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The design, synthesis and characterization of novel conjugated polymers are 

described. Using a coupling reaction recently developed within our labs, polymers were 

constructed through triazene linkages generated by joining N-heterocyclic carbenes 

(NHCs) with organic azides. This triazene reaction produced polymer of sufficiently high 

molecular weight as to be spin-coated and rendered conductive upon doping with iodine. 

The reaction also has potential for executing post-polymerization modifications. This was 

evidenced through rapid functionalization of poly(4-methylazido-styrene) via triazene 

formation using a commercially available N-heterocyclic carbene (NHC). 

A formal anion metathesis of benzobis(imidazolium)s was used to transform 

neutral block copolymers into block ionomers. Further investigation of the block 

ionomers revealed their solvent mediated self assembly. The gradual change of organic to 

aqueous media caused the adoption of a three-dimensional micelle conformation as 

determined by transmission electron microscopy and dynamic light scattering.   

Through the exploitation of carbene-carbon disulfide adducts, new chain transfer 

agents were generated. After 2-dithiocarboxylate-imidazolium adduct formation, 
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alkylation was performed with benzyl bromide. The resulting charged chain transfer 

agent was tested for its ability to moderate radical addition fragmentation (RAFT) 

polymerizations of styrene. A considerable increase in transfer kinetics as compared to 

that of commonly used RAFT agents was observed whilst retaining low polydispersity 

and molecular weight control. The rate enhancement is presumably due to the electron 

withdrawing imidazolium activating the thionyl towards the nucleophilic radical while 

retaining effective fragmentation.   

Ion coordinating macrocycles were affixed to a poly(methacrylate) scaffold for 

employment as electrolyte extractants. Polymer bound calix[4]pyrrole was found to 

complex fluoride and chloride with sufficient strength as to extract tetrabutylammonium 

salts from water. Enhanced extraction abilities were observed when calix[4]pyrrole was 

used in conjunction with benzo-15-crown-5. Methacrylate polymers containing both 

macrocycles affected the removal of aqueous potassium fluoride from a biphasic 

water/dichloromethane mixture. To provide evidence for the presence of potassium 

fluoride within the dichloromethane layer, 19F NMR and flame emission spectroscopy 

were used.      
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Chapter 1: Introduction 

INTRODUCTION  

 The application of new materials allows for the continual advancement of 

technology. Examples of this progression can be found from conjugated polymers used in 

organic solar cells1 to semi-permeable membranes employed in reverse osmosis.2 

Sustained improvement of device functions requires a continual increase in material 

specificity attained through new polymers and their architectures. Many innovative 

polymer advances can be traced back to the incorporation of new monomers designed to 

impart the resulting material with specific functions, such as sensing,3 conduction4 and 

high tensile strength.5 However, new architectures result from high levels of control 

during the polymerization process.6 It is this control which allows for the sequential 

formation of block, cyclic, graft, and hyper-branched polymers among others, thereby 

providing new function through form.7 Herein, efforts toward the synthesis of original 

materials for such advances are described. The conclusion of the dissertation will detail 

new means of utilizing anion recognition for the purpose of increasing catalyst activity.   

  

TRIAZENE FORMATIONS 

The joining of an NHC with an organic azide produces a three nitrogen 

conjugated linkage, or triazene (Scheme 1.1). Triazene formations were previously 

reported to occur spontaneously in excellent yields without the need for catalyst or 

elevated temperatures.8 More exhaustive investigations revealed that the triazene linkage 

could be formed using virtually any organic azide and NHC combination. The reaction’s 

great potential was immediately identified and efforts were applied on two distinct fronts: 
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1) Formation of conjugated polymers and 2) rapid means for post-polymerization 

modifications.9   

 

Scheme 1.1  Triazene formation through NHC/azide coupling. 

The genesis of conjugated polymers dates back to the 1970s when the first 

polymer capable of conducting electricity, polyacetylene, was reportedly made by 

accident.10 Soon after Shirakawa’s discovery, Heeger and MacDiarmid drastically 

improved the polymer’s conductivity through oxidative doping.11 The news of an all 

organic conducting material quickly reverberated throughout the polymer community and 

an intense investigation into conjugated materials soon followed. The ardent interest into 

this burgeoning field was owed to the potential for organic polymers to merge 

processability, environmental stability, weight and cost advantages of conventional 

organic materials with the useful electrical properties of inorganic materials. The triazene 

reaction was poised to create conductive macromolecules with the use of conjugated 

monomers.    

The transition from small molecule to polymer synthesis was facilitated by the use 

of biscarbenes. The first generation of this new class of biscarbenes was derived from 

direct alkylation of benzobisimidazole with primary alkyl halides.12 These compounds 

did not provide isolable free biscarbenes, but rather biscarbenes in equilibrium with 
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homodimerized enetetraamines.13 However, they provided a platform for subsequent 

investigations into the polymerization potential of this reaction. The poor solubility of 

first generation biscarbenes was determined early. In an attempt to overcome this 

problem, dodecyl bromide was used to alkylate the benzobisimidazole. While this proved 

to remedy the poor solubility, it yielded a waxy material difficult to manipulate. A second 

generation of biscarbenes was synthesized through tetra-aryl amination of 1,2,4,5-

tetrabromobenzene allowing access to tertiary and aryl N-substituents.14 Solubilizing 

alkyl chains and steric bulk adjacent to the nitrogen, which prevented homodimerization, 

were installed using this method providing crystalline free biscarbene. 

The combination of equal equivalents free biscarbene and 1,4-diazidobenzene 

yielded processable step growth polymer. The materials were characterized via gel 

permeation chromatography using light scattering, UV-Vis, NMR spectroscopy and two-

point probe conductivity measurements. The polymer was found to have a molecular 

weight of 25 kDa and a conductivity of 4x10-3 S/cm.   

In addition to forming polymer, the reaction was found adept at performing post-

polymerization modifications. Post-polymerization modifications can be used to install 

functionality on a material that does not exhibit orthogonal reactivity to polymerization 

and/or processing events. These types of modifications can only be effectively performed 

using reactions void of any deleterious chain breaking processes and exceptionally high 

yielding to ensure quantitative functionalization. The copper catalyzed Huisgen 

cycloaddition reaction has proved extremely useful for these purposes providing a facile 

means for versatile modifications (Scheme 1.2 A).15 Not surprisingly, the reaction was 

quickly accepted within the materials community for polymer formation and 

modification.16 The reaction attributes that render the cycloaddition amenable to post-

polymerization modifications are similar to those of the triazene forming reaction 
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(Scheme 1.2 B). Both quickly join their respective complementary groups to form stable 

linkages in high yields. Additionally, the reactions proceed under ambient temperatures 

and utilize commercially available starting materials. However, the triazene reaction is 

deemed to possess the additional benefit of not requiring a toxic metal catalyst. 

 

Scheme 1.2  Two separate forms of post-polymerization modifications on poly(4-

methylazido-styrene). 
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growing all polymer chains at an even rate. Currently, two main methods for obtaining a 

CRP exist: 1) The creation of an equilibrium between active and dormant propagating 

chains to reduce the concentration of active radicals at any given point and 2) 

Employment of chain transfer to shuffle relatively few propagating radicals between all 

of the growing polymer chains. Atom transfer radical polymerization7 and nitroxide 

mediated polymerization18 are examples of techniques utilizing active/dormant 

propagating chain equilibriums. In both cases the dormant species is favored allowing 

only a fraction of the chains to participate in propagation. Radical addition fragmentation 

chain transfer (RAFT) polymerizations use a chain transfer agent (CTA) to facilitate the 

transfer of propagating radicals over a much greater number of growing polymer 

chains.19   

 

Scheme 1.4  Depiction of RAFT polymerization 
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RAFT polymerizations have found a distinct advantage over other CRP 

techniques due to the broader scope of participating monomers.17 The ability to 

polymerize such a wide range of olefins stems from the modulating ability of the Z-group 

as depicted in Scheme 1.4. The rates of addition (kadd) and fragmentation (kfrag) are 

intimately related to the electron donating abilities of this group. The rate of addition 

increases with increasing electron withdrawing character of the Z-group. In order to fully 

capitalize on this finding, a cationic imidazolium was installed adjacent to the dithioester 

moiety. The direct conjugation of the formal charge to the thionyl was expected to afford 

unprecedented kinetics.   

A RAFT agent bearing an imidazolium was evaluated for its ability to control 

bulk styrene polymerizations. Attempting CTA/initiator ratios of 3-10 afforded no 

polymer after 2 days. Upon use of a 1/1 ratio, polymers of predetermined molecular 

weight and narrow polydispersities under 1.3 were obtained. These results are indicative 

of a highly active and efficient RAFT agent. 

 

MICELLE FORMATIONS 

 Amphiphilic molecules and polymers self-assemble upon modulation of solvent 

polarity to maximize hydrophobic and hydrophilic interactions. When solvent polarity is 

made polar by the addition of a polar solvent, such as water, normal micelles having a 

hydrophobic interior and hydrophilic corona are produced. Micelles have become of 

tremendous interest due to their application in therapeutics20 and cancer treatment.21 

Block ionomers are examples of amphiphilic block copolymers gaining considerable 

interest for their use in micelle formations.22 However, the exceedingly difficult 

preparation of this type of block copolymer, due to the phase incompatibility between 

charged and neutral monomers, has led to its under utilization despite great utility.23 In 
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order to circumvent solubility issues associated with charge incompatibility, molecules 

having the ability to decompose,24 hydrolyze25 or substitute into charged species can be 

implemented as “pro-ionomeric” monomers. Employment of these neutral monomers 

with compatible solubilities facilitated the polymerization and production of block 

ionomers.  

Ethyl styrene sulfonate was chosen for study due to its electrophilic ethyl group 

being poised for easy removal allowing anion formation. The sulfonate generation was 

facilitated through a nucleophilic substitution reaction. A recent report described the 

reaction between halide counter anions and various sulfonates in a formal anion 

metathesis (AM).26 Following this methodology, benzobisimidazolium (BBI) halide salts 

were employed in AM. This proved an effective means of generating block ionomers 

from neutral copolymers while imparting the fluorescent behavior known to BBIs 

(Scheme 1.4).27 Upon completion of the AM reaction, purification involved simple 

removal of volatile byproducts.    

 

Scheme 1.4  Utilization of pro-ionomeric block polymer for micelle formations. 
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Two separate block ionomers were evaluated for their ability to form micelles; 

one contained a water soluble ionic block while the other contained an organic soluble 

ionic block. Due to the opposite solubilities of the ionic blocks, a corresponding neutral 

block with the reverse water solubility (polystyrene and polyethylene glycol, 

respectively) was used to ensure amphiphilicity. Upon slow addition of water to each 

block ionomer, self-assembly was induced. Generally micelles have the disadvantage of 

poor stability at dilutions below their critical micelle concentration (CMC) and elevated 

temperatures. Cross-linking strategies, however, can be implemented to avoid these 

instabilities. The dicationic BBI was designed to provide an electrostatic means for cross-

linking thereby stabilizing the micelles under extreme dilution and temperatures of at 

least 75 °C.28 

 

ELECTROLYTE EXTRACTION  

The removal of aqueous electrolyte has come to be of great importance. In arid 

regions, such as the Middle East, clean drinking water is in short supply. To keep up with 

demand, large scale facilities have been designed for desalination of sea water. Other 

locations, like Turkey, have toxic levels of fluoride in their well water supplies due to 

large deposits of fluorapatite.29 Excessive levels of phosphate and nitrate leads to 

eutrophication of fresh water lakes and rivers rendering them uninhabitable to many 

aquatic organisms.30 On a smaller scale, hemodialysis patients require cleansing of their 

blood several times a week to remove electrolytes not adequately removed by their 

kidneys. Examples like desalination and fluoride removal can be accomplished using 

processes with minimal selectivity such as distillation, reverse osmosis and alumina 

filters. However, selectivity becomes of paramount importance when attempting to purify 

an aquatic habitat or the human bloodstream.   
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The selective complexation of electrolytes can be accomplished through 

utilization of compounds capable of binding specific ions of interest. Two examples of 

such compounds are calix[4]pyrrole and benzo-15-crown-5, well known to complex 

fluoride31 and potassium32 respectively. Their ability to solubilize a counter ion within 

organic solvents has led to their use as phase transfer catalysts.33 These compounds have 

also been incorporated onto polymer scaffolds for purposes such as electrolyte 

detection,34 but not for inorganic salt removal. In collaboration with the Sessler group 

novel polymers were constructed having pendent coordinating macrocycles to affect salt 

removal.   

 

Figure 1.1  Polymeric extraction of KF 

 

 

 

Distinct methacrylate monomers having either a benzo-15-crown-5 or a 

calix[4]pyrrole were copolymerized with methyl methacrylate. The resultant polymers 

were tested for their ability to extract potassium fluoride from a biphasic solution of 

dichloromethane and water (Figure 1.1). Potassium fluoride was chosen as a model 
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substrate for several reasons. First, both potassium and fluoride in excess concentrations 

lead to severe health problems such as hyperkalemia and fluorosis. Second, potassium 

fluoride is completely insoluble in organic media. And finally, it is easily detected and 

quantified by 19F NMR spectroscopy and flame emission spectroscopy. The polymer was 

found to remove potassium fluoride while the small molecule receptors proved 

unsuccessful, providing evidence that a polymeric scaffold is needed for effective 

extraction. Furthermore, two copolymeric controls were also tested. One contained 

methyl methacrylate and the calix[4]pyrrole monomer while the other was a combination 

of methyl methacrylate and the benzo-15-crown-5 monomer. The findings demonstrated 

extraction abilities of 75% and 5%, respectively, relative to the polymer functionalized 

with both macrocycles.  These findings illustrate how the combination of complementary 

ion-coordinating groups on a polymer promotes the most effective electrolyte extraction 

material.   
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Chapter 2:  Synthesis of Conjugated Polytriazenes via N-Heterocyclic 
Carbene/Azide Coupling Chemistry 

ABSTRACT 

Combination of linearly-opposed bis(N-heterocyclic carbene)s with 

complementary bis(aryl azide)s afforded a new class of conjugated polytriazenes with 

molecular weights up to 23.5 kDa, as determined by gel permeation chromatography with 

light scattering. Despite their relatively high nitrogen contents, thermogravimetric 

analysis revealed that these materials were stable at temperatures exceeding 250 °C 

(under an atmosphere of nitrogen).  The λmax of these polymers ranged from 379 to 485 

nm, values significantly red-shifted as compared to those of their small molecule 

analogues. A polytriazene was spin-coated from CH2Cl2 and successfully rendered 

electrically-conductive (σ = 4x10-3 S/cm) by oxidative doping within an iodine chamber.   
 

INTRODUCTION 

With potential applications in photovoltaics,35 sensors,36 light-emitting diodes,37 

and many other useful devices, conjugated polymers38 (CPs) continue to garner 

tremendous interest across a range of scientific and engineering disciplines. Although a 

variety of CPs are known,39 the electronic and photophysical properties displayed by 

these materials are strongly dependent on their molecular structures.40 Hence, an effective 

strategy to create materials which display improved or novel functions, or those that can 

be used in new applications, is to synthesize new classes of CPs. Ideally, the 

methodologies used to prepare such CPs should be straightforward and afford highly pure 

materials with sufficiently high molecular weights in good yields. 
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Recently, it was reported that N-heterocyclic carbenes (NHCs) react rapidly and 

quantitatively with organic azides to afford linear triazenes (see Eq. 2.1).41 The reaction 

tolerates wide variation in the structures of both the NHC and azide coupling partners. 

Through a comprehensive study of the structural characteristics and electronic properties 

displayed by the reaction products, it was determined that electronic delocalization across 

the triazene linkage was not only efficient, but tunable.42  Another noteworthy feature 

was that, despite their relatively high nitrogen contents, the triazene products were 

thermally-stable. For example, derivatives possessing bulky N-substituents (e.g., tert-

butyl) were found to be stable in the solid-state to temperatures exceeding 150 °C.42 In 

many ways, the NHC/azide coupling reaction is similar to the Cu(I)-catalyzed 1,3-dipolar 

“click” cycloaddition reaction43 which has found tremendous utility in the synthesis of 

macromolecular materials,44 including conjugated polymers.45 One clear distinction 

between the cycloaddition and the NHC/azide coupling reactions, however, is that the 

latter does not require the use of a catalyst facilitating the isolation of pure products. 
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Collectively, the unique features of the NHC/azide coupling reaction make it 

extremely amenable for use in synthetic polymer chemistry. It was envisioned combining 

difunctional monomers possessing either NHC (2.1) or azide (2.2) functionalities to 

create a new class of conjugated polytriazenes (2.3) (see Eq. 2.2).  A corollary of this 

investigation was the expansion of the use of readily-accessible bis(azide)s in the 

synthesis of CPs. Although other methods which utilize such monomers as building 

blocks for accessing CPs have been described,46 the polymers produced from these 

reactions typically exhibit limited electronic properties. Herein, a report on the synthesis 

and study of novel triazene-linked CPs that exhibit good electronic properties via 

NHC/azide coupling chemistry is presented. 

 

Figure 2.1.  Structures of various bis(carbene)s 2.1 and bis(azide)s 2.2 used in this study. 
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RESULTS 

The structures of various bis(NHC) and bis(azide) monomers studied are shown 

in Figure 2.1.  Benzobisimidazolylidene 2.1a was prepared via amination of 1,2,4,5-

tetrabromobenzene followed by formylative cyclization and deprotonation, in accord with 

published procedures.47 Biphenyl-based bis(NHC) 2.1b was synthesized from its 

respective tetraamine in a similar fashion.48 The N-substituents featured in these 

molecules were chosen to enhance the solubilities of their respective polymers. To 

maximize the formation of conjugated bonds in their respective polymers, bis(aryl azide)s 

were studied exclusively. In particular, 1,4-diazidobenzene49 (2.2a) as well as 4,4′-

diazidobiphenyl50 (2.2b) were synthesized as previously described in the literature. 

Considering CPs containing fluorene have found utility in display devices,51 we also 

prepared 2,7-diazido derivative45 2.2c featuring two hexyl chains at the 9-position to 

enhance stability toward photooxidation as well as to increase solubility. 

In an initial experiment, bis(NHC) 2.1a was added to an equimolar quantity of 

bis(azide) 2.2a in THF (total initial monomer concentration of 0.1 M) and then stirred at 

ambient temperature. Aliquots were removed periodically and analyzed by 1H NMR 

spectroscopy. Since NHC end-groups do not possess any easily discernable 1H NMR 

handles, excess 1,4-diazidobenzene (2.2a) was added to the crude reaction mixture 

converting all residual NHCs to their respective triazenes. To remove unreacted 

bis(azide), the reaction mixture was poured into pentanes, a poor solvent for the 

polymer.52 The precipitated solids were then collected via vacuum filtration and dried 

under high vacuum to afford 3a in 82% yield (based on initial quantities of 2.1a and 

2.2a). By comparing 1H NMR signals diagnostic of the triazene end-groups (d, 7.02 ppm, 

terminal Ar-H) to those attributed to the polymer’s repeating units, 2.1a (s, 7.56 ppm) and 

2.2a (s, 7.01 ppm, Ar-H), the Mn of 2.3a was calculated to be 28.5 kDa. As shown in 
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Figure 2.2, the increase in degree of polymerization produced an exponential curve as 

expected for a step-growth polymerization.53 After 24 h, the reaction appeared to be 

complete and afforded a polymer with a number-average molecular weight (Mn) of 28 

kDa. Further analysis of the final crude reaction mixture by 1H NMR spectroscopy 

revealed that the signals associated with the polymer’s bis(NHC) and bis(azide) repeating 

units were broad and shifted downfield relative to their respective monomers. As a final 

check for purity, polymer 3a was subjected to elemental analysis and found to be in good 

agreement with its predicted composition (calculated: C 72.8, H 10.1, N 16.9; found: C 

72.62, H 10.09, N 16.70). 
 

Figure 2.2.  Plot of molecular weight versus time for a polymerization reaction of 2.1a 

and 2.2a.  The degree of polymerization was determined by 1H NMR through integration 

of end groups relative to polymer signals in CDCl3. 
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their respective bis(azide). The crude reaction mixtures were subsequently poured into 

pentanes, causing polymeric products to precipitate. These materials were collected by 

filtration, dried under high vacuum, and characterized using a variety of techniques; key 

results are summarized in Table 1. In general, they were found to be soluble in common 

organic solvents, particularly chlorinated solvents such as dichloromethane and 

chloroform. The structures of the polymers 2.3 produced from these reactions were 

determined via NMR spectroscopy and found to be consistent with those shown in Eq. 

2.2.54 Notably, polymerizations involving bis(carbene) 2.1a produced higher molecular 

weight polymers than analogous reactions involving 2.1b. The difference may be 

explained by the reduced conformational freedom associated with the former monomer 

(thus reducing chances for molecular weight limiting cyclization and related side-

reactions).   

 

Table 1  Key properties of the polytriazenes prepared from the monomers indicated.a 

Bis 
(NHC) 

bis 
(azide) 

poly. Yieldb,c 

(%) 
Mn, 

NMR
d

 
(kDa) 

Mn, 

GPC
e 

(kDa) 

Td
f 

(°C)
λmax

g 
(nm) 

 ε/103 

(M1cm-1) 

1a 2a 3a 91 28.5 23.5 266 485 0.497 

1a 2b 3b 89 18.0 13.5 266 434 0.367 

1a 2c 3c ndh nd nd 266 450 0.338 

2b 2a 3d 93 6.8 nd 256 437 0.359 

2b 2b 3e 90 7.3 nd 256 379 0.479 

2b 3c 3f ndh nd nd 256 436 0.374 
 

a All polymerization reactions were performed in THF using equimolar quantities of 
monomers 2.1 and 2.2 (total initial concentration of monomer = 0.1 M).  b Isolated 
yields of the products were obtained by precipitation into pentanes then collected, 
dried, and characterized.  c Isolated yields were also obtained by simple removal of 
solvent and were found to be quantitative for all polymers with no identification of 
residual monomer by 1H NMR spectroscopy. d Molecular weights were determined 
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by end-group analysis; see text for details. e GPC performed using THF/pyridine (9 
: 1) using light scattering for Mn determination. f Performed under an atmosphere of 
nitrogen at a scan rate of 10 °C/min. g UV/vis was performed in THF at ambient 
temperature. h The polymer was found to be too soluble in pentanes for accurate 
yield determination. 

Upon synthesis, the thermal properties of the polytriazenes 2.3 were evaluated 

under an atmosphere of nitrogen using differential scanning calorimetry and 

thermogravimetric analysis.  No glass transition temperatures were observed for any of 

the polymers, however, clean decompositions were found at either 256 ºC or 266 ºC 

depending on the biscarbene.  Notably, the first decomposition process observed for these 

polymers proceeded with a loss of mass attributed to molecular nitrogen (N2) evolution.   

Finally, efforts shifted toward examining the photophysical and electronic 

properties of 2.3.  The absorption spectra of these polytriazenes ranged between λmax of 

379 and 485 nm (THF), depending on their structures.  In general, polymers prepared 

from 1,4-diazidobenzene (2.2a) absorbed at longer wavelengths. Analysis of 2.3a via 

cyclic voltammetry revealed an irreversible oxidation at +0.149 V (versus SCE) in 

CH2Cl2.55 Prompted by this result, the polymer was spin-coated onto a glass slide and 

then tested for electrical conductivity using a multi-point probe station.56  Although the 

virgin films were found to be insulating (σ < 10-10 S/cm), they were rendered conductive 

(σ = 4x10-3S/cm) upon exposure to iodine vapor for 24 h.57 

CONCLUSION 

In conclusion, we have developed a straightforward and practical route to a new 

class of conjugated polymers using N-heterocyclic carbene/organic azide coupling 

chemistry.  Various bis(NHC)s were combined with complementary bis(azide)s to 

produce polytriazenes that exhibited good optical and electronic properties, high thermal 

stabilities, and good solubilities in common organic solvents.  Considering the large 

number of methods known for modifying the structures and electronic properties of N-
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heterocyclic carbenes as well as organic azides, the polytriazenes reported herein are 

well-poised for use in a variety of electronic and opto-electronic applications.   

EXPERIMENTAL  

General Considerations.  All reactions were performed under an atmosphere of nitrogen 

using standard Schlenk techniques or in a nitrogen filled glove-box.  Dichloromethane 

was distilled from calcium hydride and degassed by two freeze-pump-thaw cycles.  

Tetrahydrofuran and toluene were distilled from Na/benzophenone and degassed by two 

freeze-pump-thaw cycles.  All reagents were purchased from Aldrich or Acros and were 

used without further purification.  The bis-aryl azides 2a, 2b  and 2,7-diamino-9,9-

dihexylfluorene synthesiszed by known literature procedures.58,59,60  1H NMR spectra 

were recorded using a Varian Gemini (300 MHz or 400 MHz) spectrometer.  Chemical 

shifts are reported in delta (δ) units and expressed in parts per million (ppm) downfield 

from tetramethylsilane using the residual protio solvent as an internal standard (CDCl3, 

7.24 ppm; C6D6, 7.15 ppm; CD2Cl2, 5.32 ppm; DMSO-d6, 2.49 ppm).  13C NMR spectra 

were recorded using a Varian Gemini (100 MHz) spectrometer.  Chemical shifts are 

reported in delta (δ) units and expressed in parts per million (ppm) downfield from 

tetramethylsilane using the solvent as an internal standard (CDCl3, 77.0 ppm; C6D6, 128.0 

ppm; CD2Cl2, 53.8 ppm, DMSO-d6, 39.5 ppm).  13C NMR spectra were routinely run with 

broadband decoupling.  IR spectra were record using Perkin-Elmer Spectrum BX FT-IR 

system.  High-resolution mass spectra (HRMS) were obtained with a VG analytical 

ZAB2-E or a Karatos MS9 instrument and are reported as m/z (relative intensity). 

1,1,5-trimethyl-2-hexylamine. Reaction was performed according to literature 

procedure61 to obtain the desired amine in 75% yield as colorless oil. 1H-NMR (C6D6): 

δ 1.49 (septet, J = 6.6 Hz, 1H), 1.29-1.07 (m, 6H), 0.96 (s, 6H), 0.87 (d, J = 6.6 Hz, 6H).  
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13C-NMR (C6D6): δ 49.2, 45.7, 40.1, 30.8, 28.3, 22.9, 22.7. HRMS calcd. for C9H22N: 

144.1752; Found: 144.1755. 

1,2,4,5-Tetrakis-N-(2,2,5-trimethyl-2-hexylamine) benzene.  Following a previously 

reported procedure62, a 100 mL pressure tube was charged with Pd(OAc)2 (0.171g, 0.76 

mmol), tBuONa (0.146 g, 1.52 mmol), 1,3-bis(2,6-diisopropylphenyl)imidazolium 

chloride (0.65 g, 1.5 mmol) and toluene (20 ml). The suspension was stirred for 10 

minutes at room temperature until most of the material dissolved, resulting in an orange 

solution. To this vessel 1,2,4,5-tetrabromobenzene (10 g, 25.4 mmol), 1,1,5-trimethyl-2-

hexylamine (16.0 g, 102 mmol), and tBuONa (10g, 104 mmol) were added. The reaction 

was stirred at 140 °C for 12 hours, filtered and solvent removed under reduced pressure 

to obtain dark oil, which was sufficiently pure to use in the subsequent step. Crude 

product dried at 65 °C under high vacuum to remove excess amine. 1H-NMR (C6D6): 

δ 6.68 (s, 2H), 3.6 (br, 4H), 1.63-0.95 (m, 76H) + impurity from oxidized material and 

starting amine. 13C-NMR (C6D6): δ 132.0, 114.9, 54.3, 43.5, 40.1, 28.3, 28.1, 22.9, 22.6. 

HRMS calcd. for C42H82N4: 642.6540; Found: 643.6538. 

Tetrakis-N-(2,2,5-trimethyl-2-hexyl) benzobis(imidazolium) di-tetrafluoroborate.  

The entire crude amount of 1,2,4,5-tetrakis-N-(2,5-dimethyl-2-hexyl) benzene was added 

to degassed HC(OMe)3 (150 ml), followed by HBF4 (7.3 ml 50 wt% in Et2O). Reaction 

stirred for 1 hour, then precipitate was collected and washed with Et2O (100 ml) and 

dried 45 °C under high vacuum. Pure product was obtained as tan solid (12.5 g, 59% over 

2 steps). 1H-NMR (dmso-d6): δ 9.06 (s, 2H), 8.6 (s, 2H), 2.22 (br, 8H), 1.92 (s, 24 H) 

methyl groups on tertiary carbon, 1.37 (septet, J = 6.8 Hz, 4H), methyne proton, 1.03-

0.96 (br, 16 H), 0. 65 (d, J = 6.8 Hz, 24H) methyl groups on methyne carbon. 13C-NMR 

(dmso-d6): δ 144.0, 128.9, 102.5, 65.3, 38.7, 38.1, 26.9, 26.5, 22.1, 20.8. HRMS calcd. 

for C42H82N4: 751.6399; Found: 751.6406 
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Tetrakis-N-(2,6-dimethylheptyl)benzobis(imidazolylidene). Bisazolium salt (10 g, 

11.9 mmol) was added to 125 ml THF, followed by NaHMDS (4.45 g, 24 mmol). 

Reaction was stirred at room temperature for 2 hours, then filtered through celite and 

solvent removed under reduced pressure to obtain quantitative yield of product as tan 

solid. 1H-NMR (C6D6): δ 7.93 (s, 2H), 2.16-2.11 (br, 8H), 1.90 (s, 24H), 1.41-1.07 (br, 

20H), 0.76 (d, J = 8.4 Hz, 24H). 13C-NMR (C6D6): δ 229.9, 131.1, 96.9, 59.9, 41.4, 40.0, 

29.5, 27.8, 22.7, 21.9. HRMS calcd. for C44H79N4: 663.6305; Found, 663.6311. 

2,7-diazido-9,9-dihexylfluorene.  2,7-diamino-9,9-dihexylfluorene (5 g, 13.7 mmol) was 

added in small portions to a solution of sodium tetrafluoroborate (3.3 g, 30.1 mmol), 

water (30 mL) and HCl (30 mL, 12.1 N) at 0 °C.  Separately, sodium nitrite (2.84 g, 41.1 

mmol) was dissolved in water (12 mL) followed by slow addition to the acidic solution 

while maintaining the temperature below 5 ºC.  After 2 hr the reaction mixture was 

filtered and washed with cold water (40 mL).  The wet precipitate was then placed in a 

flask and resuspended in water (60 mL) and cooled to 0 °C.  Separately, sodium azide 

(2.67 g, 41.1 mmol) was dissolved in water (10 mL) then added dropwise to the 

suspension.  Upon complete addition the reaction was allowed to warm to room temp and 

stirred for 1 hr followed.  The product was removed by filtration and washed with water 

(200 mL) and dried under vacuum to yield 5.21 g (91.4%) of yellow powder. 1H-NMR 

(CDCl3): δ 7.62(d, 4H), 7.02 (d, 4H), 6.94 (s, 2H), 1.95 (m, 4H), 1.0-1.2 (m, 12H), 0.8 (t, 

6H), 0.5-0.62(m, 4H). 13C-NMR (C6D6): δ 229.9, 131.1, 96.9, 59.9, 41.4, 40.0, 29.5, 27.8, 

22.7, 21.9. HRMS calcd. for C25H32N6: 416.269 

3,3’,4,4’-Tetra-2,2-dimethylbutyrylamide Benzidine: A flask was charged with (5.00 

g, 0.0139mol) of 3,3’-diaminobenzidine tetrahydrochloride, stir bar and fitted with a 

rubber septa. The flask was evacuated and back filled with dry nitrogen followed by the 
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addition of CH2Cl2 (250 mL). 2,2-dimethylbutyryl chloride (8.01 mL, 0.0583mol)  was 

added the mixture and stirred for 5 min followed by slow addition of triethylamine (15.8 

ml, 0.114 mol).  The reaction mixture was then stirred for 18 hrs and the solvent was 

evaporated.  The brown solid was washed with copious amounts of water and dried under 

vacuum at 70 °C to yield 7.92 g (99%) of the desired compound. 1H NMR (400 MHz, 

CDCl3 ): δ 8.86 (s,2H), 8.68  (s,2H), 7.60 (s,2H), 7.207 (d, 2H), 6.93 (d, 2H), 1.705 (m, 

8H, CH2 beta to carbonyl). 

Tetra-2,2-dimethylbutyl Bis(benzimidazolium) Tetrafluoroborate: A flask was 

charged with 3,3’,4,4’-tetra-2,2-dimethylbutyrylamide benzidine (7.00g, 0.0115mol), 

reflux condenser and a stir bar. The flask was then back filled with nitrogen followed by 

the addition of THF (250 mL). In a separate flask LAH (3.50 g) of was dispersed in THF 

(50 mL) and slowly added to the reaction mixture over a period of 5 min. After  refluxing 

for 18 hours the solvent was removed under vacuum. The product was redissolved in 

ether (200 mL) of and cooled to 0°C. The excess LAH was quenched by slow addition of  

degassed 10% (aq) sodium hydroxide (4 ml) then degassed water (12 ml). After stirring 

for 30 min sodium sulfate (10 g) was added and the reaction mixture was quickly filtered. 

To this crude reaction mixture was added a solution of 48% (aq) tetrafluoroboric acid 

(8.40 m, 0.0461 mol) in trimethylorthoformate (150 mL) and placed in a 90 °C oil bath 

until reflux. The exothermic reaction was allowed to continue for 30 min after which time 

the solvent was removed yielding a white powder 8.34 g (97%) as the desired product. 

Tetra-2,2-dimethylbutyl Bis(benzimidazolylidene): In a nitrogen filled drybox a vial 

was charged with (1.00 g, 1.33 mmol) of tetra-2,2-dimethylbutyl bis(benzimidazolium) 

tetrafluoroborate, stir bar and 4 ml of THF. Sodium hydride (0.081 g, 3.3mmol) was 

added followed by sodium tert-butoxide (0.012 g, 0.113 mmol). The reaction mixture was 
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stirred for 12 hours and then filtered through a 0.45 μm PTFE syringe filter. Solvent was 

removed under vacuum to yield 0.713 g (94 %) of off white powder. 

Representative Polymerization. Biscarbene (0.5 mmol) and bis-Azide (0.5 mmol) were 

added to 5 ml THF and stirred for 24 hours followed by removal of solvent under reduced 

pressure to obtain pure polymer in quantitative yield.  

Electrochemical Analyses.  Cyclic voltammetry experiments were conducted using a 

CH Instruments Electrochemical Workstation (series 700B).  The electrochemical cell 

contained platinum working and counter electrodes and a silver wire as a quasi reference 

electrode.  Fe(Cp*)2 as added as an internal standard to each sample.  Conditions: CH2Cl2 

or CH3CN, 1 mM analyte, 0.1 M (Bu4N)(PF6) as electrolyte, referenced to Fe(Cp*)2
-

/Fe(Cp*)2
+ at -0.13 V vs SCE, scan rate = 0.1 V s-1. 
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 Chapter 3:  N-Heterocyclic Carbenes: Versatile Reagents for Post-
Polymerization ModificationI 

ABSTRACT 

Addition of 1,3-dimesitylimidazolylidene to poly(p-azidomethylstyrene) at 

ambient temperature afforded the respective triazeno-substituted polymer, as determined 

by NMR spectroscopy, IR spectroscopy, and size exclusion chromatography. The 

carbene-azide coupling reaction was found to be high-yielding and the extent of 

functionalization linearly correlated with the amount of free carbene added. The 

versatility of this reaction as a method for post-polymerization modification was 

demonstrated by its combination with the “Click reaction.”63 This combination was used 

to attach phenylacetylene to a partially carbene-modified polymer yielding a random 

copolymer bearing triazenes and triazoles. Thermogravimetric analysis revealed that the 

NHC-modified poly(p-azidomethylstyrene)s decomposed at 135 °C, at which 

temperature molecular nitrogen was extruded effectively transforming pendant triazenes 

to guanidines. 

 

INTRODUCTION 

Post-polymerization modification is a powerful method for installing new or 

altering existing functional groups on macromolecular materials.64,65 In general, the 

technique is employed when: 1) catalysts or reaction conditions necessary for 

polymerization are incompatible with the functional groups present on the corresponding 

monomer(s), 2) polymer isolation and/or processing is inhibited by the desired 

functionality, or 3) a means to rapidly prepare a diverse library of materials from a single 

precursor is desired.66 This broad range of utility warrants the development of new 
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reactions and protocols for increasing the scope of functional groups that can be 

introduced into pre-formed polymeric materials using post-polymerization modification. 

An ideal reaction for this purpose should adhere to the following criteria: 1) it must not 

compromise the structural integrity of the polymeric materials (i.e., chain-scission and 

other degradative side-reactions should not occur), 2) it should proceed with high yield 

and high atom economy to minimize purification efforts and cost, and 3) a structurally-

diverse range of reagents should be commercially- or readily-available to maximize 

applicability. 

A prime example of a reaction that meets these requirement is the “Click 

reaction,” commonly attributed to the Cu(I)-catalyzed 1,3-dipolar cycloaddition between 

organic azides and terminal alkynes to afford 1,4-disubstituted triazoles 3.1 (Scheme 

3.1).67 Indeed, due to its high functional group tolerance, use of environmentally-friendly 

solvents and excellent yields, “Click chemistry” is gaining widespread use in the 

synthesis and modification of macromolecular materials.68 

 

Scheme 3.1  Generalized example of Cu-catalyzed cycloaddition between azides and 

alkynes to form triazoles (3.1) and coupling of azides with N-heterocyclic carbenes to 

form triazenes (3.2) 

 

Recently, we found that N-heterocyclic carbenes69 (NHCs) also react with organic 

azides to afford 1,3-disubstituted-triazenes 3.2 (Scheme 3.1).70 The mechanism of this 
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reaction is believed to proceed via nucleophilic attack of the NHC on the terminal 

nitrogen of the azide to afford the respective triazeno moiety 3.2, analogous to the 

Staudinger reaction between phosphines and azides.71 Notably, this unique reaction 

proceeds rapidly at ambient temperatures, requires no catalyst, and generally affords 

excellent yields (> 95%) of product.  Considering the large number of known synthetic 

protocols (and often commercial availability) for azides72 and NHCs,69 the NHC-azide 

coupling reaction meets the aforementioned criteria for use in post-polymerization 

modification.  

As part of a general program for the study of NHCs as key components in 

macromolecular synthesis,73 the potential of the NHC-azide coupling reaction as a new 

method for the post-polymerization modification of polymeric materials was 

investigated.74 Herein, it is demonstrated that poly(styrene)s containing pendant azido 

moieties may be quantitatively converted to the respective triazeno-functionalized 

derivatives using a commercially-available NHC (Scheme 3.2). Furthermore, it is shown 

that the coupling reaction may be combined with the “Click reaction” to prepare 

copolymers featuring two distinct functional groups and the pendant triazenes on the 

functionalized poly(styrene)s may be converted to their respective guanidines 3.5 through 

a thermally-induced nitrogen extrusion process. 
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Scheme 3.2  Post-polymerization modification of poly(p-azidomethylstyrene) 3.3 with an 

NHC affords the respective triazeno-functionalized polymer 3.4. At elevated 

temperatures, nitrogen is extruded from polymer 3.4 which transforms the pendant 

triazeno moieties into their respective guanidines 3.5 

  

 

RESULTS 

Following a literature procedure,75 poly(p-azidomethylstyrene) (3.3) (Mn = 3.8 × 

104 Da, PDI = 1.6; relative to polystyrene standards) was prepared by first polymerizing 

p-chloromethylstyrene and then derivatizing the polymeric product with excess sodium 

azide. To probe the capacity of the aforementioned NHC-azide coupling reaction as a 

means to effect post-polymerization modification of this polymer, a 0.13 M THF solution 

of 3.3 was treated with an equivalent (relative to monomer) of 1,3-dimesitylimidazol-2-

ylidene (IMes) (as a 0.13 M THF solution) under an atmosphere of nitrogen. After 

stirring for 4 hours at ambient temperature, the reaction solution was evaporated to 

dryness and the crude product 3.4 was characterized using a variety of spectroscopic 

techniques.76 The pendant benzyl azido moieties along the backbone of polymer 3.4 

appeared to be completely consumed, as determined by the absence of an azide stretching 

frequency at 2100 cm-1 in the IR spectrum. This was corroborated by 1H NMR 

N3
N

N
Mes

Mes

N3

n
NN MesMes

THF, 23 °C

n

3.3 3.4

THF, 135 °C
N

N

N
Mes

Mes

n

3.5

- N2



 27

spectroscopy which indicated the signal typically found at δ = 4.2 ppm (attributable to the 

CH2 unit of the benzyl azide in CDCl3) was broad and shifted upfield to δ = 3.9 ppm 

(CH2 unit of the respective benzyl triazene). This was further substantiated by broadened 

signals at δ = 6.4, 2.2, and 2.1 ppm (attributed to the =CH of the imidazole ring and the 

mesityl CH3 groups, respectively in CDCl3) which suggested that IMes completely 

reacted. Finally, analysis of polymer 3.4 using size-exclusion chromatography (SEC) 

indicated that its Mn was 8.4 × 104 Da with a polydispersity index (PDI) of 1.7. The 

overall effect of the post-polymerization modification reaction can be seen in Figure 

3.1A, which overlays the size-exclusion chromatograms of polymers 3.3 and 3.4 and 

concisely shows that molecular weight was increased while the polydispersity remained 

essentially unchanged.  

Taken together, these data suggested that the NHC-azide coupling reaction was 

successfully used as a post-polymerization method. To assess the fidelity of this reaction, 

a series of experiments were performed where polymer 3.3 was reacted with graduated 

sub-stoichiometric amounts of IMes (relative to monomer) using the protocol discussed 

above and analyzed by SEC. As shown in Figure 3.1B, Mn of the resulting polymers 

linearly correlated with the amount of NHC added until a full equivalent had been added. 

These results were not only a strong testament of the high efficiency of the NHC-azide 

coupling reaction but also indicated that partially-functionalized polymers were 

successfully prepared. This effectively created an opportunity for further post-

polymerization modification using other methods. 
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Figure 3.1  Polymer behavior due to modification.  (A) Size-exclusion chromatograms of 

polymer 3.3 and its NHC-modified derivative, polymer 3.4.  (B) A plot of the Mn of the 

polymer obtained by adding various amounts of IMes to polymer 3.3. Data was obtained 

using SEC (0.01 M LiBr in DMF at 40 °C, all values are reported relative to polystyrene 

standards)

 

(A)          (B) 

 

Thus, in an effort to enhance the scope and applicability of NHC-azide coupling 

as a method of post-polymerization modification, we turned our attention toward 

combining this reaction with the “Click reaction” to prepare random copolymers 

featuring two different functional groups (Scheme 3.3). This was accomplished by first 

partially functionalizing polymer 3.3 with 0.5 equivalents of IMes (relative to monomer) 

using the protocol discussed above. After characterizing the intermediate copolymer 3.7 

by SEC (Mn = 7.3 × 104 Da, PDI = 1.7), the material was subjected to conditions (CuI in 

DMF, at 70 °C) known77 to “Click” azides with phenylacetylene. After 18 h, the resulting 

copolymer 3.8 was isolated in 91% yield by filtration after precipitation into methanol. 
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NMR and IR spectroscopies of 3.8 revealed that the residual azides present in 3.7 were 

completely converted to triazole moieties (diagnostic 1H NMR signal: triazole =CH, δ = 

8.46 ppm in DMSO-d6) and SEC indicated an increase in MW (Mn = 9.0 × 104 Da, PDI = 

1.9) relative to 3.7, as expected. Collectively, these results suggested that random 

copolymers featuring pendant triazenes and triazoles were successfully prepared using 

this two-step protocol. 

 

Scheme 3.3 A two-step procedure for preparing random copolymers featuring triazole 

and triazene moeities 

. 

Finally, we turned our attention toward studying the thermal stability of the 

poly(styrene)s containing pendant triazene moities using thermogravimetric analysis 

(TGA). Surprisingly, despite the relatively high nitrogen content of polymer 3.4 (15.1% 

by weight), the material was found to be stable up to 135 °C (under nitrogen). As shown 

in Figure 3.2, a 5.5% weight loss attributed to the evolution of molecular nitrogen was 

observed at this temperature. This was in accord with our small molecule studies in 

which the triazeno groups were found to cleanly decompose to their respective 

guanidines at 120 °C in solution.70 Thus, attention shifted toward using this nitrogen-
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extrusion process as a method for preparing polyolefins containing pendant guanidine 

moieties. Heating a sealed THF solution of polymer 3.4 at 135 °C for 6 h followed by 

evaporation of solvent afforded the corresponding polymer 3.5. Although the NMR 

spectrum of 3.4 was nearly identical to that of 3.5 and molecular weight characteristics 

were essentially unchanged, evidence for clean decomposition was obtained from 

elemental analyses which revealed a 5.53% difference in nitrogen content (theoretical: 

5.46%) between polymers 3.4 and 3.5. 

 

Figure 3.2 Thermogram of polymer 3.4 (Mn = 7.9 × 104 Da, PDI = 1.7). Data was 

obtained via TGA at a scan rate of 10 °C/min under an atmosphere of nitrogen 

 

 

 

 

 

 

 

 

 

 

CONCLUSION 

In summary, the reaction between NHCs and azides to afford triazenes was shown 

to be a practical and versatile method for the post-polymerization modification of 

polyolefins. In particular, we found that polystyrene containing pendant azido moieties 

was successfully functionalized upon simple addition of a commercially-available NHC. 
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The catalyst-free reaction was found to be rapid at ambient temperature, quantitative, and 

the extent of functionalization linearly correlated with the amount of NHC added. The 

versatility of this post-polymerization modification method was demonstrated by 

“Clicking” a partially-modified poly(styrene) containing pendant triazenes and azides to 

phenylacetylene to afford a random copolymer bearing two distinct functional groups. 

Finally, it was found that heating the NHC-modified poly(styrene)s resulted in nitrogen 

extrusion, transforming the pendant triazenes to guanidines. 

We believe this NHC-azide coupling reaction complements “Click” and other 

chemical reactions that utilize azides to generate functionality and may even be combined 

with emerging methods that utilize azides to produce unique materials.78 In conjunction 

with the large number of biomedical, materials, and synthetic uses for triazenes79 and 

guanidines,80 azides may now be employed in multiple, distinct ways, which should 

naturally create new opportunities in these respective fields. 

 

EXPERIMENTAL 

General Considerations: 1,3-Dimesitylimidazol-2-ylidene81 (IMes) and poly(p-

azidomethylstyrene)82 (3.3) were synthesized using known procedures. All other reagents 

and solvents were purchased from Aldrich or Acros and used as received unless 

otherwise noted. Solvents were deoxygenated by bubbling argon though the solvent for 

25 min unless otherwise noted. Molecular weights were determined by size-exclusion 

chromatography (SEC) using a Waters HPLC system consisting of HR-1, HR-3, and HR-

5E Styragel® columns arranged in series, a 1515 pump, and a 2414 RI detector and are 

relative to polystyrene standards in DMF (0.01 M LiBr) at 40 °C (column temperature). 

Decomposition temperatures (Tds) were determined using a TA Instruments TGA-Q500 

thermal gravimetric analyzer under nitrogen atmosphere. The consumption of azides was 
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measured using infrared spectroscopy (FT-IR) on a Thermo IR200 with NaCl salt plates. 
1H and 13C NMR spectra were recorded using a Varian Unity Plus 300 or 400 

spectrometer. Chemical shifts (δ) are expressed in ppm downfield from tetramethylsilane 

using the residual protio solvent as an internal standard (DMSO-d6, 1H: 2.49 ppm, 13C: 

39.5 ppm; CDCl3, 1H: 7.26 ppm, 13C: 77.0 ppm). Elemental analyses were performed by 

Midwest Microlabs, Indianapolis, IN. 

Representative Post-Polymerization Modification Procedure: In a nitrogen-filled 

drybox, 1,3-dimesitylimidazol-2-ylidene (IMes) (96.0 mg, 0.314 mmol) was dissolved in 

THF (2 mL). In a separate vial, poly(p-azidomethylstyrene) (3.3) (50.0 mg, 0.314 mmol) 

was dissolved in THF (3 mL). The carbene solution was then slowly added dropwise to 

the polymer solution with stirring. After 4 hours at ambient temperature, the resulting 

mixture was then filtered and all solvents were removed en vacuo to yield 131.0 mg of a 

light-yellow polymeric material (3.4) (90% yield). SEC: Mn = 8.4 × 104 Da, PDI = 1.7.  

Diagnostic 1H NMR (400 MHz, CDCl3): δ 6.8 (br s, 4H), 6.4 (br s, 2H), 3.9 (br s, 2H), 

2.2 (br s, 6H), 2.1 (br s, 12H). Td = 135 °C (5.5% weight loss).  Anal. Calcd for 

C30H33N5: C, 77.72; H, 7.17; N, 15.11. Found: C, 75.03; H, 7.33; N, 14.10.  Heating a 0.1 

M solution of polymer 3.5 at 135 °C in THF (sealed vessel) overnight afforded polymer 

3.8. Anal. Calcd for C30H33N3: C, 82.72; H, 7.04; N, 9.65. Found: C, 80.77; H, 7.25; N, 

8.57. 
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Chapter 4: An Anion Metathesis Approach to Amphiphilic Block 
Ionomers from Neutral PrecursorsII 

INTRODUCTION 

Amphiphilic block ionomers consisting of synthetic or biological units are 

receiving considerable attention.83 Enthusiasm for these materials ranges from their 

fundamental contributions to understanding self-assembly to their promise in biomedical 

and drug-delivery applications.83 Unfortunately, despite this ongoing interest, practical 

limitations arising from copolymerization of neutral and ionic monomers, in conjunction 

with the need for multiple acid-base neutralizations, has restricted block ionomers from 

reaching their full potential.83,84 Other persisting problems include poor stabilities of 

ionomers as three-dimensional structures (e.g., micelles) at high temperatures or low 

concentrations. While Wooley, Eisenberg, and others have addressed these issues using 

elegant crosslinking strategies,85 these approaches generally require that organic 

transformations be conducted on pre-formed nanoscopic materials. Considering the 

growing interest in ionomer-based materials, new and practical methods that overcome 

these limitations are needed. 

We describe herein a novel, one-step method for accessing photoluminescent 

block ionomers and micelles from neutral block copolymers. The methodology employs 

benzobis(imidazolium) (BBI) salts, compounds recently disclosed as a new class of 

versatile fluorophores, containing dihalide counteranions.86,87 We envisioned capitalizing 

on halide nucleophilicities in such a manner that would quantitatively convert 

electrophilic groups, such as alkyl sulfonates, into their respective anionic derivatives.88,89 

Ostensibly, this approach has several attractive features, including: 1) rapid and 

quantitative halide trapping processes (formally anion metathesis (AM) reactions) that 
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generate volatile alkyl halides as the sole byproducts, 2) the use of rigid, dicationic BBI 

salts that should electrostatically crosslink materials upon micellization while imparting 

useful photoluminescent properties, and 3) an ability to tune solubility, hydrophilicity and 

other physical characteristics of these materials using established protocols.86  

Collectively, this methodology should facilitate rapid access to visibly photoluminescent, 

self-assembled nanomaterials with minimal technical difficulty. 

 

Scheme 4.1   Synthesis of block ionomers 4.5 and 4.6 via anion metathesis 

 

 

 

 

 

 

Considering the modular nature of BBIs and the ability to control their 
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two distinct BBIs (4.3 and 4.4) (Scheme 4.1). In particular, while each copolymer 

contained “pro-ionomeric” blocks of poly(ethyl styrenesulfonate), poised to generate 

anionic poly(styrene sulfonate)s upon AM, copolymer 4.1 features a hydrophobic 

polystyrene block whereas 4.2 bears a hydrophilic poly(ethylene glycol) block. Hence, 

depending on the hydrophilic nature of the BBI, the incipient micelles may be core- or 

shell-crosslinked. 

 

RESULTS 

Neutral diblock copolymers 4.1 and 4.2 were obtained in high yields from their 

respective macroinitiatiors using atom-transfer radical polymerization (ATRP)90 and 

characterized using NMR spectroscopy and gel permeation chromatography (GPC).91 

While both copolymers had a relatively narrow polydispersity (PDI = 1.3), they were of 

different sizes (4.1: Mn = 8.5 kDa; 4.2: Mn = 28 kDa) which was envisioned to provide 

insight into understanding how molecular weight influences self-assembly in their 

respective ionomeric forms (Scheme 4.1).92  With two complementary copolymers in 

hand, we next focused on using BBIs in AM reactions to produce block ionomers. As 

shown in Scheme 4.1, combination of hydrophilic 4.3 with 4.1 and combination of 

hydrophobic 4.4 with 4.2 successfully afforded block ionomers 4.5 and 4.6, respectively. 
1H NMR spectroscopy revealed that these reactions were complete as signals attributable 

to the ethyl group of the sulfonate ester were no longer detectable, and quantitative 

formation of EtI or EtBr (diagnostic signals at δ = 3.24 (DMSO-d6) and 3.39 (THF-d8) 

ppm, respectively) was observed. In addition, the aromatic protons corresponding to the 

styrene sulfonate moieties shifted upfield, as expected from generation of sulfonate 

anions, and azolium signals at δ = 10.38 (CDCl3) and 10.49 ppm (THF-d8) for 4.5 and 

4.6, respectively, were present in the expected intensities for complete AM reactions. 
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Next, we focused on self-assembly of the block ionomers. Thus, 4.5 and 4.6 were 

each prepared as 0.3 wt % solutions in DMSO and THF, respectively, as dictated by their 

solubilities.93 Self-assembly was induced by slowly titrating solutions of each system 

with deionized H2O at 60 μL/min. After an equal volume of H2O, relative to organic 

solvent, was added, an additional 3.0 mL of H2O was added in one portion to freeze the 

assembled aggregates. Dialysis against deionized H2O was performed for 72 h to effect 

complete removal of organic solvents. As shown in Figure 4.1, transmission electron 

microscopy (TEM) revealed that both 4.5 (left) and 4.6 (right) self-assembled into 

spherical structures. Whereas micelles formed by 4.5 were found to have average 

diameters of 10 ± 2 nm, those obtained from 4.6 were larger at 20 ± 4 nm, as expected 

from the relative molecular weights of the respective block ionomers. In addition, larger 

structures were observed in the TEM images of 4.5, which likely resulted from 

aggregation of smaller micelles stemming from electrostatic interactions of their charged 

coronas. Given that dicationic BBIs are capable of facilitating electrostatic crosslinking 

between two poly(styrene sulfonate) chains, it is reasonable that at higher concentrations, 

micelles of 4.5 can also aggregate via electrostatic interactions. Notably, the clusters were 

observed in small amounts relative to more uniform micelles.94 Since the charged groups 

in the micelles of 4.6 were confined to its cores, formation of larger clusters was 

apparently avoided in this material.94  

Having confirmed micellization via TEM,95 we next focused on ascertaining the 

size of the micelles in solution. Thus, the aforementioned aggregates in H2O were 

analyzed using dynamic light scattering (DLS) at 25 °C.93 From the DLS data, the 

hydrodynamic diameters of 4.5 and 4.6 were calculated to be 24 and 85 nm, respectively; 

differences that were consistent with the relative molecular weights of the respective 

block ionomers. Notably, the hydrodynamic diameters of the micelles comprised of either 
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4.5 or 4.6 in solution remained relatively constant up to 75 °C, which was the limit of the 

instrument used for analysis. These results suggested to us that the respective micelles 

were stable in solution up to at least this temperature. 

 

Figure 4.1  TEM Images of 4.5 (left) and 4.6 (right) stained with 2% uranyl acetate. 

Scale bars = 100 nm 

 

 

As previously mentioned, a key advantage of using BBIs to form micelles via AM 

of pro-ionomers is the ability to prepare fluorescent nanomaterials that emit in the visible 

region. Since the photophysics of nanoscopic BBI-based systems were unexplored, block 

ionomers 4.5 and 4.6 were analyzed in DMSO and THF, respectively, and in H2O (as 

micelles) using UV-Vis and fluorescence spectroscopy.  

Irrespective of solvent, the UV-vis absorption maxima (λabs) of 4.5 and 4.6 were 

clustered around 290 nm; a representative spectrum of 4.5 is shown in Figure 4.2 (left, 

solid line). In contrast, the emission spectra of these compounds were found to be highly 

sensitive to changes in solvent. For example, a discernable hypsochromic shift in the λem 
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of 5 was observed upon changing the solvent from DMSO (λem = 393 nm, dotted line) to 

H2O (λem 379 nm, dashed line). The two most likely causes for the change in λem are 

aggregation or solvatochromism. Since micellization in H2O was confirmed via TEM, 

and corroborated via DLS analysis, we propose that the hypsochromic shift was due to 

aggregation effects.96 

 

Figure 4.2  Photophysical Characterization. (left): Normalized absorption (solid line) and 

emission spectra (λex 290 nm) of 4.5 in DMSO (dotted line) and as micelles in H2O 

(dashed line).  (middle): Normalized emission spectra (λex 290 nm) of ionomer 4.6 (in 

THF: solid line; in H2O: dashed line). (right): Normalized emission spectra (λex 290 nm) 

of BBI 4.4•OTs (in THF: solid line; in H2O: dashed line) 

 

To gain support for this hypothesis, a model BBI system, 4.3•OTs, was prepared 

from the corresponding dihalide salt 4.3 via AM with methyl p-toluenesulfonate and 

analyzed. This monomeric compound contains an emissive BBI core identical to those 

found in 4.5 and bears counterions (OTs) that are similar to styrene sulfonate. Although 

4.3•OTs also exhibited a hypsochromic shift upon changing the solvent from DMSO to 

H2O (λem = 463 and 393 nm, respectively), the absolute λem were different than those 
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exhibited from block ionomer 4.5 (see above). Furthermore, 4.3•OTs did not show 

significant variance in its λem and λex when analyzed at concentrations ranging from 10-3 

to 10-7 M in H2O, which effectively minimizes the possibility of aggregation in this 

system. Collectively, these results indicated to us that the microenvironments of the BBI 

fluorophores in 4.5 differed significantly from those found in solutions of 4.3•OTs, as 

would be expected from higher order aggregation of the former. 

We next examined the emission characteristics of ionomer 4.6 in THF and H2O. 

In contrast with 4.5, micellization of 4.6 manifested in a bathochromically shifted λem 

suggestive of excimer formation.97 To investigate further, another model BBI, 4.4•OTs, 

was prepared in a manner analogous to 4.3•OTs and analyzed in THF and H2O. As 

shown in Figure 4.2 (right), this compound was found to display similar characteristics as 

4.6. Specifically, the emission spectrum of 4.6 in THF (solid line) displayed a single λem 

at 367 nm, which was nearly identical to the λem of 4.4•OTs in the same solvent (372 nm, 

dashed line). Upon micellization in H2O, block ionomer 4.6 exhibited a relatively weak 

signal at 367 nm, which was assigned to emission from non-aggregated BBIs, and a 

strong signal at λem = 446 nm (dashed line). The longer λem was ascribed to excimer 

formation resulting from aggregation of the BBI fluorophores in the cores of their 

respective micelles. Notably, similar aggregation-induced excimer formation was 

observed from hydrophobic BBI 4.4•OTs in H2O (dashed line). 
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Figure 4.3  Normalized excitation spectra of 4.6 in H2O, collected by monitoring 

emission intensity at 370nm (solid line) or 460nm (dashed line) 

 

 

 

 

 

 

 

 

 

To ascertain whether excimer formation was occurring as a result of paired 

ground-state interactions or via a combination of ground- and excited-state interactions,15 

the excitation spectrum monitored at 370 nm (Figure 4.3, solid line) was compared with 

the one monitored at 460 nm (dashed line). The latter represents the excitation of excimer 

species alone, since non-aggregated BBIs gave relatively weak signals at this wavelength 

(see Figure 4.2). As can be seen in Figure 4.3, remarkable differences were observed 

between the excitation spectrum resulting from excimer formation (dashed line) and the 

excitation spectrum monitored at 370 nm (solid line). In particular, local λmax were 

observed at 299 and 330 nm in the former whereas local λmax were found at 292 and 331 

nm in the latter. In addition to the appearance of a new peak at 365 nm (dashed line), 

these results suggested to us that the observed excimer emission characteristics were due 

to association of different ground-state species, and thus supported a mechanism of 

excimer formation via pairing of two ground-state chromophores. 
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CONCLUSION 

In summary, we report a novel and practical method for rapidly converting 

readily-accessible, neutral pro-ionomers to well-defined block ionomers while 

simultaneously imparting photoluminescent properties. Self-assembly of two 

complementary systems provided either core- or shell-crosslinked micelles depending on 

the nature of the copolymers and BBIs. Photophysical analyses confirmed that shell-

contained BBIs exhibited hypsochromically shifted emission spectra consistent with 

aggregation whereas core-contained BBIs formed excimers. This methodology should 

facilitate rapid access to a broad range of photoluminescent nanomaterials. 

 

EXPERIMENTAL 

General Considerations:  1H and 13C NMR spectra were recorded using a Varian Unity 

Plus 300 or 400 spectrometer. Chemical shifts (δ) are expressed in ppm downfield from 

tetramethylsilane using the residual protio solvent as an internal standard (DMSO-d6, 1H: 

2.49 ppm and 13C: 39.5 ppm). Coupling constants are expressed in hertz (Hz). UV-Vis 

spectra were recorded using a Perkin Elmer Instruments Lambda 35 spectrometer. 

Emission spectra were recorded using a QuantaMaster Photon Technology International 

fluorometer. All starting materials and solvents were of reagent quality and used as 

received from commercial suppliers. Benzobis(imidazole) 4.3 and 4.4 were prepared as 

previously described.98 Dynamic Light Scattering (DLS) was performed on a 90Plus/BI-

MAS from Brookhaven Instrument Corp. and was measured at 90° at a temperature of 25 

°C, with a solid state laser of wavelength = 659 nm. DLS data analysis was performed 

using the “lognormal” distribution by number package available from Brookhaven. A 

Philips EM 208 Transmission Electron Microscope was utilized to collect the images 

using an acceleration voltage of 80kV. Gel permeation chromatography was performed 
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on a Viscotek GPC system equipped with a VE 1122 pump, degasser (VE 7510), two 

fluorinated polystyrene columns (I-MBHW-3078, I-MBLMW-3078), thermostatted to  

40 °C (ELDEX CH 150 column heater) and arranged in series, a Viskotek 270 Dual 

Detector (light scattering detector and differential viscometer) and a refractive index 

detector (VE 3580). 

 

Scheme 4.2  Synthesis of block pro-ionomers 4.1 and 4.2 

 

Polystyrene-Br (4.7): In a nitrogen-filled glove box, a Schlenk flask was charged with a 

stir bar, CuBr (42 mg, 0.29 mmol) and N,N,N’,N”,N”-pentamethyldiethylenetriamine 

(PMDETA) (100 mg, 0.58 mmol). Styrene (3.00 g, 29 mmol) was then added and the 

solution was placed in an oil bath at 100 °C. To initiate the reaction, ethyl-2-

bromoisobutyrate (43 μL, 0.29 mmol) was injected and the reaction mixture was stirred at 
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100 °C for 6 h during which time the solution became viscous. Upon completion, the 

cooled reaction mixture was opened to air and THF (1.5 mL) was added. The THF 

solution was then filtered through a thin pad of silica gel and the filtrate was precipitated 

into excess MeOH (30 mL). The resulting solids were collected via vacuum filtration and 

dried under vacuum to provide 2.1 g of the desired polymer as a white powder. Mn = 

6900 Da (PDI = 1.18). This material was used directly in the next step. 

Polystyrene-b-poly(ethyl styrenesulfonate) (4.1): In a nitrogen-filled glove box, a 

Schlenk flask was charged with a stir bar, polystyrene-Br (4.6) (1.00 g, 0.14 mmol) and 

ethyl styrenesulfonate (3.00 g, 14.0 mmol). THF (1.75 mL) was then added to effect 

complete dissolution. Then, CuBr (20 mg, 0.14 mmol) and PMDETA (49 mg, 0.28 

mmol) were added and the solution was placed in an oil bath at 100 °C. After stirring at 

100 °C for 7 h, the mixture was allowed to cool and the flask was opened to air. THF (3.0 

mL) was then added and the resulting solution was filtered through a thin pad of silica 

gel. The filtrate was added into excess MeOH (70.0 mL) and the resulting solids were 

collected via vacuum filtration and dried under vacuum to provide 2.8 g of block 

copolymer 4.1. Mn = 8500 Da (PDI = 1.31). Analysis of 4.1 via 1H NMR spectroscopy 

revealed a n/m ratio of 3/2 (SO3–CH2–CH3, δ = 4.18 ppm in CDCl3). 1H NMR (400 MHz, 

CDCl3): δ 8.68 (br s, 4H), 7.25–6.23 (br m, 19H), 4.19 (br s, 4H), 2.30–0.83 (br m, 21H). 

PEG-1900 macroinitiator (4.8): A flask was charged with a stir bar and 1900 MW PEG 

monomethyl ether (2 g, 1.05 mmol). The PEG was then dissolved in dry CH2Cl2 (50 mL) 

and cooled in an ice bath. Then, 2-bromoisobutyryl bromide (0.343 mL, 2.11 mmol) was 

added dropwise to the stirred solution.  The flask was stirred for 20 minutes and Et3N 

(0.293 mL, 2.11 mmol) was added dropwise while maintaining the internal temperature 

at 0 °C. The ice bath was then removed and the mixture was stirred for an additional 6 

hours. The reaction mixture was then poured onto a pad of silica and washed with 120 
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mL of CH2Cl2:Et3N (20:1), followed by elution into a clean flask with 150 mL MeOH. 

All volatiles were evaporated and the resulting residue was taken up into 20 mL of 

CH2Cl2 and precipitated into 300 mL of hexanes. The white precipitate was collected by 

filtration to yield 1.98 g (91 %). 1H NMR (400 MHz, CDCl3-d6): δ 3.62 (br s, 309 H), 

3.27 (s, 3H), 1.96 (s, 6H). 

PEG-b-poly(ethyl styrenesulfonate) (4.2): In a nitrogen-filled glove box, a Schlenk 

flask was charged with a stir bar, PEG-Br (0.287 g, 0.14 mmol) and ethyl 

styrenesulfonate (2.80 g, 13.2 mmol). THF (1.15 mL) was then added to effect complete 

dissolution. Then, CuBr (20 mg, 0.14 mmol) and PMDETA (49 mg, 0.28 mmol) were 

added and the solution was placed in an oil bath at 85 °C. After stirring at 85 °C for 7 h, 

the mixture was allowed to cool and the flask was opened to air. THF (3.0 mL) was 

added and the resulting solution was filtered through a thin pad of silica gel. The filtrate 

was added into excess MeOH (70.0 mL) and the resulting solids were collected via 

vacuum filtration and dried under vacuum to provide 2.21 g of block copolymer. Mn = 

28000 Da (PDI = 1.30). 1H NMR (400 MHz, CDCl3): δ 7.89-7.40 (br s, 2H), 7.18–6.38 

(br s, 2H), 4.27-3.92 (br s, 2H), 3.83–3.25 (br s, 7.7 H) 2.22-0.81 (br m, 6H). 
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Chapter 5:  Ionic Dithioester-Based RAFT Agents Derived From N-
Heterocyclic CarbenesIII 

ABSTRACT 

Treatment of 1,3-dimesitylimidazolylidene with carbon disulfide followed by 

benzyl bromide afforded benzyl 1,3-dimesitylimidazolium-2-carbodithioate bromide in 

excellent overall yield (92%) and with minimal purification. The tetrafluoroborate 

derivative of this compound was prepared in high yield using a straightforward anion 

metathesis protocol. As evidenced by the formation of well-defined polymers with 

predictable end-groups and molecular weights, these ionic dithioesters were found to be 

effective chain transfer agents in mediating reversible addition-fragmentation chain 

transfer polymerizations of styrene, even at chain transfer agent : initiator ratios as low  

as 1 : 1. 

 

INTRODUCTION 

Over the past 15 years, controlled radical polymerizations (CRP),99 such as atom 

transfer radical polymerization,100 nitroxide mediated polymerization101 and reversible 

addition-fragmentation chain transfer (RAFT) polymerization,102 have emerged as 

powerful methods for preparing polymeric materials with pre-determined molecular 

weights and low polydispersities.103 Since initial reports104 in the late 1990s, RAFT and 

related105 polymerizations have experienced tremendous growth. As a result of their 

versatility and compatibility with a broad range of monomers and solvents, these 

techniques have found utility in many facets of macromolecular chemistry, including 

aqueous polymerizations and the synthesis of advanced materials with useful     

functions. 106,107  
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RAFT polymerizations typically employ specialized chain transfer agents 

(CTAs)108 that facilitate the transfer of relatively few propagating radical species amongst 

many growing polymer chains.109 As a result, deleterious bimolecular termination 

pathways are effectively minimized, which enables all chains to grow in a uniform 

fashion. Of the various types of CTAs known, which include trithiocarbonates, 

dithiocarbamates, xanthates, and dithioesters, the latter have been used extensively. 

Effective dithioester-based RAFT agents with the general structure S=C(Z)-SR share two 

design features: (1) benzyl, cumyl, 2-cyanopropyl, or other R groups that afford a stable 

radical upon undergoing homolytic cleavage from the dithio moiety110 while still 

retaining sufficient reactivity to facilitate polymerization and (2) a Z group that balances 

sufficient electrophilicity toward radical addition with efficient fragmentation, ultimately 

governing polymerization activity.111 In general, RAFT agents with electron-rich Z 

groups facilitate fragmentation but disfavor radical addition, a feature that has found 

utility in polymerizing vinyl acetate.112 In contrast, electron-deficient Z groups favor 

radical addition but afford highly stable intermediates that resist fragmentation and/or 

termination, which often leads to relatively long polymerization reactions. Since the 

general features required to facilitate radical addition oppose those required for efficient 

fragmentation, the key to an active and broadly useful RAFT agent is to find a Z group 

that offers an optimal balance. Dithiobenzoates are excellent examples because aryl Z 

groups (particularly Z = phenyl) balance radical stability with propensity toward 

fragmentation; as such, they currently offer control over a wide range of 

monomers.102,108,109 

As illustrated in Scheme 5.1, we envisioned a 2-carbodithioimidazolium salt 

capable of intermittently delocalizing positive charge onto the dithioester moiety through 
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conformational change. In particular, coplanarization of the dithioester and imidazolium 

moieties should result in a system with a low energy LUMO poised for radical addition.  

 

Scheme 5.1  Proposed mechanism of cationic dithioesters to control radical transfer 

processes in RAFT polymerizations. Counter-anions have been omitted for clarity 

 

 

 

Since the resulting radical species is pseudo-benzylic, it should be relatively 

stable. However, rotation about the imidazolium-dithioester bond should effectively 

diminish electronic communication between these two groups and afford a relatively 

destabilized radical species primed for fragmentation. Considering the rotational barrier 

will be influenced by sterics, we ultimately envision fine tuning these processes by 

varying the size of the N-substituents. Herein, we disclose our initial results toward 

realizing this concept. In particular, the synthesis of two new dithioester-based RAFT 

agents containing imidazolium Z groups and their potential in controlling free radical 

polymerizations are described. A fundamental corollary of our investigation was to 
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explore the effect of placing a positive charge in close proximity to the dithioester moiety 

on polymerization activity which, to the best of our knowledge, has not been previously 

studied in detail.113 

 

RESULTS 

Syntheses of the aforementioned imidazolium-based dithioesters are summarized 

in Scheme 5.2 and capitalize on the chemistry of N-heterocyclic carbenes,114 a versatile 

class of compounds finding tremendous utility in catalysis115 and polymer synthesis.116 

Furthermore, a large number of synthetic methods are known that enable straightforward 

modulation of the N-substituents as well as other structural features of the N-

heterocycle.114 Treatment of commercially-available 1,3-dimesitylimidazolylidene (5.1) 

with excess carbon disulfide in tetrahydrofuran (THF) afforded inner salt 5.2 in 99% 

yield after 2 h at ambient temperature.117 Subsequent alkylation of 5.2 with benzyl 

bromide at 85 °C in acetonitrile afforded benzyl 1,3-dimesitylimidazolium-2-

carbodithioate bromide (5.3) in 93% yield. 
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Scheme 5.2  Synthesis of ionic RAFT agents 5.3 and 5.4.  Mes = 2,4,6-trimethylphenyl.  

rt = room temperature 

 

 

 

 

 

 

 

 

 

 

 

To confirm the molecular structure of 5.3, a crystal was grown by slow 

evaporation of a saturated ethyl acetate solution and analyzed by X-ray diffraction. As 

shown in the ORTEP diagram in Figure 5.1, the dithioester moiety is nearly orthogonal to 

the plane of the imidazolium species (avg. abs. N-C-C-S ≈ 71°). This observation 

suggested to us that electronic communication between the dithioester and imidazolium 

moieties was restricted in the solid-state. However, the rotational barrier about the 

dithioester-imidazolium bond in 5.3 was calculated118 to be less than 7 kcal/mol, 

suggesting that an appreciable population of the coplanar conformation should exist at 

room temperature in solution. 
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Figure 5.1  ORTEP diagram of 5.3. Hydrogen atoms, solvent molecules, and counterions 

have been removed for clarity. Ellipsoids were drawn at the 50% probability level. 

Selected distances (Å) and angles (°):  N1-C1, 1.339(4); N2-C1, 1.344(4); C1-C4, 

1.484(4); S1-C4, 1.623(6); S2-C4, 1.703(5); S2-C5, 1.804(6); N1-C1-N2, 107.9(2); C1-

C4-S1, 121.0(4); S1-C4-S2, 125.6(5); C4-S2-C5, 103.9(4); C6-C5-S2, 114.2(11); N1-C1-

C4-S1, -114.5(7); N1-C1-C4-S2, 74.2(6); N2-C1-C4-S1, 68.7(7); N2-C1-C4-S2, -

102.6(6); C1-C4-S2-C5, -173.0(10); C4-S2-C5-C6, 76.6(8) 
 

 

 

Upon synthesis and characterization of 5.3, efforts were directed toward exploring 

the ability of this compound to mediate the polymerization of styrene.119 Initially, 0.96 

mmol of 5.3 and 0.19 mmol of 2,2´-azobisisobutyronitrile (AIBN) were dissolved in 1.1 

mL of degassed styrene (monomer : CTA : AIBN = 200 : 5 : 1). To monitor monomer 
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conversion, a small amount of an internal standard (i.e., 1,2,3-trimethoxybenzene) was 

included in the reaction mixture. After heating at 110 °C under an atmosphere of nitrogen 

for three days, no polymer was observed by 1H NMR analysis of the crude reaction 

mixture which indicated to us that 5.3 was highly effective at limiting propagating radical 

species.120 To facilitate polymerization, the CTA : AIBN ratio was reduced to 1 : 1 and 

the aforementioned polymerization experiment was repeated. After 24 h at 110 °C, 87% 

of monomer was consumed and a polystyrene with a number average molecular weight 

(Mn) of 19.1 kDa, as determined by gel permeation chromatography121 was obtained in 

good agreement with its theoretical molecular weight of 18.7 kDa.122 Unfortunately, the 

chromatograms of these polymers showed significant tailing and bimodal distributions 

were observed at higher conversions. To circumvent these deleterious issues, 

polymerizations were attempted at lower temperatures but were ultimately hampered by 

the poor solubility of 5.3 in styrene.   

Considering the complementary reactivity of the nucleophilic bromide anion and 

the eletrophilic benzyl group in 5.3, we surmised that this compound most likely 

decomposed via an SN2-type process over the course of the polymerization reaction. To 

investigate, solutions of 5.3 were heated to 100 °C in either DMSO-d6 or 

chlorobenzene,123 and monitored over time by 1H NMR spectroscopy. Although 5.3 was 

found to decompose in both solvents, the relative decomposition rates were highly 

dependent on the solvent polarity. For example, in DMSO-d6, 5.3 was found to fully 

decompose within 3 h, but required > 20 h in chlorobenzene to achieve complete 

decomposition. Extrapolating this reactivity, we suspect the decomposition of 5.3 would 

proceed even slower in bulk styrene, a relatively non-polar solvent that disfavors SN2-

type reactions. However, the limited solubility of this compound in less polar solvents 

(i.e., C6D6 or toluene-d8) prevented verification of this hypothesis. 
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In an effort to minimize decomposition, the nucleophilic bromide counteranion 

was exchanged for a tetrafluoroborate via anion metathesis.  This transformation was 

accomplished by treating a CH2Cl2 solution of 5.3 with a stoichiometric amount of 

triethyloxonium tetrafluoroborate at room temperature,124 which afforded 5.4 as a pink 

powder in >99% yield. Gratifyingly, compound 5.4 showed improved solubilities in non-

polar organic solvents, including styrene, and exhibited no signs of decomposition in a 

variety of organic solvents (chlorobenzene, CDCl3, or toluene) at 100 °C for at least 48 h. 

In DMSO, however, approximately 15% of 5.4 was found to decompose over the same 

period of time. 

Poised by these favorable physical and thermal properties, CTA 5.4 was explored 

for its ability to mediate the polymerization of styrene. Using reaction conditions similar 

to those described above (i.e., styrene : 5.4 : AIBN = 200 : 1 : 1), a polystyrene with a 

number average molecular weight (Mn) of 19.6 kDa and a polydispersity index (PDI) of 

1.26 was obtained in 84% yield after 22 h at 70 °C. The experimentally-determined Mn 

was in good agreement with its theoretical value of 18.7 kDa, which was based on 

monomer conversion and complete incorporation of 5.4 into growing polymer.122 To gain 

support for the latter, we capitalized on the BF4 counteranion associated with 5.4, which 

presumably should also be associated with its respective polymer. Analysis of the 

aforementioned polymer by 19F NMR spectroscopy revealed two distinct singlets at         

δ = -152.6 and -152.7 ppm in a 1 : 4 ratio, respectively, which were in accord with the 

isotopic distribution of boron and at similar chemical shifts as those exhibited by 5.4. A 

solution of this polymer was then spiked with a known quantity of 1,2,4,5-

tetrafluorobenzene (δ = -138.7 ppm), and the mixture was analyzed using 19F NMR 

spectroscopy. Integrating the 19F NMR signals attributed to the standard relative to those 

derived from BF4 revealed that these two species were present at a ratio of 55 : 45, 
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respectively. Using the known concentration of the standard, the Mn of the polymer was 

calculated to be 16.6 kDa which is in good agreement with the value obtained by GPC. In 

other words, using this method, there appears to be approximately one unit of 5.4 on the 

terminus of each polymer chain. 

An ability to prepare well-defined polymers with relatively low CTA : AIBN 

ratios was unusual since RAFT polymerizations typically employ ratios of up to 10 : 1 in 

order to maintain control. Despite this low ratio, key characteristics of a 

controlled/“living” polymerization were observed. For example, as shown in Figure 5.2, 

monitoring a bulk polymerization of styrene mediated by 5.4 using a CTA : AIBN = 1 : 1 

revealed: (A) pseudo-first order kinetics with respect to monomer as evidenced by the 

linear correlation between the log monomer concentration and time, and (B) a linear 

relationship between polymer molecular weight and monomer conversion whilst 

polydispersity remained low (< 1.3). Representative GPC chromatograms for this 

polymerization reaction are shown in Figure 5.2C.  

Considering AIBN decomposes into two isobutyrylnitrile radicals, the 

aforementioned results suggested to us that a single unit of 5.4 is capable of mediating 

multiple radical species. This unique ability may be at least partially explained by highly 

favored radical addition to 5.4 coupled with efficient fragmentation. To gain additional 

insight into this process, the chain transfer constant (Ctr), which reflects the ability of the 

CTA to facilitate radical addition, was determined by 1H NMR analysis to be 22 (Figure 

5.2D).110  This Ctr value is similar to that derived for dibenzyl trithiocarbonate,111 an 

effective CTA for mediating RAFT polymerizations. Hence, to rationalize the results 

observed, we surmise that 5.4 exhibits higher absolute rates of addition and fragmentation 

than benzyl dithiobenzoate.  
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Figure 5.2  Kinetic measurements for the polymerization of styrene.  (A) Plot of log 

monomer concentration versus time. (B) Plot of experimentally determined Mn, and PDI 

versus monomer conversion.  (C) GPC chromatograms taken at 4, 7 and 10 h.   (D) 

Double log plot of [RAFT agent] vs [Monomer] used for determination of Ctr (22) 

through calculation of slope.  The slope value was found to be 22, which is also the Ctr.  

Conditions:  [5.3]0 = 48 mM, [AIBN]0 = 48 mM, [mesitylene]0 = 20 mM (internal 

standard), bulk styrene, 70 °C (monomer : CTA : AIBN = 200 : 1 : 1).   
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CONCLUSION 

In summary, we synthesized two new ionic dithioester-based chain transfer agents 

(CTAs) and studied their abilities to mediate free radical polymerizations. Starting with a 

commercially-available N-heterocyclic carbene, the syntheses of these agents was 

accomplished in up to three high yielding steps that required only straightforward 

filtration techniques for isolation.125 These compounds were found to be effective for 

preparing well-defined polystyrenes at relatively low CTA loadings and temperatures. 

Considering the breadth of imidazole chemistry, the methodology reported herein should 

facilitate rapid access to RAFT agents that are highly functionalized or exhibit tunable 

activities through judicious N-substitution, electronic modulation of the N-heterocyclic 

carbene component, or variation of the counteranion.  

 

EXPERIMENTAL 

General Considerations:  THF was distilled from CaH2 under an atmosphere of nitrogen 

prior to use. All other solvents were used as received without further purification. Styrene 

was filtered through a short plug of alumina to remove radical inhibitor and then 

degassed by performing three consecutive freeze-pump-thaw cycles. All other chemicals 

were purchased from Aldrich, Alfa Aesar, or Fisher and were used without further 

purification. The 1,3-dimesitylimidazol-2-ylidene (5.1) was synthesized using known126 

procedures, however it is commercially-available from Strem Chemicals. Likewise, the 

precursor to this N-heterocyclic carbene, 1,3-dimesitylimidazolium chloride, is also 

available from Strem Chemicals. 1H NMR spectra were recorded using a Varian Unity 

Plus 400 spectrometer. Chemical shifts are reported in delta (δ) units, expressed in parts 

per million (ppm) downfield from tetramethylsilane using the residual protio solvent as 
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an internal standard (CDCl3, 7.26 ppm; C6D6, 7.15 ppm; DMSO-d6, 2.50 ppm). 13C NMR 

spectra were recorded using a Varian Gemini 300 spectrometer.  Chemical shifts are 

reported in delta (δ) units, expressed in parts per million (ppm) downfield from 

tetramethylsilane using the solvent as an internal standard (CDCl3, 77.0 ppm; C6D6, 128.0 

ppm; DMSO-d6, 39.5 ppm). 13C NMR spectra were routinely run with broadband 

decoupling. 19F NMR spectra were recorded using a Varian Inova 500 spectrometer. 

Chemical shifts are reported in delta (δ) units, expressed in parts per million (ppm) 

downfield from Freon 11 (CFCl3, 0 ppm; external standard). High-resolution mass 

spectra (HRMS) were obtained with a VG analytical ZAB2-E or a Karatos MS9 

instrument and are reported as m/z (relative intensity). Gel permeation chromatography 

(GPC) was performed on either a Viscotek system equipped with a VE 1122 pump, a VE 

7510 degasser, two fluorinated polystyrene columns (I-MBHW-3078 and I-MBLMW-

3078) thermostatted to 30 °C (using a ELDEX CH 150 column heater) and arranged in 

series, a Viscotek 270 Dual Detector (light scattering detector and differential 

viscometer), and a VE 3580 refractive index detector, or a Waters HPLC system 

consisting of HR-1, HR-3, and HR-5E Styragel® columns arranged in series, a 1515 

pump, and a 2414 RI detector. Molecular weight and polydispersity data are reported 

relative to polystyrene standards in THF (Viscotek system) or DMF/LiBr (Waters 

system). X-ray crystal structure data was collected for 5.3 (CCDC 653951) and deposited 

with the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, 

UK. 

1,3-Dimesitylimidazolium-2-carbodithioate (5.2):  In a nitrogen-filled drybox, 1,3-

dimesitylimidazol-2-ylidene (5.1) (340 mg, 1.12 mmol) was dissolved in dry THF (15 

mL) in a 20 dram vial. After adding excess CS2 (2.0 mL, 21 mmol), the reaction was 

stirred for 2 h at ambient temperature. Subsequent concentration of the reaction mixture 
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under reduced pressure afforded 419 mg (99% yield) of the desired compound as a brown 

solid. 1H NMR (DMSO-d6): δ 7.83 (s, 2H, N-CH=C), 7.02 (s, 4H, Ar-H), 2.27 (s, 6H, p-

CH3), 2.22 (s, 12H, o-CH3). 13C NMR (DMSO-d6): δ 139.8, 135.4, 129.0, 109.3, 81.6, 

48.5, 18.1. HRMS: [M+] calcd for C22H24N2S2: 381.1381; found: 381.1380. 

Benzyl 1,3-Dimesitylimidazolium-2-carbodithioate Bromide (5.3): After dissolving 

5.2 (419 mg, 1.10 mmol) in acetonitrile (25 mL), benzyl bromide (0.261 mL, 220 mmol) 

was added. The reaction was then sealed and heated to 85 °C for 24 h. Subsequent 

removal of solvent under reduced pressure afforded dark purple oil which was later 

dissolved in ethanol and triturated with excess hexanes. Collection of the resulting pale 

pink precipitate via filtration afforded 562 mg (93% yield) of the desired compound. 1H 

NMR (DMSO-d6): δ 8.55 (s, 2H, N-CH=C), 7.26 – 7.07 (m, 8H, Ar-H), 6.80 (d, 2H, J = 

7.2 Hz, Ar-H), 4.58 (s, 2H, Ar-CH2-S), 2.33 (s, 6H, p-CH3), 2.08 (s, 12H, o-CH3). 13C 

NMR (DMSO-d6): δ 141.8, 141.4, 135.4, 133.8, 130.5, 130.3, 129.1, 120.0, 126.9, 21.3, 

18.1. HRMS: [M+] calcd for C29H31N2S2: 471.1923; found: 471.1929. An alternative, 

high-yielding synthesis of 5.3 that utilized a commercially-available imidazolium salt and 

did not require the use of a drybox was also developed: A flask was charged with 1,3-

dimesitylimidazolium chloride (0.200 g, 0.586 mmol), NaH (0.020 g, 0.833 mmol), t-

BuOK (0.002 g, 0.018 mmol) and a stir bar.  Dry THF (50 mL) was then added and the 

resulting mixture was stirred at 50 °C for 3 h under an atmosphere of N2. The mixture 

was then taken up into a syringe and filtered through a PTFE 0.45 µm syringe filter into 

stirred CS2 (10 mL). After 1 h at room temperature, the resulting mixture was 

concentrated to 20 mL and diluted with CH3CN (30 mL). Benzyl bromide (1.00 g, 5.85 

mmol) was added in one portion which resulted in a color change from brown to dark 

purple. After stirring the reaction mixture at 50 °C for 2 h, solvent was evaporated under 

reduced pressure. The resulting dark pink oil was taken up into CH2Cl2 (4 mL) and then 
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poured into excess hexanes (200 mL), which caused solids to precipitate. The solids were 

collected via filtration and dried to afford 0.290 g (96%) of 5.3 as a pale pink powder. 

Crystals suitable for X-ray analysis were obtained by slow evaporation of a saturated 

ethyl acetate solution. Crystal data for 5.3 (C29H33N2OS2Br): M = 569.60, T = 200(2) K, 

λ = 0.71073 Å, triclinic, space group P-1, a = 9.5660(2) Å, b = 11.5100(2) Å, c = 

14.3890(3) Å, α = 100.183(1)°, β = 97.3290(12)°, γ = 100.406(1)°, V = 1430.41(5) Å3 , Z 

= 2, Dx (calcd) = 1.322 mg m-3, μ = 1.607 mm-1, F(000) = 592, Crystal size: 0.24 x 0.20 x 

0.10 mm (red prisms), θrange = 1.94 to 27.48°, 17286 measured reflections, 6491 

independent reflections [R(int) = 0.0382]), 340 restraints, 414 parameters, GOF = 1.026, 

Final R indices [I>2σ(I)]: R1 = 0.0552, wR2 = 0.1247; R indices (all data): R1 = 0.081, 

wR2 = 0.1389. Crystallographic data for this structure has been deposited with the 

Cambridge Crystallographic Data Centre (12 Union Road, Cambridge CB2 1EZ, UK) as 

CCDC 667711. 

Benzyl 1,3-Dimesitylimidazolium-2-carbodithioate Tetrafluoroborate (5.4): In a 

nitrogen-filled drybox, a 20 dram vial was charged with 5.3 (500 mg, 0.906 mmol), dry 

CH2Cl2 (3 mL), triethyloxonium tetrafluoroborate (207 mg, 1.09 mmol) and a stir bar.  

The vial was then sealed and stirred at room temperature for 24 h. Excess 

triethyloxonium tetrafluoroborate was quenched by adding methanol (1 mL) followed by 

stirring for an additional 2 h. Afterward, the resulting solution was poured into excess 

ether which caused solids to precipitate. The solids were subsequently collected by 

vacuum filtration and dried to afford 501 mg (99% yield) of the desired compound as a 

pale pink powder. 1H NMR (CDCl3): δ 7.82 (s, 2H, N-CH=C), 7.24 – 7.21 (m, 1H, Ar-

H), 7.14 (t, 2H, J = 7.6 Hz, Ar-H), 6.95 (s, 4H, Ar-H), 6.81 (d, 2H, J = 7.9 Hz, Ar-H), 

4.39 (s, 2H, Ar-CH2-S), 2.33 (s, 6H, p-CH3), 2.09 (s, 12H, o-CH3).13C NMR (CDCl3): δ 
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141.8, 134.7, 132.2, 129.9, 129.7, 128.6, 128.2, 126.2, 41.0, 21.1, 17.8. 19F NMR 

(CDCl3): δ –152.7, –152.8.  

Representative Polymerization Procedure: In a nitrogen filled drybox, a vial was 

charged with 5.4 (53.0 mg, 0.096 mmol), 1,2,3-trimethoxybenzene (100 mg, 0.59 mmol), 

azobisisobutyronitrile (16.0 mg, 0.096 mmol), and a stirbar.  After styrene (2.00 g, 19.2 

mmol) was added, the vial was placed into a 70 °C oil bath. To monitor the 

polymerization reaction, aliquots were periodically removed from the reaction mixture 

over time and analyzed by either gas chromatography or NMR spectroscopy. After 15 h 

(77% conversion), the vial was opened to air and diluted with THF (1.0 mL). The diluted 

reaction mixture was then poured slowly into excess MeOH (100 mL), which caused 

solids to precipitate. The solids were collected by vacuum filtration and dried under 

vacuum. Based on monomer conversion, the theoretical Mn (16.6 kDa) was found to be 

consistent with the GPC-determined Mn of 15.9 kDa (PDI = 1.22). 

End-group Analysis Using 19F NMR Spectroscopy:  A polystyrene (139 mg, 0.71 

μmol) with a Mn = 19.6 kDa (determined by GPC) previously prepared using 5.4 as 

described above was dissolved in 0.8 mL of CDCl3. Analysis of this solution using 19F 

NMR spectroscopy revealed two distinct BF4 signals at δ –152.6 and –152.7 ppm in a 4 : 

1 ratio, respectively, which is in accord with the isotopic distribution of boron. 1,2,4,5-

Tetrafluorobenzene (0.88 μL, 0.84 μmol) was added as an internal standard, and the 

resulting polymer solution was analyzed using 19F NMR spectroscopy. Integrating the 19F 

NMR signals attributed to the standard (δ = –138.7 ppm) relative to those derived from 

BF4 revealed that these two compounds were present a ratio of 55 : 45, respectively. 

Using the known concentration of the standard, the Mn of the polymer was calculated to 

be 16.6 kDa.  
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Chapter 6:  Poly(Methyl Methacrylate)s With Pendant Calixpyrroles: 
Polymeric Extractants for Halide Anion SaltsIV 

INTRODUCTION 

Octamethylcalix[4]pyrrole (6.1) is a commercially-available anion receptor that 

recognizes certain anions (e.g., fluoride, chloride, and dihydrogen phosphate) well in 

organic media (Ka = >104, 350, and 100 M-1, for the tetrabutylammonium, TBA+, salts of 

F-, Cl-, H2PO4
-, respectively, in CD2Cl2).127 The nature of the binding interactions 

involved, primarily hydrogen bonds, would lead to the expectation, generally supported 

by experiment, that in highly competitive media this and other neutral, pyrrole-derived 

receptors128 would display anion affinities that are substantially reduced. However, recent 

studies wherein pyrrolic systems are either embedded in various types of functional 

materials, e.g., ion selective electrodes129 and colorimetric sensors,130 or covalently 

attached to solid supports to produce anion-selective HPLC packings,131 have served to 

show that ostensibly weak anion binding agents, including calix[4]pyrrole and its 

derivatives, can be highly effective anion receptors under mixed organic-aqueous 

interfacial conditions. This has led us to consider that soluble polymeric materials 

containing calix[4]pyrrole subunits linked directly to the macromolecular backbone (as 

opposed to covalently attached to a preformed polymer support) might prove particularly 

useful for the purpose of anion-binding materials. These materials could have a role in 

addressing a variety of current challenges, including corrosion prevention (e.g., chloride, 

carbonate, and sulfate control under conditions of combustion132), waste remediation 

(e.g., sulfate extraction from tank waste133), toxin control (e.g., mitigating the effects of 

overexposure to cyanide134 or fluoride135), and health care (i.e., enhanced phosphate 

removal under conditions of hemodialysis136), to name but a few. 
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Figure 6.1  Structures of octamethylcalix[4]pyrrole (6.1) and functionalized derivatives 

used in this study  

 

 

 

Herein, we report the synthesis and characterization of polymers and copolymers 

containing calixpyrrole (6.3) and methyl methacrylate (MMA, 6.4). In addition, we 

demonstrate that organic solutions of the calixpyrrole-functionalized copolymer are 

capable of extracting tetrabutylammonium chloride (TBACl) and tetrabutylammonium 

fluoride (TBAF) from aqueous solutions significantly better than calixpyrrole 6.1 and 

poly(methyl methacrylate) (PMMA). To the best of our knowledge, this is the first 

example of an anion receptor appended to a PMMA backbone and the first report wherein 

an anion receptor-based polymeric system of any type has been used to effect anion 

extraction under interfacial aqueous-organic conditions.137 
 

RESULTS 

The functionalized calix[4]pyrrole monomer 6.3 was prepared in 82% yield from 

the hydroxylmethyl calixpyrrole derivative 6.2 through treatment with methacryloyl 

chloride under basic conditions. Monomer 6.3 contains a methacrylate functionality and 

proved amenable to polymerization using conventional free radical methods.138 In initial 

studies, we prepared homopolymer 6.5 by dissolving monomer 6.3 in THF (0.3 M) 

followed by treatment with 1 mol% of azobisisobutyronitrile (AIBN).  After stirring at  
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70 ºC for 17 h under an atmosphere of nitrogen, the resulting viscous solution was added 

dropwise into excess methanol with rapid stirring. This caused precipitation of polymer 

6.5, which was later isolated via filtration in 66% yield. Using gel permeation 

chromatography (GPC), the polymer was found to have a number-average molecular 

weight (Mn) of 23,600 Da (relative to PMMA standards) and a polydispersity index (PDI) 

of 2.3. 

 

Figure 6.2.  Structures of homopolymer 6.5 and copolymer 6.6 

 

To improve the physical properties of the calix[4]pyrrole functionalized PMMAs 

(including their potential ability to serve as anion extractants), a copolymer of 

methacrylate functionalized calixpyrrole 6.3 and MMA (6.4) was prepared. Using the 

conventional free radical polymerization conditions described above, a 77% yield of 

copolymer 6.6 was obtained from a 1:10 mixture of 6.3 and MMA. Using GPC, 

copolymer 6.6 was found to possess a Mn of 85,500 Da and a PDI of 2.1. The relatively 
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high molecular weight, compared to 6.5, led us to conclude that the incipient and/or 

growing polymer chains may be negatively influenced by the large steric bulk of the 

calix[4]pyrrole in monomer 6.3.139 Regardless, polymer 6.6 proved to be highly soluble 

in most common organic solvents, including dichloromethane. 1H NMR spectroscopic 

analysis (CD2Cl2) revealed that there were, on average, 14 methacrylate units per 

calixpyrrole unit within 6.6. For comparison, a sample of PMMA (Mn = 40,700; PDI = 

1.5) was prepared using a procedure analogous to that used to obtain 6.5 and 6.6. 

Thermal analysis of 6.6 revealed a decomposition temperature (Td) at 272 °C, which is 

intermediate of respective Tds found for 6.5 (270 °C) and the PMMA homopolymer (276 

°C) used for comparison.140  Collectively, these results provide support for the proposal 

that the physical properties of copolymers prepared from MMA and 6.3 may be tuned 

through judicious monomer selection.  

 

Figure 6.3  1H NMR spectra of  fluoride coordinated polymer solutions of (a) a mixture 

of octamethylcalix[4]pyrrole (6.1) (29 mM) and PMMA (125 mM, based on the repeat 

unit), (b) after i) adding 0.5 mL of a D2O solution of TBAF (90 mM), ii) shaking the tube 

vigorously, and iii) allowing the phases to separate, (c) polymer 6.6 (effective 

concentration of the calix[4]pyrrole repeat unit = 6.5 mM), (d) this latter solution of 

polymer 6.6 after being subjected to the same treatment noted in (b) 

 

 

 

 

 

 



 64

 

 

 

 

 

 

 

 

 

 

 

Once polymer 6.6 was fully characterized, efforts shifted toward exploring its 

ability to bind anions under interfacial conditions. As shown in Figure 6.3, addition of a 

D2O solution of tetrabutylammonium fluoride (TBAF, 90 mM) to a CD2Cl2 solution of 

polymer 6.6 (effective concentration of the calix[4]pyrrole repeat unit = 6.5 mM) resulted 

in a substantial downfield shift of the pyrrole NH protons (as typically seen upon anion 

binding).127 In addition, peaks ascribable to the methylene units in the TBA+ counter 

cation (at δ = 3.2 ppm) were seen, lending support to the notion that both the anion (F-) 

and the cation were present in the organic phase. In contrast, no shifts in the NH 

resonances and no TBA+-ascribable peaks were observed when a 29 mM solution of 

octamethylcalix[4]pyrrole (6.1) in CD2Cl2 was exposed to aqueous solutions of TBAF.  

Likewise, no evidence of uptake of TBA+ into the organic phase (absence of any 

discernible peak at  δ = 3.2 ppm) was seen when analogous experiments were repeated 

with the MMA homopolymer. 
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Figure 6.4  1H NMR spectra of  chloride coordinated polymer solutions of (a) a mixture 

of octamethylcalix[4]pyrrole (6.1) (29 mM) and PMMA (125 mM based on the repeat 

unit), (b) after i) adding 0.5 mL of a D2O solution of TBACl (108 mM), ii) shaking the 

tube vigorously, and iii) allowing the phases to separate, (c) polymer 6.6 (effective 

concentration of the calix[4]pyrrole repeat unit = 6.5 mM), and (d) after being subjected 

to the same treatment noted in (b) 

 

 

 

 

 

 

 

 

 

 

 

 

The ability of polymer 6.6 to extract several other TBA+ salts was also tested. 

While no extraction was seen in the case of aqueous solutions of tetrabutylammonium 

dihydrogen phosphate, upon addition of TBACl downfield shifts in the NH proton signals 

were seen to be greater than those observed with TBAF for analogous anion 

concentrations (see Figure 6.4). Such findings, which are consistent with an enhanced 

ability to extract chloride relative to fluoride or dihydrogen phosphate, run counter to the 

relative anion affinities seen in dichloromethane.127 However, they are in accord with 
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what one would expect based on the so-called Hofmeister bias,141 namely that a more 

hydrophobic anion, such as chloride (ΔGh = -340 kJ mol-1), is extracted more easily than 

a highly hydrophilic species, such as dihydrogen phosphate (ΔGh = -465 kJ mol-1), or 

fluoride (ΔGh = -465 kJ mol-1).142 Consistent with this rationale is the finding that both 

the control MMA homopolymer and calixpyrrole 6.1 were able to extract TBACl under 

the aforementioned interfacial conditions, albeit with efficiencies of less than 35% 

relative to polymer 6.6 (as calculated from NMR integrations of the MMA methyl ester, 

β-pyrrolic, and TBA+ signals, as appropriate). On the other hand, the fact that efficient 

extraction of TBAF was only seen in the case of polymer 6.6 (and not the PMMA control 

or free 6.1) underscores the fact that the calixpyrrole receptor appended to the PMMA 

backbone is playing a critical role in overcoming the Hofmeister bias that would militate 

away from the out-of-water extraction of this highly hydrophilic species. 

Further support that copolymer 6.6 could bind fluoride and chloride anions came 

from thermal analyses. Specifically, after independently exposing TBAF or TBACl to 6.6 

as described above, these samples as well as PMMA controls were subjected to 

thermogravimetric analysis.140 For the sample of 6.6 exposed to TBAF, a 10% mass loss 

was observed upon heating to 230 °C, a temperature just below the Td of the copolymer 

(262 °C). This compares well with the theoretical mass loss of 11.5% assuming the 

TBAF became completely volatilized over the aforementioned temperature range and 

was present in a 1:1 stoichiometry relative to each calix[4]pyrrole unit in the polymer 

chain. In contrast, the sample of 6.6 exposed to TBACl exhibited a 19% mass loss 

(theoretical: 12.1%) upon heating to 230 °C. Considering the relative extraction abilities 

of 6.6 towards TBACl and TBAF (see above), the observed mass loss was considered 

reasonable. For comparison, the PMMA controls lost ≤ 2% of their masses prior to 
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polymer decomposition (277 °C), which leads us to conclude that only minimal amounts 

TBAF or TBACl were present in these samples after extraction. 

 

CONCLUSION 

In conclusion, we have prepared what we believe are the first bona fide polymeric 

systems containing a calixpyrrole anion receptor directly appended to a polymer 

backbone. One main advantage of these materials is that, at least in principle, other MMA 

derivatives (e.g., a hydrophilic derivative such as hydroxyethyl methacrylate) could be 

used to control the solubility, water swellability, thermal- and chemical stability, of the 

resulting PMMA-type polymers. This versatility leads us to believe that polymers such as 

6.6 could be readily optimized for use in a range of ion binding and extraction 

applications. 

 

EXPERIMENTAL 

General Considerations: All solvents were dried before use according to standard 

literature procedures. Unless specifically indicated, all other chemicals and reagents used 

in this study were purchased from commercial sources and used as received. 1H, 13C and 
19F NMR spectra used in the characterization of products and quantification of extracted 

TBAF were recorded on Varian Unity 300 or 400 spectrometers using a residual protio 

solvent as the reference. Low-resolution FAB and CI mass spectra were obtained on a 

Finningan MAT TSQ 70 mass spectrometer. High resolution FAB and CI mass spectra 

were obtained on a VG ZAB2-E mass spectrometer. GPC analyses were performed using 

a Waters HPLC system consisting of HR-1, HR-3, and HR-5E Styragel® columns 

arranged in series, a 1515 pump, and a 2414 RI detector; reported molecular weights are 
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relative to polystyrene standards in DMF (0.01 M LiBr) at 40 °C (column temperature). 

Thermogravimetric analyses were performed using a Mettler Toledo TGA/SDTA851e 

equipped with a TSO801RO sample automated loader.  

Mono-hydroxyl functionalized calix[4]pyrrole (6.2): In a 25 mL round bottom flask, 

the respective calix[4]pyrrole ethyl ester (500 mg, 1.027 mmol) was first dissolved in 10 

mL THF and placed under an atmosphere of Ar. After adding NaBH4 (233 mg, 6.165 

mmol) in a single portion, the resulting mixture was heated to reflux for 15 min. To the 

hot mixture, 10 mL of dry MeOH was added dropwise over the course of 15 min. After 

24 h of additional heating at reflux, the reaction was cooled to ambient temperature and 

quenched with 20 mL of an aqueous solution saturated with ammonium chloride. The 

organic components were then extracted with CH2Cl2 (3 x 20 mL) and dried over 

Na2SO4. The crude product was then purified by column chromatography (silica gel; 

eluent: 80:20 CH2Cl2:hexanes gradually changing to 10:90 MeOH:CH2Cl2) which, after 

removal of residual solvent, afforded 343 mg of 6.2 as a yellow solid (75% yield). Rf = 

0.15 (80:20 CH2Cl2:hexanes); 1H NMR (500 MHz, CDCl3): 1.42 (s, 3H, meso-CH3), 

1.51-1.55 (m, 18H, meso-CH3), 1.94 (t, 1H, J = 5 Hz, OH), 3.85 (d, 2H, J = 5Hz, meso-

CH2), 5.90-5.96 (m, 8H, pyrrole CH), 7.11 (br s, 2H, NH), 7.57 (br s, 2H, NH); 13C NMR 

(100 MHz, CDCl3): 24.76, 28.33, 29.45, 41.19, 69.83, 102.65, 102.91, 103.06, 103.37, 

134.36, 138.21, 138.46, 138.82; HRMS (CI) calcd for C28H37N4O [M+H+]: 445.2967, 

found: 445.2966. This compound was further characterized by single crystal X-ray 

diffraction analysis.  

Methacrylate functionalized calix[4]pyrrole (6.3):  A 25 mL round bottom flask was 

charged with 250 mg (0.56 mmol) of alcohol 6.2, triethylamine (97.5 µL, 0.7 mmol) and 

10 mL of dry, degassed THF. After cooling the flask to 0 °C using an ice bath, 

methacryloyl chloride (60 µL, 0.62 mmol) was added dropwise via syringe. The reaction 
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was then allowed to warm to ambient temperature over the course of 24 h. After 50 mL 

of water was added, the mixture was extracted with CH2Cl2 (3 x 20 mL). The organic 

layer was then dried over Na2SO4 and filtered. The crude product was then purified by 

column chromatography (silica gel; eluent: CH2Cl2) which, after removal of residual 

solvent, afforded 236 mg of 3 as a white powder (82% yield). Rf = 0.80 (CH2Cl2); 1H 

NMR (500 MHz, CD2Cl2): 1.45-1.52 (m, 18H, meso-CH3 protons), 1.87 (dd, 3H, CH3), 

4.34 (s, 2H, CH2), 5.55 (m, 1H, CH), 5.84-5.92 (m, 8H, pyrrole CH), 5.97 (m, 1H, CH), 

7.03 (br s, 2H, NH), 7.11 (br s, 2H, NH); 13C NMR (100 MHz, CDCl3): 18.40, 28.92, 

29.27, 33.34, 39.43, 70.59, 102.74, 102.88, 103.08, 104.18, 133.18, 138.31, 138.51, 

138.86, 191.65; HRMS (CI) calcd for C32H41N4O2 [M+H+]: 513.3230, found: 513.3232. 

This compound was further characterized by single crystal X-ray diffraction analysis.  

Homopolymer (6.5): Homopolymer 6.5 was prepared by dissolving monomer 6.3 in 

THF (0.3 M) followed by treatment with 1 mol% of azoisobutyronitrile (AIBN).  After 

stirring at 70 ºC for 17 h under a nitrogen atmosphere, the resulting viscous solution was 

added dropwise into an excess of rapidly stirred methanol. This caused precipitation of 

polymer 6.5, which was subsequently isolated via filtration in 66% yield as a yellow 

solid.  Using gel permeation chromatography, the polymer was found to have a number-

average molecular weight (Mn) of 23,600 Da (relative to PS standards) and a 

polydispersity index (PDI) of 2.3. 1H NMR (500 MHz, CD2Cl2): 0.34-0.95 (br s, 2H, 

polymer backbone CH2), 1.25-1.85 (br m, 24H, meso-CH3 and polymer backbone CH3), 

4.15 (br s, 2H, meso-CH2), 5.89 (br s, 8H, pyrrole CH), 7.12 (br s, 4H, NH). 

Copolymer (6.6):  Using the conventional free radical polymerization conditions 

described above, a 77% yield of copolymer 6.6 was obtained as a white solid from a 1:10 

mixture of 6.3 and MMA.  Using GPC, 6.6 was found to possess a Mn of 85,500 Da and a 

PDI of 2.1 (relative to PMMA standards). 1H NMR (500 MHz, CD2Cl2): 0.82 (br s, 30H, 
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polymer backbone CH2), 0.99 (br s, 13.21H, polymer backbone CH2), 1.52-1.55 (br m, 

29.13H, calixpyrrole meso-CH3), 1.80-1.88 (br m, 25.76H, MMA CH3), 3.58 (br s, 

43.57H, MMA CH3), 4.11 (br s, 2H, calixpyrrole meso-CH2), 5.89-5.95 (br m, 8H, 

pyrrole CH), 7.11 (br s, 4H, NH). 
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Chapter 7:  Poly(Methyl Methacrylate)s with Pendant Calixpyrroles 
and Crown Ethers: A New Class of Polymeric Extractants for 

Potassium HalidesV 

INTRODUCTION 

The selective separation of alkaline salts from aqueous media is of fundamental 

importance in chemistry. It is, for instance, critical to the production of commodity 

materials (e.g., bromine, potassium, etc.) from high salt sources, such as the Dead Sea 

and the Great Salt Lake143 and, on a very different scale, to the regulation of taste144 and 

the maintenance of osmotic balance in cells.145 Materials that could allow for such 

separations are thus of potential interest in a wide range of applications.146 Polymeric 

systems are particularly attractive in this regard because they are generally easy to isolate 

from solutions or mixtures. 

 Previously, we reported that copolymers of a polymerizable derivative of 

octamethylcalix[4]pyrrole (7.1)147 (i.e., 7.2) and methyl methacrylate (MMA), are 

effective at extracting tetrabutylammonium chloride or fluoride from aqueous media.148 

Unfortunately, these polymeric materials displayed relatively low affinities for the 

corresponding salts containing less organic soluble cations (e.g., Na, K, etc.). We 

envisioned that by appending recognition groups capable of binding such ions to 

modified calixpyrrole-containing polymers, their affinities toward common salts would 

be improved. For example, crown ethers (e.g., 7.3) are well-known for their ability to 

complex alkali cations, particularly potassium.149 This has led to their use in phase 

transfer catalysis,150 and as extractants for picrate anion salts under organic-aqueous 

interfacial conditions.151 In fact, polymeric systems containing crown ethers have been 

used to extract the potassium salts of relatively hydrophobic anions.151 However, neither 
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these latter systems nor any of which we are aware possess the capability of extracting 

"hard" potassium salts, such as KF or KCl, from aqueous media.  

 

Figure 7.1  Compounds examined for extraction of KF from water 

 

 

Herein, we report the synthesis, characterization, and extraction properties of 

mixed MMA copolymers containing pendant calix[4]pyrrole subunits known to bind 

halide anions in a 1:1 ratio in organic media147 and benzo-15-crown-5 subunits capable of 

forming 2:1 sandwich complexes with potassium cations.149 It was thus expected that 
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strong, potentially mutually enhancing, interactions would enable these polymeric 

materials to extract potassium halide salts, such as KCl and KF, from aqueous solutions. 

 

RESULTS 

Copolymers 7.4 – 7.6 (see Scheme 7.1) were prepared from MMA, 

calix[4]pyrrole 7.2, and the benzo-15-crown-5 derivative 7.7151 using conventional free 

radical polymerization techniques.152 In general, azoisobutyronitrile (1 mol%) was added 

to THF solutions of these monomers in various ratios. After heating at 70 °C for 17 h, the 

solutions were independently poured into excess methanol, which caused the polymer to 

precipitate. After collection by filtration, the resulting materials were characterized by 

NMR spectroscopy (CD2Cl2) and gel permeation chromatography.148 The molecular 

weights (33 – 90 kDa) and polydispersities (PDI = 2.1 – 2.5) of these copolymers were 

typical of those obtained from free radical polymerizations.  

 

Figure 7.2  Ionic dyes used for extraction 

 

 

Initial qualitative evidence that copolymer 7.4, which contains both 

calix[4]pyrrole and crown ether subunits, could extract chloride salts into organic media 

came from a visual test involving 7.9, a water soluble dye that contains a chloride 

counteranion. Treatment of an aqueous solution of 7.9 (25.5 μM) with a CH2Cl2 solution 
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of copolymer 7.4 (effective concentration of the calix[4]pyrrole and crown ether repeat 

units = 1.56  and 1.22 mM, respectively) resulted in a colored organic phase (see Figure 

7.1). As controls, solutions of the dyes were also exposed to CH2Cl2 solutions of 7.1 (1.56 

mM), 7.3 (1.22 mM), or a mixture of 7.1 and 7.3 (1.56 and 1.22 mM, respectively), 

however no transfer of color was observed. These results were quantified using UV-vis 

spectroscopy. As shown in Figure 7.3, analysis of the water phases of these extraction 

experiments confirmed that 7.4 was able to extract 7.9 into the organic phase more 

effectively (>54%) than 7.1, 7.3, or their mixture. Similar qualitative and quantitative 

results were observed when aqueous solutions of 7.10, a water soluble dye that contains a 

potassium countercation, were tested. In this case, copolymer 7.4 proved more effective 

as an extractant (>30%) relative to either 7.1, 7.3, or the same mixture of 7.1 and 7.3 used 

above. 

 

Figure 7.3  Biphasic mixtures demonstrating dye extraction. Aqueous solutions of 7.9 

(top layers): a) After treatment with CH2Cl2 (bottom layer). b) After treatment with a 

solution of 7.7. (bottom layer). c) After treatment with a solution of 7.3 in CH2Cl2 

(bottom layer). d) After treatment with a CH2Cl2 solution of 7.1 and 7.3 (bottom layer). e) 

After treatment with a CH2Cl2 solution of polymer 7.4 (bottom layer).   
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Figure 7.4  UV-vis spectra of aqueous solutions of 7.9 (initial concentration = 25.5 μM) 

after exposing to an equal volume of a CH2Cl2 solution of polymer 7.4 (effective 

concentration of the calix[4]pyrrole and crown ether repeat units = 1.56 and 1.22 mM, 

respectively), 7.1 (1.56 mM), 7.3 (1.22 mM) or a mixture of 7.1 and 7.3 (1.56 and 1.22 

mM, respectively) 

 

 

Encouraged by these initial results, we next sought to address the question of 

whether copolymer 7.4 could extract a salt consisting of two hard ions, namely potassium 

fluoride. In parallel, the extraction properties of 7.5 and 7.6 were examined. These 

systems contain either calixpyrrole or crown ether recognition subunits, respectively, and 

were designed to assess the relative importance of each individual ion recognition unit on 
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the overall extraction properties of 7.4. As shown in Figure 7.4, addition of a 3.4 M D2O 

solution of KF to a CD2Cl2 solution of 7.4 (effective concentration of the calix[4]pyrrole 

and crown ether repeat units = 6.25  and 4.86 mM, respectively) resulted in the 

appearance of a signal at δ = -121.7 ppm in the 19F NMR spectrum of the organic phase. 

A similar signal, but of reduced intensity, was seen in the case of 7.5, whereas very little 

signal was observed in the case of 7.6.  

To quantify the amount of fluorine present in the organic phases of the 

aforementioned extraction experiments, fluorobenzene (final concentration: 14.21 mM) 

was added to each sample as an internal standard (δ = -114.3 ppm). Based on 

comparative integrations (i.e., comparing total fluoride content in the CD2Cl2 layer 

relative to this standard), copolymer 7.4 was found to be capable of extracting KF more 

efficiently (7.55 ± 0.04 mM) then polymer 7.5 (5.71 ± 0.03 mM) under conditions where 

the effective concentration of the calix[4]pyrrole repeat units in both polymers were 

essentially the same (6.25 mM versus 6.50 mM for 7.4 and 7.5, respectively). In addition, 

both of these polymers were found to extract significantly more fluoride into the organic 

phase than 7.6 ([F] = 0.34 ± 0.03 mM in the CD2Cl2 layer), a copolymer that does not 

contain any calix[4]pyrrole subunits, as noted above. As control experiments, extractions 

were also performed in an analogous manner using 7.1, 7.3, MMA homopolymer,148 an 

equimolar mixture of calixpyrrole 7.1 and crown ether 7.3, and the calixpyrrole-crown 

ether pseudo dimer 7.8, which was envisioned as a small molecule analogue of 7.4.153  

No quantifiable fluorine signal was observed in the organic phase when any of the control 

systems were used as extractants.154 

Flame emission spectroscopy (FES) was used to confirm the co-extraction of 

potassium in the above experiments,155 The organic phase obtained after extracting KF 

with polymer 7.4 afforded an emission intensity (EI) of 0.401 (at 766.5 nm, i.e., the 
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emission wavelength of the excited potassium ion produced by the flame source) after 

dilution with a known amount of ethyl acetate. By way of comparison, the organic phases 

produced EI values of 0.277 and 0.038, respectively when polymers 7.5 and 7.6 were 

used as extractants under otherwise identical conditions. Based on quantification with a 

series of standards,156 extracted potassium concentrations of 6.84, 4.73, and 0.65 ± 0.05 

mM were calculated for CD2Cl2 solutions of polymers 7.4, 7.5, and 7.6, respectively (at 

effective crown ether concentrations of 5.60, 0.00, and 5.00 mM, respectively). These 

values are in good agreement with those obtained from the 19F NMR data. A summary of 

the KF extraction data is presented in Table 1. 

 

Figure 7.5  19F NMR spectra of copolymer 7.4 in solutions of CD2Cl2/D2O (effective 

[calix[4]pyrrole] = 6.25 mM), 7.5 ([calix[4]pyrrole] = 6.50 mM), and 7.6 (no 

calix[4]pyrrole) after adding D2O solutions of KF (3.4 M), shaking the tubes vigorously, 

and then separating the phases with the aid of centrifugation (10 min)   
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Next, the ability of polymers 7.4, 7.5 and 7.6 to extract KCl from aqueous media 

was evaluated using conditions analogous to those employed for the KF studies described 

above. In this case, after exposing the polymers to 3.4 M solutions of KCl in D2O, FES 

was again used to determine the relative amounts of potassium extracted. Polymer 7.4 

proved to be the most effective extractant, displaying an EI value of 0.761, which 

corresponded to a potassium concentration of 12.97 ± 0.08 mM in the organic phase, with 

the exact quantification being based on a series of standards.156 Polymers 7.5 and 7.6 

displayed relatively lower EI values, namely 0.507 and 0.081, respectively, values that 

corresponded to potassium concentrations of 8.64 and 1.38 ± 0.08 mM, respectively. The 

higher overall extraction values for KCl compared to KF is consistent with the relative 

aqueous solvation energies (ΔGh) of chloride and fluoride anions (ΔGh = -340 kJ mol-1 

for Cl- versus ΔGh = -465 kJ mol-1 for F-).157 Specifically, the more hydrophobic anion  

(Cl-) was extracted more effectively than its more hydrophilic analogue (F-).158,159 

 

Table 7.1  Summary of KF extraction efficiencies.a 

 

 

a Extraction efficiencies (eff.) are reported as the percent (%) of extractant 
populated with KF upon exposure to a saturated aqueous solution of KF. See 
text for additional details. b See Scheme 1 for the structures of the compounds 
studied.  c Relative molar ratios of calixpyrrole (calix) to crown ether (crown) 
units in the extractant. d Calculated from total fluoride extracted. e Based on 
the total number of ion receptors (calixpyrrole plus crown ether) in the 
extractant. f Based on the total number of calixpyrrole units in the extractant. g 
Calculated from total potassium extracted. h Based on the total number of 
crown ether units in the extractant. i Not determined. 

eff. (%) eff. (%) eff. (%) eff. (%) Cmpd.b calix : 
crownc (total)d,e (calix)d,f (total)e,g (crown)g,h 

7.4 1.0  :  0.8 67 121 61 137 
7.5 1.0  :  0.0 88 88 73 i 
7.6 0.0  :  1.0 6 i 12 12 
7.8 1.0  :  1.0 0 0 0 0 
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Finally, an effort was made to determine if potassium salts could be selectively 

extracted in the presence of their sodium analogues. Towards this end, a 0.5 mL H2O 

solution of KCl (134.1 mM) and NaNO3 (1.47 M) was treated with polymer 7.4 (in 0.75 

mL CH2Cl2) and analyzed using FES. (The two aforementioned inorganic salts were 

combined deliberately to form NaCl in situ.) The EI of the signal corresponding to 

potassium (0.734) was over an order of magnitude greater than the signal corresponding 

to sodium (0.043). On this basis it was concluded that polymer 7.4 extracts potassium 

chloride much more effectively than it does sodium chloride.160 This finding, which is in 

accord with the relative hydration energies of K+ and Na+ (ΔGh = -295 kJ mol-1 for K+ 

and ΔGh = -365 kJ mol-1 for Na+),157 suggests to us that these materials may ultimately 

enable the selective separation of potassium halide salts from complex aqueous mixtures. 

This could be especially valuable in specialty medical applications, such as the control of 

hyperkalemia, where potassium ion exchange resins (e.g., sodium polystyrene sulfonate; 

Kayexalate) have seen widespread use, in spite of being subject to inherent chemical and 

clinical limitations.161 

 

CONCLUSION 

In conclusion, we have prepared the first well-defined and homogenous polymeric 

systems capable of extracting potassium fluoride and chloride salts from aqueous media. 

These polymers contain pendant calixpyrrole and crown ether subunits, key features that 

permit the concurrent complexation of both halide and potassium ions. This, in turn, 

allows the system as a whole to overcome the relatively high hydration energies of KF 

and KCl and enables their extraction from aqueous media with efficiencies that exceed 

those expected based on the effective concentration of the individual receptors (crown 
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ether and calixpyrrole). To the best of our knowledge this has not hitherto proved 

possible with any other simple polymeric material. Ongoing efforts are focused on fine-

tuning the choice of receptors and investigating the effect of polymer molecular weight 

and microstructure on the overall extraction performance of these materials. 

 

EXPERIMENTAL 

General Considerations: All solvents were dried before use according to standard 

literature procedures. Unless specifically indicated, all other chemicals and reagents used 

in this study were purchased from commercial sources and used as received. Compounds 

7.1,147 7.2,148 7.3,151 and copolymer 7.5148 were prepared according to literature 

procedures. 1H, 13C and 19F NMR spectra used in the characterization of products and 

quantification of extracted KF were recorded on Varian Unity 300 or 400 MHz 

spectrometers using a residual protio solvent as the reference. Low-resolution FAB and 

CI mass spectra were obtained on a Finningan MAT TSQ 70 mass spectrometer.  High 

resolution FAB and CI mass spectra were obtained on a VG ZAB2-E mass spectrometer.  

GPC analyses were performed using a Waters HPLC system consisting of HR-1, HR-3, 

and HR-5E Styragel® columns arranged in series, a 1515 pump, and a 2414 RI detector; 

reported molecular weights are relative to polystyrene standards in DMF (0.01 M LiBr) at 

40 °C (column temperature). Thermogravimetric analyses were performed using a 

Mettler Toledo TGA/SDTA851e equipped with a TSO801RO sample automated loader.  

A Varian SpectrAA-40 Atomic Absorption Spectrometer was used in flame emission 

mode with an acetylene/air (18:2) mixture to quantify the extracted potassium salts; the 

samples for these measurements were diluted with ethyl acetate prior to recording the 
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emission intensities at 766.5 nm. UV-vis analyses were performed with a Chebios 

Optimum-One UV-vis spectrophotometer. 

Copolymer 7.4: Copolymer 7.4 was prepared by dissolving monomer 7.2, monomer 7.7 

and MMA in 1:1:10 ratio in THF (total conc.: approx. 0.3 M) followed by treatment with 

1 mol% of azoisobutyronitrile (AIBN).  After stirring at 70 ºC for 17 h under an 

atmosphere of nitrogen, the resulting viscous solution was added dropwise to excess 

methanol.  This caused precipitation of copolymer 7.4, which was subsequently isolated 

via filtration in 79% yield as a white solid. 1H NMR (500 MHz, CD2Cl2) δ: 0.82 and 0.89 

(br singlets, 59.56H, PMMA CH3), 1.51 (br s, 21H, calixpyrrole meso-CH3), 1.82 (br m, 

48.25H, PMMA CH2), 3.57 (br s, 68H, PMMA OCH3), 3.68 (br m, 7.5H, crown ether 

CH2), 3.84 (br s, 3.75H, crown ether CH2), 4.08 (br s, 6H, crown ether CH2 and 

calixpyrrole meso-CH2), 5.89 (b, 8H, pyrrole CH), 6,83-7.26 (6H, NH and crown ether 

aromatic protons).  GPC:  Mn: 50.2 kDa, PDI: 2.1. 

Copolymer 7.6: Using conditions analogous to those used to prepare 7.4, a 76% yield of 

copolymer 7.6 was obtained as a yellow solid from a 1:10 mixture of 7.7 and MMA.  1H 

NMR (500 MHz, CD2Cl2) δ: 0.81 (br s, 16.86H, polymer backbone CH3), 0.81 (br s, 

10.30H, polymer backbone CH3), 1.80 (br m, 19.12H, polymer backbone CH2), 3.58 and 

3.68 (s and s, 32.96H polymer backbone CH3 and crown ether CH2), 3.84 (br s, 2H, 

crown ether CH2), 4.07 (br s, 2H, crown ether CH2), 6.81-7.26 (3H, crown ether aromatic 

protons).  GPC: Mn: 33.2 kDa, PDI: 2.1. 

Copolymer of 7.2 and 7.7 (7.11): Using conditions analogous to those used to prepare 

7.4, an 81% yield of copolymer 7.11 was obtained as a white solid from a 1:1 mixture of 

7.2 and 7.7.  1H NMR (500 MHz, CD2Cl2) δ: 1.49 (br, 36.1H, polymer backbone CH2 and 

CH3 and calixpyrrole meso-CH3), 3.67-4.07 (br singlets, 18.06H, crown ether CH2), 5.87 
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(br s, 8H, pyrrole β-protons), 6.82-7.32 (pyrrolic NH and crown ether aromatic protons).  

GPC: Mn: 38.5 kDa, PDI: 2.3. 

Synthesis of 7.8:  Carboxylic acid functionalized calixpyrrole162 (0.22 mmol, 100 mg), 

4′-aminobenzo-15-crown-5 (68 mg, 0.24 mmol), dicyclohexylcarbodiimide (DCC) (0.22 

mmol, 46 mg) and 4-dimethylaminopyridine (DMAP) (0.022 mmol, 2.7 mg) were 

dissolved in dry dichloromethane (4 mL) under an atmosphere of argon. After stirring the 

reaction mixture for 24 h, insoluble material was filtered off. The resulting filtrate was 

collected and was washed with first with 0.1 N HCl (10 mL), followed by an aqueous 

solution saturated with NaHCO3 (10 mL), and then finally water (10 mL). The organic 

layer was then dried over Na2SO4 and the solvent was removed under vacuum. Column 

chromatography (silica gel, first dichloromethane/hexanes: 80/20, then 1% MeOH in 

CH2Cl2) afforded 7.8 in the form of a dark yellow solid (110.69 mg, 68%). 1H NMR (250 

MHz, CD2Cl2): δ: 1.47 (br m, 18H, meso-CH3), 1.77 (br s, 3H, meso-CH3), 3.63 (br m, 

8H, CH2), 3.78 (br m, 4H, CH2), 4.01 (br m, 4H, CH2), 5.86 (br s, 8H, pyrrole CH), 6.69 

(m, 1H), 7.12 (br m, 1H), 7.13-7.32 (6H, calixpyrrole NHs, benzene ring CH, amide NH). 
13C NMR (60 MHz, CDCl3): δ 24.70, 26.35, 29.26, 30,79, 32,28, 34,07, 50.28, 57.24, 

68.01, 70.91, 103.63, 106.40, 131.64, 132.09, 138.82, 154.41. HRMS (CI) calcd for 

C42H53N5O6 [M+H+]: 723.3996, found: 723.3983. 
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Chapter 8:  Calix[4]pyrrole as a Promoter of the CuCl-Catalyzed 
Reaction of Styrene and Chloramine-TVI 

ABSTRACT  

Calix[4]pyrrole, an easy-to-prepare anion receptor, acts to promote the cuprous 

chloride catalyzed aziridination of styrene by the nitrene source, Chloramine-T, in 

acetonitrile. The mechanism of action is believed to involve incipient anion-receptor 

interactions involving the calix[4]pyrrole NH protons and the chlorine atom of the CuCl, 

rather than direct bonding to, and activation of, the Chloramine-T. Consistent with this 

supposition were the findings that 1) the use of calix[4]pyrrole did not promote enhanced 

reactivity when PhI=NTs was used as the nitrene source or 2) when CuCl was replaced 

by CuBr or CuI. Decreased yields were also seen with CuCl2 and no appreciable 

aziridination product was observed when the calix[4]pyrrole was replaced by an 

appropriately chosen dipyrromethane control compound. On the other hand, the 

enhancement effect provided by calix[4]pyrrole proved relatively insensitive to the 

presence of trace quantities of water. 

 

INTRODUCTION 

Anion recognition has emerged as an important sub-discipline within the rapidly 

expanding area of supramolecular chemistry. While a large number of elegant anion 

receptors have been reported in recent years, many of which have proved useful as 

sensors, carriers, and extractants,163 little focus within the field has been devoted to the 

development of functional systems, namely those that exploit anion-receptor interactions 

to modulate or promote chemical reactivity. Although, a stoichiometric system capable of 

activating dichloromethane was recently described by Smith and coworkers164 and the 
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use of anion recognition to enhance phosphate ester hydrolysis was reported by Král et al. 

in 2006,165 we are currently unaware of any examples where a simple anion receptor166 is 

used to promote a bond-forming reaction.167 In principle, the ability to polarize a bond 

through partial or complete complexation of an incipient anionic leaving group could 

serve to promote reactivity in transformations where weakening or rupture of an anion-

substrate bond is critical to reactivity.168 As a first demonstration of this potentially broad 

principle, we report here the use of calix[4]pyrrole 8.1 to promote the CuCl-catalyzed 

aziridination of styrene using Chloramine-T as the nitrene source. 

 

Figure 8.1  Calix[4]pyrrole and dipyrromethane control compounds 

 

 

 

 

 

 

 

Copper-catalyzed nitrene transfer to olefins as a route to aziridines has attracted 

considerable interest in recent years.169 The most commonly employed nitrene source is 

iminoiodinane (PhI=NTs); unfortunately, this compound is not commercially available 

and its preparation suffers from variable yields.170 Furthermore, PhI=NTs is 

hydrolytically unstable and, when it acts as a nitrene source, a by-product of the reaction 

is iodobenzene. In contrast, Chloramine-T (as the mono- and trishydrate, 

TsNClNa•(H2O)n; n = 1 or 3), is a cheap, commercially available source of nitrene that 

NH

NH HN

HN NH HN
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produces non-toxic and readily-separable sodium chloride as a by-product.171 Thus, 

efforts have been made in recent years to exploit Chloramine-T as an alternative to 

PhI=NTs. In 1998, Komatsu and co-workers reported the aziridination of olefins using 

Chloramine-T as nitrene source and copper(I) triflate as a catalyst.172 A drawback of the 

procedure was that the commercially available hydrate form of Chloramine-T had to be 

dehydrated prior to reaction, an operation for which an explosion hazard was reported.173 

The same year, Taylor and co-workers reported the aziridination of olefins using 

Chloramine-T trihydrate in conjunction with 5 mol% CuOTf and 6 mol% of an N-

alkylimine ligand derived from pyridine-2-carboxaldehyde.174 Another elegant use of 

Chloramine-T trihydrate was reported by Xia and co-workers, who demonstrated 

aziridinations in aqueous media using CuI and tetra(n-butyl)ammonium bromide as a 

phase-transfer catalyst.175 Recently, Pedro J. Pérez and co-workers reported improved 

yields for the reaction of olefins with Chloramine-T using 5 mol% of various copper(I) 

tris(pyrazolyl) borate complexes as the catalyst.176 On the other hand, Vedernikov and co-

workers have recently reported that very simple copper systems, such as combinations of 

CuCl2 and pyridine ligands, are good catalysts for olefin aziridinations using PhI=NTs as 

the nitrene source.173, 177 

 

RESULTS 

Chloramine-T displays a very low solubility in moderately polar organic solvents. 

Sharpless and co-workers pointed out the possibility that, in addition to serving as a 

source of positive bromine species, the phenyltrimethylammonium tribromide reagent 

they found to be a catalyst for olefin aziridination, could also act as a phase transfer 

catalyst by enhancing the solubility of Chloramine-T in acetonitrile.178 Lewis acids not 

able to engage in redox transformations have also been found to catalyze reactions of 
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Chloramine-T, including styrene aziridination; presumably, this takes place via 

coordination of the chloride to the Lewis acid center, a process that results in activation 

of the N-Cl bond.179, 180 

 

Table 8.2  Conditions for  aziridination of styrenea 

Entry Solvent Catalyst (mol %) Yield (%)b 
1 CH2Cl2 - - 
2 MeCN - - 
3 MeCN CuCl (2%) - 
4 MeCN CuCl2·2H2O (2%) - 
5 MeCN [Cu(OTf)]2·C6H6 complex (2%) - 
6 MeCN calix[4]pyrrole 8.1 (2%) - 
7 MeCN CuCl (2%), calix[4]pyrrole 8.1 (2%) 41 (32)c 
8 MeCN CuCl (2%), calix[4]pyrrole 8.1 (2%)d 41 (32)c 
9 MeCN CuCl (2%), calix[4]pyrrole 8.1 (2%)e 41 (32)c 
10 MeCN CuCl (2%), dipyrromethane 8.2 (2%) -- 
11 CH2Cl2 CuCl (2%), calix[4]pyrrole 8.1 (2%) -- 
12 MeCN CuI (4%) 54 
13 MeCN CuI (4%), calix[4]pyrrole 8.1 (4%) 53 
14 CH2Cl2 CuCl (2%)f 36c 
15 CH2Cl2 CuCl (2%), calix[4]pyrrole 8.1 (2%)f 51c 
16 MeCN CuCl2·2H2O (2%), calix[4]pyrrole 8.1 (2%) 33 (11)c 
17 MeCN CuCl (2%), calix[4]pyrrole 8.1 (4%) 45 (32)c 
18 MeCN CuCl (2%), calix[4]pyrrole 8.1 (4%) 60g 
19 MeCN CuCl (7%), calix[4]pyrrole 8.1 (14%) 74g 
20 MeCN CuCl (7%), calix[4]pyrrole 8.1 (14%) 49g,h 
21 MeCN CuCl (2%), N,N’-dibutylurea (2%) 8i 
22 MeCN CuCl (2%), N,N’-dibutylthiourea (2%) 7i 

aReactions were run according to Procedure A of footnote 20, unless otherwise indicated.  
bYields were based on Chloramine-T·H2O and calculated using 1H NMR spectroscopic 
analysis (integration relative to an internal standard). cYield after 5 hours. dChloramine-
T·3H2O was used instead of Chloramine-T·H2O. eMolecular sieves (4 Å) were added and 
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Chloramine-T·H2O was previously dried in vacuo for 24 hours prior to use. fPhI=NTs 
was used instead of Chloramine-T·H2O; molecular sieves (4 Å) were added to the 
reaction mixture. gProcedure B of footnote 20 was used. hIsolated yield. iYield after 48 
hours.  

We were attracted by the idea of using non-covalent interactions for the activation 

of Chloramine-T in conjunction with a simple copper source as catalyst for nitrene 

transfer. In particular, we have studied the effect of calix[4]pyrrole (Figure 8.1)181 on the 

activity of the cuprous chloride-mediated reaction of Chloramine-T with styrene (Eq. 8.1 

in Scheme 8.1). Calix[4]pyrrole 8.1 is an inexpensive anion receptor that is potentially 

amenable to kilogram-scale production.  Our results are summarized in Table 8.1. 

 

Scheme 8.1  Aziridine Forming Reactions 

 

 

 

 

 

 

No aziridine was detected by 1H NMR spectroscopy when a mixture of 

Chloramine-T and a five-fold excess of styrene was stirred overnight, either in 

dichloromethane (entry 1) or in acetonitrile (entry 2). The addition of 2% CuCl (entry 3), 

CuCl2·2H2O (entry 4), or CuOTf (entry 5) did not catalyze the reaction. Likewise, 

calix[4]pyrrole 8.1 alone was also found to be ineffective (entry 6). However, when a 

mixture of CuCl (2%) and calix[4]pyrrole (2%) was added to the reaction mixture in 

acetonitrile, a 32% yield (NMR-based) of 1-tosyl-2-phenylaziridine was found after 5 

hours. The yield increased to 41% when the reaction time was increased to 15 hours 
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(entry 7). Interestingly, the presence of small amounts of water did not have significant 

effects on the reaction; thus, the yield of the aziridine did not change when Chloramine-

T·3H2O was used instead of Chloramine-T·H2O (entry 8), or when the reaction was 

conducted over activated 4 Å molecular sieves using Chloramine-T·H2O that was 

previously dried in vacuo for 24 hours (entry 9). Taken in concert, these observations 

lead us to propose that the calix[4]pyrrole, present in substoichiometric concentrations, is 

acting to promote the copper-catalyzed aziridination of styrene under these conditions. 

Consistent with this hypothesis is the finding that under identical reaction 

conditions no appreciable quantity of the aziridine product is produced when 

calix[4]pyrrole 8.1 is replaced with dipyrromethane 8.2 (entry 10). The use of acetonitrile 

was found to be necessary, since no aziridine could be detected when dichloromethane 

was used as the solvent (entry 11). Acetonitrile has been often found to be the solvent of 

choice for Cu-catalyzed aziridination reactions, and its superior performance can be 

attributed to a combination of its relatively high polarity (making it a good solvent for 

Chloramine-T) and its high affinity for Cu. 

The finding that both CuCl and 8.1 are needed for catalytic activity leads us to 

suggest that calix[4]pyrrole, an excellent host for chloride in polar aprotic media,181c 

interacts with one of the incipient chloride anions present in the system. Thus, one of the 

possible roles of calix[4]pyrrole would be to activate the Cu-Cl bond toward the 

formation of the postulated nitrene intermediate. As an instance of a similar behavior, the 

activity of complexes containing a Cu-Cl fragment has been recently found to be 

increased in the presence of NaBAr4, presumably as the result of anion exchange.173 As a 

matter of fact, we have found that the N-H signal of calix[4]pyrrole was shifted from 7.48 

to 9.98 upon addition of an equimolar amount of CuCl in CD3CN, a finding fully 

consistent with the presence of a strong hydrogen bond interaction. Additional support 



 89

was obtained through control studies involving the use of CuI in lieu of CuCl. In accord 

with literature precedent,175 the use of CuI afforded aziridine in 54% yield (entry 12). 

However, the addition of calix[4]pyrrole to a CuI-promoted reaction afforded no 

significant increase in yield (53%; entry 13). This is consistent with calix[4]pyrrole, 

which has no appreciable affinity for iodide anion,181b serving to promote the reaction 

through interaction with the copper chloride.  

As a complement to the above studies, we explored the effect of calix[4]pyrrole 

on the CuCl-catalyzed reaction of styrene with PhI=NTs (Eq. 8.2 in Scheme 8.1). 

Vedernikov and co-workers reported that when acetonitrile is used as the solvent and 

CuCl2 (5 mol%) as the catalyst, the yield of the reaction is 94%.181 This high yield 

reflects the fact that PhI=NTs is a more reactive nitrene source than Chloramine-T. Thus, 

in order to gauge the effect, if any, calix[4]pyrrole might have on PhI=NTs-based 

aziridinations, the reaction was studied in dichloromethane, a less-effective solvent for 

promoting the reaction. In dichloromethane (dried over molecular sieves to avoid an 

significant lowering of yield due to PhI=NTs hydrolysis), the calix[4]pyrrole-free CuCl-

catalyzed reaction afforded 36% of the aziridine in 5 hours (entry 14). However, when a 

combination of CuCl and 8.1 was used as the catalyst, the yield increased to 51% in 5 

hours (entry 15). Since PhI=NTs is not a source of an anion with which the calixpyrrole 

could establish a strong interaction, we propose that the yield enhancement observed 

when calixpyrrole must be due to the activation of CuCl as a result of a bond-polarizing 

chloride·calixpyrrole hydrogen bonding interaction. 

A different possible role for the calix[4]pyrrole would be to form a 

supramolecular adduct with Chloramine-T via N-H···Cl hydrogen bonds. This, in turn, 

could serve to (a) activate the N-Cl bond of Chloramine-T, as was proposed to occur 

when a high oxidation iron corrole complex was used to catalyze the aziridination 
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reaction,179 or (b) enhance the solubility of Chloramine-T.178 However, in contrast to 

what was observed in the case of CuCl, no discernable changes in chemical shifts were 

observed when calixpyrrole 8.1 was mixed with Chloramine-T. We thus ascribe the 

enhanced activity seen with 8.1 to activation of the CuCl bond via interaction with the 

calix[4]pyrrole pyrrolic NH protons. Such a conclusion is fully consistent with the 

finding by Arndtsen and coworkers that the nature of the chiral counter anion, X-, has a 

dramatic effect on the CuX-catalyzed aziridination of styrene by PhI=NTs.182   

Significantly lower yields per unit time are seen when CuCl2·2H2O is used as 

catalyst instead of CuCl.  In fact, the use of 2 mol% of 8.1 in conjunction with 2 mol% 

CuCl2·2H2O produced yields of the aziridine only of 11 and 33% after 5 and 15 hours, 

respectively (entry 16). This lower level of activity (compared with CuCl) may reflect the 

presence of two chloride atoms per copper center in CuCl2·2H2O, and hence a reduced 

anion-receptor interaction on a per chloride atom basis. However, other factors including 

the obvious change in copper oxidation state could be responsible for this difference. 

Increasing the amount of calix[4]pyrrole 8.1 to 4 mol% increased the yield of the 

aziridine slightly. Specifically, using 2 mol% CuCl in combination with a 4 mol% of 8.1 

increased the yield to 32% after 5 hours and to 45% after 15 hours (entry 17). This 

finding is consistent with the above hypothesis, namely that the presence of excess 

calix[4]pyrrole favors formation of a species featuring an incipient calixpyrrole···Cl 

interaction. Importantly, the proposed chloride-anion specific activation effect would also 

be expected even if less-commonly-accepted mechanisms, such as ones where the Cu(I) 

cation acts as a Lewis acid to promote the addition of Cl- and [CuNTs]+ across the 

carbon-carbon double bond followed by chloride displacement by the bound TsN, rather 

than direct nitrene transfer, are responsible for the observed aziridination. 
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Another method found to increase yield of aziridine product was to perform the 

reaction in an inert atmosphere drybox (60% yield, entry 18). Under these conditions 

(which presumably preclude formation of less-active Cu(II) species), and using increased 

concentrations of calix[4]pyrrole and CuCl (7% and 14%, respectively) gave rise to high 

yields of product (74% yield, entry 19). Using these near optimized conditions, the 

aziridination reaction was performed on a gram scale, which afforded the aziridine 

product in 49% isolated yield (entry 20). 

 

CONCLUSION 

In summary, we have demonstrated that the presence of calix[4]pyrrole exerts a 

dramatic effect on the copper chloride-catalyzed reaction of styrene with Chloramine-T. 

This finding serves to illustrate what could be a general new approach to reaction 

enhancement, namely one wherein an anion receptor serves to activate an incipient anion-

cleavage event. Interestingly, however, we have found that neither N,N’-dibutylurea nor 

N,N’-dibutylthiourea, both putative anion receptors under the reaction conditions, is 

effective in promoting the CuCl-catalyzed aziridination reaction of styrene (entries 21 

and 22). Thus, it appears that judicious selection of the reaction chemistry, as well as the 

anion receptor, is likely to prove important if the present results are to be generalized. 

 

EXPERIMENTAL 

General Considerations: All reactions were conducted under an atmosphere of nitrogen 

using standard Schlenk techniques or in a nitrogen-filled glove-box. CH2Cl2 and MeCN 

were separately distilled from CaH2 and degassed by three freeze-pump-thaw cycles. All 

reagents were purchased from Aldrich or Acros and were used without further 
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purification. 1H NMR spectra were recorded using a Varian Gemini (300 MHz or 400 

MHz) spectrometer. Chemical shifts are reported in delta (δ) units, expressed in parts per 

million (ppm) downfield from tetramethylsilane using the residual protonated solvent as 

an internal standard (CDCl3, 7.24 ppm;). 13C NMR spectra were recorded using a Varian 

Gemini (100 MHz) spectrometer. Chemical shifts are reported in delta (δ) units, 

expressed in parts per million (ppm) downfield from tetramethylsilane using the solvent 

as an internal standard (CDCl3, 77.0 ppm;). 13C NMR spectra were routinely run with 

broadband decoupling. High-resolution mass spectra (HRMS) were obtained with a VG 

analytical ZAB2-E or a Karatos MS9 instrument and are reported as m/z (relative 

intensity) 

Dipyrromethane (8.2): 1,9-Bisformyl-5,5-dimethyldipyrromethane183 (1.5 g, 6.5 mmol) 

and KOH (2.60 g, 46.3 mmol) in ethylene glycol (40 mL) was treated with hydrazine 

hydrate (1.80 g, 56.3 mmol) at reflux for 2 h. The reaction mixture was cooled to room 

temperature, diluted with CH2Cl2 (50 mL) and water (50 mL) and the aqueous layer was 

extracted with additional CH2Cl2 (50 mL). The organic layers were combined and dried 

(Na2SO4), the CH2Cl2 was removed under vacuum to afford an off white powder (1.05 g, 

80%): 1H NMR (CDCl3) δ 1.59 (s, 3H), 2.17 (s, 3H), 5.75–5.78 (m, 1H), 5.92–5.94 (m, 

1H), 7.48 (br, 1H); 13C NMR (CDCl3) δ 13.0, 29.2, 35.2, 103.5, 105.2, 126.9, 137.9; 

HRMS (CI+) calcd 202.1470, obsd 202.1473, (C13H18N2). 

Aziridination Procedure A: For benchtop work, a Schlenk flask was loaded with CuCl 

(2 mg, 0.020 mmol), calix[4]pyrrole (8.1) (9 mg, 0.020 mmol), hexamethylbenzene (9 

mg, 0.055 mmol) and a PTFE-coated stirbar in a drybox. The flask is stoppered with a 

rubber septum, taken out of the box, attached to a vacuum-nitrogen line, and acetonitrile 

(20 mL) was injected. Styrene (580 μL) was injected via microsyrynge. Under a stream 

of N2, Chloramine-T was added in one portion. Immediately, the mixture underwent 
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several color changes, finally becoming green. After the desired time, a 1 mL aliquot of 

the solution was filtered through a 2 cm. column of diatomaceous earth packed with 

dichlormethane, with 20 mL of dichloromethane being used to complete the elution. The 

filtrate solution was vacuum-dried and the residue was dissolved in 0.5 mL of CDCl3 and 

analyzed by 1H NMR, spectroscopy, integrating the signals of the aziridine product [1H 

NMR (CDCl3): 7.75 (s, 1H), 7.73 (s, 1H), 7.20-7.08 (m, 7H), 3.65 (dd(7.2, 4.5), 1H), 2.85 

(d(7.2), 1H), 2.31 (s, 3H), 2.26(d(4.5), 1H)]21 against the 2.24 ppm singlet of 

hexamethylbenzene. 

Aziridination Procedure B: For drybox work, a round bottom flask was charged with 

CuCl (60 mg, 0.600 mmol), calix[4]pyrrole (270 mg, 0.120 mmol) and a PTFE-coated 

stirbar. Following addition of styrene (5.8 mL, 50.0 mmol) and acetonitrile (160 mL), the 

resulting reaction mixture was rapidly stirred. Chloramine-T (2.8 g, 10.0 mmol) was then 

added in one portion with continued stirring. The flask was then sealed with a rubber 

septum and reaction progress was monitored using TLC (1:4 EtOAc:hexanes, rf = 0.37). 

After 15 h, the solvent was evaporated leaving residue that was redissolved in CH2Cl2. 

Remaining insoluble material was removed by filtration through alumina. Purification 

using column chromatography (silica gel, 1:4 EtOAc/hexanes as eluent) afforded 1.3 g 

(49% yield) of the aziridine product as a white crystalline solid. Spectroscopic data were 

consistent with the product obtained from Procedure A. 
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