differences in stereoselectivity and the formation of products 

27-30 render somewhat uncertain the assignment of a pure anion radical 

mechanism. However, these differences may arise from substantial changes in 

solvent polarity (acetonitrile vs. 1,2-dichloroethane) and, most significantly, ion-

pairing state in the two reaction types. Given the parallel trends in substrate scope, 

in particular the requirement of benzoyl-substituted enone partners, anion radical 

character of the cobalt-catalyzed reactions, which is significantly modulated by 

the presence of tightly ion-paired organocobalt species, cannot be excluded. 

 

SUMMARY 

The anion radicals of certain bis(enones), generated by cathodic reduction, 

are observed to participate in intramolecular cyclobutanation, yielding 

bicyclo[3.2.0]heptane derivatives through an anion radical chain mechanism. 

Evidence for stepwise cycloaddition involving distonic anion radical 

intermediates has been illustrated. In addition to the novel anion radical 
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cyclobutanations, an unprecedented intramoleular anion radical Diels-Alder 

product is observed. Parallel trends in substrate scope vis-à-vis Co-catalyzed 

bis(enone) cyclobutanation are found. 

 

FUTURE DIRECTION 

Both observations of an intramolecular anion radical cyclobutanation of a 

bis(α,β-unsautrated ketone) and of intermolecular anion radical chain 

cyclobutanation (i.e., vinyl sulfones and vinyl pyridines) suggest the potential of 

anion radical chain cycloaddition polymerization in a difunctional context which 

involves an electron transfer intermolecularly and intramolecularlyl in a similar 

manner to a cation radical chain cycladdition polymerization. Indeed, anion 

radical Diels-Alder cycloaddition is also of particular interest as illustrated by the 

formation of 27a in the anion radical cycloaddition reaction of bis(enones). Some 

possible monomers for anion radical chain cycloaddition polymerization are given 

below.  
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Cation radical cycloaddtion has been carried out conveniently and 

efficiently in mild reaction conditions by the use of self-stable chemical initiator, 

tris(4-bromophenyl)aminium hexaschloroantimonate (4). It is clear from cation 

radical chain chemistry that chain initiation must be very gradual in order to avoid 

generating large instantaneous concentrations of radical species, which are then 

more likely to couple than to propagate. Therefore, it would be also interesting to 

develop chemical methods of anion radical production analogous to those used in 

cation radical cycloaddition reactions. 
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EXPERIMENTAL 

 

ANALYSIS 

Room temperature 1H NMR and 13C NMR were recorded on a Bruker AC 

250, a Varian Unity Plus 300 spectrometer or a Varian Unity Inova 500 

spectrometer as solutions in CDCl3. Chemical shifts (δ) are relative to 

tetramethylsilane, and coupling constants (J) are given in Hz. Splitting patterns 

are designated as follows: s, singlet; d, double; t, triplet; q, quartet; m, multiplet; 

dd, doublet of doublets; dt, doublet of triplets; dq, doublet of quartets; tq, triplet of 

quartets; ddd, doublet of doublet of doublets; br, broad. Solution states 1H and 13C 

spectra of polymer samples gave broad signals with little fine structure so 

chemical shifts of such samples are reported as the mid-point of the broad signals. 

X-Ray diffraction analysis was conducted with a Nonius Kappa CCD 

diffractometer.  

Gas chromatographic (GC) analyses were performed on a Hewlett-Packed 

Model 6890 equipped with a flame ionization detector and a HP-5 (30m x 

0.32mm, 0.25µm film thickness) capillary column using helium as a carrier gas. 

Low resolution mass spectra (LRMS) were recorded on a Finigan MAT TSQ-70 

mass spectrometer. High resolution mass spectra (HRMS) were recorded on a 

VGZAB-2E mass spectrometer. 

Gel permeation chromatography (GPC) was carried out at ambient 

temperature using a 10 µm mixed-bed Perkin-Elmer PL gel column, connected in 
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series equipped with a Waters 510 HPLC pump and a Waters 410 differential 

refractometer. The system was calibrated using polystyrene standards and THF as 

the eluent at a flow rate of 1.0 mL/min. Differential scanning calorimetry (DSC) 

was measured on a Perkin-Elmer DSC-7 at a heating rate of 10 °C/min. Tg values 

were taken at the midpoint of the transitions. Thermal gravimetric analysis (TGA) 

was measured on a Perkin-Elmer TGA-7 from ambient to 900 °C at a heating rate 

of 10 °C/min under a nitrogen atmosphere. Infrared (IR) spectra were carried out 

using a Nicolet Magna-IR 550 spectrometer. Ultraviolet-visible absorption spectra 

(UV-Vis) were recorded on a Varian Carry-1 spectrophotometer.  

Bulk electrolysis experiments were performed using an ESC Potentiostat 

415, 640 Digital Coulometer and 420X Power Supply. A three-electrode cell with 

two compartments separated by a glass frit was used for electrosyntheses. The 

working electrode consisted of a reticulated vitreous carbon attached to copper 

wire, and a silver wire contained in a glass tube closed off with a porous Vycor 

rod was utilized as a reference electrode (silver wire immersed in a acetonitrile 

solution 0.1 M in AgNO3 and LiClO4). The counter electrode, reticulated vitreous 

carbon, was located in a compartment separated from bulk solution by a fine frit. 

Cyclic voltammograms (CV) were recorded on a Model 660 

electrochemical workstation (CH Instruments) at a scan rate of 100 mV/s. The 

working electrode consisted of an inlaid platinum disk (1.3 mm diameter) that 

was polished on a felt pad with 0.05 µm alumina. A platinum wire was used as a 

counter electrode. A silver wire served as a reference electrode, and potentials 



 146

were calibrated versus SCE by the addition of ferrocene as an internal standard in 

the electrolyte solution (0.1 M TBAPF6 in acetonitrile). 

REAGENTS 

All chemicals used were purchased from the Aldrich Company and used 

as received unless otherwise specified. The catalyst, tris(4-bromophenyl)aminium 

hexachloroantimonate, was synthesized according to a literature procedure. The 

Grubbs catalyst was purchased from Strem Chemicals for Research. Dried 

solvents were obtained by distillation under nitrogen immediately prior to use. 

Reagent-grade dichloromethane (DCM) solvent was dried by refluxing it over 

calcium hydride. Spectroscopic-grade acetonitrile (AN) and pyridine were 

distilled from phosphorus pentoxide. Tetrahydrofuran (THF) was distilled from a 

blue solution of sodium and benzophenone. HPLC-grade benzene was stored 

under metal sodium to use. Reagent-grade lithium perchlorate used for 

electrochemistry was dried by heating at 180 oC for 24 h under N2 purge and 

stored in a desicator containing Drierite. Tetra-n-butylammonium 

hexafluorophosphate (TBAPF6) was recrystallized from EtOH/H2O (4:1) three 

times and dried at 100 oC before use. Preparative scale thin-layer chromatography 

(PTLC) plates (EM Science, 1 mm layer thickness) were used for purification. 

Column chromatography was performed using neutral, basic alumina and silica 

gel. All moisture sensitive reactions were carried out in oven-dried glassware 

which had been flushed with dry N2. All organic product solutions were dried 

over sodium sulfate unless otherwise indicated. Solvent removal was performed 

on a rotary evaporator. 
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CHAPTER II 

 

Tris(4-bromophenyl)aminium hexachloroantimonate (4).1 To a solution of 

3.12 g (6.6 mmol) of tris(4-bromphenyl)amine in 20 mL of dry dichloromethane 

at 0 oC was slowly added a solution of 1.45 mL (11.5 mmol) of antimony 

pentahloride. The reaction was instantaneous and the deep blue mixture resulted 

was poured into 100 mL cold, dry ether. The blue crystals were collected by 

suction filtration, washed thoroughly with dry ether, and vacuum dried at room 

temperature to yield 4.3 g (88%; lit., 99%) of the product. The cation radical salt 

is also available commercially (Aldrich). 

1,2-bis[4-(propionyl)phenoxy]ethane. To a dry round-bottomed flask 

equipped with a magnetic stirrer, AlCl3 (10 g, 75 mmol) was added, followed by 

dichloromethane (50 mL). After lowering the temperature of the reaction to –20 
oC (by means of a dry-ice-acetone bath), a solution of 1,2-diphenoxyethane (6.34 

g, 30 mmol) in the dichloromethane (50 mL) was added slowly. A 1:1 (v/v) 

solution of propionyl chloride (90 mmol) in dichloromethane was then added 

dropwise over a period of 15 min. After the addition was complete, the dry-ice-

acetone bath was replaced with an ice bath, and the reaction mixture was stirred 

for an additional 3 h, then carefully poured into a separating funnel containing 

crushed ice. The aqueous layer was separated and extracted with dichloromethane 

(2 x 100 mL). The combined dichloromethane layers were washed with water 

(500 mL), saturated aqueous NaHCO3 (2 x 500 mL) and water (2 x 500 mL) prior 

                                                 
1 Bell, F. A.; Ledwith, A.; Sherrington, D. C. J. Chem. Soc. (C) 1969, 2719. 
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to drying (Na2SO4) and solvent removal by a rotary evaporator. From 6.34 g of 

1,2-diphenoxyethane was obtained 9.2 g (94%) of 1,2-bis[4-

(propionyl)phenoxy]ethane: 1H NMR δ 1.20 (t, J = 7.2 Hz, 6H), 2.94 (q, J = 7.2 

Hz, 4H), 4.39 (s, 4H), 6.96 (d, J = 4.5 Hz, 4H), 7.94 (d, J = 4.8Hz, 4H).  

1,2-bis[4-(1-hydroxypropyl)phenoxy]ethane. The diketone prepared in the 

previous procedure (9.2 g, 29 mmol) was dissolve in 120 mL of a 3:1 solution of 

ethanol/THF, followed by the addition of 2.84 g (75 mmol) of sodium 

borohydride. After 6.5 h at room temperature, the reaction was quenched with 

10% acetic acid at 0 oC. The quenched solution was then extracted with 

dichloromethane (3 x 100 mL) and the combined extracts were washed with water 

(500 mL), saturated aqueous NaHCO3 (2 x 500 mL) and water (2 x 500 mL), 

prior to drying (Na2SO4) and solvent removal by a rotary evaporator. The product 

diol (9.35 g, 98%) was used without further purification: 1H NMR δ 0.88 (t, J = 

7.5 Hz, 6H), 1.68-1.83 (m, 4H), 4.3 (s, 4H), 4.54 (t, J = 6.3 Hz, 2H), 6.91 (d, J = 

8.7 Hz, 4H), 7.26 (d, J = 7.8 Hz, 4H).  

1,2-bis[4-(1-propenyl)phenoxy]ethane (6). To a solution of the diol 

obtained in the previous procedure (4.3 g, 13 mmol) in pyridine (50 mL) was 

added a slight excess of phosphorus oxytrichloride (5.0 g) at an ice bath. The 

reaction mixture was refluxed for 15 h, then cooled in an ice bath.  Water was 

added slowly to quench any excess POCl3. The quenched reaction mixture was 

then transferred to a separating funnel, wash with water and dried (Na2SO4) prior 

to solvent removal by rotary evaporator. The crude product (6) was subjected to 

column chromatography on silica gel (1:1 hexane and dichloromethane) to yield 
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1,2-bis[4-(1-propenyl)phenoxy]ethane (3.0 g, 81%) which was 99% pure by GC, 

but consisted of a mixture of E,E (92%), Z,E (8%): 1H NMR δ 1.84 (dd, J = 6.3 

Hz, 6H), 4.28 (s, 4H), 6.08 (dq, J = 15.9 Hz, 2H), 6.32 (d, J1 = 15.9, J2 = 6.6 Hz, 

2H), 6.87 (d, J = 11.7 Hz, 4H), 7.24 (d, J = 8.4 Hz, 4H).  

Polymerization of monomer 6 using 4. To a stirred solution of monomer 6 

(500 mg, 1.7 mmol) in dry dichloromethane (55 mL) at 0 oC under a nitrogen 

atmosphere, 222 mg (0.27 mmol) of 4 was added. After 12 min the reaction 

mixture was quenched with an excess of saturated pottasium carbonate in 

methanol. The crude polymer obtained after aqueous workup was subjected to 

column chromatography on alumina. The column was first eluted with 9:1 

hexane-dichloromethane to remove the catalyst, then with dichloromethane to 

elute the polymer, yielding 341 mg (68%). The weight-average molecular weight 

(Mw) of this polymer was found to be 85,500 with a PDI of 2.3: 1H NMR δ 0.72 

(br s, acid methyl), 0.94 (br s, acid methyl), 1.14 (br s, tat methyl), 1.80 (br s, tat 

methine), 2.74 (br s, tat benzyl), 4.25 (br s), 6.39 (br s), 6.85-7.20 (br); 13C NMR 

δ 12.6 (acid methyl), 18.9 (tat methyl), 43.2 (tat methine), 52.5 (tat benzyl), 66.6, 

114.5, 127.7, 136.3, 157.0. 

Photosensitized electron transfer (PET) synthesis of the polymer. To a dry 

Pyrex tube were added 30 mg (0.1 mmol) of previously obtained polymer, 20 mg 

(0.01 mmol) of benzophenone, and 5 mL of dry DCM. The test tube was capped 

with a septum and the reaction irradiated with a medium-pressure mercury lamp 

for 3 h. The solvent was removed, yielding 25 mg (83%) after precipitation with 

hexane and dichloromethane. The NMR spectrum of the polymer (see below) was 
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essentially identical before and after reaction: 1H NMR δ 0.84 (br s), 1.24 (br s), 

1.80 (br s), 2.74 (br s), 4.27 (br s), 6.63-7.17 (br); Mw = 98100, PDI = 3.0. 

When the second polymerization of polymer obtained from the first PET 

condition as described above was carried out under the same PET conditions. The 

Mw was found to increase up to 111600 (PDI = 2.4), yielding 18 mg (67%). The 

NMR spectrum of this higher molecular weight polymer is virtually identical with 

those of previous polymer: 1H NMR δ 0.84 (br s), 1.24 (br s), 1.80 (br s), 2.74 (br 

s), 4.25 (br s), 6.63-7.17 (br). 

Controlled potential electrochemical polymerization of 6. To the 

electrochemical cell was added 200 mg (0.7 mmol) of 6, 40 mg (0.2 mmol) of 

2,6-di-tert-butyl-4-methylpyridine (DTBMP) and 337 mg (0.7 mmol) of tris(4-

bromophenyl)amine dissolved in the electrolyte solution (0.1 M LiClO4 in a 1:3 

mixture of AN:DCM). The counter electrode chamber was filled with electrolytic 

solution up to the same level. Electrolysis of the substrate was carried out at 0.75 

V with stirring at room temperature under nitrogen. When 67.6 Coulombs of 

charges were passed, the reaction was stopped by quenching with saturated 

K2CO3 in CH3OH. The crude product obtained after aqueous workup was purified 

using alumina, eluting with a mixture of 3:1 hexanes and DCM, followed by 

DCM. Column chromatography allowed for the isolation of 97 mg (49%) of 

oligomer. The 1H spectrum of this oligomer is essentially identical with those 

observed in the presence of 4: 1H NMR δ 1.16 (d, J = 4.5 Hz, 6H), 1.84 (d, J = 6.6 

Hz, 6H), 2.78 (d, J = 9.3 Hz, 2H), 4.27 (s, 8H), 6.01-6.19 (m, 2H), 6.32 (d, J1 = 
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15.9 Hz, 2H), 6.84-7.12 (br); LSMS, m/z 589 [2M+1], 883 [3M+1], 1177 

[4M+1], 1471 [5M+1], 1178 [4M+2], 1766 [6M+2]. 

Polymerization of monomer 6 using 4 with a 7:1 mixture of 

dichloromethane and water. To a stirred solution of monomer 6 (100 mg, 0.34 

mmol) in dry DCM (10 mL) at 0 oC under a nitrogen atmosphere, water (2.5 mL) 

was added. After 1min of stirring, 55 mg (0.068 mmol) of 4 was added. After 3 

min, the second 55 mg (0.068 mmol) portion of 4 was added. The last 55 mg 

(0.068 mmol) portion of 4 was added after 3min. The reaction was quenched with 

an excess of saturated K2CO3 in CH3OH, and the crude product obtained after 

aqueous workup was subject to column chromatography using alumina. The 

column was first eluted with 9:1 hexane and DCM, then with 1:1 hexane and 

DCM, yielding 15 mg (15%) of dimer and 45 mg (45%) of oligomer, giving a 

total yield of 60%. The 1H spectrum of this oligomer is essentially identical to 

those observed when the catalyst (4) was used in DCM: 1H NMR δ 1.18 (d, J = 

5.1 Hz, 6H), 1.86 (d, J = 6.6 Hz, 6H), 2.80 (d, J = 8.4 Hz, 2H), 4.29 (s, 8H), 6.06-

6.17 (m, 2H), 6.34 (d, J = 15Hz, 2H), 6.86-7.27 (br); LSMS, m/z 589 [2M+1], 

883 [3M+1], 1177 [4M+1]. 

PET synthesis of the dimer of 6. To a dry Pyrex tube were added 34 mg 

(0.12 mmol) of the dimer of 6, 6.6 mg (0.046 mmol) of dicyanobenzene, and a 3:2 

mixture of dry DCM and AN (5 mL). The test tube was capped with a septum and 

the reaction irradiated with a medium-pressure mercury lamp for 5 h. The solvent 

was removed, yielding 17 mg (50%) after precipitation with hexane and 



 152

dichloromethane: 1H NMR δ 1.15 (br s), 1.83 (br s), 2.77 (br s), 4.28 (br s), 6.72-

7.25 (br); Mw = 11400, PDI = 2.0. 

Bis(4-propionylphenyl)ether. To a dry round-bottomed flask equipped 

with a magnetic stirrer, AlCl3 (21.3 g, 0.16 mol) was added, followed by 

dichloromethane (42 mL). After lowering the temperature of the reaction to –20 
oC (by means of a dry-ice-acetone bath), a solution of diphenylether (10.73 g, 63 

mmol) in dichloromethane (15 mL) was added slowly. A 1:1 (v/v) solution of 

propionyl chloride (0.19 mol) in dichloromethane was then added drop wise over 

a period of 15 min. After the addition was complete, the dry-ice-acetone bath was 

replaced with an ice bath, and the reaction mixture was stirred for an additional 

3.5 h, then carefully poured into a separating funnel containing crushed ice. 

Aqueous workup, the product (15.4 g, 86%) was obtained as a white solid which 

was found to be 97% pure by GC after recrystallization with heptane: 1H NMR δ 

1.2 (t, 6H), 3.0 (q, 4H), 7.1 (d, 4H), 8.0 (d, 4H).  

Bis[4-(1-hydroxypropyl)phenyl]ether. The diketone prepared in the 

previous procedure (14.86 g, 0.05 mol) was dissolve in 120 mL of a 3:1 solution 

of ethanol/THF, followed by the addition of 3.8 g (0.1 mol) of sodium 

borohydride. After 1.5 h at room temperature, the reaction was quenched with 

10% acetic acid at 0 oC, followed by aqueous workup, the pure alcohol product 

was obtained (16.5 g, 99.8%): 1H NMR δ 0.9 (t, 6H), 1.6-1.9 (m, 4H), 2.6 (s, 2H), 

4.5 (t, 2H), 6.9 (d, 4H), 7.2 (d, 4H). 

Synthesis of monomer 7. The diol obtained in the preceding reduction 

(16.1 g, 56 mmol) was dissolved in pyridine (32 mL) at room temperature, 
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followed by the addition of phosphorus oxytrichloride (21.9 g, 143 mmol) in an 

ice bath. The reaction mixture was refluxed for 5 h, then cooled in an ice bath. 

Water was then added slowly to quench any excess POCl3. After aqueous workup, 

the crude product (7) was chromatographed on silica gel to yield bis[4-(1-

propenyl)phenyl]ether (8.52 g, 61%), upon elution with 20:1 hexane and ethyl 

acetate. The product was found to be 97% pure by GC, but consisted of a mixture 

of E,E (97%), Z,E (3%): 1H NMR δ 1.86 (dd, J1 = 6.6, J2 = 1.5 Hz, 6H), 6.01-6.18 

(m, 2H), 6.34 (d, J = 1.2 Hz, 2H), 6.92 (dd, J1 = 6.9, J2 = 1.8 Hz, 4H), 7.27 (d, J = 

6.6 Hz, 4H).  

Polymerization of monomer 7 using 4 with a 4:1 mixture of 

dichloromethane and water. Water (6 mL) was added, with stirring to a solution 

of 87 mg (0.11 mmol) of 4 in dry DCM (18 mL) at 0 oC under a nitrogen 

atmosphere. After 1min of stirring, monomer 7 (137 mg, 0.53 mmol) in dry DCM 

(6 mL) was added. After 40 min, the reaction was quenched with an excess of 

saturated K2CO3 in CH3OH, and the crude product obtained after aqueous workup 

was subjected to column chromatography using silica gel. The column was eluted 

with 15:1 hexane and ethyl acetate, yielding 45 mg (31%) of dimer and 33 mg 

(24%) of oligomer. The total yield was 55%: 1H NMR δ 1.20 (d, J = 5.7 Hz, 6H), 

1.86 (dd, J1 = 6.6, J2 = 1.5 Hz, 6H), 2.86 (d, J = 9.0 Hz, 2H), 6.10-6.18 (m, 2H), 

6.36 (d, J = 15.9 Hz, 2H), 6.92 (dd, J1 = 8.4, J2 = 1.5 Hz, 6H), 7.15-7.29 (m, 6H). 

PET synthesis of dimer of 7. To a dry Pyrex tube were added 40 mg (0.16 

mmol) of the dimer of 7, 7.8 mg (0.054 mmol) of dicyanobenzene, and a 3:2 

mixture of dry DCM and AN (5 mL). The test tube was capped with a septum and 
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the reaction irradiated with a medium-pressure mercury lamp for 5 h. The solvent 

was removed, yielding 47 mg (100%) without any further purification. The 1H 

spectrum of this polymer is essentially identical with those of the lower molecular 

weight oligomers described above: 1H NMR δ 1.19 (br s), 1.88 (br d), 2.86 (br s), 

6.36 (br d), 6.92-7.3 (br m); Mw = 7220, PDI = 6.7. 

1-(4′-acetylphenoxy)-2-(4′-propionylphenoxy)ethane. A mixture of 4-

hydroxyacetophenone (3 g, 22 mmol) and cesium carbonate (6.52 g, 20 mmol) in 

30 mL of N,N-dimethylformamide was stirred for 30 min at room temperature, 

followed by the addition  of 1-(2-bromethoxy)-4-propionyl benzene (5.14 g, 20 

mmol). This mixture was stirred for 4 h at 66 °C. After aqueous workup, it was 

purified using silica gel on column chromatography. The column was eluted with 

1:1 DCM and acetone, yielding 5.25 g (76.5%): 1H NMR δ 1.19 (t, J = 7.22 Hz, 

6H), 2.54 (s, 3H), 2.94 (q, J = 7.24 Hz, 2H), 4.39 (s, 4H), 6.96 (d, J = 8.26 Hz, 

4H), 7.94 (d, J = 8.93 Hz, 4H). 

1-[4′-(1-hydroxyethyl]phenoxy-2-[4′-(1-hydroxypropyl)]phenoxyethane. 

The diketone from the previous reaction (4.75 g, 15.22 mmol) was reduced with 

sodium borohydride (1.16 g, 30.52 mmol) in 48 mL of a 3:1 solution of 

ethanol/THF for 4 h at room temperature. After quenching with 10% acetic acid 

and then aqueous workup, the pure product (4.32 g, 90%) was obtained: 1H NMR 

δ 0.88 (t, J = 7.5 Hz, 3H), 1.46 (d, J = 5.4 Hz, 3H), 1.70 –1.79 (m, 2H), 2.01 (s, 

2H), 4.30 (s, 4H), 4.52 (s, 1H), 4.84 (d, J = 6.9 Hz, 1H), 6.92 (d, J = 7.5z, 4H), 

7.28 (d, J=8.7, 4H). 
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Synthesis of monomer 8. The proceding diol (1.4 g, 4.25 mmol) was 

dissolved in pyridine (7 mL) at room temperature, followed by the addition of 

phosphorus oxytrichloride (0.9 mL, 9.5 mmol) in an ice bath. The reaction 

mixture was refluxed for 7 h, then cooled in an ice bath. Water was then added 

slowly to quench any excess POCl3 while the mixture was being cooled in an ice 

bath. After aqueous workup, the crude product (8) was chromatographed on basic 

alumina eluting with hexane to yield 1-[4′-(trans-1-propenyl)phenoxy]-2-(4′-

vinylphenoxy)ethane (290 mg, 24%): 1H NMR δ 1.85 (dd, J1 = 6.6, J2 = 1.5 Hz, 

3H), 4.3 (s, 4H), 5.12 (d, J = 10.8 Hz, 1H), 5.61 (d, J = 17.4 Hz, 1H), 6.01-6.13 

(m, 1H), 6.33 (d, J = 15.9 Hz, 1H), 6.65 (dd, J1 = 17.7, J2 = 10.5 Hz, 1H), 6.88 (t, J 

= 8.7 Hz, 4H), 7.29 (dd, J1 = 26.4, J2 = 8.7 Hz, 4H). 

Polymerization of monomer 8 using 4 with a 5:1 mixture of 

dichloromethane and water. Water (3 mL) was added, with stirring, to a solution 

of 29 mg (0.036 mmol) of 4 in dry DCM (10 mL) at 0 oC under a nitrogen 

atmosphere. After 1min of stirring, monomer 8 (50 mg, 0.18 mmol) in dry DCM 

(5 mL) was added. After 1 min, the reaction was quenched with an excess of 

saturated K2CO3 in CH3OH, and the crude product obtained after aqueous workup 

to yield 65 mg: 1H NMR δ 0.87 (d, J = 6.9 Hz), 1.17 (d, J = 5.1 Hz), 1.26 (s), 

1.58-1.68 (br), 1.85 (d, J = 6.6 Hz), 2.08 (br), 2.23-2.32 (br), 2.46 (br), 2.84 (br), 

3.23 (br), 3.47 (br), 4.28-4.32 (br), 5.13 (d, J = 11.7 Hz), 5.61 (d, J = 18 Hz), 6.07-

6.14 (br), 6.34 (d, J = 15.3 Hz), 6.61-7.37 (br); Mw = 450000, PDI = 4.9. 

Controlled potential electrochemical polymerization of monomer 8. To the 

electrochemical cell was added 200 mg (0.7 mmol) of 8, 40 mg (0.2 mmol) of 
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2,6-di-tert-butyl-4-methylpyridine (DTBMP) and 337 mg (0.7 mmol) of tris(4-

bromophenyl)amine dissolved in the electrolyte solution (0.1 M LiClO4 in a 1:3 

mixture of AN:DCM). The counter electrode chamber was filled with electrolytic 

solution up to the same level. Electrolysis of the substrate was carried out at 0.75 

V with stirring at room temperature under nitrogen. When 67.6 Coulombs of 

charges were passed, the reaction was stopped by quenching with saturated 

K2CO3 in CH3OH. The crude product obtained after aqueous workup was purified 

using alumina, eluting with a 3:1mixture of hexanes and DCM followed by DCM. 

Column chromatography allowed for the isolation of 20 mg (10%) of oligomer. 

The 1H spectrum of this oligomer is essentially identical with those observed in 

the presence of 4: 1H NMR δ 1.15 (br), 1.83 (br), 2.28 (br), 2.44 (br), 2.84 (br), 

3.28 (br), 4.26 (br), 6.10 (br), 6.29-6.44 (br), 6.86-7.22 (br); Mw = 1530, PDI = 

1.67. 
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CHAPTER III 

 

3,6-dipropionyl-N-phenylcarbazole. To a dry round-bottomed flask 

equipped with a magnetic stirrer, 9-phenylcarbazole (3 g, 12.3 mmol) was added, 

followed by benzene (30 mL). After lowering the temperature in an ice bath, 3.2 g 

(37 mmol) of propionyl chloride was added, followed by the slow addition of 

AlCl3 (3.7 g, 27 mmol). After the addition was complete, the reaction mixture was 

stirred for an additional 1.5 h, then carefully poured into a separating funnel 

containing crushed ice. After aqueous workup, from 3 g of 9-phenylcarbazole was 

obtained 3.7 g (84%) of 3,6-dipropionyl-N-phenylcarbazole after recrystallization 

from acetone and methanol: 1H NMR δ 1.30 (t, J = 7.2 Hz, 6H), 3.15 (q, J = 7.2, 

7.5 Hz, 4H), 7.34 (d, J = 8.4 Hz, 2H), 7.52 (t, J = 8.1, 3H), 7.63 (d, J = 7.2 Hz, 

2H), 8.10 (dd, J1 = 1.8 Hz, J2 = 9 Hz, 2H), 8.84 (s, 2H); LRMS, m/z 356 [M+1]. 

3,6-bis(1-hydroxypropyl)-N-phenylcarbazole. The diketone prepared in 

the previous procedure (3.7 g, 10 mmol) was dissolve in 40 mL of a 3:1 solution 

of ethanol/THF, followed by the addition of 946 mg (25 mmol) of sodium 

borohydride. After 3 h at room temperature, the reaction was quenched with 10% 

acetic acid at 0 oC, followed by aqueous workup, the product diol (3.5 g, 96.3%) 

was used without further purification: 1H NMR δ 0.93 (t, J = 7.2 Hz, 6H), 1.80-

1.92 (m, 4H), 2.14 (s, 2H), 4.76 (t, J = 6.9 Hz, 2H), 7.35 (d, J = 1.2 Hz, 4H), 7.49-

7.57 (m, 5H), 8.09 (s, 2H). 

Synthesis of monomer 9. To a solution of the diol obtained in the previous 

procedure (3.5 g, 9.6 mmol) in pyridine (12 mL) was added a slight excess of 
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phosphorus oxytrichloride (3.4 g) in an ice bath. The reaction mixture was 

refluxed for 3.5 h, followed by cooling in an ice bath. Water was then added 

slowly to quench any excess POCl3. The quenched reaction mixture was 

transferred to a separatory funnel, washed with water and dried (Na2SO4) prior to 

solvent removal by rotary evaporator. The crude product (9) was subjected to 

column chromatography on basic alumina (5:1 hexane and dichloromethane) to 

yield N-phenyl-3,6-bis(trans-1-propenyl)carbazole (9) (2.4 g, 75%): 1H NMR δ 

1.94 (dd, J1 = 1.5 Hz, J2 = 6.6 Hz, 6H), 6.21-6.30 (m, 2H), 6.59 (dd, J1 = 1.5 Hz, J2 

= 15.6 Hz, 2H), 7.28-7.58 (m, 9H), 8.05 (d, J = 1.2, 2H); 13C NMR δ 18.5, 106.3, 

109.8, 117.6, 123.4, 123.6, 124.07, 126.82, 127.26, 129.8, 130.33, 131.4, 137.6, 

140.34; LSMS, m/z 324 [M+1]; HRMS: calculated for C24H22N1 324.175225, 

found 324.176065. 

Polymerization of monomer 9 using 4. To a stirred solution of monomer 9 

(100 mg, 0.31 mmol) in dry dichloromethane (20 mL) at 0 oC under a nitrogen 

atmosphere, 38 mg (0.047 mmol) of 4 was added. After 1 min the reaction 

mixture was quenched with an excess of saturated K2CO3 in CH3OH. The crude 

polymer obtained after aqueous workup was subjected to column chromatography 

on basic alumina. The column was first eluted with 9:1 hexane-dichloromethane 

to remove the neutral 4, then with dichloromethane to elute the polymer, yielding 

56 mg (56%). The weight-average molecular weight (Mw) of this polymer was 

found (GPC) to be 106200 with a PDI of 3.1: 1H NMR (500MHz) δ 0.88 (d, J = 

7.0 Hz), 1.20 (d, J = 6.0 Hz), 1.24 (br d), 1.61 (tq, J = 6.0, 3.0 Hz), 1.99 (m), 3.60 

(br d, J = 6.25 Hz), 4.01 (m), 4.24 (d, J = 6.25 Hz), 6.68-8.07 (aromatic H’s); 13C 
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NMR (500MHz) δ 12.5-53.4 (br aliphatic C’s), 127.2-132.4 (br aromatic C’s); 

Thermal Analysis: 272.4 oC (10% weight loss), 432.4 oC (23% weight loss), 548 

°C (60% weight loss) 

Using dialysis with dichloromethane, large molecular weight polymer was 

separated from the lower molecular weight oligomer (< 1000 Mw): Mw = 141700, 

PDI = 3.1. 

3,6-dipropionyl-N-methylcarbazole. To a dry round-bottomed flask 

equipped with a magnetic stirrer, 9-methylcarbazole (1 g, 5.52 mmol) was added, 

followed by benzene (25 mL). After lowering the temperature in an ice bath, 1.5 g 

(16.6 mmol) of propionyl chloride was added, followed by the slow addition of 

AlCl3 (1.84 g, 13.8 mmol). After the addition was complete, the reaction mixture 

was stirred for an additional 1.5 h, then carefully poured into a separatory funnel 

containing crushed ice. After aqueous workup, from 1 g of 9-methylcarbazole was 

obtained 1.4 g (88%) of 3,6-dipropionyl-N-methylcarbazole after recrystallization 

from methanol: 1H NMR δ 1.27 (t, J = 7.2 Hz, 6H), 3.09 (q, J = 7.2 Hz, 4H), 3.80 

(s, 3H), 7.34 (d, J = 8.7 Hz, 2H), 8.11 (d, J = 8.7 Hz, 2H), 8.67 (s, 2H) 

3,6-bis(1-hydroxypropyl)-N-methylcarbazole. The diketone prepared in 

the previous procedure (1.4 g, 4.8 mmol) was dissolve in 40 mL of a 3:1 solution 

of ethanol/THF, followed by the addition of 520 mg (13.6 mmol) of sodium 

borohydride. After 24 h at room temperature, the reaction was quenched with 

10% acetic acid at 0 oC, followed by aqueous workup, the product diol (1.4 g, 

100%) was used without further purification: 1H NMR δ 0.92 (t, J = 7.2 Hz, 6H), 
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1.84-1.92 (m, 4H), 3.82 (s, 3H), 4.75 (t, J = 6.6 Hz, 2H), 7.34 (d, J = 8.7 Hz, 2H), 

7.45 (d, J = 8.1 Hz, 2H), 8.05 (s, 2H) 

Synthesis of monomer 10. To a solution of the diol obtained in the 

previous procedure (1.4 g, 4.8 mmol) in pyridine (6 mL) was added a slight 

excess of phosphorus oxytrichloride (1.79 g) in an ice bath. The reaction mixture 

was refluxed for 3 h, then cooled in an ice bath. Water was then added slowly to 

quench any excess POCl3. Aqueous workup, followed by column chromatography 

on basic alumina (9:1 hexane and dichloromethane), the product N-methyl-3,6-

bis(trans-1-propenyl)carbazole (10) was obtained (650 mg, 52%): 1H NMR δ 2.02 

(d, J = 6.6 Hz, 6H), 3.73 (s, 3H), 6.29-6.37 (m, 1H), 6.67 (d, J = 15.6 Hz, 1H), 

7.52 (d, J = 8.7 Hz, 1H), 8.07 (s,1H); 13C NMR δ 18.6, 108.4, 117.6, 122.8, 123.0, 

123.8, 129.2, 131.6, 140.5; LSMS, m/z 262 [M+1]; HRMS, calculated for 

C19H20N1 262.159575, found 262.160192. 

Polymerization of monomer 10 using 4. To a stirred solution of monomer 

10 (50 mg, 0.19 mmol) in dry dichloromethane (15 mL) at 0 oC under a nitrogen 

atmosphere, 24 mg (0.029 mmol) of 4 was added. After 1 min, the reaction 

mixture was quenched with an excess of saturated K2CO3 in CH3OH. The crude 

polymer was obtained after aqueous workup, yielding 54 mg. The weight-average 

molecular weight (Mw) of this polymer was found (GPC) to be 53100 with a PDI 

of 3.1: 1H NMR δ 0.97 (br d), 1.27 (br s), 1.60-1.62 (br), 1.93 (br, 2.33-2.42 (br), 

3.48 (br d), 6.90-7.38 (br); 13C NMR δ 14.1, 22.6, 28.9-31.9 (br), 53.4, 116.0-

146.3 (br). 
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N-phenyl-3-propionylcarbazole. To a dry round-bottomed flask equipped 

with a magnetic stirrer, 9-phenylcarbazole (2 g, 8.2 mmol) was added, followed 

by benzene (25 mL). After lowering in an ice bath, 0.38 g (4.1 mmol) of 

propionyl chloride was added, followed by the slow addition of AlCl3 (659 mg, 

4.9 mmol). After the addition was complete, the reaction mixture was stirred for 

an additional 1.5 h, then carefully poured into a separatory funnel containing 

crushed ice. Aqueous workup, followed by column chromatographic purification 

using basic alumina (6:1 hexane and DCM), 730 mg (59%) of N-phenyl-3-

propionylcarbazole was obtained from 2 g of 9-phenylcarbazole: 1H NMR δ 1.31 

(t, J = 7.5Hz, 3H), 3.13 (q, J = 7.2Hz, 2H), 7.33-7.63 (m, 9H), 8.05 (dd, J1 = 8.7 

Hz, J2 = 1.8 Hz, 1H), 8.19 (d, J = 7.8 Hz, 1H), 8.80 (s, 1H); LRMS, m/z 300 

[M+1]. 

3-(1-hydroxypropyl)-N-phenylcarbazole. The diketone prepared in the 

previous procedure (730 mg, 2.4 mmol) was dissolved in 16 mL of a 3:1 solution 

of ethanol/THF, followed by the addition of 121 mg (3.2 mmol) of sodium 

borohydride. After 18 h at room temperature, the reaction was quenched with 

10% acetic acid at 0 oC. After aqueous workup, the product diol (727 mg, 99%) 

was used without further purification: 1H NMR δ 0.95 (t, J = 7.5 Hz, 3H), 1.83-

1.98 (m, 2H), 4.78 (t, J = 7.2 Hz, 1H), 7.26-7.62 (m, 11H), 8.11 (s, 1H); 13C NMR 

δ 18.5, 106.3, 109.7, 109.8, 117.6, 119.9, 120.3, 123.4, 123.5, 124.1, 125.9, 127.0, 

127.3, 129.8, 130.3, 131.4, 137.7, 140.0, 141.2; LSMS, m/z 302 [M+1]; HRMS: 

calculated for C21H19N1O1 301.146664, found 301.146375. 
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Synthesis of monomer 11. To a solution of the diol obtained in the 

previous procedure (727 mg, 2.4 mmol) in pyridine (6 mL) was added a slight 

excess of phosphorus oxytrichloride (512 mg) in an ice bath. The reaction mixture 

was refluxed for 3.5 h, then cooled in an ice bath. Water was then added slowly to 

quench any excess POCl3. Aqueous workup, followed by column chromatography 

on basic alumina (1:1 hexane and dichloromethane), the product, N-phenyl-3-

(trans-1-propenyl)carbazole, (11) was afforded (627 mg, 91%): 1H NMR δ 1.94 

(d, J = 6.6 Hz, 3H), 6.24-6.34 (m, 1H), 6.01 (d, J = 15.9 Hz, 1H), 7.25-7.63 (m, 

10H), 8.09 (s, 1H), 8.14 (d, J = 6.6 Hz, 1H); 13C NMR δ 18.5, 106.3, 109.7, 109.8, 

117.6, 119.9, 120.3, 123.4, 123.5, 124.1, 125.9, 127.0, 127.3, 129.8, 130.3, 131.4, 

137.7, 140.0, 141.2; LSMS, m/z 284 [M+1]; HRMS: calculated for C21H18N1 

284.143925, found 284.143626. 

Dimerization of monomer 11 using 4. To a stirred solution of monomer 11 

(100 mg, 0.35 mmol) in dry dichloromethane (15 mL) at 0 oC under a nitrogen 

atmosphere, 43 mg (0.053 mmol) of 4 was added. After 1 min the reaction 

mixture was quenched with an excess of saturated K2CO3 in CH3OH. The crude 

polymer obtained after aqueous workup was subjected to column chromatography 

on basic alumina. The column was first eluted with hexane to remove the neutral 

4, then with hexane and dichloromethane (6:1) to elute the dimer (12), yielding 34 

mg (34%) of dimer and oligomer (33 mg, 33%): 1H NMR (500MHz) δ 1.03 (d, J 

= 6.0 Hz, 6H), 1.21 (d, J = 7.0 Hz, 3H), 1.43 (d, J = 6.8 Hz, 3H), 1.7 (tq, J = 7.4, 

5.0 Hz, 1H), 1.80 (tq, J = 7.4, 6.6 Hz, 1H), 1.92 (m, 2H), 2.34 (dq, J = 6.6, 6.8 Hz, 

1H), 2.79 (dq, J = 4.2, 2.6 Hz, 1H), 2.94 (ddd, J = 6.8, 5.0, 1.8 Hz, 1H), 3.4 (ddd, 
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J = 6.5, 4.8, 1.8 Hz, 1H), 4.63 (d, J = 6.2 Hz, 1H), 4.78 (d, J = 4.2 Hz, 1H), 7.11-

8.12 (m, 46H); 13C NMR (500MHz) δ 11.5, 12.4, 15.2, 20.5, 22.2, 27.9, 47.2, 

49.2, 51.7, 53.4, 58.1, 59.3, 108.1-141.2 (aromatic C’s), H-H correlation; LSMS, 

m/z 569 [M+1]; HRMS: calculated for C42H35N2 567.280024, found 567.278097. 

Dimerization of monomer 11 in the presence of a soluble, hindered amine 

base. To monomer 11 (90 mg, 0.32 mmol) in dry dichloromethane (15 mL) was 

added 2,6-di-tert-butylpyridine (37 mg, 0.19 mmol), followed by the addition of 

the initiator 4 (130 mg, 0.16 mmol) over a period of 20 s at 0 oC. The reaction 

mixture was quenched by K2CO3 in CH3OH after 2 minutes. After aqueous 

workup, followed by column chromatography, the dimer (39 mg, 43%) was 

found. The 1H and 13C NMR spectra were very similar to those obtained in the 

absence of a base: 1H NMR δ 1.07 (d, J = 6.3 Hz, 6H), 1.25 (d, J = 6.0 Hz, 3H), 

1.47 (d, J = 6.3hz, 3H), 1.83 (d, J = 5.1Hz, 1H), 1.92 (m, 2H), 2.36 (m, 1H), 2,71 

(m, 1H), 3.52 (m, 1H), 4.56 (d, J = 6.2 Hz, 1H), 4.86 (d, J = 4.2 Hz, 1H), 7.0-8.12 

(m, 46H). 

Polymerization of monomer 9 with capping agent, 11, using 4. To a stirred 

solution of monomer (1.5 g, 4.7 mmol) in dry dichloromethane (100 mL) in the 

presence of 30 mol% (0.39 g) of N-phenyl-3-(trans-1-propenyl)carbazole (to cap 

the end propenyl group of polymer chains) at 0 oC under a nitrogen atmosphere 

0.38 g (0.47 mmol) of 4 was added. After 2 min, the reaction mixture was 

quenched with an excess of saturated K2CO3 in CH3OH. After aqueous workup 

and removal of solvent, the reaction mixture was subjected to column 

chromatography on alumina (eluting 3:1, petroleum ether:dichloromethane, then 
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dichloromethane). The resulting polymer was further purified by dissolving in 

dichloromethane, reprecipitating from ethanol several times, and drying in 

vacuum oven at 50 oC for over night, yielding 1.08 g of polymers (57%); Mw = 

43900, PDI = 4.54; 1H NMR (300 MHz, CDCl3): δ 0.9-1.4(br), 1.6-1.9 (br), 2.2-

2.3 (br), 2.6-2.9 (br), 3.3-35 (br), 4.6-4.8 (br), 6.2-8.2 (br); Td (onset, 0.5 wt% 

loss) 346 oC under nitrogen. 

Oligomerization of monomer 9 with capping agent, 11 using 4. To a 

stirred solution of monomer (100 mg, 0.31 mmol) in dry dichloromethane (10 

mL) in the presence of 200 mol% (200 mg) of N-phenyl-3-(trans-1-

propenyl)carbazole (to cap the end propenyl group of polymer chains) at 0 oC 

under a nitrogen atmosphere 125 mg (0.15 mmol) of 4 was added. After 30 

seconds, the reaction mixture was quenched with an excess of saturated K2CO3 in 

CH3OH. After aqueous workup and removal of solvent, the reaction mixture was 

subjected to column chromatography on basic alumina. The column was first 

eluted with hexane and dichloromethane (9:1) to remove dimers or trimers, then 

with dichloromethane to elute the oligomers, yielding 33 mg (11%) of the mixture 

of dimer and trimer and oligomers 

(255 mg, 85%). The trimers had 

LSMS, m/z 890 [M+1]; HRMS: 

calculated for C66H56N3 890.447424, 

found 890.445481: 1H NMR 

(300MHz, CDCl3) δ 1.03 (Hg, d, J = 

7.5 Hz, 6H), 1.42 (Hf, d, J = 6.9 Hz, 
N
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6H), 1.82 (He, m, 2H), 1.92 (Hd, m, 2H), 2.32 (Hb, m, 2H), 2.91 (Hc, m, 2H), 

4.61 (Ha, d, J = 5.7 Hz, 2H), 6.9 (m, 6H), 7.4 (m, 20H), 8.1 (m, 3H). The weight-

average molecular weight (Mw) of oligomer was found (by GPC analysis) to be 

4180 with a PDI of 2.6; 1H NMR (300MHz, CDCl3) δ 0.9-1.4(br), 1.6-1.9 (br), 

2.2-2.4 (br), 2.6-2.9 (br), 3.2-3.5 (br), 4.6-4.8 (br), 6.6-7.8 (br), 7.8-8.2 (br). 

N-octylcarbazole. To a suspension of K2CO3 (9.4 g, 0.068 mol) in 40 mL 

of dry dimethyl formamide (DMF) was added a solution of carbazole (9.5 g, 

0.057 mol) in 20 mL of dry DMF at inert atmosphere. After stirring at 50 oC for 3 

h, 15.0 g of 1-Iodooctane was added dropwise over 1 h period. The reaction 

mixture was refluxed for 48 h at 100 oC and cooled to room temperature. After 

cooling, the mixture was poured into ice water and extracted with 

dichloromethane, washed with water and brine solution, dried (Na2SO4) and 

evaporated the solvent. Pure N-octylcarbazole was obtained by column 

chromatography (silica gel, eluted with petroleum ether, then 9:1, petroleum 

ether:dichloromethane) in 20% yield (4.44 g); 1H NMR (300 MHz, CDCl3): δ 

0.91 (t, J = 6.8 Hz, 3H), 1.34 (m, 10H), 1.89 (p, J = 7.2 Hz, 2H), 4.30 (t, J = 7.2 

Hz, 2H), 7.20 (t, J = 7.5 Hz, 2H), 7.47 (m, 4H), 8.14 (d, J = 7.5 Hz, 2H); 13C 

NMR (300 MHz, CDCl3): δ 14.1, 22.6, 27.3, 28.9, 29.2, 29.4, 31.8, 43.0, 108.6, 

118.6, 120.3, 122.8, 125.5, 140.4; LRMS, m/z 280 [M+1]; HRMS: calcd for 

C20H26N1 280.206525, found 280.205358. 

N-Octyl-3,6-dipropionylcarbazole. A solution of N-octylcarbazole (2.59 g, 

9.3 mmol) in dry benzene (25 mL) was prepared and cooled in an ice bath, 

followed by the addition of propionyl chloride (2.58 g, 0.028 mol). To a reaction 
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mixture, AlCl3 (3.09 g, 0.023 mol) was slowly added. After the addition was 

complete, the reaction mixture was stirred for an additional 2 h. The reaction 

mixture was then carefully poured into a separatory funnel containing crushed ice. 

Aqueous work-up, followed by chromatography on silica gel (5:1, petroleum 

ether:dichloromethane, then dichloromethane) afforded the product in 74% yield 

(2.7 g); 1H NMR (300 MHz, CDCl3): δ 0.69 (t, J = 6.5 Hz, 3H), 1.12 (m, 16H), 

1.71 (p, J = 7.2 Hz, 2H), 2.98 (q, J = 7.5 Hz, 4H), 4.13 (t, J = 7.2 Hz, 2H), 7.26 (d, 

J = 8.7 Hz, 2H), 8.00 (d, J = 8.7 Hz, 2H), 8.60 (s, 2H); 13C NMR (300 MHz, 

CDCl3): δ 8.9, 14.3, 22.8, 27.4, 29.2, 29.4, 29.5, 32.0, 43.8, 109.2, 121.7, 123.1, 

127.0, 129.6, 144.0, 200.4; LRMS, m/z 392 [M+1]; HRMS: calcd for C26H34N1O2 

392.258955, found 392.258760.  

N-Octyl-3,6-bis(1-hydroxypropyl)carbazole. The corresponding diketone 

(2.7 g, 6.8 mmol) was reduced with sodium borohydride (0.65 g, 17.0 mmol) in 

60 mL of ethanol for 6 h at room temperature. The reaction mixture was quenched 

with 10% aqueous acetic acid, followed by aqueous work-up, the pure alcohol 

was obtained in 90.3% yield (2.44 g); 1H NMR (300 MHz, CDCl3): δ 0.85 (t, J = 

6.6 Hz, 3H), 0.92 (t, J = 7.5 Hz, 6H), 1.31 (m, 11H), 1.9 (m, 6H), 2.14 (s, 2H), 

4.23 (t, J = 7.2 Hz, 2H), 4.73 (t, J = 6.3 Hz, 2H), 7.32 (d, J = 8.7 Hz, 2H), 7.42 (d, 

J = 8.7 Hz, 2H), 8.03 (d, J = 4.0 Hz, 2H); 13C NMR (300 MHz, CDCl3): δ 10.8, 

14.4, 23.0, 27.7, 29.4, 29.5, 29.7, 32.2, 32.5, 43.6, 53.8, 109.0, 118.3, 118.4, 

122.9, 123.0, 124.3, 124.4, 135.5, 140.7; LRMS, m/z 378 [M -H2O +1]. 

N-Octyl-3,6-bis(trans-1-propenyl)carbazole (13). To the preceding diol 

(2.44 g, 6.25 mmol) was added dry pyridine (30 mL), followed by the slow 
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addition of POCl3 (2.21 g, 14.4 mmol) in an ice bath. After the reaction mixture 

was heated to refluxing for 4 h, it was cooled to room temperature. Water was 

then added slowly, while the reaction mixture being cooled in an ice bath. After 

aqueous work-up and column chromatography on silica gel (eluting petroleum 

ether, then 15:1, petroleum ether:dichloromethane), N-octyl-3,6-bis(trans-1-

propenyl)carbazole was obtained in 69.4% yield (1.56 g); 1H NMR (300 MHz, 

CDCl3): δ 0.05 (m, 3H), 1.42 (m, 10 H), 1.89 (m, 2H), 2.10 (dd, J = 6.6, 1.5 Hz, 

6H), 4.24 (t, J = 7.2 Hz, 2H), 6.40 (m, 2H), 6.75 (dd, J = 15.6, 1.8 Hz, 2H), 7.35 

(d, J = 8.7 Hz, 2H), 7.59 (dd, J = 8.7, 1.8 Hz, 2H), 8.17 (s, 2H); 13C NMR (300 

MHz, CDCl3): δ 14.5, 18.9, 23.0, 27.6, 29.3, 29. 6, 29.7, 32.2, 43.4, 109.0, 118.1, 

123.0, 123.4, 124.1, 129.5, 132.0, 140.4; LRMS, m/z 359 [M+1]; HRMS: calcd 

for C26H34N1 360.269125, found 360.268995. 

N-Octyl-3-propionylcarbazole. To a dry three-necked round-bottom flask 

equipped with a magnetic stirrer, N-octylcarbazole (4.4 g, 0.016 mol) was added, 

followed by dry benzene (50 mL). After cooling in an ice bath, propionyl chloride 

(0.74 g, 8.0 mmol) was added, followed by the slow addition of AlCl3 (1.27 g, 9.5 

mmol). After the addition was complete, the reaction mixture was stirred for an 

additional 2 h. The reaction mixture was then carefully poured into a separatory 

funnel containing crushed ice. Aqueous work-up, followed by chromatography on 

silica gel (10:1, then 1:1, petroleum ether:dichloromethane) afforded N-octyl-3-

propionylcarbazole in 76.5% yield (2.04 g); 1H NMR (300 MHz, CDCl3): δ 0.86 

(t, J = 6.6 Hz, 3H), 1.28 (m, 13H), 1.85 (p, J = 7.2 Hz, 2H), 3.13 (q, J = 7.2 Hz, 

2H), 4.27 (t, J = 7.2 Hz, 2H), 7.41 (m, 4H), 8.12 (m, 2H), 8.74 (s, 1H); 13C NMR 
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(300 MHz, CDCl3): δ 9.14, 14.4, 23.0, 27.6, 29.3, 29.5, 29.7, 32.0, 32.1, 43.6, 

108.6, 109.6, 120.2, 120.9, 121.8, 122.9, 123.6, 126.5, 126.7, 128.7, 141.4, 143.4, 

200.7; LRMS, m/z 336 [M+1]; HRMS: calcd for C23H30N1O1 336.232740, found 

336.233086.  

3-(1-Hydroxypropyl)-N-octylcarbazole. N-Octyl-3-propionylcarbazole 

(1.89 g, 5.6 mmol) was reduced with sodium borohydride (0.28 g, 7.3 mmol) in 

30 mL of ethanol for 24 h at room temperature. The reaction mixture was 

quenched with 10% aqueous acetic acid, followed by aqueous workup, the pure 

alcohol was obtained in 90.3% yield (1.71 g); 1H NMR (300 MHz, CDCl3): δ 0.91 

(t, J = 6.4 Hz, 3H), 0.99 (t, J = 7.5 Hz, 3H), 1.35 (m, 10H), 1.95 (m, 5H), 4.31 (t, J 

= 7.2 Hz, 2H), 4.80 (t, J = 6.7 Hz, 1H), 7.27 (m, 1H), 7.45 (m, 5H), 8.11 (d, J = 

2.1 Hz, 1H), 8.14 (s, 1H); 13C NMR (300 MHz, CDCl3): δ 10.8, 14.5, 23.0, 27.7, 

29.4, 29.6, 29.8, 32.2, 32.5, 43.5, 53.8, 108.9, 109.1, 118.3, 119.1, 120.7, 123.1, 

123.2, 124.3, 126.0, 135.5, 140.4, 141.1; LRMS, m/z 338 [M+1]; HRMS: calcd 

for C23H32N1O1 338.248390, found 338.248685. 

N-Octyl-3-(trans-1-propenyl)carbazole (14). To the preceding alcohol 

(1.54 g, 4.6 mmol) was added dry pyridine (30 mL), followed by the slow 

addition of POCl3 (0.92 mg, 6.02 mmol) in an ice bath. After the reaction mixture 

was heated to refluxing for 4 h, it was cooled to room temperature. Water was 

then added slowly, while the reaction mixture being cooled in an ice bath. After 

aqueous work-up and column chromatography on silica gel (eluting petroleum 

ether, then 1:1, petroleum ether:dichloromethane), the pure product was afforded 

in 78% yield (1.16 g); 1H NMR (300 MHz, CDCl3): δ 0.93 (t, J = 6.4 Hz, 3H), 
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1.36 (m, 10H), 1.90 (p, J = 7.2 Hz, 2H), 1.99 (dd, J = 6.5, 1.8 Hz, 3H), 4.30 (t, J = 

7.2 Hz, 2H), 6.32 (m, 1H), 6.66 (d, J = 15.7 Hz, 1H), 7.41 (m, 5H), 8.09 (s, 1H), 

8.14 (d, J = 7.5 Hz, 1H); 13C NMR (300 MHz, CDCl3): δ 14.5, 18.9, 23.0, 27.7, 

29.4, 29.6, 29.8, 32.2, 43.5, 109.0, 109.1, 118.1, 119.1, 120.7, 123.2, 123.3, 123.4, 

124.2, 125.9, 129.5, 132.0, 140.1, 141.1; LRMS, m/z 320 [M+1]; HRMS: calcd 

for C23H30N1 320.237825, found 320.238385. 

N-(2-Ethylhexyl)carbazole. To a suspension of K2CO3 (33 g, 0.24 mol) in 

80 mL of dry dimethyl formamide was added a solution of carbazole (9.5 g, 0.057 

mol) in 40 ml of dry DMF at inert atmosphere. After stirring at 50 oC for 3 h, 27.8 

g of 1-bromo-2-ethylhexane was added dropwise over 1.5 h periods. The reaction 

mixture was refluxed for 48 h at 90 oC and cooled to room temperature. After 

cooling, the mixture was poured into ice water and extracted with 

dichloromethane, washed with water and brine solution, dried (Na2SO4) and 

evaporated the solvent. Pure N-(2-ethylhexyl)carbazole was obtained by column 

chromatography (silica gel, eluted with petroleum ether, then 9:1, petroleum 

ether:dichloromethane) in 31% yield (10.2 g); 1H NMR (300 MHz, CDCl3): δ 

0.96 (m, 6H), 1.41 (m, 8H), 2.13 (m, 1H), 4.20 (dd, J = 7.5, 2.1 Hz, 2H), 7.29 (m, 

2H), 7.49 (m, 4H), 8.17 (d, J = 7.8 Hz, 2H); 13C NMR (300 MHz, CDCl3): δ 10.9, 

14.0, 23.0, 24.4, 28.8, 31.0, 39.4, 47.4, 108.9, 118.6, 120.2, 122.8, 125.5, 140.9; 

LRMS, m/z 280 [M+1]; HRMS: calcd for C20H26N1  280.206525, found 

280.206948.  

N-(2-Ethylhexyl)-3,6-dipropionylcarbazole. A solution of N-(2-

ethylhexyl)carbazole (6.72 g, 0.024 mol) in dry benzene (60 mL) was prepared 
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and cooled in an ice bath, followed by the addition of propionyl chloride (6.68 g, 

0.072 mol). To a reaction mixture, AlCl3 (8.03 g, 0.06 mol) was slowly added. 

After the addition was complete, the reaction mixture was stirred for an additional 

2 h. The reaction mixture was then carefully poured into a separatory funnel 

containing crushed ice. Aqueous work-up, followed by chromatography on silica 

gel (eluting petroleum ether, then 3:1, petroleum ether:dichloromethane) afforded 

the product in 73% yield (6.9 g); 1H NMR (300 MHz, CDCl3): δ 0.85 (m, 6H), 

1.30 (m, 14H), 2.00 (m, 1H), 3.12 (q, J = 7.2 Hz, 4H), 4.14 (d, J = 7.5 Hz, 2H), 

7.37 (d, J = 8.7 Hz, 2H), 8.14 (d, J = 8.7 Hz, 2H), 8.74 (s, 1H); 13C NMR (300 

MHz, CDCl3): δ 8.9, 11.1, 14.2, 23.2, 24.6, 29.0, 31.2, 32.0, 39.6, 48.0, 109.5, 

121.7, 123.1, 127.0, 129.6, 144.4, 200.4; LRMS, m/z 392 [M+1]; HRMS: calcd 

for C26H34N1O2 392.258955, found 392.259535. 

N-(2-Ethylhexyl)-3,6-bis(1-hydroxypropyl)carbazole. The corresponding 

diketone (6.89 g, 0.18 mol) was reduced with sodium borohydride (1.66 g, 0.04 

mol) in 100 mL of ethanol for 4 h at room temperature. The reaction mixture was 

quenched with 10% aqueous acetic acid, followed by aqueous work-up, the pure 

alcohol was obtained in 100% yield (7.0 g); 1H NMR (300 MHz, CDCl3): δ 0.85 

(m, 12H), 1.30 (m, 8H), 1.90 (m, 5H), 2.14 (s, 2H), 4.11 (dd, J = 6.9, 1.8 Hz, 2H), 

4.73 (t, J = 6.6 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H), 8.03 (s, 

2H); 13C NMR (300 MHz, CDCl3): δ 10.7,11.2, 14.3, 23.3, 24.6, 29.1, 31.2, 32.4, 

39.7, 47.8, 53.7, 109.2, 118.1, 122.8, 124.2, 124.3, 135.4, 141.1; LRMS, m/z 378 

[M -H2O +1]; HRMS: calcd for C26H36N1O1 378.279690, found 378.280790. 
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N-(2-Ethylhexyl)-3,6-bis(trans-1-propenyl)carbazole (15). To the 

preceding diol (7.54 g, 0.02 mol) was added dry pyridine (60 mL), followed by 

the slow addition of POCl3 (6.70 g, 0.044 mol) in an ice bath. After the reaction 

mixture was heated to refluxing for 4 h, it was cooled to room temperature. Water 

was then added slowly, while the reaction mixture being cooled in an ice bath. 

After aqueous work-up and column chromatography on silica gel (eluting 

petroleum ether, then 9:1, petroleum ether:dichloromethane), the product was 

obtained in 69% yield (4.72 g); 1H NMR (300 MHz, CDCl3): δ 0.96 (m, 6H), 1.37 

(m, 8H), 2.01 (dd, J = 6.6, 1.6 Hz, 6H), 2.12 (m, 1H), 4.12 (dd, J = 7.4, 2.0 Hz, 

2H), 6.33 (m, 2H), 6.67 (d, J = 15.7 Hz, 2H), 7.32 (d, J = 8.4 Hz, 2H), 7.53 (dd, J 

= 8.4, 1.5 Hz, 2H), 8.09 (s, 2H); 13C NMR (300 MHz, CDCl3): δ 10.8, 14.0, 18.5, 

23.0, 24.3, 28.8, 30.9, 39.3, 47.4, 108.9, 117.6, 122.7, 123.0, 123.7, 129.1, 131.6, 

140.5; LRMS, m/z 360 [M+1]; HRMS: calcd for C26H34N1 360.269125, found 

360.268084. 

N-(2-Ethylhexyl)-3-propionylcarbazole. To a dry three-necked round-

bottom flask equipped with a magnetic stirrer, N-(2-ethylhexyl)carbazole (5.3 g, 

0.02 mol) was added, followed by dry benzene (50 mL). After cooling in an ice 

bath, propionyl chloride (0.92 g, 9.9 mmol) was added, followed by the slow 

addition of AlCl3 (1.58 g, 0.12 mol). After the addition was complete, the reaction 

mixture was stirred for an additional 2 h. The reaction mixture was then carefully 

poured into a separatory funnel containing crushed ice. Aqueous work-up, 

followed by chromatography on silica gel (10:1, then 2:1, petroleum 

ether:dichloromethane) afforded N-(2-ethylhexyl)-3-propionylcarbazole in 68.3% 
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yield (2.3 g); 1H NMR (300 MHz, CDCl3): δ 0.74 (m, 6H), 1.18 (m, 11H), 1.91 

(m, 1H), 3.01 (q, J = 7.2 Hz, 2H), 4.01 (d, J = 7.8 Hz, 2H), 7.20 (m, 3H), 7.36 (t, J 

= 7.8 Hz, 1H), 8.00 (m, 2H), 8.69 (s, 1H); 13C NMR (300 MHz, CDCl3): δ 8.7, 

10.8, 14.0, 23.0, 24.3, 28.7, 30.9, 31.5, 39.3, 47.5, 108.5, 109.4, 119.8, 120.5, 

121.3, 122.5, 123.1, 126.0, 126.3, 128.3, 141.5, 143.5, 200.3; LRMS, m/z 336 

[M+1]; HRMS: calcd for C23H30N1O1 336.232740, found 336.232339. 

N-(2-Ethylhexyl)-3-(1-hydroxypropyl)carbazole. N-(2-ethylhexyl)-3-

propionylcarbazole (2.27 g, 6.8 mmol) was reduced with sodium borohydride 

(0.33 g, 8.8 mmol) in 30 mL of ethanol for 24 h at room temperature. The reaction 

mixture was quenched with 10% aqueous acetic acid, followed by aqueous work-

up, the pure alcohol was obtained in 71% yield (1.62 g); 1H NMR (300 MHz, 

CDCl3): δ 0.75 (m, 9H), 1.18 (m, 9H), 1.82 (m, 3H), 3.98 (dd, J = 7.5, 2.4 Hz, 

2H), 4.61 (t, J = 6.7 Hz, 1H), 7.07 (m, 1H), 7.27 (m, 4H), 7.93 (m, 2H); 13C NMR 

(300 MHz, CDCl3): δ 10.4, 10.9, 14.0, 23.0, 24.3, 28.8, 30.9, 32.1, 39.4, 47.4, 

53.4, 108.8, 108.9, 117.8, 118.7, 120.2, 122.6, 122.7, 123.9, 125.6, 135.0, 140.5, 

141.2; LRMS, m/z 320 [M]; HRMS: calcd for C23H32N1O1 337.240565, found 

337.240918. 

N-(2-Ethylhexyl)-3-(trans-1-propenyl)carbazole (16). To the preceding 

alcohol (1.62 g, 4.8 mmol) was added dry pyridine (25 mL), followed by the slow 

addition of POCl3 (0.96 mg, 6.24 mmol) in an ice bath. After the reaction mixture 

was heated to refluxing for 4 h, it was cooled to room temperature. Water was 

then added slowly, while the reaction mixture being cooled in an ice bath. After 

aqueous work-up and column chromatography on silica gel (eluting petroleum 
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ether, then 5:1, petroleum ether:dichloromethane), the pure product was afforded 

in 81% yield (1.24 g); 1H NMR (300 MHz, CDCl3): δ 0.94 (m, 6H), 1.37 (m, 8H), 

1.98 (dd, J = 6.5, 1.7 Hz, 3H), 2.09 (m, 1H), 4.17 (dd, J = 7.4, 2.0 Hz, 2H), 6.30 

(m, 1H), 6.64 (d, J = 15.6 Hz, 1H), 7.38 (m, 5H), 8.08 (s, 1H), 8.13 (d, J = 7.5 Hz, 

1H); 13C NMR (300 MHz, CDCl3): δ 11.3, 14.5, 19.0, 23.5, 24.8, 29.2, 31.4, 39.8, 

47.8, 109.3, 109.4, 118.0, 119.1, 120.7, 123.3, 123.4, 124.1, 125.9, 129.5, 132.0, 

140.6, 141.6; LRMS, m/z 320 [M]; HRMS: calcd for C23H30N1 320.237825, 

found 320.238402. 

Cation radical Diels-Alder cyclodimerization of monomer 14 using tris(4-

bromophenyl)aminium hexachloroantimonate (4). To monomer (100 mg, 0.31 

mmol) in dry dichloromethane (15 mL) was added a solution of initiator 4 (26 

mg, 0.031 mmol) in dry dichloromethane (10 mL) at 0 oC. The reaction mixture 

was quenched by K2CO3 in CH3OH after 1 minute. After aqueous workup, 

followed by column chromatography on silica gel (eluting 9:1, then 5:1 petroleum 

ether:dichloromethane), cation radical Diels-Alder cyclodimer was afforded in 

40% yield (40 mg); 1H NMR (500 MHz, CDCl3): δ Isomer A: 1.03 (Hg, d, J = 

7.4 Hz, 3H), 1.38, (Hf, d, J = 6.8 Hz, 3H), 

1.82 (Hd, m, 1H), 1.94(He, m, 1H), 2.28 

(Hb, dq, J = 6.8, 6.6 Hz, 1H), 2.90 (Hc, 

ddd, J = 11.6, 7.0, 4.6 Hz, 1H), 4.53 (Ha, d, 

J = 6.4 Hz, 1H); Isomer B: 0.71 (Hg, d, J = 

7.4 Hz, 3H), 1.15 (Hf, d, J = 7.0 Hz, 3H), 

1.54 (Hd, m, 1H), 1.68 (He, m, 1H), 2.73 N

R

R: octyl

N
R

H3C

a

b
c

d

e

f

H

H CH3
H

H

H

g



 174

(Hb, dq, J 4.4, 2.4 Hz, 1H), 3.34 (Hc, ddd, J = 14.6, 8.2, 6.4 Hz, 1H), 4.69 (Ha, d, 

J = 4.4 Hz, 1H); The rest of proton peaks in the dimer: 0.86 (m, 6H), 1.26 (m, 

20H), 1.82 (m, 4H), 4.22 (t, J = 7.3 Hz, 2H), 4.28 (t, J = 7.4 Hz, 2H), 6.59 (t, J = 

7.3 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 7.29 (m, 9H), 7.99 (s, 1H), 8.02 (d, J = 7.8 

Hz, 1H); 13C NMR (500 MHz, CDCl3): δ Isomer A: 11.6 (Cg), 20.2 (Cf), 27.8 

(Cd,e), 51.8 (Cb), 53.2 (Cc), 59.3 (Ca); Isomer B: 9.4 (Cg), 15.2 (Cf), 29.7 

(Cd,e), 47.2 (Cc), 49.2 (Cb), 58.0 (Ca); The rest of carbon peaks in the dimer: 

14.0, 14.1, 22.5, 22.6, 27.3, 27.4, 28.95, 28.96, 29.17, 29.20, 29.36, 29.41, 31.78, 

31.82, 43.10, 43.25, 118.15, 118.34, 119.45, 120.48, 121.18, 122.16, 122.92, 

123.03, 123.80, 124.50, 125.26, 125.64, 136.79, 138.37, 138.91, 139.32, 14041, 

140.51, 140.71; LRMS, m/z 639 [M+1]; HRMS: calcd for C46H59N2 639.467825, 

found 639.466717. 

Polymerization of monomer 13 with capping agent, 14, using 4. To a 

stirred solution of monomer (1.5 g, 4.2 mmol) in dry dichloromethane (120 mL) 

in the presence of 30 mol% (0.4 g) of N-octyl-3-(trans-1-propenyl)carbazole (to 

cap the end propenyl group of polymer chains) at 0 oC under a nitrogen 

atmosphere 0.34 g (0.42 mmol) of 4 was added. After 2 min, the reaction mixture 

was quenched with an excess of saturated K2CO3 in CH3OH. After aqueous 

workup and removal of solvent, the reaction mixture was subjected to column 

chromatography on alumina (eluting 3:1, petroleum ether:dichloromethane, then 

dichloromethane). The resulting polymer was further purified by dissolving in 

dichloromethane, reprecipitating from ethanol several times, and drying in 

vacuum oven at 50 oC for over night, yielding 594 mg of polymers (32%). The 
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weight-average molecular weight (Mw) of this polymer was found (by GPC 

analysis) to be 22000 with a PDI of 1.77; 1H NMR (300 MHz, CDCl3): δ 0.4-

1.6(br), 1.8-2.1 (br), 2.3-3.1 (br), 3.6-4.6 (br), 6.2-6.7 (br), 6.7-7.8 (br), 7.8-8.2 

(br); Td (onset, 0.5 wt% loss) 269.2 oC under nitrogen (356 oC with 12wt% loss). 

Polymerization of monomer 15 with capping agent, 16, using 4. To a 

stirred solution of monomer (1.44 g, 4.0 mmol) in dry dichloromethane (120 mL) 

in the presence of 30 mol% (0.38 g) of N-(2-ethylhexyl)-3-(trans-1-

propenyl)carbazole (to cap the end propenyl group of polymer chains) at 0 oC 

under a nitrogen atmosphere 0.33 g (0.40 mmol) of 4 was added. After 2 min, the 

reaction mixture was quenched with an excess of saturated K2CO3 in CH3OH. 

After aqueous workup and removal of solvent, the reaction mixture was subjected 

to column chromatography on alumina (eluting 9:1, then 3:1, petroleum 

ether:dichloromethane, and dichloromethane). 0.62 g (34%) of the corresponding 

oligomers and 0.57 g (31%)of polymers were obtained. The resulting polymer 

was further purified by dissolving in dichloromethane, reprecipitating from 

ethanol several times, and drying in vacuum oven at 50 oC for over night, yielding 

0.51 g of polymers. The weight-average molecular weight (Mw) of this polymer 

was found to be 30200 with a PDI of 2.03; 1H NMR (300 MHz, CDCl3): δ 0.4-

1.6(br), 1.8-2.1 (br), 2.3-3.1 (br), 3.6-4.6 (br), 6.2-6.7 (br), 6.7-7.8 (br), 7.8-8.2 

(br); Td (onset, 0.5 wt% loss) 284 oC under nitrogen (368 oC with 16wt% loss). 

Polymerization of monomer 15 using 4. To a stirred solution of monomer 

N-(2-ethylhexyl)-3,6-bis(trans-1-propenyl)carbazole (1.35 g, 3.76 mmol) in dry 

dichloromethane (80 mL) at 0 oC under a nitrogen atmosphere 0.31 g (0.376 
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mmol) in dry dichloromethane (20 mL) of 4 was added. After 2 min, the reaction 

mixture was quenched with an excess of saturated K2CO3 in CH3OH. After 

aqueous workup and removal of solvent, the reaction mixture was subjected to 

column chromatography on alumina (eluting 9:1, then 3:1, petroleum 

ether:dichloromethane, and dichloromethane). 0.2 g (14%) of the corresponding 

oligomers and 0.4 g (28%)of polymers were obtained. The resulting polymer was 

further purified by dissolving in dichloromethane, reprecipitating from ethanol 

several times, and drying in vacuum oven at 50 oC for over night, yielding 0.36 g 

of polymers. The oligomers had: LRMS, m/z 1437 [4M+1], 1797 [5M+2]; The 

proton NMR spectrum of these oligomers is virtually identical to that of the 

polymers except for the line width; 1H NMR (300 MHz, CDCl3): δ 0.4-1.6(br), 

1.8-2.1 (br), 2.3-3.1 (br), 3.6-4.6 (br), 6.2-6.7 (br), 6.7-7.8 (br), 7.8-8.2 (br); The 

weight-average molecular weight of this polymer was found to be 42900 with a 

PDI of 2.03; Td (onset, 0.5 wt% loss) 276 oC under nitrogen (363 oC with 14wt% 

loss). 

N-Allylcarbazole. To a vigorously stirred mixture of NaOH (35 g, 0.87 

mol), 35 mL of water, 5 mL of dry benzene, phase-transfer catalyst 

benzyltriethylammonium chloride (410 mg, 1.8 mmol) and carbazole (10.63 g, 

0.87 mol), allyl bromide (10.9 g, 0.09 mol) was added at a rate which ensured the 

vigorous boiling of the mixture. Stirring was continued further for 3 h at room 

temperature, and the mixture was then poured into ice water and left overnight. 

The precipitate was filtered and washed with water several times. The filtered 

product was subjected to recrystallization in ethanol, and N-allylcarbazole was 
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obtained in 63% yield (7.81 g):  1H NMR (300 MHz, CDCl3): δ 4.92 (dd, J = 4.8, 

1.8 Hz, 2H), 5.08 (d, J = 17.1 Hz, 1H), 5.21 (d, J = 10.3 Hz, 1H), 5.97-6.09 (m, 

1H), 7.32 (t, J = 7.5 Hz, 2H), 7.42 (d, J = 7.8 Hz, 2H), 7.52 (t, J = 7.2 Hz, 2H). 

8.18 (d, J = 7.6 Hz, 2H); LRMS, m/z 208; HRMS: calculated for C15H14N 

208.112625, found 208.11914. 

N-Allyl-3-propionylcarbazole. To a dry three neck round-bottom flask 

equipped with a magnetic stirrer, 9-allylcarbazole (7.81 g, 0.038 mol) was added, 

followed by dry-benzene (70 mL). After lowering the temperature of the reaction 

in an ice bath, propionyl chloride (3.84 g, 0.042 mol) was added, followed by the 

slow addition of AlCl3 (6.54 g, 0.049 mol). After the addition was complete, the 

reaction mixture was stirred for an additional 1.5 h. The reaction mixture was then 

carefully poured into a separatory funnel containing crushed ice. Aqueous 

workup, followed by chromatography on silica gel (hexane:dichloromethane 9:1, 

then 1:1) yielded 3.31 g (34.4% yield) of N-allyl-3-propionylcarbazole: 1H NMR 

(300 MHz, CDCl3): δ 1.29 (t, J = 7.2, 7.5 Hz, 3H), 3.13 (q, J = 7.2, 7.5 Hz, 2H), 

4.91 (dd, J = 4.8,1.8 Hz, 2H), 5.01 (d, J = 17.1 Hz, 1H), 5.17 (d, J = 10.5 Hz, 1H), 

5.91-6.04 (m, 1H), 7.27-7.39 (m, 3H), 7.49 (t, J = 7.8 Hz, 1H), 8.13 (t, J = 8.6 Hz, 

2H), 8.77 (s, 1H); LRMS, m/z 264; HRMS: calculated for C18H18NO 264.138839, 

found 264.138988. 

N-Allyl-3-(1-hydroxypropyl)carbazole. 3.31 g (0.013 mol) of N-allyl-3-

propionylcarbazole was reduced with sodium borohydride (0.57 g, 0.015 mol) in 

20 mL of ethanol for 11 h at room temperature. After quenching the reaction 

mixture with 10% aqueous acetic acid, followed by aqueous workup, the pure 
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alcohol product (3.34 g, 100% yield) was obtained: 1H NMR (300 MHz, CDCl3): 

δ 0.97 (t J = 7.2 Hz, 3H), 1.80-2.02 (m, 2H), 2.17 (s, 1H), 4.76 (t, J = 6.6 Hz, 1H), 

4.87 (dd, J = 5.1, 1.5 Hz, 2H), 5.04 (d, J = 17.1Hz, 1H), 5.16 (d, J = 10.5 Hz, 1H), 

5.93-6.05 (m, 1H), 7.25-7.50 (m, 5H), 8.01 (s, 1H); LRMS, m/z 265; HRMS: 

calculated for C18H20NO 266.154489, found 266.154938. 

N-Allyl-3-(trans-1-propenyl)carbazole. To preceding alcohol (3.34 g, 

0.013 mol) was added dry pyridine (7 mL), followed by the slow addition of 

POCl3 (2.32 g, 0.015 mol) in an ice bath. After the reaction mixture was heated to 

refluxing for 1.5 h, it was cooled to room temperature. Water was then added 

slowly, while the reaction mixture being cooled in an ice bath.  After aqueous 

workup and column chromatography on silica gel (hexane, then 

hexane:dichloromethane 1:1), the pure N-Allyl-3-(trans-1-propenyl)carbazole 

(2.72 g, 87.1% yield) was obtained: 1H NMR (300 MHz, CDCl3): δ 1.94 (dd, J = 

6.9, 1.8 Hz, 3H), 4.87 (dd, J = 4.8, 1.8 Hz, 2H), 5.03 (d, J = 17.1 Hz, 1H), 5.16 (d, 

J = 10.5 Hz, 1H), 5.92-6.04 (m, 1H), 6.61 (d, J = 15.6 Hz, 1H), 7.27-7.32 (m, 2H), 

7.35 (d, J = 8.4 Hz, 1H), 7.42-7.50 (m, 2H), 8.06 (s, 1H), 8.10 (d, J = 7.2 Hz, 1H); 

LRMS, m/z 248; HRMS: calculated for C18H18N 248.143925, found 248.143974. 

N-(Trans and cis-1-propenyl)-3-(Trans-1-propenyl)carbazole. To 2.7 g 

(0.011 mol) of N-allyl-3-(trans-1-propenyl)carbazole was added dry DMSO (20 

mL), followed by the addition of tert-BuOK (302 mg, 2,69 mmol). The reaction 

mixture was allowed to stand at room temperature for 1 h. After complete 

conversion of the starting material, the solution was poured onto ice, and the 

resulting oily substance was extracted with dichloromethane. After aqueous 
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workup of the organic layer, followed by chromatography on silica gel (hexane), 

1.7 g (63.9%) of the product, N-(trans and cis-1-propenyl)-3-(Trans-1-

propenyl)carbazole, was obtained. According to the NMR data, the product 

consisted of a mixture of the N-trans and N-cis isomers in a ratio of 2.5:1: 1H 

NMR (300 MHz, CDCl3): δ 1.64 (dd, J = 6.9, 1.8 Hz, 3H; N-cis-propenyl), 1.94 

(dd, J = 6.9, 1.8 Hz, 3H; N-trans-propenyl), 2.00 (dd, J = 6.9, 1.8 Hz, 3H; 3-trans-

propenyl), 5.91-6.00 (m, 1H N-cis-propenyl), 6.01-6.16 (m, 1H; N-trans-

propenyl), 6.21-6.33 (m, 1H; 3-trans-propenyl), 6.59 (dd, J = 15.6, 1.8 Hz, 1H ; 3-

trans-propenyl), 6.71 (dd, J = 7.8, 1.8 Hz, 1H; N-cis-propenyl), 6.92 (dd, J = 14.1, 

1.5 Hz, 1H; N-trans-propenyl), 7.19-7.28 (m, 2H), 7.41-7.51 (m, 3H), 7.55 (d, J = 

8.2 Hz, 1H), 8.00 (s, 1H), 8.03-8.10 (m, 1H). 

N-(1-Ethoxypropyl)-3-(trans-1-propenyl)carbazole. To the preceding 

mixture of isomers (1.7 g, 6.88 mmol) was added 30 mL of benzene and 20 mL of 

absolute ethanol, followed by the addition of HCl (6.25 mL of a 0.001M solution 

in ethanol) at room temperature. The reaction was carried out at room temperature 

with stirring for 21 h. After aqueous workup, followed by chromatography on 

silica gel (hexane, then hexane:dichloromethane 3:1), 1.3 g (64.5% ) of N-(1-

ethoxypropyl)-3-(trans-1-propenyl)carbazole was obtained: 1H NMR (300 MHz, 

CDCl3): δ 0.81 (t, J = 7.5 Hz, 3H CH3 in ethoxy), 1.14 (t, J = 7.2 Hz, 3H; 

propenyl CH3), 1.93 (dd, J = 6.6, 1.5 Hz, 3H), 2.24 (q, J = 7.5 Hz, 2H, CH2 in 

ethoxy), 3.28-3.43 (m, 2H, CH2 in propenyl), 5.69 (t, J = 6.9 Hz, 1H; propenyl 

methine), 6.23-6.32 (m, 1H), 7.20-7.25 (m, 1H), 7.39-7.47 (m, 1H), 7.54-7.62 (m, 
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2H), 8.03 (s, 1H), 8.08 (d, J = 7.8 Hz, 1H); LRMS, m/z 294; HRMS: calculated 

for C20H24NO  294.185790, found 294.184534. 

N,3-Bis(trans-1-propenyl)carbazole (17). A 1.2 g (4.1 mmol) sample of N-

(1-ethoxypropyl)-3-(trans-1-propenyl)carbazole was dissolved in 32 mL of 

anhydrous dioxane, and anhydrous pyridine (3.9 g, 49 mmol) was added. To this 

solution at room temperature, while stirring, acetyl chloride (1.29 g, 16.4 mmol) 

was added dropwise. The reaction was continued with stirring at 95 oC for 5 h. 

After cooling, followed by aqueous workup, the reaction mixture was subjected to 

column chromatography on silica gel (petroleum ether:dichloromethane 9:1). The 

pure N,3-bis(trans-1-propenyl) carbazole was obtained in 84% (850 mg) yield: 1H 

NMR (300 MHz, CDCl3): δ 1.93 (dd, J = 6.9, 1.8 Hz, 3H; 3-propenyl), 2.00 (dd, J 

= 6.9, 1.8 Hz, 3H; N-propenyl), 6.04-6.15 (m, 1H; N-propenyl), 6.21-6.33 (m, 1H; 

3-propenyl), 6.58 (dd, J = 15.6, 1.8 Hz, 1H; 3-propenyl), 6.92 (dd, J = 14.1, 1.8 

Hz, 1H; N-propenyl), 7.26 (d, J = 7.4 Hz, 1H), 7.41-7.51 (m, 3H), 7.55 (d, J = 8.1 

Hz, 1H), 8.00 (s, 1H), 8.05 (d, J = 7.8 Hz, 1H); 13C NMR (300 MHz, CDCl3): 

δ15.6, 18.5, 110.0 (x 2), 117.4, 118.2, 119.9, 120.1, 123.3, 123.4, 123.6, 124.0, 

124.1, 1245.9, 130.3, 131.4; LRMS; m/z 248; HRMS: calculated for C18H18N 

248.143925, found 248.142830; Ep (peak oxidation potentials) 0.59 V, 0.96 V vs 

SCE. 

Polymerization of monomer 17 using tris(4-bromophenyl)aminium 

Hexachloroantimonate (4). To a stirred solution of tris(4-bromophenyl)aminium 

hexachloroantimonate (50 mg, 0.061 mmol) in dry dichloromethane (15 mL) at 0 
OC under a nitrogen atmosphere was added a solution of N,3-bis(trans-1-
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propenyl)carbazole (100 mg, 0.405 mmol) in dry-dichloromethane (5 mL). After 

1 min the reaction mixture was quenched with an excess of saturated potassium 

carbonate in methanol. The crude polymer obtained after aqueous workup was 

subjected to short column chromatography on silica gel (hexane, then 

dichloromethane:methanol 18:1). The pure polymer was obtained in 58% yield 

(58 mg): 1H NMR (300 MHz, CDCl3): δ 0.6-1.3 (br), 1.7-2.0 (br), 2.0-2.3 (br), 

2.6-2.8 (br), 3.3-3.5 (br), 4.2-4.4 (br), 4.4-4.7 (br), 6.1-7.0 (br), 7.0-7.8 (br), 7.8-

8.3 (br); MW = 8780, PD = 7.3.  

Re-initiation of the polymerization of the preceding polymer. To a stirred 

solution of tris(4-bromophenyl)aminium hexachloroantimonate  (8.3 mg, 0.01 

mmol) in anhydrous dichloromethane (20 mL) at 0 oC under a nitrogen 

atmosphere was added a solution of the preceding polymer (50 mg, 0.202 mmol) 

in anhydrous dichloromethane (10 mL). After 1.5 min the reaction mixture was 

quenched with an excess of saturated K2CO3 in methanol. After aqueous workup, 

50 mg of polymer was obtained: 1H NMR (300 MHz, CDCl3): δ 0.6-1.2 (br), 1.5-

1.8 (br), 1.8-2.0 (br), 2.0-2.4 (br), 2.6-2.8 (br), 3.3-3.5 (br), 4.2-4.4 (br), 4.4-4.7 

(br), 6.1-7.0 (br), 7.0-7.8 (br), 7.8-8.3 (br); MW = 17700, PD = 4.0. 

Controlled potential electrochemical polymerization of N,3-bis(trans-1-

propenyl)carbazole (17). The electrochemical polymerization of monomer 17 was 

carried out using an ESC Potentiostat 415,640 Digital Coulometer and 420X 

Power Supply. A divided electrochemical cell (25 mL) was used where the 

counter electrode (vitreous carbon) was separated from the bulk reaction chamber 

by a glass frit. The working electrode (vitreous carbon) and the reference 
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electrode (Ag/Ag+) were placed in the bulk reaction chamber. To the 

electrochemical cell was added 82 mg (0.33 mmol) of N,3-bis(trans-1-

propenyl)carbazole and 19 mg (0.1 mmol) of 2,6-di-tert-butylpyridine dissolved 

in 17 mL of the electrolyte solution (0.1 M LiClO4 in a 1:3 mixture of acetonitrile 

and dichloromethane). The counter electrode was filled with electrolyte solution 

up to the same level. Electrolysis of the substrate was carried out at 0.65 V with 

stirring at 0 oC under a nitrogen atmosphere. When 14.9 Coulombs of charge had 

been passed, the reaction was stopped by quenching with saturated potassium 

carbonate in methanol. The product (81 mg, 80.2 % yield) was obtained after 

aqueous workup: 1H NMR (300 MHz, CDCl3): δ 0.6-1.4 (br), 1.6-1.8 (br), 1.9-2.0 

(br), 2.1-2.3 (br), 2.6-2.8 (br), 3.2-3.5 (br), 4.2-4.4 (br), 4.4-4.7 (br), 5.8-6.0 (br), 

6.1-6.5 (br), 6.5-6.8 (br), 6.8-7.8 (br), 7.8-8.3 (br); LRMS, m/z 208 

[corresponding to fragmentation to 3-(trans-1-propenyl)carbazole], 248 

[corresponding to the monomer fragment, M], 495 [2M+1], 742 [3M+1], 1236 

[5M+1], 1482 [6M]; Mw = 6240, PD = 4.49. 

N-(1-ethoxypropyl)carbazole. To carbazole (20.9 g, 0.125 mol) was added 

75 mL of benzene, 10 mL of absolute ethanol, and 14.5 g (0.25 mol) of propanal, 

followed by the addition of concentrated HCl (56 mg, 1.5 mmol) at room 

temperature. The reaction mixture was heated at 70 oC with stirring for 4.5 h. 

After aqueous workup, followed by recrystallization from ethanol, 14 g (46% 

yield) of N-(1-ethoxypropyl)carbazole was isolated: 1H NMR (300 MHz, CDCl3): 

δ 0.81 (t, J = 7.5 Hz, 3H), 1.13 (t, J = 7.1 Hz, 3H), 2.25 (p, J = 7.4 Hz, 2H), 3.24-

3.48 (m, 2H), 5.72 (t, J = 6.8 Hz, 1H), 7.20-7.26 (m, 2H), 7.42 (m, 2H), 7.63 (d, J 
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= 8.3 Hz, 2H), 8.08 (d, J = 7.7 Hz, 2H); LRMS, m/z 254; HRMS: calculated for 

C17H20ON 253.146664, found 253.145796. 

N-(trans-1-Propenyl)carbazole (18). A 4.4 g (0.017 mol) sample of N-(1-

ethoxypropyl)carbazole was dissolved in 25 mL of anhydrous dioxane, followed 

by the addition of anhydrous pyridine (16.5 g, 0.2 mol). To this solution at room 

temperature, while stirring, was added in a dropwise manner, acetyl chloride (5.29 

g, 0.066 mol). The reaction was continued at 95 oC with stirring for 20 h. After 

cooling, followed by aqueous workup, the reaction mixture was subjected to 

column chromatography on silica gel (petroleum ether). N-(trans-1-

propenyl)carbazole was obtained in 62% yield (2.16 g): 1H NMR (250 MHz, 

CDCl3): δ 2.01 (dd, J = 6.8, 1.8 Hz, 3H), 6.06-6.17 (m, 1H), 6.94 (dd, J = 14.0, 

1.6 Hz, 1H), 7.23-7.29 (m, 2H), 7.42-7.48 (m, 2H), 7.58 (d, J = 8.2 Hz, 2H), 8.07 

(d, J = 8.5 Hz, 2H); Eox 0.36, 0.93 vs SCE.  

Controlled potential electrochemical reaction of N-(trans-1-

propenyl)carbazole (18). To the electrochemical cell was added 100 mg (0.48 

mmol) of N-(trans-1-propenyl) carbazole and 28 mg (0.15 mmol) of 2,6-di-tert-

butylpyridine dissolved in 17 mL of the electrolyte solution (0.1 M LiClO4 in a 

1:3 mixture of acetonitrile and dichloromethane). The counter electrode was filled 

with electrolyte solution up to the same level. Electrolysis of the substrate was 

carried out at 0.45 V with stirring at 0 oC under a nitrogen atmosphere. When 17.0 

Coulombs of charge had passed, the reaction was stopped by quenching with 

saturated potassium carbonate in methanol. The product (120 mg, 93.8 % yield) 
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obtained after aqueous workup consisted mostly of unreacted starting material, 

along with trace amounts of a mixture of cyclobutadimers of the reactant. 

Aminium salt catalyzed cross cycloaddition between N-(trans-1-propenyl) 

carbazole (18) and trans-anethole. To a solvent mixture consisting of 40 mL of 

anhydrous dichloromethane and 10 mL of water was added tris(4-

bromophenyl)aminium hexachloroantimonate (122.5 mg, 0.15 mmol) at room 

temperature. The mixture was stirred for 3 min, cooled to 0 oC under a nitrogen 

atmosphere followed by addition of a solution containing N-(trans-1-

propenyl)carbazole (207 mg, 1 mmol) and trans-anethole (148 mg, 1 mmol) 

dissolved in 5 mL of dichloromethane. The reaction mixture was quenched after a 

reaction time of 30 s with saturated potassium carbaonate in methanol followed 

by the usual two phase, water/dichloromethane aqueous workup. After column 

chromatography on silica gel (petroleum ether, then petroleum 

ether:dichloromethane 3:1), 155 mg (43.7% yield) of the pure product was 

obtained: 1H NMR (250 MHz, CDCl3): δ1.06 (d, J = 6.8 Hz, 3H), 1.48 (d, J = 6.6 

Hz, 3H), 1.82-1.96 (m, 1H ), 2.96-3.05 (m, 1H) ,3.71 (s, 3H), 4.01 (t, J = 9.5 Hz, 

1H), 4.55 (t, J = 9.5 Hz, 1H), 6.73 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H), 

7.18-7.24 (m, 2H), 7.39-7.45 (m, 2H), 7.64 (d, J = 8.4Hz, 2H), 8.57 (d, J = 7.6Hz, 

2H). 

Oligomerization of N,3-bis(trans-1-propenyl)carbazole (17) capped by N-

phenyl-3-(trans-1-propenyl)carbazole (11) 1:1 molar ratio of capping agent and 

monomer. To a stirred solution of tris(4-bromophenyl)aminium 

hexachloroantimonate (25 mg, 0.03 mmol) in anhydrous dichloromethane (20 
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mL) at 0 oC under a nitrogen atmosphere was added a solution of N,3-bis(trans-1-

propenyl)carbazole (50 mg, 0.202 mmol) and N-phenyl-3-(trans-1-

propenyl)carbazole (57 mg, 0.202 mmol) in anhydrous dichloromethane (10 mL). 

After 1.5 min, the reaction mixture was quenched with an excess of saturated 

potassium carbonate in methanol. The thin-layer chromatogram revealed that the 

starting materials had completely reacted. After the usual two phase, 

water/dichloromethane, aqueous workup, the reaction mixture was subjected to 

column chromatography on silica gel (hexane, hexane:dichloromethane 2:1, then 

dichloromethane). Two fractions were separated, one containing lower molecular 

weight oligomers (20 mg, 18.7% yield) and the other somewhat higher molecular 

weight oligomers (56 mg, 52.3% yield):  First fraction: 1H NMR (300 MHz, 

CDCl3): δ 0.8-1.1 (br), 1.2-1.4 (br), 1.6-1.9 (br), 1.9-2.1 (br), 2.2-2.5 (br), 2.6-2.9 

(br), 3.1-3.3 (br), 3.6-3.7 (br), 4.2-4.4 (br), 4.5-4.7 (br), 5.9-6.0 (br), 6.2-6.3 (br), 

6.5-6.9 (br), 6.9-7.7 (br), 7.8-8.2 (br); LRMS, m/z 284 [M'+1 , where M' is the 

capping agent; this is the parent ion], 495 [2M+1, where M is the monomer], 531 

[M+ M'+1], 814 [M+ 2M'+1], 1062 [2M+2M'+2], 1309 [3M+2 M'+2], 1343 

[2M+3 M'], 1591 [3M+3 M'+1]; 1H NMR (300 MHz, CDCl3): δ 0.8-1.4 (br), 1.6-

1.8 (br), 1.9-2.1 (br), 2.5-2.9 (br), 3.1-3.2 (br), 3.3-3.5 (br), 3.6-3.7 (br), 4.2-4.4 

(br), 4.5-4.7 (br), 5.9-6.1 (br), 6.1-6.3 (br), 6.6-7.8 (br), 7.8-8.2 (br); LRMS, m/z 

208 [3-(trans-1-propenyl) carbazole + 1], 284 [M'+1], 495 [2M+1], 531 [M+ 

M'+1], 565, 566 [2M'], 778 [2M+ M'+1], 1060 [2M+2 M'], 1342 [2M+3 M'-1], 

1590 [3M+3M'], 1592 [3M+3M'+2], 1837 [4M+3 M'], 1873 [3M+4 M']. 
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Oligomerization of N,3-(trans-1-propenyl)carbazole (17) capped by N-

phenyl-3-(trans-1-propenyl)carbazole (11) 1:3 ratio of monomer and capping 

agent. To a stirred solution of tris(4-bromophenyl)aminium hexachloroantimonate 

(198 mg, 0.242 mmol) in anhydrous dichloromethane (20 mL) at 0 oC under a 

nitrogen atmosphere was added a solution of N,3-bis(trans-1-propenyl)carbazole 

(17; 100 mg, 0.405 mmol) and N-phenyl-3-(trans-1-propenyl)carbazole (11; 344 

mg, 1.21 mmol) in anhydrous dichloromethane (10 mL). After 1.5 min the 

reaction mixture was quenched with an excess of saturated potassium carbonate in 

methanol. After the usual two phase, water/dichloromethane aqueous workup, the 

reaction mixture was subjected to column chromatography on silica gel (hexane, 

hexane:dichloromethane 9:1, then dichloromethane). A 62 mg (14%) yield of the 

unreacted capping reagent was obtained, along with 259 mg (58.3% yield) of 

oligomers: 1H NMR (300 MHz, CDCl3): δ 0.8-1.4 (br), 1.6-1.9 (br), 1.9-2.1 (br), 

2.4-2.8 (br), 4.2-4.4 (br), 4.4-4.7 (br), 6.6-6.9 (br), 6.9-7.8 (br), 7.8-8.3 (br); 

LRMS, CI), m/z 495 [2M+1, where M is the monomer, 17], 531 [M+M'+1, where 

M' is the capping agent], 567 [2M'+1], 778 [2M+M'+1; major peak], 779, 814 

[M+2M'+1; the parent ion], 1062 [2M+2M'+2], 1309 [3M+2M'+2], 1345 

[2M+3M'+2], 1591 [3M+3M'+1]; EI LRMS, m/z 247 [M'; this is the parent ion], 

283 [M'], 813 [M+2M'; major peak], 1060 [2M+2M'; major peak], 1342 [2M+3 

M'-1]; FAB LRMS, m/z 813 [M+ 2M'], 1061 [2M+2M'+1], 1308 [3M+ 2M'+1], 

1591 [3M+3M'+1]; MW = 1330, PD = 2.0. 

Oligomerization of N,3-bis(trans-1-propenyl)carbazole (17) capped by N-

(1-trans-propenyl)carbazole (18). To a stirred solution of tris(4-
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bromophenyl)aminium hexachloroantimonate (66 mg, 0.08 mmol) in anhydrous 

dichloromethane (20 mL) at 0 oC under a nitrogen atmosphere was added a 

solution of N,3-bis(trans-1-propenyl)carbazole (17) (50 mg, 0.202 mmol) and N-

(trans-1-propenyl)carbazole (126 mg, 0.607 mmol) in anhydrous dichloromethane 

(10 mL). After 1.5 min the reaction mixture was quenched with an excess of 

saturated potassium carbonate in methanol. Thin layer chromatography indicated 

that the starting materials had both been completely consumed. After the usual 

two phase, water/dichloromethane aqueous workup, the reaction mixture was 

subjected to column chromatography on silica gel (hexane, 

hexane:dichloromethane 9:1, hexane:dichloromethane 1:1, then 

dichloromethane:methanol 20:1). Two portions of oligomers (35 mg, 19.9% yield 

and 22 mg, 12.5% yield) and one portion of polymers (42 mg, 23.9% yield) were 

obtained: The 1H NMR of one of the product fractions was not available because 

of limited solubility; The insoluble fraction had: LRMS, m/z 208 [corresponding 

to 3-(trans-1-propenyl)carbazole], 495[2M+1], 662 [M+2M'], where M' is the 

capping agent], 702 [2M+M'], 909 [2M+2 M']; For the soluble fraction: 1H NMR 

(300 MHz, CDCl3): δ 0.8-1.3 (br), 1.6-1.8 (br), 2.0-2.2 (br), 2.6-2.8 (br), 3.1-3.2 

(br), 3.3-3.5 (br), 4.2-4.4 (br), 4.5-4.6 (br), 5.9-6.1 (br), 6.1-6.3 (br), 6.4-6.6 (br), 

6.7-6.8 (br), 7.0-7.5 (br), 7.8-8.3 (br); LRMS, m/z 208, 248 [M], 415 [2M'+1], 

662 [M+2 M'+1], 702 [2M+M'+1], 909 [2M+2 M'+1]; 1H NMR (300 MHz, 

CDCl3): δ 0.8-1.4 (br), 1.6-1.8 (br), 1.8-2.2 (br), 2.4-2.8 (br), 3.2-3.6 (br), 4.2-4.4 

(br), 4.4-4.7 (br), 6.6-7.0 (br), 7.0-7.8 (br), 7.8-8.3 (br); Mw = 2.050 (PDI = 3.87) 

with a minor tail at 95199 (PDI 1.58). 
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 CHAPTER IV 

 

Diels-Alder cycloaddition of N-(trans-1-propenyl)carbazole (18) to 1,3-

cyclopentadiene: formation of endo-5-(N-carbazolyl)-trans-6-methyl-2-

norbornene (19). A solution of 555 mg (2.68 mmol) of monomer and 1.77 g (26.8 

mmol) of 1,3-cyclopentadiene in 25 mL of dichloromethane was added to 218 mg 

(0.268 mmol) of tris(4-bromophenyl)aminium hexachloroantimonate in 180 mL 

of dichloromethane and 45 mL of water at 0 oC. The reaction mixture was stirred 

for 10 s and then quenched with an excess of a saturated solution of potassium 

carbonate in methanol. After aqueous work-up, the solvent was dried with sodium 

sulfate and removed by rotary evaporation. The crude product was initially 

chromatographed on silica gel (eluting petroleum ether) to afford the product 

(0.65 g, 88.1%); 1H NMR (500 MHz, CDCl3) δ =1.25 (d, J = 6.9 Hz, 3H, methyl), 

1.61 (d, J = 8.96 Hz, 1H, H7 anti), 1.90 (d, J = 9.14 Hz, 1H, H7 syn), 2.76 (s, 1H, 

H1), 2.94 (m, 1H, H6), 3.25 (s, 1H, H4), 4.71 (t, J = 3.43 Hz, 1H, H5), 6.01 (m, 

1H, H3), 6.67 (m, 1H, H2), 7.17 (t, J = 7.51 Hz, 2H), 7.36 (t, J = 8.35 Hz, 2H), 

7.55 (d, J = 8.45 Hz, 2H), 8.06 (d, J = 7.67 Hz, 2H); 13C NMR (500 MHz, CDCl3) 

δ = 20.9 (methyl), 34.2, 45.7, 49.1, 49.6, 66.7, 111.9, 118.6,119.9, 123.5, 125.2, 

134.9, 139.4, 141.1; These peaks are assigned by the analysis of H-H correlation 

and C-H correlation spectra; LRMS: m/z = 274 [M+1]; HRMS: calcd for 

C20H20N1 274.159575, found 274.159194. 

Generalized ring-opening metathesis polymerization (ROMP) procedure. 

All handling of the catalyst and polymerization was done in a nitrogen-filled dry-
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box. Dichloromethane employed as a polymerization solvent was dried by 

distillation over CaH2 and deoxygenated by three freeze-pump-thaw cycles on a 

vacuum line. Solutions of the Grubbs catalyst, RuCl2(=CHPh)(PCy3)2,were 

freshly prepared for each reaction by adding 1.0 mL of dichloromethane to 15 mg 

of catalyst in a serum-capped flask. The catalyst solution was transferred by 

syringe to a solution of 190 mg of Diels-Alder cycloadduct, norbornene type 

monomer, in 4.0 mL of CH2Cl2. The light pink solution was then stirred inside the 

dry-box for 2.5 h at room temperature. The reaction was terminated by the 

addition of two drops of butyl vinylether, and the color of the solution changed 

from pink to yellow. After termination, the solution was stirred for an additional 5 

minutes, taken out of the dry-box, and the mixture poured into methanol (50 mL) 

to precipitate the polymer. After drying under vacuum, the polymers were 

obtained as fluffy white solids.  

Ring-opening metathesis polymerization of 19. Using above procedure, 

the polymer obtained from 133 mg of 19 was isolated in 75% yield (100 mg) as a 

fluffy white solid having MW 26600 (PDI 1.60): 1H NMR (300 MHz, CDCl3) δ 

0.7-3.7 (8H, aliphatic), 4.0-5.8 (3H, olefinic and alpha to nitrogen), 6.8-7.9 (7H, 

aromatic); Td (onset) 400.4 oC under nitrogen; no Tg prior to thermal 

decomposition under nitrogen. 

Diels-Alder cycloaddition of trans-anethole with cyclopenta-1,3-diene 

will be found elsewhere2: formation of endo-5-(p-anisyl)-trans-6-methyl-2-

norbornene (20).  

                                                 
2 Reynolds, D. W.; Lorenz, K. T.; Chiou, Bellville, D. J.; Pabon, R. A.; Bauld, N. L. J. Am. Chem. 
Soc. 1987, 109, 4960. 
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Synthesis of 2-(trans-1-propenyl)dibenzofuran. This new electron rich 

dienophile was prepared by a three step synthetic sequence involving 

propionylation of dibenzofuran, reduction of the ketone to the corresponding 

alcohol, and elimination to give the dienophile: 

2-Propionyldibenzofuran. To a dry three neck round-bottomed flask 

equipped with a magnetic stirrer, dibenzofuran (5 g, 0.003 mol) was added, 

followed by carbon disulfide (50 mL). After lowering the temperature of the 

reaction in an ice bath, 2.13 g (0.023 mol) of propionyl chloride was added, 

followed by the slow addition of AlCl3 (3.68 g, 0.028 mol). After the addition was 

complete, the ice bath was removed, and the reaction mixture was stirred for an 

additional 17 h. The reaction mixture was carefully poured into a separating 

funnel containing crushed ice. Aqueous work-up, followed by chromatography on 

alumina (hexane:dichloromethane 7:1, then 3:1) provided 3.46 g (52%) of 2-

propionyldibenzofuran: 1H NMR (300 MHz, CDCl3) δ 1.26 (t, J = 7.0 Hz, 3H), 

3.08 (q, J = 7.2 Hz, 2H), 7.35 (t, J = 7.5, 1H), 7.46 (t, J = 7.0 Hz, 1H), 7.53-7.57 

(m, 2H), 7.95 (d, J = 8.4 Hz, 1H), 8.07 (d, J = 8.7 Hz, 1H), 8.54 (s, 1H); LRMS, 

m/z 225; HRMS: Calculated for C15H13O2 225.091555, Found 225.091410. 

2-(1-Hydroxypropyl)dibenzofuran. The purified ketone from the previous 

reaction (3.46 g, 0.015 mol) was reduced with sodium borohydride (0.76 g, 0.020 

mol) in ethanol (30 mL) for 4 h at room temperature. After quenching the reaction 

mixture with 10% aqueous acetic acid, followed by aqueous work-up, the pure 

alcohol product (3.60 g, 100%) was obtained: 1H NMR (300 MHz, CDCl3) δ 0.92 

(t, J = 7.5Hz, 3H), 1.92-1.78 (m, 2H), 2.17 (s, 1H), 4.73 (t, J = 6.6Hz, 1H), 7.32-
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7.56 (m, 5H), 7.90 (s, 1H), 7.93 (s, 1H); LRMS, m/z 227; HRMS: Calculated for 

C15H15O2 227.107205, Found 227.107300. 

2-(trans-1-Propenyl)dibenzofuran. To the preceding alcohol (3.60 g, 0.016 

mol) was added dry pyridine (10 mL), followed by the slow addition of POCl3 

(3.18 g, 0.021 mol) in an ice bath. After the reaction mixture was heated to 

refluxing for 12 h (120-130 oC), it was cooled to room temperature. Water (10 

mL) was then added slowly, while the reaction mixture being cooled in an ice 

bath. After aqueous workup and column chromatography on basic alumina 

(hexane:dichloromethane 5:1), the pure product was obtained in 42% yield (1.4 

g); 1H NMR (300 MHz, CDCl3): δ 1.92 (dd, J1 = 6.6 Hz, J2 = 1.5Hz, 3H), 6.23-

6.31 (m, 1H), 6.54 (d, J = 15.8 Hz, 1H), 7.33 (t, J = 7.5 Hz, 1H), 7.41-7.46 (m, 

3H), 7.55 (d, J = 7.5 Hz, 1H), 7.87 (s, 1H), 7.93 (d, J = 7.5 Hz, 1H); LRMS, m/z 

209; HRMS: Calculated for C15H13O1 209.096640, Found 209.097069. 

Diels-Alder cycloaddition of 2-(trans-1-propenyl)dibenzofuran to 1,3-

cyclopentadiene: formation of 5-(2-dibenzofuranyl)-(trans-6-methyl)-2-

norbornene (21). To a solution of 200 mg (0.96 mmol) of 2-(trans-1-

propenyl)dibenzofuran and cyclopenta-1,3-diene (318 mg, 4.8 mmol) in 16 mL of 

anhydrous dichloromethane were added 118 mg (0.144 mmol) of the catalyst, 

tris(4-bromophenyl)aminium hexachloroantimonate (4), dissolved in 10 mL of 

anhydrous dichloromethane. The reaction was quenched after 3 minutes by 

adding saturated potassium carbonate-methanol solution. Aqueous work-up and 

column chromatography on basic alumina (hexane:dichloromethane 15:1), 

yielded a total of 220 mg (84% yield) of the diastereoisomeric trans Diels-Alder 
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adducts having an endo:exo ratio of 5:1: 1H NMR (250 MHz, CDCl3) δ 1.27 (d, J 

= 6.9 Hz, 3H, methyl), 1.54 (m, 1H, H7-anti), 1.79 (m, 1H, H6), 1.92 (m 1H, H7-

syn), 2.56 (s, 1H, H1), 2.92 (d, J = 4.5Hz, 1H, H5), 3.06 (s, 1H, H4), 5.91 (dd, J1 = 

5.7 Hz, J2 = 2.8 Hz, 1H, H2), 6.39 (dd, J1 = 5.7 Hz, J2=3.1 Hz, 1H, H3), 6.90 (d, J 

= 6.8 Hz, 1H), 7.26-7.45 (m, 3H), 7.52 (d, J = 7.9 Hz, 1H), 7.71 (s, 1H), 7.92 (d, J 

= 7.6 Hz, 1H); LRMS, m/z 275; HRMS: Calculated for C20H19O1 275.143590, 

Found 275.143263. 

Synthesis of 2-(trans-1-propenyl)dibenzothiophene.  

2-Bromodibenzothiophene. To a solution of dibenzothiophene (5 g, 0.027 

mol) in carbon disulfide (15 mL) was added bromine (4.13 g, 0.027 mol) over a 

period of 20 minutes in an ice bath. The mixture was stirred at room temperature 

for 2.5 h under nitrogen, filtered and washed with ethanol. The filtered product 

was subjected to column chromatography on silica gel (hexane:dichloromethane 

6:1), and the pure product was obtained (1.02 g, 14.4%): 1H NMR (300 MHz, 

CDCl3): δ 7.43-7.50 (m, 2H), 7.53 (dd, J1 = 8.7, J2 = 1.8 Hz, 1H), 7.69 (d, J = 8.7 

Hz, 1H), 7.83 (m, 1H), 8.09 (m, 1H), 8.26 (d, J = 1.8 Hz, 1H); LRMS, m/z 265; 

HRMS: Calculated for C12H7SBr 261.945183, Found 261.945002. 

2-(1-Hydroxypropyl)dibenzothiophene. 2-Lithiodibenzothiophene was 

prepared by treating a suspension of 2-bromodibenzothiophene (1.0 g, 3.8 mmol) 

in dry ether (30 mL) with n-butyllithium (1.6 M solution in hexane, 3.6 mL, 5.7 

mmol) under a dry atmosphere of nitrogen for 5 minutes at 0 oC. To the resulting 

mixture, propionaldehyde (0.265 g, 4.6 mmol) was added dropwise, and the 

reaction mixture was stirred at 0 oC for 30 minutes. Water was added and the 
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solution was extracted with dichloromethane. Removal of the solvent followed by 

column chromatography on alumina (hexane:dichloromethane 7:1, then acetone) 

yielded 750 mg (81.6%) of 2-(1-hydroxypropyl)dibenzothiophene: 1H NMR (300 

MHz, CDCl3): δ 0.94 (t, J = 7.3 Hz, 3H), 1.81-1.94 (m, 2H), 4.77 (t, J = 6.6 Hz, 

1H), 7.41-7.45 (m, 3H), 7.79-7.85 (m, 2H), 8.13-8.17 (m, 2H); LRMS, m/z 243; 

HRMS: Calculated for C15H15OS 243.084362, Found 243.084362. 

2-(Trans-1-propenyl)dibenzothiophene. To the preceding alcohol (750 mg, 

3.1 mmol) was added dry pyridine (5 mL), followed by the slow addition of 

POCl3 (713 mg, 4.6 mmol) in an ice bath. After the reaction mixture was heated 

to refluxing for 5.5 h at 120-130 oC, it was cooled to room temperature. Water 

was then added slowly, while the reaction mixture being cooled in an ice bath. 

After aqueous work-up and column chromatography on silica gel (hexane), the 

pure product was obtained in 12% yield (83 mg): 1H NMR (300 MHz, CDCl3): δ 

1.95 (dd, J1 = 6.6 Hz, J2 = 1.5 Hz, 3H), 6.29-6.41 (m, 1H), 6.57 (dd, J1 = 15.9 Hz, 

J2 =1.8 Hz, 1H), 7.41-7.48 (m, 3H), 7.75 (d, J = 8.4 Hz, 1H), 7.81-7.85 (m, 1H), 

8.06 (d, J = 1.5 Hz, 1H), 8.11-8.17 (m, 1H); LRMS, m/z 225; HRMS: Calculated 

for C15H13S 225.073797, Found 225.073899. 

Diels-Alder cycloaddition 2-(trans-1-propenyl)dibenzothiophene to 1,3-

cyclopentadiene: formation of 5-(2-dibenzothiophenyl)-trans-6-methyl-2-

norbornene (22). To a solution of 82 mg (0.366 mmol) of 2-(trans-1-

propenyl)dibenzothiophene and cyclopenta-1,3-diene (121 mg, 1.83 mmol) in 11 

mL of anhydrous dichloromethane were added 45 mg (0.055 mmol) of the 

catalyst, tris(4-bromophenyl)aminium hexachloroantimonate, dissolved in 5 mL 
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of anhydrous dichloromethane. The reaction was quenched after 12 minutes by 

adding saturated potassium carbonate-methanol solution. Aqueous workup and 

column chromatography on basic alumina (hexane:dichloromethane 10:1), 

yielded a total of 92 mg (86.8% yield) of the diastereoisomeric trans Diels-Alder 

adducts: 1H NMR (300 MHz, CDCl3): δ 1.30 (dd, J1 = 6.9 Hz, J2 = 1.2 Hz, 3H, 

methyl), 1.56 (m, 1H, H7-anti), 1.79 (d, J = 8.4 Hz, 1H, H6), 1.88 (m 1H, H7-

syn), 2.59 (s, 1H, H1), 2.95 (t, J = 3.9 Hz, 1H, H5), 3.09 (s, 1H, H4), 5.94 (dd, J1 = 

5.4 Hz, J2 = 2.7 Hz, 1H, H2), 6.42 (dd, J1 = 8.4 Hz, J2 = 3.6 Hz, 1H, H3), 7.29-7.46 

(m, 3H), 7.70 (d, J = 8.1 Hz, 1H), 7.81-7.84 (m, 1H), 7.95 (s, 1H), 8.12-8.15 (m, 

1H); LRMS, m/z 291; HRMS: Calculated for C20H19S 291.120748, Found 

291.120559. 

Ring-opening metathesis polymerization of 20. Following generalized 

ring-opening metathesis polymerization procedure, the polymer obtained from 

168 mg of 20 was isolated as a white solid (130 mg, 77.4%) having MW 222600 

(PDI 1.46): 1H NMR (250 MHz, CDCl3) δ 0.8-3.2(9H, aliphatic), 3.6-3.8 (3H, 

methoxyl), 4.5-5.5 (2H, olefinic), 6.5-7.2 (4H, aromatic). Td (onset) 411.1 oC 

under nitrogen; no glass transition temperature (Tg) prior to thermal 

decomposition under nitrogen. 

Ring-opening metathesis polymerization of 21. Following generalized 

ring-opening metathesis polymerization procedure, the polymer obtained from 

190 mg of 21 was isolated in 63% yield (120 mg) as a fluffy white solid having 

MW 87500 (PDI 1.57): 1H NMR (300 MHz, CDCl3) δ 0.7-3.4 (9H, aliphatic), 4.3-
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5.7 (2H, olefinic), 6.8-7.9 (7H, aromatic); Td (onset) 409.2 under nitrogen; Tg 

=138 °C. 

Ring-opening metathesis polymerization of 22. In similar way, the 

polymer obtained from 92 mg of 22 was isolated in 77% yield (71 mg) as a fluffy 

white solid having MW 10200 (PDI 1.52): 1H NMR (300 MHz, CDCl3) δ 0.7-3.1 

(9H, aliphatic), 4.9-5.7 (2H, olefinic), 6.8-8.1 (7H, aromatic); Td (0.5) 151.6 oC 

under nitrogen; no glass transition temperature (Tg) prior to thermal 

decomposition under nitrogen. 

Diels-Alder cycloaddition of N-phenyl-3-(trans-1-propenyl)carbazole (11) 

to 1,3-cyclopentadiene: formation of endo-5-[3-(N-phenyl)carbazolyl]-trans-6-

methyl-2-norbornene (23). A solution of 0.5 g (1.77 mmol) of monomer and 1.17 

g (17.7 mmol) of 1,3-cyclopentadiene in 20 mL of dichloromethane was added to 

0.65 g (o.8 mmol) of tris(4-bromophenyl)aminium hexachloroantimonate in 100 

mL of dichloromethane and 20 mL of water at 0 oC. The reaction mixture was 

stirred for 15 minutes and then quenched with an excess of a saturated solution of 

potassium carbonate in methanol. After aqueous workup, the solvent was dried 

with sodium sulfate and removed by rotary evaporation. The crude product was 

initially chromatographed on silica gel (eluting petroleum ether then 10:1, 

petroleum ether:dichloromethane) to afford a mixture of products and unreacted 

monomers (0.47 g, 75.4%). The pure product was obtained by the reaction of 

these mixtures with tris(4-bromophenyl)aminium hexachloroantimonate in 20 mL 

of dichloromethane, followed by aqueous workup, and isolated by column 

chromatography on silica gel (eluting petroleum ether then 10:1, petroleum 
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ether:dichloromethane), yielding 0.24 g (52%) of endo-5-[3-(N-

phenyl)carbazolyl]-trans-6-methyl-2-norbornene; 1H NMR (500 MHz, CDCl3) δ 

1.30 (d, J = 6.9 Hz, 3H, methyl), 1.55 (dd, J = 8.7, 1.7 Hz, 1H, H7), 1.78 (d, J = 

8.3 Hz, 1H, H7), 1.89 (m, 1H, H6), 2.57 (s, 1H, H1), 2.96 (t, J = 4.0 Hz, 1H, H5), 

3.09 (s, 1H, H4), 5.96 (dd, J = 5.7, 2.8 Hz, 1H, H3), 6.40 (dd, J = 5.7, 3.1 Hz, 1H, 

H2), 7.26 (m, 2H), 7.36 (m, 2H), 7.43 (m, 1H), 7.56 (m, 5H), 7.92 (s, 1H), 8.10 

(d, J = 7 Hz, 1H); 13C NMR (500 MHz, CDCl3) δ 21.2 (methyl), 41.7 (C6), 47.0 

(C7), 49.6 (C1), 49.7 (C4), 53.4 (C5), 138.8 (C3), 138.1 (C2), 109.0, 109.7, 119.0, 

119.7, 120.1, 123.1, 123.4, 125.7, 126.3, 127.0, 127.2, 129.8, 136.4, 138.0, 139.5, 

141.1; These peaks are assigned by the analysis of H-H correlation and C-H 

correlation spectra; LRMS, m/z 350 [M+1]; HRMS: calcd for C26H24N1 

350.190875, found 350.191256. 

Ring-opening metathesis polymerization of endo-5-[3-(9′-

phenyl)carbazolyl]-trans-6-methyl-2-norbornene (23). Solutions of the catalyst 

RuCl2(=CHPh)(PCy3)2 (33 mg, 0.04 mmol) in 3 mL of dichloromethane prepared 

by three cycles of freeze-thaw and the monomer (700 mg, 2.01 mmol) in 1 mL 

were prepared in different flasks in a nitrogen-filled glove-box. The catalyst 

solution was injected into the monomer solution by syringe. The reaction was 

carried out at ambient temperature for 3 h, terminated by the addition of several 

drops of butyl vinyl ether, and stirred for an additional 30 minutes. The reaction 

mixture was then taken out of the glove-box and poured into methanol (200 mL) 

to precipitate the polymer. The precipitate was collected by filtration, dried, re-

dissolved in dichloromethane and reprecipitated by dropwise addition of a 
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concentrated solution into a vigorously stirred excess of methanol. This procedure 

was carried out once more, and the polymer was dried under vacuum oven at 50 
oC for overnight, giving a 79% yield (554 mg); 1H NMR (300 MHz, CDCl3) δ 

0.6-3.5 (br), 4.4-5.6 (br), 6.7-8.2 (br); Mw = 45600 and PDI = 1.35 (calibrated 

with polystyrene); Tg 203 oC under nitrogen and Td (onset, 0.5 wt% loss) 273 oC 

under nitrogen (343 oC with 6 wt% loss). 

Hydorgenation of ROMP of endo-5-[3-(N-phenyl)carbazolyl]-trans-6-

methyl-2-norbornene (23). In a typical experiment3, 260 mg of ROMP polymer 

was dissolved in 20 mL of xylene in a small Schlenk tube. To the above solution 

was added 1 g of (7.4 equiv relative to the repeating units) of tosyl hydrazide (p-

toluenesulfonylhydrazide) as a hydrogenation agent and a trace amount of 2,6-di-

tert-butyl-4-methylphenol (BHT). The mixture was then degassed twice via a 

freeze-pump-thaw cycle and a reflux condenser was assembled under nitrogen. 

The Schlenk tube was heated to 110 oC, a homogeneous solution resulted and 

nitrogen started to evolve. The solution was stirred at 110-120 oC for 3 h until the 

evolution of nitrogen stopped. The solution was cooled to room temperature and 

precipitated into methanol. The white polymer was further purified by dissolving 

it into dichloromethane and re-precipitating it into methanol. The polymer was 

dried in vacuum oven at 50 oC for overnight, yielded 182 mg (70%; Mw 39900; 

PDI = 1.45); 1H NMR (300 MHz, CDCl3) δ 0.6-3.1 (br), 6.8-8.2 (br); Tg 181 oC 

under nitrogen and Td (onset, 0.5 wt% loss) 302 oC under nitrogen. 

                                                 
3 Wu, Z; Grubbs, R. H. Macromolecules 1994, 27, 6700. 
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3-Bromocarbazole. To a suspension of 3.48 g carbazole (0.02 mol) in 30 

mL of dry acetonitrile was slowly added 3.60 g NBS (0.02 mol). The reaction 

mixture was stirred for 21 h at room temperature under nitrogen, and filtered. The 

solid was washed with cold acetonitrile, and dried in vacuum. The product was 

recrystallized from ethanol, and a off white solid 4.4 g (45%) was obtained; 1H 

NMR (300 MHz, CDCl3): δ 7.25 (m, 3H), 7.42 (m, 2H), 7.48 (dd, J1 = 8.7 Hz, J2 

= 1.8 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H), 8.17 (s, 1H); LRMS (CI), m/z 246 [M+1]; 

HRMS (CI): calc. for C12H9N1Br1: 245.991835, found 245.991704. 

N-Methyl-3-bromocarbazole. To a solution of 3.15 g 3-bromocarbazole 

(0.013 mol) in 15 mL of dry N,N-dimethyl formamide (DMF) was slowly added 

1.95 g K2CO3 (0.014 mol) and after stirring for 30 min at room temperature, a 

mixture of 2.0 g methyl iodide (0.014 mol) and 3 mL dry DMF was added 

dropwise. After 1 h of additional stirring at room temperature, the solution was 

refluxed for 19 h. The mixture was diluted with water and extracted three times 

with ethyl acetate. Combining the extracts, washing, drying and evaporating the 

solvents afforded N-methyl-3-bromocarbazole. The product was purified by 

column chromatography on silica gel (petroleum ether) and obtained in 68.6% 

yield (2.23 g); 1H NMR (300 MHz, CDCl3): δ 3.81 (s, 3H), 7.24 (m, 2H), 7.38 (d, 

J = 8.1 Hz, 1H), 7.48 (d, J = 7.8 Hz, 1H), 7.53 (dd, J1 = 8.7 Hz, J2 = 1.8 Hz, 1H), 

8.02 (d, J = 7.2 Hz, 1H), 8.18 (s, 1H); 13C NMR (300 MHz, CDCl3): δ 28.7, 

108.5, 109.6, 111.4, 119.0, 120.2, 121.4, 122.7, 124.1, 126.2, 128.0, 139.2, 141.0; 

LRMS (CI), m/z 260 [M]. 
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N-Methyl-3-formylcarbazole. A stirred solution of 504 mg (1.94 mmol) of 

N-methyl-3-bromocarbazole in the mixture solvent of 30 mL dry ether and 10 mL 

dry benzene was kept at room temperature while 2.4 ml of n-butyllithium (3.88 

mmol) was added during 10 minutes After 3 h at this temperature, a solution of 

0.3 ml N,N-dimethyl formamide (3.88 mmol) was slowly added and stirred further 

at 30 oC for 5 h. The reaction mixture is carefully quenched by the addition of 

saturated NH4Cl at 0 oC, until the solution becomes acidic. After extraction with 

dichloromethane, the solution was washed successively with water, with saturated 

NaHCO3 and with saturated NaCl solution. After drying over anhydrous Na2SO4, 

the solvent was evaporated to provide the corresponding carbonyl product. The 

product was further purified by column chromatography on silica gel (petroleum 

ether:dichloromethane, 3:1 then dichloromethane:methanol, 18:1) and obtained in 

77% yield (312 mg). However, the reaction only in benzene gave a 47.1% yield; 
1H NMR (300 MHz, CDCl3): δ 3.85 (s, 3H), 7.31 (ca. t, J = 7.5 Hz, 1H), 7.42 (d, J 

= 8.1 Hz, 2H), 7.53 (ca. t, J = 8.2 Hz, 1H), 7.99 (dd, J1 = 8.4 Hz, J2 = 1.5 Hz, 1H), 

8.12 (d, J = 7.8 Hz, 1H), 8.56 (s, 1H), 10.05 (s, 1H); LRMS (CI), m/z 210 [M+1]; 

HRMS (CI): calc. for C14H12N1O1 210.091889, found 210.090962. 

N-Methyl-3-(2,2-dicyanovinyl)carbazol. A mixture of malononitrile (82.7 

mg, 1.25 mmol) and dry pyridine (108 mg, 1.37 mmol) in 5 mL of dry benzene 

was stirred at ambient temperature for 30 minutes under nitrogen and added a 

solution of N-methyl-3-formylcarbazole (238 mg, 1.14 mmol) in 10 mL of dry 

benzene. The reaction mixture was heated under reflux for 21.5 h and cooled to 

room temperature followed by washing with water, drying with sodium sulfate 
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and evaporating. The product was purified by column chromatography on silica 

gel (hexane:dichloromethane, 2:1 then 1:1) and obtained in 60% yield (227 mg); 
1H NMR (300 MHz, CDCl3): δ 3.90 (s, 3H), 7.35 (ca. t, J = 7.8 Hz, 1H), 7.45 (d, J 

= 9.0 Hz, 2H), 7.57 (ca. t, J = 7.8 Hz, 1H), 7.83 (s, 1H), 8.09 (m, 2H), 8.61 (s, 

1H); IR (KBr pellet, cm-1) 1598 (νC=C, aromatic), 1635 (νC=C, alkene), 2221 (νC≡N, 

nitrile); UV-Vis (dichloromethane, nm): λmax = 291, 326, 410; LRMS (CI), m/z 

258 [M+1]; HRMS (CI): calc. for C17H12N3 258.103123, found 258.103195. 

Endo-5-(N-carbazolyl)-(trans-6-methyl)-2-norbornene (19).4  

Endo-5-(N-(3′-bromo)carbazolyl)-(trans-6-methyl)-2-norbornene (24). To 

a solution of 452 mg NBS (2.54 mol) in 56 mL of dry dichloromethane was 

slowly added a solution of 630 mg endo-5-(N-carbazolyl)-(trans-6-methyl)-2-

norbornene (2.31 mmol) in 20 mL of dry dichloromethane. The reaction mixture 

was stirred for 2 h at room temperature under nitrogen, and evaporated. The 

resulting residue was dissolved in dichloromethane, washed with water and dried 

in anhydrous Na2SO4. The product was purified by column chromatography on 

silica gel (petroleum ether) and 460 mg (56.6% yield) was obtained; 1H NMR 

(300 MHz, CDCl3): δ 1.27 (d, J = 6.6 Hz, 3H), 1.62 (d, J = 9.0 Hz, 1H, H7-anti), 

1.90 (d, J = 9.0 Hz, 1H, H7-syn), 2.77 (s, 1H, H1), 2.90 (m, 1H, H6), 3.24 (s, 1H, 

H4), 4.67 (t, J = 3.8 Hz, 1H, H5), 6.00 (m, 1H, H3), 6.68 (m, 1H, H2), 7.22 (m, 

2H), 7.41 (m, 2H), 7.55 (d, J = 8.4 Hz, 1H), 8.00 (d, J = 7.2 Hz, 1H), 8.16 (s, 1H); 
13C NMR (300 MHz, CDCl3): δ 20.8, 34.5, 45.7, 49.1, 49.5, 66.8, 111.4, 111.8, 

113.6, 119.1, 120.0, 122.3, 122.5, 125.3, 125.9, 127.7,134.8, 139.5, 141.4; LRMS 

                                                 
4 Gao, D.; Bauld, N. L. Tetrahedron Lett. 2000, 41, 5997. 
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(CI), m/z 352 [M]; HRMS (CI): calc. for C20H19N1Br1 352.070086, found 

352.070905. 

Ring-opening metathesis polymerization of endo-5-(N-carbazolyl)-(trans-

6-methyl)-2-norbornene (19).5 In various runs, the reaction time and monomer to 

initiator ratio were varied independently to determine the proper reaction 

conditions. 

Ring-opening metathesis polymerization of endo-5-(N-(3′-

bromo)carbazolyl)-(trans-6-methyl)-2-norbornene (24). The ring-opening 

metathesis polymerization was carried out by metathesis catalyst, 

bis(tricyclohexylphosphine)-benzylideneruthenium dichloride, in the nitrogen-

filled glove-box at ambient temperature in sample vials or small flasks (50 mL) 

equipped with magnetic stirrers. Dichloromethane employed as a polymerization 

solvent was prepared by distillation over CaH2 and degassed via a freeze-pump-

thaw cycle. For NMR scale reaction monomer (45 mg, 1.23 x 10-4 mol) in 1.8 mL 

of dichloromethane and initiator (1.05 mg, 1.23 x 10-6 mol) in 0.5 mL of 

dichloromethane was prepared in different vials, and the catalyst solution was 

then transferred by syringe to the monomer solution. The reaction mixture was 

stirred for 1.5 h. The reaction mixture was terminated by the addition of two drops 

of butyl vinyl ether and stirred for an additional 30 minutes. The reaction mixture 

was taken out of the glove-box and poured into methanol (100 mL) to precipitate 

the polymers. The polymer product was isolated by filtration and dried on the 

vacuum for several hours; Mw = 62500 and PDI = 1.35; 1H NMR (300 MHz, 

                                                 
5 Gao, D.; Roh, Y.; Bauld, N. L. Adv. Synth. Catal. 2001, 343, 269. 
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CDCl3): δ 0.7-3.4 (br, 8H, aliphatic), 4.3-5.8 (br, 3H, olefinic and alpha to 

nitrogen), 6.8-7.6 (br, 7H, aromatic), 7.8-8.2 (br, 1H, aromatic). 

Block copolymer of endo-5-(N-carbazolyl)-(trans-6-methyl)-2-norbornene 

and endo-5-(N-(3′-bromo)carbazolyl)-(trans-6-methyl)-2-norbornene. A solution 

of catalyst RuCl2(=CHPh)(PCy3)2 (68 mg, 8.02 x 10-5 mol) in 3 mL of 

dichloromethane and the monomer endo-5-(N-carbazolyl)-(trans-6-methyl)-2-

norbornene (1.12 g, 4.10 x 10-3 mol) in 12 mL of dichloromethane were prepared 

in different flasks in nitrogen-filled glove-box. The catalyst solution was injected 

into the monomer solution by syringe. The reaction was carried out at ambient 

temperature for 1.25 h. To obtain block copolymer, monomer endo-5-(N-(3′-

bromo)carbazolyl)-(trans-6-methyl)-2-norbornene (723 mg, 2.05 x 10-3 mol) was 

injected into the still-living reaction mixture, and the solution was stirred 

continuously for another 2 h before termination as described above. The polymer 

was precipitated in methanol. The precipitate was collected by filtration, dried, re-

dissolved in dichloromethane and re-precipitated by dropwise addition of a 

concentrated solution into a vigorously stirred excess of methanol. This procedure 

was done one more time, and the polymer products were isolated by filtration and 

dried under vacuum at room temperature and given in 93% yield (1.72 g); Mw = 

36400 and PDI = 1.50; 1H NMR (300 MHz, CDCl3): δ 0.7-3.4 (br), 4.3-5.8 (br), 

6.9-7.6 (br), 7.8-8.2 (br); 13C NMR (500 MHz, CDCl3): δ 15.4, 16.8, 38.5, 41.0, 

41.9, 43.3, 49.1, 65.9, 108.7, 111.5-112.5 (complex multiplicity), 118.6, 120.1, 

122.7, 123.7, 125.2, 130.6, 133.1, 139.9, 141.9. 
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Formylation of block copolymer. A stirred solution of 1.65 g of block 

copolymer in 30 mL of dry benzene was kept at room temperature while 2.6 mL 

of n-butyllithium (based upon the 100% conversion of N-(3′-bromo)carbazolyl 

group) was added during 15 minutes After 3 h at this temperature, a solution of 

0.32 ml N,N-dimethyl formamide was slowly added and stirred  for another 5 h. 

The reaction mixture is carefully quenched by the addition of saturated NH4Cl at 

0 oC, until the solution becomes acidic. After extraction with dichloromethane, the 

solution was washed successively with water, with saturated NaHCO3 and with 

saturated NaCl solution. After drying over anhydrous Na2SO4, the solvent was 

evaporated to provide the corresponding carbonyl product. The polymer products 

were dissolved in dichloromethane and precipitated by dropwise addition of a 

concentrated solution into a vigorously stirred excess of methanol. The precipitate 

was isolated by filtration and dried under vacuum at room temperature. These 

procedures were done two more times and gave the product in 87.5% yield (1.52 

g); Mw = 46100 and PDI = 1.71; 1H NMR (300 MHz, CDCl3): δ 0.7-3.4 (br), 4.3-

5.8 (br), 6.9-7.6 (br), 7.8-8.2 (br), 9.9-10.2 (br); 13C NMR (500 MHz, CDCl3): δ 

15.4, 16.7, 38.5, 41.0, 41.9, 43.3, 48.8, 65.8, 108.7, 111.6-112.5 (complex 

multiplicity), 118.5, 120.1, 122.7, 123.7, 125.5, 130.6, 133.1, 139.9, 141.9, 191.5; 

UV-Vis (dichloromethane, nm): λmax = 266, 295, 346. 

Condensation of block copolymer. To a mixture of malononitrile (0.15 

mL) and dry pyridine (0.2 mL) in 30 mL of dry benzene stirred at ambient 

temperature for 30 minutes under nitrogen the previous block copolymer (1.42 g) 

was added. The reaction mixture was heated under reflux for 22 h and cooled to 
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room temperature followed by washing with water, drying with sodium sulfate 

and evaporating. The polymer products were dissolved in dichloromethane and 

precipitated by dropwise addition of a concentrated solution into a vigorously 

stirred excess of hexane. The precipitate was collected by filtration, dried, re-

dissolved in dichloromethane and re-precipitated by dropwise addition of a 

concentrated solution into a vigorously stirred excess of hexane. The precipitate 

was isolated by filtration and dried under vacuum at room temperature. These 

procedures were done three more times and gave the product in 81% yield (1.49 

g); Mw = 42000 and PDI = 3.01; 1H NMR (300 MHz, CDCl3): δ 0.7-3.4 (br), 4.3-

5.8 (br), 7.0-7.6 (br), 7.8-8.3 (br); 13C NMR (500 MHz, CDCl3): δ 15.4, 16.6, 

38.5, 41.0, 41.8, 43.3, 49.0, 65.8, 108.7, 111.5-112.5 (complex multiplicity), 

118.6, 119.8, 122.6, 123.7, 125.0, 125.5, 130.7, 133.1, 139.9, 141.9; IR (KBr 

pellet, cm-1) 1596 (νC=C, aromatic), 1626 (νC=C, alkene), 2223 (νC≡N, nitrile);UV-

Vis (dichloromethane, nm): λmax = 266, 295, 331, 346, 413; Tg 242.1 oC under 

nitrogen and Td (onset, 0.6 wt% loss) 368.4 oC under nitrogen. 

Random copolymer of endo-5-(N-carbazolyl)-(trans-6-methyl)-2-

norbornene and endo-5-(N-(3′-bromo)carbazolyl)-(trans-6-methyl)-2-norbornene. 

A solution of catalyst RuCl2(=CHPh)(PCy3)2 (68 mg, 8.02 x 10-5 mol) in 3 mL of 

dichloromethane and the mixture of monomers, endo-5-(N-carbazolyl)-(trans-6-

methyl)-2-norbornene (1.12 g, 4.10 x 10-3 mol) and endo-5-(N-(3′-

bromo)carbazolyl)-(trans-6-methyl)-2-norbornene (723 mg, 2.05 x 10-3 mol), in 

12 mL of dichloromethane were prepared in different flasks in nitrogen-filled 

glove-box. The catalyst solution was injected into the monomer solution by 
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syringe. The reaction was carried out at ambient temperature for 3.25 h before 

termination as described above. The polymer was precipitated in methanol. The 

precipitate was collected by filtration, dried, re-dissolved in dichloromethane and 

re-precipitated by dropwise addition of a concentrated solution into a vigorously 

stirred excess of methanol. This procedure was done one more time, and the 

polymer products were isolated by filtration and dried under vacuum at room 

temperature and given in 98% yield (1.81 g); Mw = 31600 and PDI = 1.35; 1H 

NMR (300 MHz, CDCl3): δ 0.7-3.4 (br), 4.3-5.8 (br), 7.0-7.6 (br), 7.8-8.3 (br); 
13C NMR (500 MHz, CDCl3): δ 15.4, 16.8, 37.9-39.5 (complex multiplicity), 

41.0, 41.9, 43.6, 49.0, 65.8, 108.7, 111.6-112.5 (complex multiplicity), 118.7, 

120.1, 122.7, 123.7, 125.1, 128.2, 130.7, 133.0, 139.8, 141.9. 

Formylation of random copolymer. A stirred solution of 1.73 g of random 

copolymer in 30 mL of dry benzene was kept at room temperature while 2.6 mL 

of n-butyllithium (based upon the 100% conversion of N-(3′-bromo)carbazolyl 

group) was added during 15 minutes After 3 h at this temperature, a solution of 

0.32 ml N,N-dimethyl formamide was slowly added and stirred  for another 5 h. 

The reaction mixture is carefully quenched by the addition of saturated NH4Cl at 

0 oC, until the solution becomes acidic. After extraction with dichloromethane, the 

solution was washed successively with water, with saturated NaHCO3 and with 

saturated NaCl solution. After drying over anhydrous Na2SO4, the solvent was 

evaporated to provide the corresponding carbonyl product. The polymer products 

were dissolved in dichloromethane and precipitated by dropwise addition of a 

concentrated solution into a vigorously stirred excess of methanol. The precipitate 
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was isolated by filtration and dried under vacuum at room temperature. This 

procedures were done two more times and gave the product in 80.1% yield (1.40 

g); Mw = 43700 and PDI = 1.57; 1H NMR (300 MHz, CDCl3): δ 0.7-3.4 (br), 4.3-

5.8 (br), 7.0-7.6 (br), 7.8-8.4 (br), 10.0-10.3 (br); 13C NMR (500 MHz, CDCl3): δ 

15.4, 16.8, 37.9-40.0 (complex multiplicity), 41.1, 41.9, 43.3, 49.1, 65.8, 108.7, 

111.5-112.5 (complex multiplicity), 118.7, 120.1, 122.7, 123.7, 125.1, 130.6, 

133.0, 139.9, 141.9, 191.5; UV-Vis (dichloromethane, nm): λmax = 266, 295, 346. 

Condensation of random copolymer. To a mixture of malononitrile (0.15 

ml) and dry pyridine (0.2 mL) in 30 mL of dry benzene stirred at ambient 

temperature for 30 minutes under nitrogen the previous block copolymer (1.30 g) 

was added. The reaction mixture was heated under reflux for 22 h and cooled to 

room temperature followed by washing with water, drying with sodium sulfate 

and evaporating. The polymer products were dissolved in dichloromethane and 

precipitated by dropwise addition of a concentrated solution into a vigorously 

stirred excess of hexane. The precipitate was collected by filtration, dried, re-

dissolved in dichloromethane and re-precipitated by dropwise addition of a 

concentrated solution into a vigorously stirred excess of hexane. The precipitate 

was isolated by filtration and dried under vacuum at room temperature. This 

procedures were done three more times and gave the product in 67.6% yield (1.24 

g); Mw = 44100 and PDI = 1.62; 1H NMR (300 MHz, CDCl3): δ 0.7-3.4 (br), 4.3-

5.8 (br), 7.0-7.6 (br), 7.8-8.3 (br); 13C NMR (500 MHz, CDCl3): δ 15.4, 16.8, 

36.5-39.4 (complex multiplicity), 41.1, 41.9, 43.6, 49.2, 65.8, 108.7, 111.5-112.5 

(complex multiplicity), 118.8, 120.0, 122.6, 123.7, 125.5, 130.6, 133.0, 139.9, 
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141.9; IR (KBr pellet, cm-1) 1594 (νC=C, aromatic), 1624 (νC=C, alkene), 2223 

(νC≡N, nitrile);UV-Vis (dichloromethane, nm): λmax = 266, 295, 331, 346, 415; Tg 

238.5 oC under nitrogen and Td (onset, 1.4 wt% loss) 374.0 oC under nitrogen. 
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CHAPTER VI 

 

Generalized bulk electrolysis procedure. In a typical experiment, 

bis(enone) substrates (0.395 mmol) dissolved in 20 mL (0.02 M) of the electrolyte 

solution (0.1 M LiClO4 in acetonitrile), unless otherwise specified, were added to 

working electrode compartment. The counter electrode was filled with electrolyte 

solution up to the same level. Electrolysis of the substrate was carried out at a 

specific, constant voltage with stirring at room temperature under a nitrogen 

atmosphere. The reaction was considered complete when no sign of the starting 

substrate was found by thin-layer chromatography, or the current had dropped to 

near zero. The reaction mixture was then subjected to an aqueous workup, dried 

with Na2SO4 and removed the solvent on a rotary evaporator. Following 

electrolysis and this workup, the product was isolated by preparative thin layer 

chromatography (PTLC), eluting with a mixture of ethyl acetate and hexane. 

After identifying the bands, the absorbent was scraped from the PTLC plates and 

extracted with dichloromethane. The extracts were filtered off, and the solvent 

was removed on a rotary evaporator. 

Bulk electrolysis of 25a in 0.02 M concetration. The cyclic voltammetry 

(CV) study of trans, trans-1,7-dibenzoyl-1,6-heptadiene (25a) revealed a peak 

reduction potential of –1.20 V vs SCE. Electrolysis was performed as described 

above on 120 mg (0.02 M) of the substrate at a constant voltage of –0.90 V vs 

SCE. When 38% of charge had passed, the reaction was stopped. The resulting 

reaction mixture was isolated by PTLC, eluting with ethyl acetate/hexanes (1:5) to 
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afford cis-26a (20 mg, 17 %), trans-26a (24 mg, 20%), 27a (10 mg, 8.3%), a 

mixture of cis/trans in the ratio of 2:1 cis-28a (25 mg, 21 %), and 29a (12 mg, 

10%). Although the products on the baseline of the PTLC were not isolated, these 

remaining residues appear to be polymeric products. 

Bulk electrolysis of 25a in 0.04 M concetration. Electrolysis of 25a (355 

mg, 1.17 mmol) in 30 mL of the electrolyte solution (0.04 M) was carried out in –

0.90 V vs SCE. When 17% of current had passed, the reaction was stopped and 

purified to yield cis-26a (92 mg, 26 %), trans-26a (23 mg, 6.5%), 27a (23 mg, 

6.5%), cis-28a (15.5 mg, 4.3 %) and 29a (15.5 mg, 4.3%). An unidentified 

dimeric product (32 mg, 9%) was obtained, and polymeric products were again 

observed on the PTLC baseline. Electrolysis of 25a (120 mg) in –1.50 V vs SCE 

was performed, and the products after 61% of current passed were isolated to 

afford cis-28a (9.6 mg, 8 %) and 29a (22.4 mg, 18.7%). Two different dimers (23 

mg, 19.2% and 11 mg, 9.2% respectively) based upon Rf value on TLC and 

confirmed by LRMS (CI) m/z 611 [2M+1] and HRMS (CI) calcd for C42H43O4 

611.316135, found 611.314858 were obtained, and the remaining polymeric 

products on the baseline of PTLC were observed. 

Exo, cis-6,7-dibenzoylbicyclo[3.2.0]heptane (cis-26a). 1H NMR (CDCl3, 

300 MHz) δ1.80 (m, 6H), 3.19 (m, 2H), 3.85 (dd, J = 2.7, 1.5 Hz, 2H), 7.39 (m, 

6H), 7.78 (m, 4H). 

Trans-6,7-dibenzoylbicyclo[3.2.0]heptane (trans-26a). 1H NMR (CDCl3, 

300 MHz) δ 1.48 (m, 3H), 1.87 (m, 3H), 3.09 (m, 1H), 3.27 (m, 1H), 4.31 (m, 

1H), 4.60 (m, 1H), 7.52 (m, 6H), 8.01 (m, 4H). 
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6-Benzoyl-5-oxa-4-phenylbicyclo[4.3.0]non-3-ene (27a). 1H NMR 

(CDCl3, 500 MHz) δ 1.43 (m, 1H), 1.55 (m, 2H), 1.73 (m, 1H), 1.98 (m, 2H), 

2.69 (m, 2H), 4.87 (d, J = 7.2 Hz, 1H), 5.51 (d, J = 3.9 Hz, 1H), 7.25 (m, 3H), 

7.46 (m, 4H), 7.57 (m, 1H), 8.07 (dd, J = 7.2, 1.5 Hz, 2H); 13C NMR (CDCl3, 500 

MHz) δ 24.0, 28.0, 33.9, 35.7, 37.3, 79.2, 103.0, 124.5, 128.1, 128.5, 129.3, 

150.2, 197.2; 27a was subjected to both 500 MHz COSY and C-H correlation 

spectroscopy in order to assign all protons and carbons; LRMS (CI) m/z 305 

[M+1]; HRMS (CI) calcd for C21H21O2 305.154155, found 305.154631. 

Cis-1,2-di(benzoylmethyl)cyclopentane (cis-28a). 1H NMR (CDCl3, 300 

MHz) δ 1.26 (m, 2H), 1.62 (m, 2H), 1.98 (m, 2H), 2.17 (m, 2H), 2.92 (dd, J = 

16.2, 8.4 Hz, 2H), 3.19 (dd, J = 16.2, 4.7 Hz, 2H), 7.43 (m, 8H), 7.92 (m, 2H); 13C 

NMR (CDCl3, 300 MHz) δ 23.7, 32.5, 41.6, 44.0, 128.1, 128.6, 132.9, 137.2, 

200.2; LRMS (CI) m/z 307 [M+1]; HRMS (CI) calcd for C21H23O2 307.169805, 

found 307.170121. 

2-Benzoyl-3-phenylbicyclo[3.3.0]octan-3-ol (29a). 1H NMR (CDCl3, 300 

MHz) δ1.53 (m, 3H), 1.72 (m, 4H), 2.36 (dd, J = 13.1, 8.0 Hz, 1H), 3.00 (m, 2H), 

3.85 (d, J = 9.3 Hz, 1H), 5.51 (d, J = 2.1 Hz, 1H), 7.12 (m, 1H), 7.22 (m, 2H), 

7.40 (m, 5H), 7.74 (m, 2H); 29a was characterized via single-crystal x-ray 

diffraction; LRMS (CI) m/z 289 [M-H2O], 307 [M+1]; HRMS (CI) calcd for 

C21H23O2 307.169805, found 307.170720. 

Bulk electrolysis of 25b. The CV study of trans, trans-1,7-bis(4, 4′-

dimethoxy)benzoyl-1,6-heptadiene (25b) revealed a peak reduction potential of –

1.30 V vs SCE. Reduction of this substrate (120 mg, 0.33 mmol) in 20 mL of the 
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electrolyte solution (0.017 M) was carried out as described above at a constant 

voltage of –0.95 V vs SCE . When 55% of the calculated charge had passed, the 

reaction was stopped and the reaction mixture was purified by PTLC, eluting with 

ethyl acetate/hexanes (1:5) to afford cis-28b (6 mg, 5%), 29b (11 mg, 9.2%) and 

recovered 25b (4.5 mg, 3.7%). Two different dimers (20 mg, 16.7% and 30 mg, 

25% respectively) were observed based upon their different Rf values on TLC. 

The structures of these dimers was not determined, but their dimeric nature was 

confirmed by LRMS (CI) m/z 731 [2M+1] and HRMS (CI) calcd for C46H51O8 

731.358394, found 731.358813. As before, polymeric products were observed at 

the baseline of the PTLC. 

Cis-1,2-bis(4, 4′-dimethoxybenzoylmethyl)cyclopentane (cis-28b). 1H 

NMR (CDCl3, 300 MHz) δ 1.25 (m, 2H), 1.62 (m, 2H), 1.94 (m, 2H), 2.13 (m, 

2H), 2.85 (dd, J = 16.2, 8.4 Hz, 2H), 3.11 (dd, J = 16.2, 4.7 Hz, 2H), 3.85 (s, 6H), 

6.90 (d, J = 9.0 Hz, 4H), 7.91 (d, J = 9.0 Hz, 4H); LRMS (CI) m/z 367 [M+1]; 

HRMS (CI) calcd for C23H27O4 367.190935, found 367.190838. 

2-(4-Methoxy)benzoyl-3-(4′-methoxy)phenylbicyclo[3.3.0]octan-3-ol 

(29b). 1H NMR (CDCl3, 300 MHz) δ 1.62 (m, 7H), 2.32 (dd, J = 12.9, 7.8 Hz, 

1H), 2.98 (m, 2H), 3.70 (s, 3H), 3.75 (d, J = 9.3 Hz, 1H), 3.83 (s, 3H), 5.69 (s, 

1H), 6.74 (dd, J = 6.9, 2.1 Hz, 2H), 6.86 (dd, J = 6.9, 2.1 Hz, 2H), 7.33 (dd, J = 

6.9, 2.1 Hz, 2H), 7.78 (dd, J = 6.9, 2.1 Hz, 2H); 13C NMR (CDCl3, 500 MHz) δ 

25.6, 31.8, 32.8, 42.4, 49.7, 50.3, 55.2, 55.5, 58.8, 86.8, 113.4, 113.9, 120.9, 

130.5, 130.8, 137.0, 158.3, 164.1, 205.4; LRMS (CI) m/z 349 [M-H2O], 367 

[M+1]; HRMS (CI) calcd for C23H27O4 367.190935, found 367.189562. 
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Bulk electrolysis of 25c. The CV study of trans,trans-1,7-bis(4-methoxy-

4′-nitro)benzoyl-1,6-heptadiene (25c) (150 mg) showed a reversible reduction 

potential of –1.10 V vs SCE. Electrochemical reduction was carried out as 

described above at a constant voltage of –0.80 V vs SCE. When 32% of charge 

had passed, the reaction was stopped and the products isolated by PTLC, eluting 

with ethyl acetate/hexanes (1:1) to afford recovered 25c (5 mg, 3.3%), an 

unidentified dimer (22 mg, 14.6%) confirmed by LRMS (CI) m/z 759 [2M+1] and 

remaining polymeric products on the baseline of PTLC. 

Bulk electrolysis of 25d. The CV study of trans,trans-1,7-dibenzoyl-4-

thia-1,6-heptadiene (25d) revealed a peak reduction potential of –1.25 V vs SCE. 

Electrochemical reduction (25d, 127 mg) was carried out as described above at a 

constant voltage of –0.95 V vs SCE. When 34% of charge had passed, the 

reaction was stopped and the products isolated by PTLC, eluting with ethyl 

acetate/hexanes (1:5) to yield recovered 25d (22 mg, 17.3%) and dimeric or 

oligomeric products (11 mg, 9%) by Rf value on TLC. Baseline products were 

again observed on the PTLC plate. 

Bulk electrolysis of 25e. The CV study of trans,trans-1,7-

diphenylsulfonyl-1,6-heptadiene (25e) revealed a peak reduction potential of –

1.11 V vs SCE. Electrochemical reduction was carried out as described above at –

0.80 V vs SCE. When 25% of charge had passed, the reaction was stopped. No 

sign of reaction was observed based upon both proton NMR analysis and TLC, 

and 85% (127 mg) of 25e was recovered.  
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Bulk electrolysis of 25f in 0.02 M concetration. The CV study of trans, 

trans -7-acetyl-1-benzoyl-1,6-heptadiene (25f) revealed a  peak reduction 

potential of –1.14 V vs SCE. Electrochemical reduction of this substrate (96 mg) 

was performed as described above at a constant voltage of –1.0 V vs SCE. When 

33% of charge had passed, the reaction was stopped and the reaction mixture 

isolated by PTLC, eluting with ethyl acetate/hexanes (1:5) to afford cis-26f (10 

mg, 10.4%), trans-26f (10 mg, 10.4%), 30f (11 mg, 11.5%) and a dimer (8 mg, 

8.3%) of unidentified structure. Polymeric products were again observed on the 

baseline of the PTLC plate. 

Bulk electrolysis of 25f in 0.003 M concetration. Electrolysis of 25f (156 

mg, 0.65 mmol) in 22 mL of the electrolyte solution (0.003 M) was carried out at 

–1.0 V vs SCE. When 41% of charge had passed, the reaction was stopped and 

purified to afford an unidentified aldol type product confirmed by LRMS (CI) m/z 

227 [M-H2O] (2 mg, 1.3%), cis-26f (32 mg, 20.6%), trans-26f (22 mg, 14%) and 

an unidentified dimer (7 mg, 4.5%) confirmed by LRMS (CI) m/z 487 [2M+1]. 

The remaining polymeric products were observed at the baseline of the PTLC. 

Exo, cis-7-acetyl-6-benzoylbicyclo[3.2.0]heptane (cis-26f). 1H NMR 

(CDCl3, 300 MHz) δ 1.75 (m, 6H), 1.99 (s, 3H), 2.99 (m, 3H), 3.76 (dd, J = 9.2, 

5.3 Hz, 1H), 7.46 (m, 3H), 7.80 (m, 2H). 

Trans-7-acetyl-6-benzoylbicyclo[3.2.0]heptane (trans-2f). 1H NMR 

(CDCl3, 500 MHz) δ 1.52 (m, 3H), 1.78 (m, 3H), 2.08 (s, 3H), 2.88 (m, 1H), 3.06 

(m, 1H), 3.82 (m, 1H), 3.97 (m, 1H), 7.27 (m, 3H), 7.92 (m, 2H); 13C NMR 

(CDCl3, 500 MHz) δ 25.6, 28.3, 28.7, 32.0, 38.2, 39.8, 43.0, 46.4, 128.5, 128.6, 
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133.1, 135.6, 200.1, 206.5; trans-26f was subjected to both 500 MHz COSY and 

C-H correlation spectroscopy in order to assign all protons and carbons; LRMS 

(CI) m/z 243 [M+1]; HRMS (CI) calcd for C16H19O2 243.138505, found 

243.137944. 

5-Phenyltricyclo[5.3.02,6]decan-4-ene-3-one (30f). 1H NMR (CDCl3, 500 

MHz) δ 1.61 (m, 3H), 1.91 (m, 3H), 2.51 (m, 1H), 2.55 (ddd, J = 6.8, 6.8, 2.8 Hz, 

1H), 2.64 (ddd, J = 6.8, 6.5, 3.1 Hz, 1H), 3.14 (m, 1H), 6.66 (s, 1H), 7.46 (m, 3H), 

7.59 (m, 2H); 30f was characterized via single-crystal x-ray diffraction; LRMS 

(CI) m/z 255 [M+1]; HRMS (CI) calcd for C16H17O1 225.127940, found 

225.128519. 
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Figure A-1: View of 29a showing the atom labeling scheme. Displacement 
ellipsoids are scaled to the 50% probability level. The dashed line indicates an 
intramolecular H-bound with geometry: O9-H9…O11; O…O 2.692(2) Å, H…O 
1.87(2)Å, O-H…O 146(2)°.  
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Figure A-2: View of 30f showing the atom labeling scheme. Displacement 
ellipsoids are scaled to the 50% probability level.  
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APPENDICES 

APPENDIX A 

X-ray Experimental for C21H22O2 (29a): Crystals grew as colorless plates 

by slow dissolving into a mixture of hexane and dichloromethane solution. The 

data crystal was cut from a larger crystal and had approximate dimensions of 0.2 

x 0.1 x 0.1 mm. The data were collected on a Nonius Kappa CCD diffractometer 

using a graphite monochromator with MoKα radiation (λ = 0.71073 Å). A total of 

436 frames of data were collected using ω-scans with a scan range of 1° and a 

counting time of 168 seconds per frame. The data were collected at 153 K using a 

Oxford Cryostream low temperature device. Details of crystal data, data 

collection and structure refinement are listed in Table 1. Data reduction were 

performed using DENZO-SMN.1 The structure was solved by direct methods 

using SIR922 and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for the non-H atoms using SHELXL-97.3 The hydrogen 

atoms were located in a ∆F map and refined with isotropic displacement 

parameters. The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 

1/[(σ(Fo))2 + (0.0228*P)2 + (0.5157*P)] and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) 

refined to 0.121, with R(F) equal to 0.0590 and a goodness of fit, S = 1.01. 

Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given 

below.4 The data were corrected for secondary extinction effects. The correction 

takes the form: Fcorr = kFc/[1 + (1.3(3)x10-5)* Fc2λ3/(sin2θ)]0.25 where k is the 

overall scale factor. Neutral atom scattering factors and values used to calculate 
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the linear absorption coefficient are from the International Tables for X-ray 

Crystallography (1992).5 All figures were generated using SHELXTL/PC.6  

Table 1-1: Crystal data and structure refinement for 29a. 

 

Empirical formula C21 H22 O2 

Formula weight 306.39 

Temperature 153(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions a = 9.0455(2) Å   α= 82.5100(12)° 

 b = 9.4588(2) Å   β= 78.0270(12)° 

 c = 10.1065(3) Å  γ = 69.9400(11)° 

Volume 792.93(3) Å3 

Z 2 

Density (calculated) 1.283 Mg/m3 

Absorption coefficient 0.081 mm-1 

F(000) 328 

Crystal size 0.20 x 0.10 x 0.10 mm 

Theta range for data collection 2.99 to 30.00° 

Index ranges -8<=h<=12, -9<=k<=13, -11<=l<=14 

Reflections collected 6543 

Independent reflections 4547 [R(int) = 0.0261] 

Completeness to theta = 30.00° 98.3 % 
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Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4547 / 0 / 297 

Goodness-of-fit on F2 1.014 

Final R indices [I>2sigma(I)] R1 = 0.0590, wR2 = 0.1029 

R indices (all data) R1 = 0.1039, wR2 = 0.1211 

Extinction coefficient 1.3(3) x 10-5 

Largest diff. peak and hole 0.290 and -0.219 e.Å-3 

 
Table 1-2: Atomic coordinates (x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for 29a. U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 

__________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________ 
C1 1276(2) 1406(2) 1274(2) 19(1) 
C2 1932(2) 1392(2) 2582(2) 18(1) 
C3 3655(2) 233(2) 2337(2) 21(1) 
C4 4169(2) -744(2) 3609(2) 28(1) 
C5 3571(3) -2075(2) 3644(2) 31(1) 
C6 3952(3) -2434(2) 2158(2) 31(1) 
C7 3570(2) -888(2) 1359(2) 24(1) 
C8 1872(2) -272(2) 1027(2) 25(1) 
O9 2073(1) 2111(1) 145(1) 25(1) 
C10 1928(2) 2899(2) 2933(2) 19(1) 
O11 2111(2) 3861(1) 2027(1) 27(1) 
C12 1825(2) 3194(2) 4371(2) 19(1) 
C13 1250(2) 2362(2) 5474(2) 25(1) 
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C14 1190(2) 2680(2) 6792(2) 28(1) 
C15 1701(2) 3832(2) 7018(2) 26(1) 
C16 2266(2) 4674(2) 5935(2) 29(1) 
C17 2319(2) 4364(2) 4617(2) 25(1) 
C18 -538(2) 2126(2) 1432(2) 20(1) 
C19 -1546(2) 1567(2) 2447(2) 23(1) 
C20 -3193(2) 2174(2) 2578(2) 25(1) 
C21 -3879(2) 3365(2) 1699(2) 26(1) 
C22 -2896(2) 3937(2) 695(2) 25(1) 
C23 -1242(2) 3320(2) 561(2) 22(1) 
__________________________________________________________________ 

APPENDIX B 

X-ray Experimental for C16H16O (30f): Crystals grew as colorless plates 

by slow dissolving into a mixture of hexane and dichloromethane solution. The 

data crystal was cut from a larger crystal and had approximate dimensions of 0.2 

x 0.18 x 0.13 mm. The data were collected on a Nonius Kappa CCD 

diffractometer using a graphite monochromator with MoKα radiation (λ = 

0.71073 Å). A total of 402 frames of data were collected using ω-scans with a 

scan range of 1° and a counting time of 122 seconds per frame. The data were 

collected at 153 K using a Oxford Cryostream low temperature device. Details of 

crystal data, data collection and structure refinement are listed in Table 1. Data 

reduction were performed using DENZO-SMN.1 The structure was solved by 

direct methods using SIR922 and refined by full-matrix least-squares on F2 with 

anisotropic displacement parameters for the non-H atoms using SHELXL-97.3 

The hydrogen atoms on carbon were calculated in ideal positions with isotropic 

displacement parameters set to 1.2 x Ueq of the attached atom (1.5 x Ueq for 
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methyl hydrogen atoms). There are two crystallographically unique molecules per 

asymmetric unit. The unique molecules are essentially identical in conformation. 

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + 

(0.0345*P)2 + (1.533*P)] and P = (|Fo|2 + 2|Fc|2)/3. Rw(F2) refined to 0.189, 

with R(F) equal to 0.0844 and a goodness of fit, S = 1.098. Definitions used for 

calculating R(F), Rw(F2) and the goodness of fit, S, are given below.4 The data 

were checked for secondary extinction effects but no correction was necessary. 

Neutral atom scattering factors and values used to calculate the linear absorption 

coefficient are from the International Tables for X-ray Crystallography (1992).5 

All figures were generated using SHELXTL/PC.6  

Table 2-1: Crystal data and structure refinement for 30f. 
 

Empirical formula C16 H16 O 

Formula weight 224.29 

Temperature 153(2) K 

Wavelength 0.71073 Å 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions a = 10.4051(4) Å   α= 61.397(2)° 

 b = 11.7098(4) Å   β= 68.902(2)° 

 c = 11.9399(5) Å  γ = 86.942(2)° 

Volume 1178.98(8) Å3 

Z 4 

Density (calculated) 1.264 Mg/m3 
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Absorption coefficient 0.077 mm-1 

F(000) 480 

Crystal size 0.20 x 0.18 x 0.13 mm 

Theta range for data collection 3.12 to 27.45° 

Index ranges -13<=h<=13, -10<=k<=15, -14<=l<=15

Reflections collected 7128 

Independent reflections 5117 [R(int) = 0.0361] 

Completeness to theta = 30.00° 94.6 % 

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5117 / 0 / 308 

Goodness-of-fit on F2 1.098 

Final R indices [I>2sigma(I)] R1 = 0.0844, wR2 = 0.170 

R indices (all data) R1 = 0.122, wR2 = 0.189 

Largest diff. peak and hole 0.64 and -0.27 e.Å-3 

 
Table 2-2: Atomic coordinates (x 104) and equivalent isotropic displacement 
parameters (Å2x 103) for 30f. U(eq) is defined as one third of  the trace of the 
orthogonalized Uij tensor. 
__________________________________________________________________ 
 x y z U(eq) 
__________________________________________________________________ 
C1' 6395(3) 4081(3) 3687(3) 35(1) 
C2' 4940(3) 4235(3) 3901(3) 34(1) 
C3' 4451(3) 3690(3) 3335(3) 33(1) 
C4' 5534(3) 3042(3) 2698(3) 34(1) 
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C5' 6300(3) 3925(3) 1100(3) 36(1) 
C6' 6712(3) 3173(3) 294(3) 44(1) 
C7' 7926(3) 2525(3) 614(3) 45(1) 
C8' 8739(3) 3528(3) 659(3) 43(1) 
C9' 7627(3) 4170(3) 1320(3) 37(1) 
C10' 6843(3) 3307(3) 2910(3) 36(1) 
O11' 7142(2) 4497(2) 4038(2) 44(1) 
C12' 3066(3) 3712(3) 3265(3) 32(1) 
C13' 2081(3) 4389(3) 3764(3) 36(1) 
C14' 788(3) 4389(3) 3691(3) 41(1) 
C15' 445(3) 3729(3) 3111(3) 40(1) 
C16' 1417(3) 3065(3) 2605(3) 42(1) 
C17' 2708(3) 3052(3) 2679(3) 40(1) 
C1 5547(3) 9163(3) 3563(3) 38(1) 
C2 6780(3) 9289(3) 3819(3) 35(1) 
C3 7812(3) 8741(3) 3272(3) 38(1) 
C4 7330(3) 8046(3) 2669(3) 39(1) 
C5 7845(3) 8865(3) 1071(3) 41(1) 
C6 8100(3) 8025(3) 349(3) 44(1) 
C7 6674(3) 7502(4) 616(4) 48(1) 
C8 5830(3) 8608(3) 540(4) 47(1) 
C9 6350(3) 9219(3) 1211(3) 42(1) 
C10 5842(3) 8366(3) 2807(3) 42(1) 
O11 4457(2) 9588(2) 3877(2) 48(1) 
C12 9245(3) 8753(3) 3206(3) 36(1) 
C13 9763(3) 9480(3) 3643(3) 42(1) 
C14 11100(3) 9454(3) 3604(3) 47(1) 
C15 11967(3) 8706(4) 3125(3) 48(1) 
C16 11479(3) 8008(3) 2667(3) 47(1) 
C17 10144(3) 8022(3) 2712(3) 43(1) 

__________________________________________________________________
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