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The recent development of materials with autonomous repair capabilities has 

opened an exciting new field of polymer science expected to impact nearly every facet of 

modern society. Similar to natural systems, these “self-healing” materials sense when 

their structural integrity has been compromised (e.g., due to wear or damage) and respond 

with a viable repair mechanism. Despite the extraordinary number of successes and 

advances in this area, a means to ascertain instantaneous knowledge of a material’s 

structural integrity, and more importantly, when it has been compromised, remains a 

considerable challenge in current systems and materials. To address this challenge, we 

report recent efforts toward the development of an electronically conductive material that 

is structurally dynamic and responds to various types of external stimuli. In particular, we 

have developed new synthetic methodology to prepare a variety of organometallic 

polymers containing a novel benzobisimidazolylidene or bis(benzoimidazolylidene) 

ligand, which is comprised of two linearly opposed N-heterocyclic carbenes (NHCs) 

annulated to a common linker, and various types of transition metals in the polymer’s 



 viii

main-chain. Using this approach, polymers with molecular weights up to 106 Da were 

prepared and cast into robust thin films. Using four-point probe technique, the inherent 

conductivities of these materials were found to be on the order of 10-3 S/cm. Secondly, 

the dynamics of these polymers were probed in solution using gel permeation 

chromatography. At specific cross-linker loadings, thermally-responsive gels were 

obtained. Collectively, these experiments suggested that the essential features for a 

thermally-responsive, structurally dynamic, conjugated organometallic polymer were 

developed. Efforts toward probing their ability to display self-healing characteristics in 

the solid-state are described. The inherent conductivity of the polymers permitted the 

healing behavior of thin films to be observed by scanning electron microscopy in the 

absence of a dopant. Long range goals of implementing and utilizing these materials in 

electronic circuits and other advanced devices are also described. 

 An additional approach towards a dynamic material utilized functional 

imidazolium-based ionic liquids.  A series of functional ionic liquids were produced by 

appending N-substituents containing pendant halides, alkynes, azides, furans and 

maleimides.  These functional groups allowed for polymerization and crosslinking.  The 

physical properties of the imidazolium monomers, as well as the resulting polymers, 

could be tuned by altering the anion.  When a trifunctional monomer is used in 

conjunction with the polymerization of difunctional ionic liquids an insoluble crosslinked 

material forms.  This behavior, combined with NHCs ability to bind transition metals as 

ligands and catalyze various organic transformations, provides potential for this system to 

be used as a method for catalyst recovery and ultimately catalyst recycling.        
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Chapter 1: Main-Chain Organometallic Polymers: Synthetic Strategies, 
Applications and Perspectives 

INTRODUCTION  

The genesis of organometallic polymers took place over 50 years ago with the 

successful free radical polymerization of vinyl ferrocene.1 Since that initial discovery 

there have been tremendous efforts to diversify and apply this exciting area of 

macromolecular chemistry. Today, organometallic polymers take on a multitude of 

design concepts and their breadth of applications is as varied as their structures.2,3,4,5 

Existing at an interface of inorganic, materials, and traditional polymer chemistry, the 

field of organometallic polymers offers the ability to prepare functional macromolecules 

that combine the physical and electronic properties of organic polymers with the 

physical, electronic, optical, and catalytic properties inherent to organometallic 

complexes. 

Irrespective of the application, the utility and performance of metal-containing 

polymers can, in varying degrees, be ascribed to the ability of the transition metal centers 

to change oxidation states and/or facilitate electron flow in ways that organic materials 

simply cannot. For example, many contemporary carbon-carbon or carbon-heteroatom 

bond-forming reactions are catalyzed by transition metals that are able to undergo 

oxidative insertions and reductive eliminations. Likewise, changes in oxidation states are 

essential to facilitate the high rates of charge transfer through metallic wires. Currently, 

there are no known “all organic” compounds that have these capabilities. 

While there are various strategies for incorporating transition metals into 

polymeric scaffolds, main-chain organometallic polymers (MCOPs) are a special 

subclass that involves transition metals as integral components of the polymer backbone.6 



 2

This distinctive trait inherently brings about unique considerations with regard to 

polymer synthesis, characterization, physical properties, and applications. When 

engineering a desired property into a MCOP, focus is often initially placed on the 

transition metal. However, the design of the organic moieties linking metal centers along 

the polymer backbone must also be considered. These bridging groups are primary 

components of the polymer backbone and strongly influence the physical and mechanical 

characteristics of the resulting material. However, they are also ligands and therefore 

influence the electronic, optical, catalytic and physical properties of the embedded 

transition metals. A caveat of these intimate relationships is that any modification of one 

characteristic of the polymeric material often ends up impacting others. Ultimately, when 

designing a new MCOP, it is important to consider both the transition metal and the 

linker. Specific examples from the literature that describe such metal-ligand relationships 

in MCOPs are included in the discussions that follow this section.  The remarkable 

potential of these organic-inorganic hybrid materials will drive the development of metal-

containing macromolecules and continue to intrigue chemists. As such, the presence of 

MCOPs at the forefront of many areas of science will undoubtedly continue to increase. 

 
GENERALIZED STRUCTURAL DESIGNS FOR ORGANOMETALLIC POLYMERS 

In a broad sense, an organometallic polymer is any macromolecule that contains 

both organic and metallic (i.e., transition metal containing) moieties. Synthetic and 

structural characteristics can be accurately generalized by dividing organometallic 

polymers into two subclasses designated by the position of the metal atom relative to the 

primary polymer backbone. As shown in Figure 1.1, we classify these two classes as: 1) 

side-group and 2) main-chain organometallic polymers.  
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Side-group organometallic polymers (SGOPs) are identified by an “all-organic” 

polymer backbone. Perhaps the most important implication of the side-group 

arrangement is that polymeric structure exists regardless of the presence of metal atoms. 

Metal incorporation in SGOPs is achieved by installing a metal binding site pendant to an 

organic-based polymer chain, and the characteristics of the metal center and the polymer 

backbone can generally be independently adjusted. In situations where metal binding is 

quantitative, SGOPs offer a convenient method for using “traditional” polymerization 

reactions to prepare hybrid materials. For example, organic monomers containing a 

pendant ligand can be polymerized using standard addition (e.g., ionic or radical), ring-

opening, or various types of condensation polymerization reactions.7 Once the organic 

polymer is prepared, subsequent addition of a transition metal precursor binds to the 

tethered ligand and completes the synthesis of the SGOP. Alternatively, a monomer 

containing a pendant metal-complex can often be polymerized directly. While this 

synthetic convenience is certainly advantageous, the structural independence of the 

organic and inorganic components in SGOPs can complicate accurate determinations of 

metal content in these materials. 

n

Main-Chain
Organometallic

Polymers
(MCOPs)

Side-Group
Organometallic

Polymers
(SGOPs)

M
n

n

= metal

= metal-binding group

= organic linker

M
M

M

 

Figure 1.1 Depiction of side-group (top) and main-chain (bottom) organometallic 
polymer motifs. 
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In contrast, MCOPs rely on the presence of metal-ligand bonds in order to exist. 

Therefore, as noted above, focus must be equally applied toward both the transition metal 

and the organic ligand. The ligand must simultaneously enable the embedded transition 

metal to exhibit a desired property (e.g., low oxidation/reduction potentials) and facilitate 

polymer formation while maintaining control over physical attributes of the overall 

polymer chain (e.g., solubility). To give an example of how these interrelated properties 

may impact one another, consider a material desired for electrical conductivity. A rigid, 

conjugated organic linker is often ideal for such purpose because of their ability to 

maximize electronic communication. The extensive delocalization and rigid structure, 

however, generally impedes solubility. Installation of solubilizing alkyl groups on the 

periphery of the linker may remedy solubility issues, but if this results in congestion 

about the metal center then the polymer may suffer reduced stability (due to lowered 

metal-ligand affinity) or may exhibit an undesired oxidation/reduction potential. These 

conflicting issues are often balanced through empirical experimentation until an optimal 

result is achieved. 

Another important structural consideration when designing MCOPs is the 

coordination number of the transition metal and the organic linker. To facilitate the 

formation of linear polymer via bidirectional chain elongation, two opposing points of 

contact are required at the metal atom, and the ligand must be capable of binding two 

metals. Since transition metals can (theoretically) bind up to eight ligands to varying 

degrees, an ability to control this diversity is often the defining point when designing new 

MCOPs. As will be discussed in more detail below, ligands that show high affinities 

toward transition metals must be employed in order to have sufficient thermodynamic 

driving force to facilitate polymerization and afford polymeric materials with high 

molecular weights. The following section discusses specifics of how the metal-binding 
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motif (i.e., ligand denticity, strength of ligation, and coordination number) can 

synergistically dictate the resulting properties of the MCOPs. 

 
OVERVIEW OF METAL-BINDING MOTIFS IN MAIN-CHAIN ORGANOMETALLIC 
POLYMERS 

The bidirectional, ditopic organic ligands commonly used in MCOPs exhibit 

broad diversity in their capacities to bind transition metals. The most widely used systems 

employ coordination (or dative) bonding, ionic metal-carbon or metal-heteroatom 

bonding, or metal-arene complexation. Generalized examples of each of these 

interactions are depicted in Figure 1.2.  
  

R

M

R M Ln

M

R X

Ln

R X M

Ln

Ln

M Ln M Ln

X
X M Ln

R
R

R R M Ln

M Ln

M Ln

Ionic Bonding

metal-carbon

metal-heteroatom

metal-carbon

metal-heteroatom

Coordinative Bonding

Arene π-Complexation

 

Figure 1.2 Generalized examples of different types of metal-ligand interactions. 
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Metal-Binding Motifs Used in Coordination Polymers 
 

Organometallic polymers that employ dative-type interactions between the metal 

atoms and the bridging ligands are sometimes called coordination polymers. 

Coordination occurs between transition metals and neutral donor moieties such as 

phosphines, carbenes, amines, ethers, ketones, imines, nitriles, and thio compounds. 

These interactions can be utilized to form mono-, bi-, or tridentate systems. Examples of 

such types of coordination, within the context of pyridine-based ligands, are shown in 

Figure 1.3 and will be discussed in more detail below. For an in-depth analysis of the 

coordination polymer literature, an excellent review by Würthner is reccommended.4 

N M N

N

N

N

N
M

N

N

N

N

N

N

M

Two monodentate ligands

Two bidentate ligands

Two tridentate ligands

 

Figure 1.3 Representative examples of coordination with mono-, bi-, and tridentate 
pyridine-based ligands. 

 

Coordination polymers encompass perhaps the broadest spectrum of metal-ligand 

stability spanning from systems that readily depolymerize in solution to those that retain 
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their structure even under intense external stimuli (e.g., heat, light, ultra-sound, etc.). 

Precisely tuning the metal-ligand affinities is sometimes nontrivial, however, due to the 

fact that many factors influence this stability. For example, installing solubilizing alkyl 

groups on a ligand may also impact sterics, which ultimately affects the ligand’s affinity 

for metals. Increasing the strength of the metal-ligand interaction is usually done in two 

ways: 1) using donor ligands of exceptionally high metal affinity, and/or 2) increasing the 

number of donor atoms bonding to the metal (multidentate binding). As will be discussed 

below, combinations of these two strategies enables exceptional control over the physical 

properties of coordination polymers. Examples utilizing mono- and multidentate binding 

motifs are depicted in Figure 1.4.  
 

1.1
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N
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N N

N
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R
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R
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Figure 1.4 Examples of mono- and multidentate binding motifs in coordination 
polymers. 
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In general, there are few examples of highly stable coordination polymers that 

utilize a single monodentate donor at each terminus of the ditopic bridging ligand. Key 

examples include the use of strong donors such as phosphines (e.g., polymers 1.1) which 

have been shown to retain their structural integrity even in highly coordinating solvents 

(such as acetonitrile).8,9 In comparison with other neutral two-electron donors, N-

heterocyclic carbenes (NHCs) typically display some of the highest metal affinities and 

are compatible with nearly every transition metal. Accordingly, polymers such as 1.2 

have been synthesized and shown to have excellent thermal and chemical stabilities.10,11 

When less donating moieties (e.g., amines) are used, polymer strength decreases, as 

expected from the weaker metal-ligand interaction. To counter this effect, multidentate 

binding arrays are often employed.4 For example, incorporation of pyridines into a 

multidentate array (e.g., polymer 1.3 which utilizes terpyridines in conjunction with 

cationic metal(II) species: Ru, Os, Zn, Fe),12 provided access to relatively stable 

coordination polymers.  

Since dative bonds are often weak and under thermodynamic control, the potential 

for coordination polymers to depolymerize (even to minor extents) can introduce 

additional challenges with regard to longevity or storage of the polymers. For example, 

the metal-ligand lability observed in the “weakest” of coordination polymers is partly 

ascribed to the fact that these systems involve coordination from neutral donor atoms. 

When the ligand dissociates from the metal atom, the free ligands are often prone to 

oxidation or other destructive pathways. More details regarding the effects of 

coordination number and donor strength are discussed below, within the context of 

polymer synthesis. 
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Metal-Binding Motifs Employing Ionic Metal-Ligand Bonds 

 A well studied class of MCOPs that utilizes ionic metal-carbon bonds is 

poly(metal acetylide)s of the general structure 1.4 (Figure 5).13 Related polymers have 

also been reported that utilize biphenylene bridges in combination with Ni(II) metal 

centers, as depicted by structure 1.5.14 In poly(metal acetylide)s, bis(acetylides) are used 

formally as dianions which form ionic bonds to cationic metal atoms. In general, metal 

acetylide polymers show good air and moisture stability which permits handling of the 

polymers in the solid-state for extended periods of time, although lifetimes may be 

shorter in aerated solutions.  
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Figure 1.5 Generalized examples of MCOPs that utilize metal-carbon or metal-
heteroatom ionic σ-bonds.  
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 Figure 1.6 illustrates an interesting structural constraint regarding the 

geometries about the metal centers in poly(metal acetylide)s. Attachment of two 

carbanions to a transition metal can lead to reductive elimination of the metal atom. 

When this happens, a carbon-carbon bond is formed between two of the organic ligands, 

and the metal is extruded from the backbone in a reduced state. This can be avoided by 

judicious choice of the ancillary ligands (Ln) so that they maintain a trans geometry about 

the metal center, or through the use of late transition metals, such as Hg,15 which are less 

likely to facilitate this elimination reaction. 
 

R M R

M

R R
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R R

ML2
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L

L

L L

reductive elimination
leads to the formation of
a new C-C bond and a
reduced metal species  

Figure 1.6 General depiction of a stable trans isomer, and reductive elimination from an 
unstable cis isomer of a metal bis(acetylide). Use of large L groups pushes 
the equilibrium toward the stable trans isomer.  

 

 In addition to carbon (i.e., acetylides), MCOPs also utilize ionic 

interactions based on heteroatoms such as nitrogen, oxygen, and sulfur. And, as depicted 

in the generalized structures 1.6 and 1.7 shown in Figure 1.5, both mono- and 

multidentate binding arrangements are found in these polymers. The particular 

combination of the transition metal and heteroatom can influence both polymer stability 
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and its physical properties (e.g., conductivity). In accordance with hard-soft acid-base 

(HSAB) theory, early transition metals16 (e.g., group IV) generally show greater oxo- and 

azophilicities whereas late transition metals (e.g., group X metals) exhibit particularly 

high thiophilicities.2 With proper matching of the metal and heteroatoms, polymers with 

tunable properties can be prepared. One excellent example of this is the electrically-

conductive poly(thiolate)-based system of the general structure 1.8 (Figure 1.7). Due to 

the broad metal compatibility inherent to sulfur, the conductivities of these materials 

could be varied from 10-5 to 30 S/cm by simply changing the incorporated transition 

metal.17 
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Figure 1.7 Metal-dependent conductivities of a poly(thiolate). 

 

Metal-Binding Motifs based on Metal-Arene Complexation 

One of the most widely-studied types of organometallic polymers are the 

poly(metallocene)s. Figure 1.8 depicts some general structures for poly(metallocene)s 

prepared from various arene sandwich complexes and linking moieties. A broad range of 

transition metals (both early and late) have been incorporated into poly(metallocene)s 

and, in some cases, more than one metal can be used to yield bimetallic materials (e.g., 
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1.13 and 1.14). One notable property that is almost universally shared by these materials 

is their very high thermal stabilities. For example, polymer 1.10 (R = H) retained 90% of 

its initial mass when heated to 600 °C.2 

The structure of the arene linker is usually modular (i.e., contains easily 

interchangeable features) and a wide range of mono- and polycyclic aromatics (benzenes, 

napthalenes, and helicenes) have been used to form polymers. The arene is generally 

susceptible to functionalization, and therefore usually the point at which connections 

between monomers are made (e.g. 1.9-1.11, 1.13, 1.14). A notable exception to this 

general connectivity is depicted by polymer 1.12 which uses ionic metal-ligand linkages. 

In this polymer, metal-oxo bonds are used in the main-chain of the metallocene-

containing macromolecule. Although additional details on this class of MCOPs will be 

discussed below, we encourage the reader to consult the excellent review by Manners and 

coworkers for a comprehensive overview of the poly(metallocene) literature.2 
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Figure 1.8 Representative examples of poly(metallocene)s. 
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SYNTHETIC STRATEGIES FOR ACCESSING MAIN-CHAIN ORGANOMETALLIC 
POLYMERS 

In contrast to SGOPs, the synthetic strategies used to prepare MCOPs are non 

sequitur in that the metal complex in the polymer chains must be either: 1) constructed 

during the polymerization event, or 2) already present in an organometallic monomer. 

Figure 1.9 depicts three general types of polymerization reactions used to form MCOPs. 

An obvious requirement with each strategy is that the metal centers present in the 

resulting polymers must be stable to the reaction conditions used for polymerization. 
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Figure 1.9 General synthetic routes for preparing MCOPs. Path A: Polymerization of a 
ditopic organic linker with a transition-metal precursor. Path B: 
Polymerization of the organic component of a ditopic organometallic 
complex. Path C: Ring-opening polymerization of a cyclic organometallic 
monomer. 

 

In the polymerization reaction shown in Path A, polymer is created in a step-

growth fashion as the ditopic ligands form bonds to metal atoms. Path A is unique from 

Paths B and C (both discussed below) in that polymerizations are conducted using two 

discrete comonomer reactants (the bridging ligand and the metal species). The 

experimental protocol to form polymers using Path A can be as simple as combining the 
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organic linker with an appropriate metal precursor in a compatible solvent. The resulting, 

and often spontaneous, coordination events lead to polymer formation. This practical 

method often makes Path A an attractive choice for preparing coordination polymers. 

Path B involves polymerization of a monomer that already contains a ligated 

transition metal (i.e., a preformed organometallic complex). The nature of the 

polymerization event is unique from Path A in that the bonds formed during 

polymerization occur between organic ligands. That is, the ligands generally possess 

polymerizable functional groups and reactions common to synthesizing “all-organic” 

polymers (e.g., electropolymerization, C-C cross-coupling, olefin metathesis, etc.) may 

be used. In other words, bonds to the metal center are neither made nor broken during the 

polymerization reaction which clearly distinguishes this approach from Path A. However, 

the polymerization described in Path B does share one similarity to that of Path A: they 

are both step-growth polymerizations. Accordingly, precise stoichiometry is usually 

required to obtain high molecular weight materials. 

The polymerization reaction described in Path C also does not involve any 

changes to the bonding arrangement at the metal center as polymer is formed. Instead, the 

reaction involves the opening of a cyclic monomer. A primary advantage of such ring-

opening polymerizations (ROPs) is that it proceeds via a chain-growth mechanism. This 

means that molecular weight can often be controlled by simply altering the initial 

monomer to catalyst ratio and precise stoichiometric control is usually not necessary to 

form high molecular weight polymer. This polymerization strategy has been widely used 

in the synthesis of poly(metallocene)s and further discussion will be provided in later 

sections. 

With the considerations of Paths A, B, and C in mind, basic monomer designs can 

be categorized according to the polymerization strategy to be employed. Path A requires 



 15

a ditopic (and usually symmetric) ligand system that can undergo metal complexation 

during polymerization. Path B necessitates a ditopic organometallic monomer bearing 

appropriate organic functional groups that are susceptible to polymerizable. Path C also 

involves an organometallic monomer, but one that is a cyclic (and often strained). 

Interestingly, as will be shown below, different polymerization methods can sometimes 

be used to achieve the same polymeric product. 

Coordination Polymers 

As noted above for polymerizations that conform to Path A, the simplest route to 

access MCOPs is the coordination of ditopic ligands to the metal atom. The 

polymerization process involves the formation of bonds between a ditopic organic linker 

and a transition metal, which often involves the displacement of neutral spectator species 

bound to the metal. Generally these spectator ligands (e.g., triphenylphosphine, 

cycloocta-1,5-diene, acetonitrile, etc.) are present on readily-available precursors to 

enhance the solubility or stability of the metal-containing reagent. That is, the presence of 

the spectator ligands is often not necessary, rather it is coincidental. 

Since the thermodynamic driving force for polymer formation is dictated largely 

by metal-ligand affinity, very strong ligands are required to obtain high molecular weight 

polymer. Likewise, it is important that the ligands to be displaced exhibit lower metal 

affinity than the ditopic linker used for polymerization. External factors such as 

concentration, temperature, and solvent are also important for obtaining high molecular 

weight polymer. Strongly coordinating solvents can reduce molecular weight by 

competing for vacant coordination sites on the metal, which ultimately facilitates 

depolymerization. Capitalizing on this latter phenomenon, Rehahn synthesized a series of 

ditopic bridging ligands based on multidentate pyridine-containing binding motifs (e.g. 

terpyridine18 and phenanthroline19) as well as their respective polymeric materials with 
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various transition metals such as Ru, Cu and Ag (e.g., see polymer 1.3 shown in Figure 

1.4). By excluding competing ligands or solvents, such as acetonitrile, kinetically 

unstable macromolecules were formed in solution. Under optimized conditions, these 

polymers maintained their structural integrity solely by coordinative bonds and exhibited 

molecular weights on the order of 104 Da, corresponding to a degree of polymerization 

(DP) of about 30 – 43. Interestingly, addition of acetonitrile to these polymers resulted in 

depolymerization as confirmed by NMR spectroscopy as well as by changes in material 

viscosity.20  

Complementary to Rehahn’s work,19 MacDonnell demonstrated that optically 

active coordination-type polymers can be obtained by copolymerizing enantiomerically 

pure Ru complexes (Figure 1.10).21 Specifically, two common monomers, one 

functionalized with diones (1.15) and another with diamines (1.16) were reacted in a 

polycondensation-type reaction to produce an optically active coordination polymer 1.17. 

Collectively, the study demonstrated the ability to control the local stereochemistry of the 

metal centers as well as the global stereochemistry of the polymer chain to produce 

ribbon-like polymers that coil. This level of stereochemical control may ultimately 

provide materials with potential applications in asymmetric catalysis or sensory 

materials. 
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Figure 1.10 Synthesis of optically active coordination polymers from enantiomerically 
pure organometallic complexes. 

 

Constable and Forster demonstrated electrochemical polymerization, yet another 

synthetic method to obtain polymers of similar structure to those of Rehahn and 

MacDonnell (Figure 1.11).22 In this approach, terpyridines (1.18) featuring thiophene, 

bithiophene, and terthiophene moieties (i.e., m = 1, 2, and 3, respectively) were prepared 

and complexed to Ru(II) and Os(II) species to obtain electropolymerizable 

organometallic monomers. The process produced polymers 1.19 directly as films 

deposited onto an electrode (or microelectrode array), which were further studied in the 

solid-state. The deposited films were found to have conductivities on the order of 10-3 

S/cm, depending on the nature of the bridging groups. Subsequently, the thiophene 

moieties were overoxidized, effectively minimizing electronic communication between 

metal centers in the polymer chain. These “non-conjugated” analogues showed reduced 
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conductivity (i.e., two orders of magnitude less) in comparison with the fully conjugated 

variants. 
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Figure 1.11 Dehydrogenative electropolymerization of thiophene-functionalized 
terpyridine complexes (18). 

 

Monodentate amine-based linkers have also been utilized and, as expected from 

the reduced number of coordinating amines, these polymers are generally labile with 

structures that are highly dependent on external conditions. Craig recently reported a 

series of experiments that elegantly demonstrated how such lability can be used to control 

the molecular weight of MCOPs.23 As shown in Figure 1.12, polymer 1.22 was 

synthesized by reacting a ditopic Pd-pincer complex (1.20) with a bis(pyridine) moiety 

(1.21) in DMSO at room temperature. Notably, the viscosities (and therefore molecular 

weights) of these materials could be controlled by simply modulating the steric bulk of 
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the NR2 groups (e.g., R = Me vs. Et) about the Pd center in 1.20. Additional details 

regarding this unique dynamic behavior will be discussed later. 
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Figure 1.12 Examples of reversible coordination polymers that exhibit concentration- 
and structure-dependent binding affinities.  

 

Compared to amines, phosphines are generally regarded as stronger donors. 

Therefore it is often possible to obtain coordination-type polymers of relatively high 

stability with the latter. For example, Sijbesma synthesized a series of palladium and 

platinum polymers (e.g., see polymer 1.1 shown in Figure 1.4) by combining 

substoichiometric amounts of metal(II) chlorides with ditopic phosphines in 

dichloromethane at room temperature for several days.8 After removal of unreacted metal 

salts via filtration and evaporation of the solvent, the resulting polymers were found to 

display sufficient stabilities to draw fibers. Ligand structure and purity, as well as the 

solubility of the metal species were optimized to drive reactivity away from cyclic 

oligomerization to polymers with molecular weights greater than 70,000 Da (reported as 
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their polystyrene equivalent). These molecular weights were determined using gel 

permeation chromatography (GPC), which was an impressive achievement because many 

coordination polymers cannot retain macromolecular form under the high dilution and 

coordinating solvent conditions common to GPC analysis. 

Similarly, Ding has used ditopic phosphine linkers (1.23) in the construction of 

Rh-containing polymers 1.24 (Figure 1.13). The synthesis of polymers 1.24 was 

accomplished by combining the reactive bridging ligands with Rh(COD)2BF4 (COD = 

cycloocta-1,5-diene), a readily available Rh precursor. These polymers proved effective 

as recyclable hydrogenation catalysts.9 For example, for the hydrogenation depicted in 

Figure 1.13, the seventh run using the same recycled catalyst provided >99% yield and 

89.5% enantiomeric excess (ee).24 
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Figure 1.13 Left: Recyclable hydrogenation catalysts synthesized by coordination of 
ditopic phosphines with Rh(cod)2BF4 (cod = cycloocta-1,5-diene). Right: 
Representative asymmetric hydrogenation catalyzed by Rh-based MCOP 
1.24. 
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Poly(metal acetylide)s 

An interesting class of main-chain organometallic polymers under investigation 

since the 1970s is the poly(metal acetylide)s.13 These systems generally involve group 

VIII to X transition metals, and within the same group, heavier metals typically lead to 

more stable macromolecules. For example, within group X-based polyynes, stability 

increases in the order of Ni- < Pd- < Pt, which can be ascribed to increasing ionic 

character of the M-C bond.  

As opposed to the coordination polymers previously discussed, these polymers 

contain covalent carbon-metal σ-bonds in the main-chain. This bonding arrangement, 

combined with the conjugation provided by the diynes, results in rigid-rod structures. 

There is considerable electronic communication between the metal d-orbitals and the π-

systems of the organic linkers which leads to extended conjugated structures, stimulating 

great interest in their synthesis and study. For example, extended π-conjugation in 

combination with highly polarizable metal centers often results in nonlinear optical 

(NLO) properties.5 Another key property of these materials is their relatively high 

thermal and chemical stabilities. In the solid-state, these polymers show decomposition 

temperatures under nitrogen of up to 350 °C. However, under air, the group X-based 

polymers exhibit explosive degradations at elevated temperatures. 

Since Hagihara’s initial report13 on the preparation of Pd- and Pt-containing 

polyynes, considerable synthetic optimization and development has followed. 2,5 General 

synthetic avenues used to prepare poly(metal acetylide)s are depicted in Figure 1.16. The 

first three methods (Eqs 1.1-1.3) utilize reactions of α,ω-diynes with metal(II) salts in 

accord with Path A (Figure 1.9). A straightforward method to accomplish such polyyne 

syntheses is to deprotonate the diyne (e.g., with nBuLi) and subsequently treat the 

dianion a metal(II) salt. To avoid the use of strong bases and poor solubility from 



 22

bis(acetylide) dianions, other milder methods have been developed that use 

transmetallation as a means to attach the alkyne ligands to the metal atoms. For example, 

in situ formation of Cu-acetylides (facilitated by exogenous bases such as amines) 

precedes transmetallation and subsequent polymerization (Eqs 1.1 and 1.2). Complete 

elimination of all bases (e.g., alkyl lithiums or amines) can be accomplished by using 

preformed bis(stannane)s as the diyne comonomer. This is a particularly attractive 

methodology since decomposition of some transition metals is facilitated by amines. The 

tin acetylides undergo transmetallation to form new metal acetylides en route to polymer 

formation (Eq 1.3). However, it is not necessary to form the metal acetylide bond as the 

key polymerization reaction. For example, an alternative approach uses preformed 

organometallic comonomers with terminal alkynes poised for alkyne dimerization (Eq 

1.4). A synthetic advantage of poly(metal acetylide)s is that these various access routes 

are, in general, each complimentary, with no one method being universally superior to the 

others. 
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Figure 1.14 General synthetic routes used to prepare poly(metal acetylide)s. Linkers are 
typically conjugated π-systems such as arylenes, vinylenes, and alkynes 
(selected examples are shown in Figure 1.15). 

 

Electronic and solubility tuning in these materials is usually achieved through 

functionalization of the arene linkers. For example, Figure 1.15 depicts a series of Pt-

based polymers (1.30) with varying conjugated linkers and lists their corresponding 

optical band gaps (Eg) (i.e., the energy difference between the highest occupied molecular 

orbital and the lowest unoccupied molecular orbital as determined by electronic 

absorption spectroscopy).2 Alternatively, the physical properties of poly(metal acetylide)s 

can be varied by employing organometallic linkers, which ultimately clears a unique 

avenue to preparing bimetallic and multimetallic polymers. 
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Figure 1.15 A structurally varied series of Pt-based polyynes demonstrating tunable 
electronic properties. Eg/eV = energy of optical band gap in units of eV. 

Poly(metallocene)s 

Interestingly, the genesis of poly(metallocene)s can be traced back to the birth of 

organometallic polymers. The first organometallic polymer was reported by Haven in the 

1950s.1 In this founding report, radical polymerization of vinylferrocene 1.31 using 

various initiators successfully produced poly(vinylferrocene) 1.32 (Figure 1.16). Since 

the initial report of this SGOP, poly(metallocene)s have experienced explosive growth 

and utility to become one of the most widely studied subclasses of metal-containing 

polymers.  
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Figure 1.16 Synthesis of poly(vinylferrocene) by Haven. 

 

Figure 1.8 depicts some common main-chain poly(metallocene)s which are 

typically prepared using step-growth polymerizations. From a synthetic standpoint, it is 

important to consider the types of bonds that can be formed in order to prepare these 

materials. For most poly(metallocene)s, the bonds formed during polymerization are 

made from one arene to another. More specifically, Figure 1.17 illustrates how the 

linkage of one monomer unit to another involves the connection of the “top” arene of one 

metallocene to the “bottom” arene of another unit. For example, reaction of 1,1'-bis(β-

aminoethyl)-ferrocene (1.33) with diacid chlorides or diisocyanates involves the 

condensation of amino groups on one ferrocene monomer with either an acid chloride or 

an isocyanate on the other. Ultimately, this results in the step-growth organometallic 

polyamides 1.34 and polyureas 1.35 in high yields with molecular weights up to 18000 

Da (Figure 1.18).25 One exception to this more common architecture is the use of ditopic 

anionic linkers connected directly to the metal atom of a metallocene (e.g., see polymer 

1.12 in Figure 1.8).16 
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Figure 1.17 Illustrative example of linkages formed between metallocene monomers 
during polymerization. 
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Figure 1.18 Polycondensation routes employed to synthesize metallocene MCOPs. 

 

Alternatively, metal-arene complexation can be used as the key polymerization 

reaction to prepare poly(metallocene)s (Figure 1.19). This method generally provides 

polymers containing arenes such biaryls and other polyaromatic hydrocarbons. One 

caveat to this approach, however, is that lower molecular weights are commonly 

observed and can be partially ascribed to the step-growth polymerization process (as 
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opposed to a chain-growth) in combination with poor solubility of the intermediate 

oligomers. 
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Figure 1.19 Synthesis of a bimetallic poly(metallocene) using arene complexation as the 
polymerization event. 

 

More contemporary poly(metallocene) chemistry utilizes bridged metallocene 

monomers in ring-opening polymerization reactions (i.e., Path C, Figure 1.9). This 

powerful synthetic method was discovered by Rauchfuss26 and subsequently developed 

by Manners and coworkers.2 Bridged (and often strained) metallocenes (e.g., 1.36) are 

transformed into main-chain poly(metallocene)s (1.37) (Figure 1.20) using thermal, 

anionic, photo, and metal-mediated methods in solution or in the solid-state. In addition, 

a remarkably broad range of metals have been successfully incorporated into 

poly(metallocene)s using this polymerization method. One of the most significant aspects 

of the ROP approach is that it proceeds via a chain-growth mechanism and polymers with 

extraordinarily high molecular weights (> 106 Da) have been obtained.  
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Figure 1.20 General depiction of ring-opening polymerization method for synthesizing 
poly(metallocene)s. 

 

In an related polymerization method, poly(ferrocene)s with conjugated linkers 

have been synthesized via ring opening metathesis polymerization (ROMP) of 

ferrocenophanes. For example, Tilley27 and Grubbs28 have used ROMP of 

ferrocenophanes bridged by unsaturated alkyl chains such as ethylene and butadiene 

(1.38 and 1.39, respectively) to obtain highly conjugated poly(ferrocene)s 1.40 (Figure 

1.21). The solubility of these polymers can be tuned by incorporating alkyl groups in the 

unsaturated bridge. Using this modification, materials with molecular weights exceeding 

3 × 105 Da were obtained and, interestingly, upon doping these polymers with I2, they 

were found to exhibit conductivities of σ = 10-5 S/cm.29 
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Figure 1.21 Examples of a ROMP approach to highly conjugated poly(metallocene)s. 

 

APPLICATIONS OF MAIN-CHAIN ORGANOMETALLIC POLYMERS 

The use of metal-containing polymers as functional materials has been in 

development for several decades, and commercial applications are on the horizon. While 

the metal atom clearly takes center stage in discussion of MCOPs, the organic linkers are 

often used as the sites for tuning physical properties (e.g., solubilities, phase transitions, 

morphologies, liquid crystallinities, etc.), electronic characteristics (e.g., conductivities), 

structural features (e.g., chirality, tertiary chain structures, etc.), and mechanical 

properties. As such, the applications of MCOPs are largely dictated by the role and nature 

of the organic moieties linking and/or ligating to the incorporated transition metal atoms. 

 Swager has demonstrated that electrical conductivity in metal-containing 

polymers is a feature central to many applications including photoelectronics, molecular 

wires, electroluminescent devices, sensory materials, and various other applications that 

involve the bulk movement of charge through a material.30 In some cases, materials that 

simply pass current are desired for use as organic-inorganic hybrids for electronic 

devices. In other applications, one form of energy is transformed into another (e.g., light 

to current, or vice versa). In these situations, the conductive properties of the 
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organometallic polymers facilitate the conversion, although it is important to note that 

other characteristics particular to the application must also be incorporated (e.g., light 

absorptivity, oxidative stability, solubility, etc.) The mechanism by which electrons move 

through metal-containing polymeric materials is described in terms of how the metals 

interact with the organic framework as well as other metal atoms. 

Classically, there are two descriptions taken from traditional inorganic chemistry 

that describe the mechanism of electron movement, namely outer and inner sphere 

electron transfer (Figure 1.22). Outer sphere electron transfer mechanisms are typically 

associated with side-group organometallic polymer motifs.30 Regarding inner sphere 

electron transfer, the important defining feature is that electron flow occurs between a 

metal atom and the attached bridging organic linker (and then onto the next metal center 

in the chain, and so on); thus, orbital overlap between the organic ligand and the metal 

atom is vital for conductivity to occur. For this reason, considerable attention is given to 

using metal atoms and organic linkers that have overlapping redox potentials, and 

accordingly are termed “redox matched.” This condition facilitates electron transfer by 

assuring an optimal energy level agreement between the two interacting moieties. More 

specifically, electron conduction occurs more efficiently from a donating metal atom onto 

an organic ligand if the oxidation potential of the metal is at sufficient energy to match 

the reduction potential of the receiving ligand.30 
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Figure 1.22 Depiction of electron movement according to inner- and outer sphere 
mechanisms (top and bottom, respectively).  

 

 Recently, Swager has developed metallorotaxanes that show metal-

dependent conductivities which may find utility in new sensory technologies.30 The 

metallorotaxanes 1.41 (Figure 1.23) are formed in the presence of metal salts via a self-

assembly process to give conductive materials. When Cu(I) ions are incorporated, the 

materials were found to exhibit a high conductivity (σ = 38 S/cm). In contrast, when 

Zn(II) ions are incorporated, conductivity drops to 2 S/cm. The unique structural design 

may be described as a conductive polymer that is insulated by nonconductive sheath, and 

is thus often referred to as an insulated molecular wire. 
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Figure 1.23 Swager’s metallorotaxane displaying metal-dependent conductive properties. 

 

Organometallic polymers have features particularly attractive for NLO-

applications as well. Orientation of the NLO chromophore is a control parameter that 

must be met for a NLO response to be observed. Requisite noncentrosymmetric 

arrangement is often achieved by exposure to an external electric field. Alignment by this 

method requires mobility of the NLO material, which can be accomplished for polymers 

in the solid-state by conducting alignment at or above the Tg of the material. In ideal 

cases, the cooled NLO polymer retains its noncentrosymmetric orientation for extended 

(or indefinite) periods of time. Although this technique is not without certain caveats,31 it 

offers a means of controlling chromophore alignment in inherently centrosymmetric 

materials (polymers). Of course, the synthetic aspects discussed above are also key to 

properties tuning when exploring MCOPs for NLO applications. In this regard, 

polymerization methods utilizing modular synthetic protocols will inevitably allow for 

broader control over their solubilities, processabilities, thermal stabilities, etc. Key for 
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realization in electronic and optic devices, ferrocenes show very high thermal stability 

and photochemical stability.2 As such, in addition to the poly(metal acetylide)s 

mentioned previously, poly(ferrocene)s have emerged as some of the most efficient 

organometallic molecules for NLO responses.32  

Another application of MCOPs is their ability to be used as recoverable transition 

metal catalysts.33 At first glance, it would appear that accessing metal centers within the 

polymer backbone would encumber catalysis. However, several polymeric systems are 

known to show activities that rival (or exceed) those of their small-molecule analogues. 

Of course, the primary objective in designing a polymer-supported (or incorporated) 

metal catalyst is to be able to recover the transition metal for reuse, thus increasing cost-

efficiency and reducing metal contaminants in the waste stream. With this last 

consideration comes a criterion of stability. Specifically, in order for macromolecular 

structure to be conserved during the reaction, the polymeric catalyst must contain strong 

metal-ligand interactions such that depolymerization and metal leaching is minimized or 

eliminated completely. 

In addition to the coordination polymer used by Ding (e.g., see polymer 1.24 in 

Figure 1.13), other approaches to obtain catalytically active MCOPs have used ionic 

bonding or combinations of ionic and coordinative bonds. Selected MCOPs reported by 

Sasai and Ding were recently highlighted as significant breakthroughs in recyclable 

catalyst technology.34 These polymers make use of 1,1'-2,2'-binaphthol (binol) ligands 

with Al and Ti to form polymers of the general structure 1.42 (Figure 1.24), which were 

synthesized by combining appropriate ligand precursors with readily available metal 

sources. These systems take advantage of the affinity of binol ligands for transition 

metals which, in these systems, contribute both ionic and coordinative metal ligation. 

Notably, in addition to increasing overall cost-efficiency through recyclability, the 
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judicious choice of binol ligands provided a means for enantiocontrol over C-C bond 

forming reactions (Figure 1.24). It was found that Al-based catalysts effectively gave up 

to 96% ee in Michael addition reactions, and Ti-based polymers catalyzed carbonyl-ene 

reactions with up to 99% ee. In each case, isolated yields were good to excellent, and the 

catalysts were active for up to five consecutive cycles. The heterogeneous MCOP 

catalysts were easily recovered at the completion of the reactions either by filtration in air 

(Ti-based), or by removal of supernatant and rinsing with fresh solvent under argon (Al-

based).  
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Figure 1.24 Representative structure of binol-based MCOPs with applications as 
recyclable catalyst systems.  
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Carbon nanotubes (CNTs) hold great potential for applications in composite 

materials, nanoelectronics and nanoscale sensors. Because the properties of nanotubes are 

largely dependant on their size, research efforts are focused on preparing CNTs with very 

small structures. Recently MCOPs have been used to prepare CNTs with sub-nanometer 

dimensions.35 Upon casting polystyrene-b-polyferrocenylsilane (PS-PFEMS) diblock 

copolymers (1.43) into thin films, these materials began to self-assemble into 

polyferrocenylsilane columns embedded in a polystyrene matrix. The inclusion of silicon 

in the iron-containing portion of the polymer limited the formation of iron clusters under 

the conditions required for nanotube growth and resulted in the formation of single-

walled CNTs with diameters less than 1 nm.  Additionally, the first organometallic 

nanotubes were prepared using MCOPs by simply allowing a 

poly(ferrocenyldimethylsilane-b-dimethylsiloxane) (1.44) to self-assemble in hexanes.36 
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Figure 1.25 MCOPs utilized in the construction of organometallic nanotubes. 

 
DYNAMIC BEHAVIOR IN MAIN-CHAIN ORGANOMETALLIC POLYMERS 

One of the most exciting new areas of macromolecular chemistry is the study of 

dynamic polymers.37 Dynamic polymers may be defined as materials whose monomeric 

constituents are linked through reversible connections. As such, they undergo 

spontaneous structural reorganizations through assembly/disassembly processes in 

response to changes in external stimuli. Although polymer exchange reactions have long 
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been documented (e.g., transesterifications), the study of reversible polymerizations has 

received relatively little attention due to the difficulties in finding reactions with 

exquisitely controllable dynamic bonds. In fact, synthetic polymer methodology has 

historically been focused on specifically avoiding such exchange reactions and instead 

has sought to produce structurally well-defined, monodisperse polymers. The pursuit of 

polydisperse materials in dynamic equilibrium is a new direction and an emerging field in 

polymer chemistry with potential applications in self-healing materials, biomaterials, and 

synthetic self-replicating systems.  

The equilibrium controlled processes that govern formation of coordination 

MCOPs makes these macromolecules particularly well-suited for studies in dynamic 

behavior. These unique systems respond to external stimuli by depolymerizing to return 

to organic ligand and metallic monomeric species. The constant formation and 

consumption of free ligand implies that it is advantageous to design systems in which the 

free ligands are relatively stable toward decomposition or other side-reactions after being 

liberated from a polymer chain. Other desirable features of a dynamic MCOP include a 

versatile ligand design and broad metal compatibility. Together, these two characteristics 

dictate the overall tunability of the system including the polymer shape, solubility, and 

conditions needed to facilitate polymerization/depolymerization processes.  

Characterization of highly dynamic polymers can prove to be difficult because, by 

definition, the polymers are constantly changing their structural constituencies. For 

polymers that rapidly equilibrate under ambient conditions, molecular weights and 

viscosities are both concentration dependent. Thus, viscosity measurements have proven 

to be the most common method for characterization of these systems. While this method 

may not provide exact molecular weight data, relative molecular weights can be observed 

by studying a systemic series that varies in concentration. Discussed below are some 
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examples that describe how MCOPs with various ligand-metal interactions may be used 

to control dynamic behavior and complications that arise during their characterization. 

A series of dynamic polymers mentioned previously were reported by Craig and 

utilized palladium bimetallic species copolymerized with bipyridine units (see polymer 

1.22 in Figure 1.12). These polymers were studied in solution and found to exist as an 

equilibrium mixture of monomer, oligomer, and polymer. Polymer formation was 

observed by NMR spectroscopy and viscosity studies. An interesting feature of these 

materials is that the addition of monotopic pyridine-type ligands to solutions of polymer 

1.22 reduces solution viscosity. This indicates that the polymers are reversible in 

solution, and that the equilibrium is shifted toward smaller polymeric species upon the 

addition of monotopic ligand, or other types of chain-transfer agents (CTAs). 

 Sijbesma has reported a series of Pd- and Pt-containing polymers based on 

bis(phosphine) linkers (see polymer 1.1 in Figure 1.4). A significant feature of these 

coordination polymers is that despite using monodentate metal binding, they are strong 

enough to isolate in pure form and produce fibers. Their dynamic properties were probed 

through the use of trialkyl phosphines as CTAs. When solutions of the polymers were 

sonicated in the presence of up to 60 equivalents of CTA for eight hours, molecular 

weights were decreased from 105 to 104 Da. Interestingly, sonication alone (without 

CTA) also induced depolymerization, but to lesser extents.8  

Rowan has reported38 the synthesis of a cross-linked organometallic polymer 

network based solely on metal–ligand coordination bonds (Figure 1.26). Pyridines 

functionalized with benzimidazole groups at the 2,6-positions were connected through 

penta(ethylene glycol) spacer units to produce a ditopic ligand (1.45) capable of binding 

metals. With only Co(II) or Zn(II) present as the metal species, the resulting polymer 

adopts a linear shape with a 2:1 ligand to metal binding ratio. However, lanthanide ions 
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were found to coordinate the ligands in a 3:1 ligand to metal ratio which enabled them to 

act as crosslinking agents. Thus, networked gels (1.46) were obtained upon the addition 

of La(III) and Eu(III). Because ligand coordination to the lanthanide ions is relatively 

weak, application of thermal or mechanical stress resulted in scission of the lanthanide-

ligand coordination. This facilitated conversion of the networked gel to yield only linear 

Co(II) or Zn(II) polymer (1.47), as confirmed by UV-Vis spectrometry as well as visual 

observation of the transformation from gel to solution. Upon cooling or resting, the 

lanthanide ions were reincorporated into the material and a gel was reformed. 

Collectively, these environmentally responsive materials hold outstanding potential for 

applications in biotechnology, separation science, and self-healing materials. 
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Figure 1.26 Thermo- and mechano-responsive organometallic gels containing transition 
metal and lanthanide ions. 
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CONCLUSIONS AND OUTLOOK 

The field of organometallic polymer science has seen tremendous growth over the 

past five decades. Various design concepts have been utilized to incorporate metal 

centers into the main chains of polymers. This has included the development of new 

polymerization strategies that involve metal-containing monomers or the ligation of 

species which utilize metal-coordination as the key polymerization reaction. 

Incorporation of metals as an integral component of a polymer backbone remains a 

synthetic challenge that will undoubtedly be met with the development of new 

methodologies in polymer, inorganic, and organometallic chemistry. 

A broad spectrum of potential applications has resulted from main-chain 

organometallic polymers, owing to their unique physical and electronic properties. It is 

worth noting that a conductive undoped all-organic polymer is yet to be reported. In 

contrast, many main-chain organometallic polymers display conductive or semi-

conductive behavior even without the addition of dopants. Future studies will likely build 

upon the knowledge of redox-matching ligands with transition metals to further increase 

electrical conductivities exhibited by MCOPs. Recent breakthroughs in recyclable 

catalysts have involved the development of metal-containing  polymers whose metal 

centers are specifically designed to facilitate organic transformations. The use of MCOPs 

in this manner is an emerging field that will undoubtedly continue to receive increasing 

consideration.  

The influence of coordination polymers is expanding at an unprecedented pace as 

more researchers take advantage of the dynamic behavior of these materials. A vast 

continuum of coordination stability has been explored ranging from materials whose 

macromolecular structure is immediately reverted to monomeric species upon 

dissolution, to robust materials whose dynamicity is realized over a broad temperature 
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profile. Advances with these systems will likely be aimed at development of materials 

that combine dynamic behavior with electronic and/or optical properties. Progress in this 

area may result in new applications in molecular scale computing or responsive electronic 

devices. 

 



 41

Chapter 2: A Modular Approach to Main-Chain Organometallic 
Polymers 

 

INTRODUCTION 

Main-chain conjugated organometallic polymers (COMPs) are an interesting class 

of materials with desirable electronic and mechanical properties.39 Unfortunately, access 

to these materials is often challenged by factors such as the need for inert atmospheres 

and anhydrous conditions, restrictive compatibilities of transition metals with 

contemporary polymerization protocols, and limited polymer stabilities and/or 

solubilities. Overcoming these restraints, which have prevented COMPs from reaching 

their full potential, requires development of new building blocks and polymerization 

strategies. Although a variety of binding interactions have been employed for integrating 

metals into organic polymers, Arduengo-type N-heterocyclic carbenes40 (NHCs) remain 

an untapped resource. This is surprising considering NHCs offer broad structural 

diversity and generally display high affinities toward a wide range of transition metals.41 

We sought a versatile, direct, and simple route to bis(NHC)s connected via conjugated 

arenes. With the availability of these difunctional NHCs, we envisaged a new class of 

COMPs could be readily accessed. 

 

SYNTHESIS OF ANNULATED BIS(IMIDAZOLIUM) SALT MONOMERS  

We targeted rigid benzimidazole-based arene spacers to inhibit intramolecular 

metal chelation42 and to ensure regio-control over metallation.43 Toward this end, 

commercially available 1,2,4,5-tetraaminobenzene (2.1), 3,3′-diaminobenzidine (2.3), and 

known dioxin-tetraamine 2.5,44 were condensed with formic acid45 to provide the 
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corresponding bis(imidazole)s. This cyclization protocol was conducted under ambient 

atmosphere and provided products in high purity (>95%) and high yields (>90%) after 

neutralization. As shown in Scheme 2.1, direct access to the respective bis(imidazolium) 

salts was accomplished via a single-step, four-fold alkylation. Thus, the bis(imidazole)s 

described above were each treated with NaH in PhCH3 followed by addition of alkyl 

bromide. After 1 h at 110 °C, DMF was introduced as a co-solvent (50% v/v) which 

facilitated dissolution of partially alkylated intermediates. After an additional 6 h at 110 

°C, introduction of excess PhCH3 precipitated the desired bis(imidazolium) bromides 

(2.2, 2.4, and 2.6) in good to excellent yields (74 – 99%).  
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Scheme 2.1 Synthesis of bis(imidazolium) salt monomers. 
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SYNTHESIS OF MAIN-CHAIN ORGANOMETALLIC POLYMERS 

As shown in Scheme 2.1, polymerization and metal incorporation was carried out 

via a modified Herrmann-Schwarz-Gardiner method46 by treatment of bis(imidazolium) 

bromides 2.2, 2.4, or 2.6 with Pd(OAc)2 in DMSO at 110 °C. After one hour, the reaction 

solutions were precipitated into an excess of MeOH or H2O which afforded polymers 2.7 

– 2.9 in high yields (84 – 99%). As expected, signals in the 1H NMR spectra were 

relatively broad and shifted upfield in comparison with their respective bis(imidazolium) 

salt precursors. 13C NMR spectroscopy was used to verify Pd was successfully 

incorporated into the backbones of the polymer chains. For example, the 13C NMR 

spectrum of 2.8a exhibited a resonance at 172 ppm which was diagnostic of an imidazol-

2-ylidene-Pd bond.42,47 As summarized in Table 2.1, absorption maxima for the polymer 

systems were clustered around 320 nm and molar absorptivities (normalized per repeat 

unit) as high as 8.4 × 104 M-1•cm-1 were observed. Analysis of the polymers by gel 

permeation chromatography48 (GPC) indicated their polydispersities were typical of step-

growth polymerizations with number-average molecular weights (Mns), ranging from 8.0 

x 103 – 1.1 x 105 Da, dependent on the N-substituent and the bis(imidazole) structure. 

Likewise, the thermal stabilities of the polymers exhibited similar dependencies and 

began to degrade at 280 – 300 °C, as determined by thermogravimetric analysis. 
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Scheme 2.2 Polymerization of bis(imidazolium) salts with Pd(II) and Pt(II). 

 
 

Copolymerization of 2.4a with PdCl2 in the presence of NaOAc (2.0 eqv) 

successfully produced a polymeric material with comparable molecular weight and yield 

as when prepared with Pd(OAc)2. No reaction was observed when 2.4a was treated with 

NaOAc in DMSO at 110 °C in the absence of metal. These results prompted us to explore 

the incorporation of other group 10 metals under similar reaction conditions. As shown in 

Scheme 2.2 and summarized in Table 2.1, copolymerizations of the bis(imidazolium) 

salts with PtCl2/NaOAc afforded materials with remarkably high molecular weights; for 

example, the Mn of 2.7c was found to be 1.8 × 106 Da. As with Pd, molecular weights 

were found to be dependent on the organic moiety, however the transition metal 

obviously played a dominant role. Unfortunately, no polymeric materials were obtained 

with Ni(OAc)2•4H2O, which may reflect the reduced affinity of NHCs for Ni.49 
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Table 2.1 Physical characteristics of polymers 2.7 – 2.9. 

Polymer Yield (%)a Mn (kDa)b Mw /Mn Td (°C)c λmax (nm)e Log(ε)e,f

2.7a 90 18.4 1.9 291 316 4.72
2.7b 84 103 1.8 d 314 4.72
2.7c 99 1760 1.3 294 329 4.45
2.7d 76 766 1.7 295 322 4.51
2.8a 85 26.1 2.0 284 308 4.80
2.8b 84 8.00 1.4 d 308 4.93
2.9a 98 106 1.5 299 323 4.63
2.9b 93 408 2.6 d 329 4.92  

aIsolated yield. bDetermined by GPC relative to polystyrene standards in DMF. 
cThe decomposition temperature (Td) is defined as the temperature at which 10% weight 

loss occurs determined by thermogravimetric analysis under N2, rate = 10 ºC/min. dNot 

determined. eDetermined in DMF under ambient conditions. f Per repeat unit. 
 

METAL-CENTER COORDINATION AND STRUCTURAL DYNAMICITY 

 Since the metal centers in the main-chain of the polymers are 

coordinatively unsaturated, we envisioned altering the physical properties of the 

macromolecules via a post-polymerization modification.50 For example, treatment of 

2.8a, which is virtually insoluble in THF, with two equivalents of PCy3 or PPh3 resulted 

in rapid dissolution. GPC and 1H NMR analysis of the phosphine-bound polymer 

confirmed the macromolecular structure was not compromised. Phosphine ligation to Pd 

was confirmed by 31P NMR spectroscopy (δ = 25 ppm).51  

As bulk properties of polymeric materials are intimately related to molecular 

weight, methods for its precise control are essential for tailoring or fine-tuning physical 

characteristics.52 Chain transfer agents (CTAs) have been used extensively to control 

molecular weights of polymers obtained from equilibrium polymerizations.53 Since 
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coordination of NHCs to group 10 metals is dynamic,54 inclusion of monofunctional 

NHCs as CTAs during these polymerizations should provide an effective handle for 

controlling molecular weight. As shown in Scheme 2.3, copolymerization of 2.4b with 

Pd(OAc)2 in the presence of various amounts of N,N′-dibenzylbenzimidazolium bromide 

(2.10)55 provided the corresponding end-functionalized polymers 2.11. Integration of the 

benzyl end-groups (PhCH2- δ = 6.2 ppm) with respect to the butyl groups (ArNCH2- δ = 

4.8 ppm) along the polymeric backbone indicated the molecular weights of the polymers 

were in excellent agreement with their theoretical values based on complete incorporation 

of the CTA (Table 2.2). 
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Scheme 2.3 Incorporation of chain-transfer agents. 

 
 

Table 2.2 Experimental and theoretical molecular weight data for 11. 

Polymer Xn, theoa Xn,NMRb Mn , NMR (kDa)b Mn ,GPC (kDa)c

2.11a 10 8.9 6.4 4.8
2.11b 20 23 17 8.5
2.11c 40 47 34 11  

aTheoretical number average of monomer units per polymer chain given by 

2[2.4b]o/[2.10]o. bDetermined by 1H NMR spectroscopy. cDetermined by GPC relative to 

polystyrene standards in DMF. 
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CONCLUSIONS 

In conclusion, a highly efficient route to a new class of organometallic polymers 

with metal centers linked together via conjugated, difunctional NHCs has been 

developed. The polymerizations did not require anhydrous conditions or inert 

atmospheres and the entire process, from commercial materials to polymeric products, 

was accomplished in three simple manipulations with minimal technical difficulty. The 

physical properties of the polymers were found to be dependent on both the transition 

metal and the modular structural characteristics of the NHC, and could be further 

modified through post-polymerization ligation. Control over both molecular weight and 

end-groups was also demonstrated through the inclusion of chain transfer agents during 

polymerization. Combined with the ability to prepare polymers with high molecular 

weights, these modular building blocks should open new opportunities in polymer 

synthesis, conductive polymers, non-linear optics, and electronic devices. Full 

investigation of the electronic and physical characteristics of the polymers presented 

herein will be reported in due course. 

 

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 protonated solvent as an internal standard (DMSO-d6, 
1H 2.49 ppm and 13C 39.5 ppm). Coupling constants are expressed in hertz. HRMS (ESI, 

CI) were obtained with a VG analytical ZAB2-E instrument. UV-vis spectra were 

recorded using a Perkin Elmer Instruments Lambda 35 spectrometer. GPC data was 

recorded using an Agilent 1100 HPLC with an Agilent PLgel 5 μm MIXED-C column. 

Molecular weight data is reported relative to polystyrene standards in DMF. Tds were 
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determined using a TA Instruments TGA-Q500 under nitrogen atmosphere. PhCH3 was 

distilled from CaH2 or sodium and benzophenone under N2 atmosphere prior to use. DMF 

was used from a solvent purification column under an atmosphere of argon. DMSO for 

polymerization reactions was of reagent quality and used as obtained from commercial 

sources. 

General Procedure for formation of bis(imidazole)s via condensation of tetraamino 

arenes with formic acid: A round bottom flask was charged with a magnetic stir bar and 

the tetraamine. Formic acid (88-99%) was added and the flask was fitted with an air-

jacketed condenser. The reaction mixture was placed in an oil bath at 100 – 110 °C for 2-

36 h. The reaction mixture was then allowed to cool, poured into ice-cold water (equal 

volume to formic acid) and neutralized with 10% NaOH solution or saturated K2CO3 

solution. Neutralization caused precipitation of the product which was collected via 

vacuum filtration, rinsed with cold water, and dried under vacuum over P2O5.  

 

Benzo-bis(imidazole): 1,2,4,5-Benzenetetraamine tetrahydrochloride 2.1 (284 mg, 1.00 

mmol) was treated with formic acid (10 mL) for 36 h according to the General Procedure 

to provide 152 mg (96%) of the desired product as a brown solid: mp > 300  °C; 1H NMR 

(400 MHz, DMSO-d6) δ 8.16 (s, 2H), 7.67 (s, 2H); 13C NMR (100 MHz, DMSO-d6) δ 

142.5, 135.6, 99.2; HRMS m/z calcd for C8H7N4 [M+H+] 159.0671, found 159.0665. 

 

3,3’-bibenzimidazole: 3,3’-diaminobenzidine 2.3 (4.71 g, 21.98 mmol) was treated with 

formic acid (25 mL) for 2 h according to the General Procedure to provide 4.92 g (96%) 

of the desired product as a tan powder. mp 262-267 °C (dec); 1H NMR (400 MHz, 

DMSO-d6) δ 8.23 (s, 2H), 7.82 (d, J = 1.1 Hz, 2H), 7.65 (d, J = 8.3 Hz, 2H), 7.51 (dd, J = 
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8.3, 1.1 Hz, 2H); 13C NMR (100 MHz, DMSO-d6) δ 143.0, 138.7, 137.9, 135.9, 122.0, 

116.1, 113.5; HRMS m/z calcd for C14H11N4 [M+H+] 235.0984, found 235.0985. 

 

Dioxin-bis(imidazole): Dioxin-2,3,7,8-tetraamine tetrahydrochloride (2.5) (525 mg, 1.35 

mmol) was treated with formic acid (15 mL) according to the General Procedure 

(complete dissolution was not achieved, and the reaction mixture remained a suspension) 

to provide 303 mg (85%) of the desired product as a tan powder:  mp >300 °C (dec); 1H 

NMR (400 MHz, DMSO-d6) δ 8.13 (s, 2H), 8.11 (s, 2H), 7.21 (s, 4H); 13C NMR (100 

MHz, DMSO-d6) δ 163.2, 142.7, 138.4, 101.8; HRMS m/z calcd for C14H9N4O2 [M+H+] 

265.0726, found 265.0725. 

 

 Tetrabenzyl benzo-bis(imidazolium) bromide (2.2a): To a solution of NaH (298 mg, 

60 wt %, 7.46 mmol) in PhCH3 (30 mL) was added the corresponding bis(imidazole) 

(576 mg, 3.64 mmol) under dry nitrogen. The solution was heated to 110 °C for 1 h, 

allowed to cool to ambient, and benzylbromide (2.61 mL, 21.84 mmol) was added via 

syringe. The suspension was placed in an oil bath at 110 °C for 1 h, then dry DMF (30 

mL) was added via syringe and the reaction was maintained at 110 °C for 6 h, then 60 °C 

for 4 h. Upon completion, the suspension was allowed to cool, diluted with PhCH3 (50 

mL) and the solids were collected by vacuum filtration, rinsed with water and THF 

successively, and dried under vacuum over P2O5 to give 2.42 g (98%) as a tan powder: 

mp  280-282 °C (dec); 1H NMR (400 MHz, DMSO-d6) δ 10.54 (s, 2H), 8.93 (s, 2H), 

7.60-7.58 (m, 8H), 7.39-7.34 (m, 12H), 5.87 (s, 8H); 13C NMR (100 MHz, DMSO-d6) δ 

146.1, 133.4, 129.9, 128.9, 128.8, 128.6, 99.8, 50.5; HRMS m/z calcd for C36H31N4 [M-

H+] 519.2549, found 519.2543. 
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Tetrabutyl benzo-bis(imidazolium) bromide (2.2b): It should be noted that 2.2b is 

H2O-soluble. To a solution of NaH (415 mg, 60 wt %, 10.37 mmol) in PhCH3 (20 mL) 

was added the corresponding bis(imidazole) (800 mg, 5.06 mmol) under argon and the 

resulting suspension was placed in an oil bath at 110 °C for 1 h. To the cooled suspension 

was added 1-bromobutane (3.26 mL, 30.36 mmol) via syringe and the mixture was 

heated at 110 °C for 1 h, then dry DMF (20 mL) was added via syringe and the mixture 

was stirred at 110 °C for 8 h, then 60 °C for 4 h. The cooled reaction mixture was then 

concentrated under vacuum and the residue taken up in 1:1 CH2Cl2/MeOH and the 

insoluble NaBr was removed via filtration. To the filtrate was added EtOAc until 

precipitation of the product occurred. The solids were collected via vacuum filtration and 

dried under vacuum to provide 2.66 g (97%) of the product as a tan powder: mp 194-198 

°C (dec); 1H NMR (300 MHz, DMSO-d6)  δ 10.25 (s, 2H), 9.11 (s, 2H), 4.62 (t, J = 7.4 

Hz, 8H), 1.97 (p, J = 7.4 Hz, 8 H), 1.38 (sext, J = 7.4 Hz, 8H), 0.93 (t, J = 7.4 Hz, 12H); 
13C NMR (75 MHz, DMSO-d6) δ 145.5, 130.2, 99.3, 47.1, 30.4, 19.1, 13.5; HRMS m/z 

calcd for C24H39N4 [M-H+] 383.3175, found 383.3180. 

 

Tetrabenzyl bis(benzimidazolium) bromide (2.4a): In a manner analogous to 2.2a, 

3.05 g (98%) of compound 2.4a was obtained as a tan solid: mp 179-183 °C (dec); 1H 

NMR (400 MHz, DMSO-d6) δ 10.29 (s, 2H), 8.67 (s, 2H), 8.1 (d, J = 8.8 Hz, 2H), 8.04 

(d, J = 8.8 Hz, 2H), 7.66 (d, J = 7.2 Hz, 4H), 7.57 (d, J = 7.2 Hz, 4H) 6.00 (s, 4H), 5.87; 
13C NMR (100 MHz, DMSO-d6) δ 143.5, 137.7, 134.1, 134.0, 131.9, 130.8, 129.01, 

128.97, 128.7, 128.5, 128.3, 126.5, 114.7, 112.9, 50.1, 50.0; HRMS m/z calcd for 

C42H35N4 [M-H+] 595.2862, found 595.2858. 
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Tetrabutyl bis(benzimidazolium) bromide (2.4b): It should be noted that 2.4b is H2O-

soluble. In a manner analogous to 2.2b, 1.96 g (74%) of compound 2.4b was obtained as 

a tan solid: mp 248-255  °C (dec); 1H NMR (400 MHz, DMSO-d6) δ 10.05 (s, 2H), 8.71 

(s, 2H), 8.28 (d, J = 8.7 Hz, 2H), 8.2 (dd, J = 8.7, 1.4 Hz, 2H), 4.66 (t, J = 7.2 Hz, 4H), 

4.57 (t, J = 7.2 Hz, 4H), 1.97-1.90 (m, 8H), 1.41-1.32 (m, 8H), 0.93 (t, J = 7.2 Hz, 12H); 
13C NMR (100 MHz, DMSO-d6) δ 142.9, 137.5, 132.0, 130.9, 126.3, 114.3, 112.6, 46.6, 

34.2, 30.67, 30.65, 19.09, 19.07, 13.5, 13.4; HRMS m/z calcd for C30H45N4 [M+H+] 

461.3644, found 461.3643. 

 

Tetrabenzyl dioxin-bis(imidazolium) bromide (2.6): In a manner analogous to 2.2a, 

707 mg (90%) of the compound 2.6 was obtained as a yellow-tan powder: mp 252-258 

°C (dec); 1H NMR (400 MHz, DMSO-d6) δ 10.09 (s, 2H), 7.77 (s, 4H), 7.56-7.55 (m, 

8H), 7.44-7.38 (m, 12H), 5.73 (s, 8H); 13C NMR (100 MHz, DMSO-d6) δ 142.8, 140.7, 

133.8, 129.0, 128.8, 128.4, 127.4, 101.2, 50.1; HRMS m/z calcd for C42H33N4O2 [M-H+] 

625.2604, found 625.2601. 

 

Typical procedure for polymerization: Polymerizations were conducted on 0.1-2.0 g 

scale. Bis(imidazolium) bromide (1.0 equiv) was dissolved in DMSO (ca. 0.1-0.2 M) and 

either M(II)(OAc)2 (1.0 equiv), or a combination of M(II)Cl2 (1.0 equiv) and NaOAc (2.0 

equiv), was added in one portion. The solution was placed in a preheated oil bath at 110 

°C and stirred open-air for 1-5 h. The reaction mixtures typically darkened in color (to 

orange-brown) as the reaction progressed. The cooled reaction mixture was precipitated 

into either MeOH or H2O and the solids were collected via vacuum filtration and dried 

under vacuum. 
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2.7a: Light brown solid. 1H NMR (400 MHz, DMSO-d6): δ 7.80-6.80 (m, 22H), 6.40-

5.41 (m, 8H); Td = 291 °C; Mn = 18.4 kDa; PDI = 1.9. 

 

2.7b: Tan solid. 1H NMR (400 MHz, DMSO-d6): δ 8.20-8.04 (m, 2H), 4.95-4.76 (m, 8H), 

2.18-2.10 (m, 8H), 1.48-1.40 (m, 8H), 1.01-0.92 (m, 12H); Mn = 103 kDa; PDI = 1.8. 

 

2.7c: Tan solid. 1H NMR (400 MHz, DMSO-d6): δ 7.60-6.45 (m, 26H), 6.40-5.20 (m, 

8H); Td = 294 °C; Mn = 1760 kDa; PDI = 1.3. 

 

2.7d: Tan powder. 1H NMR (400 MHz, DMSO-d6): δ 8.18 (br s, 2H), 4.91-4.55 (m, 8H), 

2.18-1.99 (m, 8H), 1.47 (br s, 8H), 1.00-0.91 (m, 12H); Td = 295 °C; Mn = 766 kDa; PDI 

= 1.7. 

 

2.8a: Light green powder. 1H NMR (400 MHz, DMSO-d6): δ 7.62 (br s, 7H), 7.40-6.90 

(m, 19H), 6.13 (br s, 4H), 6.07 (br s, 4H); Td = 284 °C; Mn = 26.1 kDa; PDI = 2.0. 

 

2.8b: Yellow solid. 1H NMR (400 MHz, DMSO-d6): δ 7.97-7.92 (m, 2H), 7.77-7.60 (m, 

4H), 4.83-4.54 (m, 8H), 2.18-2.14 (m, 8H), 1.50 (br s, 8H), 0.99 (br s, 12H); Mn = 8.00 

kDa; PDI = 1.4. 

 

2.9a: Green powder. 1H NMR (400 MHz, DMSO-d6): δ 7.80-6.90 (m, 26H), 6.20-5.90 

(m, 8H); Td = 299 °C; Mn = 106 kDa; PDI = 1.5. 

 

2.9c: Tan powder. 1H NMR (400 MHz, DMSO-d6): δ 7.80-7.00 (m, 26H), 6.40-5.40 (m, 

8H); Mn = 408 kDa; PDI = 2.6. 
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Chapter 3:  Dynamic Main-Chain Organometallic Polymers 

INTRODUCTION 

A specific class of dynamic polymers, coined ‘dynamers,’ have been shown to 

possess the ability to exchange one component for an analogous repeat unit, displacing 

the original unit.56 The unique behavior of this class of materials allows the introduction 

of various properties or functionalities into existing polymer systems, generating 

copolymers with tunable features. Molecular weight, solubility, luminescence, thermal 

behavior and viscosity are examples of the properties that may ultimately be controlled to 

provide designer materials for specific applications. In order for a macromolecular 

system to achieve this constitutional dynamicity, it must be held together by reversible 

covalent bonds or non-covalent interactions.57 Examples of systems utilizing these types 

of interactions include polybenzobis(imidazolylidene)s,58 polyacylhydrazones,56 

polyimines,59 polymers utilizing multiple complemental hydrogen bonding sites,60 and 

combinations thereof.61   

Supramolecular coordination polymers, in which the monomers contain 

bifacially-opposed metal binding sites and are linked through metal ion coordination, 

enjoy this reversible connectivity.62  Even though the affinity of N-hetercyclic carbenes 

(NHCs) for various transition metals is well documented,63 their inclusion as monomers 

in organometallic coordination polymers has, until recently, been inexplicably 

overlooked.64 Recently, we have reported the synthesis of annulated bis(NHC) precursors 

connected through conjugated arenes and their ability to be co-polymerized with group 

10 metals, affording a new class of main-chain organometallic polymers. Since 

coordination of group 10 metals to NHCs is dynamic,65 inclusion of various amounts of 

monofunctional chain transfer agent (CTA) in the polymerization produced polymers 
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with varied molecular weights. We believed the polymers themselves would exhibit 

similar behavior when subjected to an analogous dynamic equilibrium, providing the first 

class of organometallic dynamers. It was envisioned that this dynamic behavior would 

provide practical and accessible methods of polymer modification with excellent control. 

Herein, we report the dynamicity and related manifestations of this new class of 

organometallic polymers.  

 

MOLECULAR WEIGHT CONTROL 

Precise control of molecular weight is essential for tailoring or fine-tuning the 

physical characteristics of polymeric materials.66 As described above, control over the 

molecular weight of these polymers has been demonstrated through inclusion of 

monofunctional CTAs in the reaction mixture. It was prediced that pre-formed polymer 

3.1 would undergo monomer exchange upon reaction with various amounts of 

monofunctional  CTA “end-cap” 3.2 in DMSO (with NaOAc, 1.0 eqv. per azolium salt) 

at 110 °C.  As evidenced by the data in Table 3.1, the molecular weights of the resulting 

polymers correspond with the loading of monofunctional CTA end-cap, indicating 

increased homogeneity of chain lengths.  Additionally, the newly created polymers 

exhibited polydispersity indices (PDIs) of ca. 1.5, much narrower than the PDI of the 

original polymer sample (2.1). This decreased chain length distribution further 

demonstrates the ability to fine-tune the molecular weight of these polymers. 
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Figure 3.1 Structures of compounds 3.1, 3.2, 3.4 and 3.5. 

 

Polymer % End-Cap Mn ,GPC (x104 Da)* PDI
3.1 0 601 2.1
3.3a 5 11.7 1.5
3.3b 10 7.03 1.4
3.3c 20 1.59 1.6  

Table 3.1 Controlled molecular weight results. *Determined against polystyrene 
standards in DMF with 0.01 M LiBr at 35 °C. 

INCORPORATION OF NEW MONOMERS 

Once it had been established that incorporation of monofunctional imidazolium 

end caps into pre-formed polymers was possible, monomer exchange via integration of 

bis(imidazolium) monomers was investigated. Benzylated and butylated monomers were 

used since the distinctive 1H NMR shifts of the N-methylene protons provided distinct 

handles to monitor incorporation. Benzylated polymer 3.1 was reacted with butylated 

bis(azolium) 3.4 (1:1 monomer: monomer) and  NaOAc (2.0 eqv. per bis(azolium) salt) 
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in DMSO at 110 °C, and subsequently precipitated into excess water.67 1H NMR analysis 

of the mixture before and after heating (Figure 3.2) revealed incorporation of monomer 

3.4 was successful by an observed broadening in the signal corresponding to the N-butyl 

groups (ca. δ = 4.6 ppm). Because no additional metal was added to the system, the 

number of monomers in the polymer chain remained constant, meaning that incorporation 

of one butylated monomer occurred with a concomitant release of one benzylated 

monomer (Scheme 3.1). Evidence of this exchange can be found in the evolution of a 

peak characteristic of the benzylated bis(imidazolium) bromide NCHN proton (δ = 10.29 

ppm vs. δ = 10.05 for butylated bis(imidazolium) 3.4), indicating reformation of the 

benzylated salt upon displacement. 
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Scheme 3.1 Conceptual depiction of monomer exchange. 
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Figure 3.2 1H NMR spectra of monomer 3.4 and polymer 3.1 before (bottom) and after 
(top) being heated in the presence of NaOAc at 110 °C for 13 h. The left 
arrow indicates the NCHN proton peak of the benzylated salt and the right 
indicates the broad methylene proton peaks of the butyl group 

POLYMER BLENDING 

Encouraged by our results from benzimidazolium CTA and monomer insertion 

experiments, the dynamic blending of analogous but distinct polymers was investigated. 

Polymers 3.3d and 3.3e (Mns = 1.30 × 104 and 1.04 × 104 Da, PDIs = 1.3 and 1.3 

respectively), resolvable by gel permeation chromatography (GPC), were reacted in 

DMSO at 110 °C. Subsequent precipitation into excess water afforded co-polymer 3.3f 

with an intermediate molecular weight of 1.11 × 104 Da (PDI = 1.2). Only one peak was 

observed by GPC, with no residual high or low molecular weight species present, 

indicating formation of a statistical co-polymer (Figure 3.3). Due to the interference 

inherent with the GPC solvent system, the resulting PDIs are artificially low, however the 

peak molecular weights, as well as the front edge of the peaks, agree with successful 

blending. 
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Figure 3.3 GPC traces of polymers 3.3d, 3.3e and 3.3f. 

 

CROSSLINKING AND GEL FORMATION 

In an attempt to capitalize on the success of the monomer incorporation 

experiments, studies were expanded to the introduction of a trifunctional monomer as a 

cross-linking agent. Following a procedure put forth by Dias et. al.,68 2,4,6-

tris(bromomethyl)mesitylene was treated with 3.0 eq. of 1-methylimidazole in dioxane at 

100 °C for 24 hours to create the tris(imidazolium) bromide 3.5 in nearly quantitative 

yield. With a trifunctional monomer in hand, the ability of the tris(imidazolium) salt to 

cross-link and create polymer 3.6 upon incorporation was examined. The trifunctional 

imidazolium bromide 3.5 was reacted with polymer 3.1 in a 1:2 monomer ratio. 

Incorporation of the trifunctional monomer into the polymer chain was evident from 

comparison of the 1H NMR spectra before and after heating – the well-defined peaks of 

the tris(imidazolium) salt had broadened upon incorporation. Additionally, the unusually 

broad GPC trace, spanning from low molecular weight material to the column maximum 

(200 – 3.00 × 106 Da), demonstrates the cross-linked nature of the new polymer network. 
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It was discovered during the synthesis of the polymeric networks that certain 

cross-linker loadings and reaction concentrations would produce a cross-linked gel, 

which was found to be thermally responsive. Gels were formed when stoichiometries 

ranged from 2.5:1 to 5:1 (monomer : cross-linker) and concentrations ranged from 0.10 – 

0.17 M (of total bi- and tri-functional monomer). The thermoresponsive behavior of the 

gels was demonstrated through observation of reversible gel-sol transitions upon heating 

to 100 – 150 °C, depending on concentration. Due to their propensity to gel, combined 

with the unsaturation of the polymeric backbone, we envision these materials to have the 

potential for unique physical, chemical and electonic properties. 

 

 

Figure 3.4 The thermally responsive gel 3.6. 

 

CONCLUSION 

In summary, the dynamicity of these recently developed organometallic polymers 

based upon the reversible coordination of bis(NHC) moieties to palladium is reported. 

Monomer exchage was found to occur when polymer and monomer were heated in 

DMSO to reach a dynamic equilibrium. Molecular weight was systematically reduced by 

reaction of polymer with appropriate amounts of monofunctional CTA. Exchange of 

bifunctional monomers was observed upon reaction with free bis(imidazolium) 
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dibromide salts as well as an analogous organometallic polymer to create statistical 

copolymers. Reaction of polymer with a trifunctional imidazolium salt resulted in cross-

linked polymeric networks capable of forming thermally-responsive gels. The mechanical 

and electronic properties of these materials are currently under investigation and will be 

reported in due course. 

 

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 protonated solvent as an internal standard (DMSO-d6, 
1H 2.49 ppm and 13C 39.5 ppm). Coupling constants are expressed in hertz. GPC data 

was recorded using an Agilent 1100 HPLC with an Agilent PLgel 5 μm MIXED-C 

column. Molecular weight data is reported relative to polystyrene standards in DMF with 

0.01 M LiBr at 35 °C. DMSO for polymerization reactions was of reagent quality and 

used as obtained from commercial sources. 

 

Representative Procedure for Controlling MW with CTAs (5%): In a Teflon-lined 

capped vial were placed polymer 3.1 (0.080 g, 0.093 mmol of repeat unit), 

benzimidazolium 3.2 (1.4 mg, 0.0045 mmol), NaOAc (0.4 mg, 0.0048 mmol) and a 

magnetic stir bar. DMSO (1 mL) was added, the vial was sealed and the reaction was 

stirred at 110 °C for 2.5 h. Upon cooling to rt, the reaction was poured into water (15 

mL). Precipitated solids were isolated by vacuum filtration, rinsed with methanol and 

dried under reduced pressure to yield polymer 3.3a (0.063 g, 79%). The entire sample 

was used for GPC analysis. 
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Polymer with new monomer incorporation: In an NMR tube, polymer 3.1 (0.060 g, 

0.070 mmol), bis(benzimidazolium) 3.4 (0.042 g, 0.070 mmol) and NaOAc (0.012 g, 

0.14 mmol) were dissolved in DMSO-d6 (1 mL). The mixture was analyzed by NMR 

spectroscopy at rt, then heated at 110 °C for 15 h and analyzed again by NMR 

spectroscopy. Precipitation of the reaction into methanol or water failed to produce any 

solids. 

 

Polymer formation via blending two polymers (3.3f): In a Teflon-lined capped vial 

were placed polymer 3.3d (0.004 g, Mn = 1.30 × 104 Da, PDI = 1.3), polymer 3.3e (0.004 

g, Mn = 1.04 × 104 Da, PDI = 1.3) and a magnetic stir bar. DMSO (0.5 mL) was added, 

the vial was sealed and the reaction was stirred at 110 °C for 18 h. Upon cooling to rt, the 

reaction was poured into water (15 mL). Precipitated solids were isolated by vacuum 

filtration, rinsed with methanol and dried under reduced pressure to yield 0.007 g (88%) 

of 3.3f. The entire sample was used for GPC analysis (Mn = 1.11 × 104 Da, PDI = 1.2). 

 

Crosslinked Gel 3.6: In a Teflon-lined capped vial were placed polymer 3.1 (0.100 g, 

0.116 mmol), trifunctional imidazolium 3.5 (0.015 g, 0.023 mmol), NaOAc (0.006 g, 

0.073 mmol) and a magnetic stir bar. DMSO (1 mL) was added, the vial was sealed and 

the reaction was stirred at 110 °C for 23 h. Upon cooling to rt, the reaction formed a gel. 

The reaction was then heated at 110 °C for 1 h, at which point it returned to a less 

viscous, solution state. After being heated for 2 h the reaction was cooled to rt again, 

reforming the viscouls gel. This reversible sol-gel transformation was reproducible for 

about a week, until the material turned a golden color and maintained as a solution at rt. 

Precipitation into water or methanol yielded no solids.  
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Chapter 4: A Facially-Opposed Tris(N-Heterocyclic Carbene) 

INTRODUCTION 

Since their isolation nearly two decades ago,69 N-heterocyclic carbenes (NHCs) 

have attracted a great deal of attention.70 The modular structure and unique reactivity of 

NHCs have allowed them to be employed in a variety of applications, including ligands 

for organometallic catalysts,71 organocatalysts,72 and integral components of 

macromolecular scaffolds.73 As such, extensive efforts have been devoted to creating an 

expansive repertoire of NHCs that can be customized for any specific application. 

Unfortunately, the bulk of these tailor-made NHCs are monofunctional, based on the 

imidazolylidene or benzimidazolylidene scaffold, and multifunctional NHCs 

predominantly consist of monofunctional NHCs strung together in a flexible side-by-side 

fashion.74 Recently, our laboratory has disclosed the synthesis of a series of bis(NHC)s, 

in which the two NHC functionalities are situated in a facially-opposed orientation.73a-e, 75  

This unique bis(NHC) architecture, combined with their aforementioned reactivity, has 

encouraged their inclusion as essential building blocks for a new class of polymeric 

materials.73a-e To complement our efforts in this area we sought to develop a cross-linking 

molecule which could lend structural integrity to this developing class of materials: a 

facially-opposed, trifunctional NHC.  

Tris(NHC)s have been reported in the literature, however these compounds have 

been designed with the intention of creating a tripodal chelating ligand (Figure 4.1).76 In 

order to prevent chelation, we envisioned creating a tris(NHC) around a triptycene core, 

geometrically assuring each NHC would exist and react individually. Herein we report 

the synthesis and characterization of the first facially-opposed tris(NHC). 
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Figure 4.1 Known chelating tris(NHC)s. 

RESULTS 

The recently reported synthesis of hexabromotriptycenes (4.2a-b) by King et. al.77 

provided a convenient starting point for our synthetic route. Our strategy, as outlined in 

Scheme 4.1, involves the six-fold amination of the hexabromotriptycene to afford a 

hexaamine, which can be subsequently cyclized to form the tris(azolium) salt. 

Deprotonation should afford the corresponding tris(NHC). Attractive features of this 

route include the installation of bulky N-substituents, allowing isolation of the free NHC, 

as well as the ability to install alkyl groups at the bridgehead positions, providing the 

opportunity to alter the molecules’ physical properties. And most importantly – the 

required chemistry is established, allowing us to avoid issues associated with constructing 

an entirely new design.78 
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Scheme 4.1  Synthetic route towards tris(NHC)s 4.5. 

 

Starting with known compound 4.2a and ayrl-amination chemistry previously 

developed,79 hexaamine 4.3a was synthesized via a high yielding, six-fold amination 

process. This product exhibited enhanced stability against oxidation due to the aliphatic 

bicyclic core of triptycene, which, unlike previously reported bis(NHC)s,79 prohibited 

electronic communication from one pair of ortho-amines to the others. Cyclization to 

afford the tris(azolioum) salt 4.4a was carried out in 84% yield by reacting hexaamine 

4.3a in triethylorthoformate with stoichiometric fluoroboric acid etherate. 

Formation of 4.5a via deprotonation of tris(azolium) 4.4a was attempted under a 

variety of conditions (see Table 4.1). In most cases, due to the poor solubility of 4.4a, the 

starting material was recovered unchanged. However, concentration of a mixture of 4.4a, 

stirring at ambient temperature in THF with stoichiometric NaH and catalytic potassium 

tert-butoxide, afforded a brown powder, found to be free tris(carbene) 4.5 when observed 
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by 1H NMR spectroscopy in DMF-d7. LDA was also found to efficiently deprotonate 4.4. 

Additionally, 4.5a was observed upon filtration when deprotonation was performed in 

DMF-d7. Unfortunately, 4.5a precipitated out of THF and DMF-d7 fairly quickly, and 

was insoluble other solvents, which precluded analysis by 13C NMR and further 

purification. 

 
 

Base Solvent Temp (°C) Result 
NaH THF 25 Recovered Starting Material 
NaH C6D6 25 Recovered Starting Material 

NaH/cat. t-BuOK THF 25 Free Carbene 4.5a 
NaH/cat. t-BuOK CD3CN 25 Recovered Starting Material 
NaH/cat. t-BuOK DMF 25 Mixture of Non-Products 
NaH/cat. t-BuOK DMF 65 Mixture of Non-Products 
NaH/cat. t-BuOK DMF-d7 25 Free Carbene 4.5a 

NaHMDS THF 25 Recovered Starting Material 
NaHMDS THF 100 Recovered Starting Material 

LDA THF 25 Free Carbene 4.5a 
 

Table 4.1 Various conditions examined for deprotonation of 4.4a to form 4.5a; all 
reactions were run for 24 -30 h; all reactions analyzed by 1H NMR 
spectroscopy in DMF-d7, except when other deuterated solvents used.  

 

This issue of limited solubility was hampering our synthetic efforts at the azolium 

and free carbene stage, and as such, prohibited any metal complexation or further 

reactivity. To overcome this restraint we sought to add flexible alkyl groups to the 

triptycene core. 9,10-dibutyltriptycene was synthesized and brominated to provide 4.2b 

as previously reported.77 Hexaamination with tert-butylamine provided the hexaamine 

4.3b in 90% yield. Cyclization in triethyl orthoformate with the presence of 
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stoichiometric fluoroboric acid etherate provided the tris(azolium) tetrafluoroborate salt 

4.4b in 96% yield. The 9,10-dibutyl substituents increased the solubility of 4.4b relative 

to that of 4.4a so that it was now soluble in DCM, acetone and partially soluble in THF.  

With 4.4b in hand, we proceeded to study its deprotonation and subsequent 

formation of the free tris(carbene) 4.5b. Tris(azolium) tetrafluoroborate salt 4.4b was 

suspended in THF with stoichiometric NaH and a catalytic amount of potassium tert-

butoxide. Upon stirring for 20 h at ambient temperature, the homogenous reaction was 

filtered through a 0.2 μm PTFE syringe filter and concentrated to dryness under reduced 

pressure. Analysis by 1H and 13C NMR spectroscopy (in C6D6) revealed the loss of the 

azolium proton and dramatic downfield shift of the C2 carbon (δ=225.8), respectively, 

indicating, along with the compound’s solubility in benzene, formation of the free 

tris(carbene). The free tris(carbene) 4.5b was isolated in the solid state in 94% yield and 

was found to be stable for weeks when kept at -35 °C in an inert atmosphere. Further 

evidence to support the formation of the free tris(carbene) was provided when 

tris(carbene) 4.5b was reacted with excess sulfur.80 Air-stable tris(thiourea) 4.6b was 

isolated (Scheme 4.2), in 78% yield, and verified by its characteristic C=S 13C NMR shift 

(δ171.6 in CDCl3). 
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Scheme 4.2 Reaction of 4.5 with sulfur to yield thiourea 4.6. 
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Unfortunately, repeated attempts of isolating a single crystal of 4.5b for X-ray 

diffraction analysis were unsuccessful. Drawing inspiration from King et. al., who were 

able to crystallize a key compound after adding extended alkyl groups at the bridgehead 

position,77 the analogous 9,10-dihexyl derivatives of compounds 4.1-4.5 were targeted. 

9,10-dihexylanthracene (4.7) and 9,10-dihexyltriptycene (4.1c) were synthesized 

in accord with the analogous 9,10-dibutyl compounds in 38% and 30% yield respectively. 

Interestingly, these compounds displayed a greater propensity to crystallize than their 

butylated counterparts, and crystals were obtained and analyzed by X-ray diffraction 

(Figure 4.2). Triptycene 4.1c was subsequently brominated to provide 4.2c in 94% yield. 

Hexaamination with tert-butylamine provided the hexaamine 4.3c in 95% yield. 

Cyclization in triethyl orthoformate with stoichiometric fluoroboric acid etherate 

provided the tris(azolium) tetrafluoroborate salt 4.4c in 70% yield. The 9,10-dihexyl 

substituents altered the solubility of 3b relative to that of 3a so that it was now insoluble 

in DCM, which was effectively used for trituration, yet very soluble in acetone and 

partially soluble in THF. 
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Figure 4.2 X-ray structure of 4.7 (left) and 4.1c (right). Hydrogen atoms and solvent 
molecules omitted for clarity. 

With pure 4.4c in hand, we proceeded to study its deprotonation and subsequent 

formation of free tris(carbene) 4.5c. Tris(azolium) tetrafluoroborate salt 4.4c was 

suspended in THF with about 12 equivalents of NaH (4 equivalents per azolium) and a 

catalytic amount of potassium tert-butoxide. Upon stirring for 18 h at ambient 

temperature, THF was removed under vacuum, the reaction was taken up in hexanes, 

filtered through a 0.2 μm PTFE syringe filter and concentrated to dryness under reduced 

pressure. Analysis by 1H and 13C NMR spectroscopy (in C6D6) revealed the loss of the 

azolium proton and dramatic downfield shift of the C2 carbon (δ=225.8),(12) 

respectively, indicating, along with the compound’s increased solubility in benzene 

relative to 4.4c, as well as 4.5a-b, formation of the free tris(carbene). The free 
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tris(carbene) 4.5c was isolated in the solid state in 86% yield and was found to be stable 

for weeks under an inert atmosphere. A crystal of 4.5c was obtained from a standing 

solution in C6D6 and analyzed using X-ray diffraction. The molecular structure is shown 

in Figure 4.3, with selected bond lengths and angles listed in the caption. Notable bond 

distances (Å) and angles (°) are C1-N1 1.358(4), C2-N3 1.379(4), C3-N5 1.380(4); N1-

C1-N2 104.6(4), N3-C2-N4 104.6(4), N5-C3-N6 103.8(4), which are similar to those 

found in unsaturated imidazolylidenes81 and benzimidazolylidenes.80a This promising 

result strongly suggested that the reactivity and affinity of each carbene moiety should be 

similar to that of their monotopic analogues. 

 
 

Figure 4.3 POV-Ray view showing 50% probability thermal ellipsoids and selected atom 
labels for 4.5c. Hydrogen atoms and solvent molecules have been omitted 
for clarity. 
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In order to ensure that the reactivity of 4.5c was consistent with known mono- and 

bis-NHCs, the free tris(carbene) was reacted with an  excess of sulfur.80 Air-stable 

tris(thiourea) 4.6c was isolated, in 90% yield, and verified by its characteristic C=S 13C 

NMR shift (δ171.6 in CDCl3), consistent with that of 4.6b. An X-ray quality crystal was 

obtained from a standing solution in C6D6 and analyzed. The average NCN bond angle 

was 108.4° and the average C–S bond distance was 1.69 Å, consistent with known 

thiourea functional groups.82 

 
 

Figure 4.4 POV-Ray view showing 50% probability thermal ellipsoids and selected atom 
labels for 4.6c. Hydrogen atoms and solvent molecules have been omitted 
for clarity. Selected bond lengths (Å) and angles (°): C1-S1 1.627(12), C2-
S2 1.697(8), C3-S3 1.743(12); N1-C1-N2 104.6(9), N3-C2-N4 108.4(5), 
N5-C3-N6 112.8(10). 

NHCs are frequently coordinated to transition-metals to create a variety of 

complexes, including some based on bis(NHC)s that exhibit materials properties.73 The 

trifunctional nature of 4.5c lends itself to serve as an analogous crosslinking monomer to 

improve the materials’ physical strength. To investigate the ability of 4.5c to create 
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trimetallic complex 4.8, and ultimately its potential as a crosslinking unit, 4.5c was 

reacted with [Ir(cod)Cl]2 (cod = 1,5-cyclooctadiene). A summary of the reaction 

conditions tested can be found in Table 4.2. Unfortunately, 4.8 was not produced under 

any conditions, only partially metallated compounds, at best, were observed. This limited 

reactivity is a result of solubility effects: with the coordination of each iridium atom, the 

solubility of the entire complex decreases dramatically, prohibiting the reaction from 

reaching completion. To date, this issue has yet to be resolved. 
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4.5c 4.8  
 

Entry Solvent Temp (°C) Yield 
1 THF 25 0 
2 THF 50 0 
3 C6D6 25 0 
4 C6D6 60 0 

Table 4.2 Various conditions examined for metallation of 4.5c to form 4.8; all reactions 
were run for 24 -30 h; all reactions analyzed by 1H NMR spectroscopy 
in CDCl3, except when other deuterated solvents used.  

CONCLUSION 

In summary, we have developed a new tris(NHC) architecture with orthogonal 

functionality.  By building the molecule from a triptycene core, previously developed 

chemistry was applied and used to modify the structure until solubility limitations were 

overcome. As a result, the free carbene was isolated and characterized in the crystalline 

state. Reaction with sulfur yielded a trifunctional thiourea, indicating the individual NHC 
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moieties react independently. Unfortunately, coordination to a metal species has yet to be 

realized. Efforts toward metal-complexation and incorporation into a macromolecular 

scaffold are currently underway and will be reported in due course.   

 

 

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 (CDCl3, 
1H: 7.24 ppm, 13C: 77.0 ppm; C6D6, 1H: 7.15 ppm, 13C: 128 ppm; DMSO-d6, 1H: 2.49 

ppm and 13C: 39.5 ppm). Coupling constants are expressed in hertz (Hz). All starting 

materials and solvents were of reagent quality and used as received from commercial 

suppliers. IR sprectra were recorded on a Perkin Elmer Spectrum BX FTIR 

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

analytical ZAB2-E instrument (ESI or CI). Melting points were measured in sealed 

capillaries using a Mel-Temp apparatus and are uncorrected. Thermogravimetric analyses 

were performed using a Mettler Toledo TGA/SDTA851e equipped with a TSO801RO 

sample automated loader. Compounds 4.1a-b and 4.2a-b were prepared according to 

literature procedures.77 

 

2,3,6,7,12,13-Hexabromotriptycene (4.2a):  Trypticene (1.06 g, 4.17 

mmol), iron powder (0.050 g, 0.895 mmol), chloroform (stabilized 

with amylene, 80 mL) and a magnetic stirbar were placed in a 100 mL 

round-bottom flask.  Bromine (1.35 mL, 26.2 mmol) was added to the mixture, the flask 

was equipped with a water-jacketed condenser and heated at 80 °C.  After 1 h the 

Br
Br

Br
Br

Br

B r
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reaction was cooled to rt, concentrated to dryness via rotary evaporation (to remove 

excess bromine), redissolved in CHCl3 (stabilized with amylene), filtered through a one 

inch plug of silica and concentrated to dryness via rotary evaporation to yield 2.84 g 

(94% yield) of a white solid.  The crude product was recrystallized via acetone to produce 

2.18 g of white crystals (71 %).  The mother liquor was concentrated to dryness and 

recrystallized from acetone to yield 0.425 g (14 %) of a second crop of crystals, for a 

final yield of 85 %.  m.p. > 350 °C (Lit.)77 Characterization data corresponded with 

previous report, see: Hilton, C. L.; Jamison, C. R.; Zane, H. K.; King B. T. J. Org. Chem. 

2009, 74, 405-407. 

 

2,3,6,7,12,13-hexakis-N-tert-butylaminotriptycene (4.3a):  A 

catalyst for mediating aryl-amination coupling reaction was 

prepared by charging a 20 mL vial with 1,3-bis(2,6-

diisopropylphenyl)imidazolium chloride (0.042 g, 0.1 mmol), 

NaOtBu (0.015 g, 0.15 mmol), Pd(OAc)2 (0.013 g, 0.05 mmol), toluene (5 mL), and a stir 

bar followed by stirring this mixture at rt for 10 minutes. The catalyst solution was added 

to a 100 mL pressure flask containing 2,3,6,7,12,13-hexabromotriptycene (0.500 g, 0.687 

mmol) suspended in toluene (40 mL). tert-Butyl amine (0.302 g, 4.12 mmol) and 

NaOtBu (0.396 g, 4.12 mmol) were then added and the resulting mixture was sealed and 

stirred at 110 ºC for 16 h.  The reaction was cooled to ambient temperature, filtered 

through Celite, rinsed with toluene and concentrated to dryness via rotary evaporation to 

give 4.3a as a brown powder (0.422 g, 90% yield).  1H NMR (400 MHz, CDCl3): δ 6.86 

(s, 6H), 4.84 (s, 2H), 3.46 (s, 6H), 1.20 (s, 54H).  13C NMR (100 MHz, CDCl3): δ139.0, 

134.4, 116.6, 77.2, 51.8, 30.1.  HRMS:  m/z calcd for C44H69N6 [M + H+] 681.5575, 

found 681.5578. 

NH
HN

NH
NH
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Hexakis(tert-butyl) triptycenotris(imidazolium) tri-

tetrafluoroborate (4.4a):  A 100 mL round-bottomed flask was 

charged with triethylorthoformate (40 mL), compound 4.3a (0.500 

g, 0.735 mmol), HBF4•Et2O (0.30 mL, 2.20 mmol) and a magnetic 

stir bar. The reaction mixture was heated to 95 °C for 14 h. Upon completion, the product 

was collected by filtration, and washed with Et2O (2 x 30 mL) to obtain 0.600 g (84%) of 

the desired product as a light brown powder.  1H NMR (400 MHz, DMSO-d6): δ 8.78 (s, 

3H), 8.37 (s, 6H), 6.39 (s, 2H), 1.79 (s, 54H).  13C NMR (75 MHz, DMSO-d6): δ 141.7, 

138.8, 128.9, 112.6, 60.9, 51.8, 28.1.  HRMS:  m/z calcd for C47H65N6F8B2 [M+] 

887.5335, found 887.5324. 

 

Triscarbene (4.5a):  In an inert atmosphere drybox, a 10 mL 

Teflon-lined capped vial was charged with 4.4a (0.025 g, 0.026 

mmol), NaH (98%, 0.003 g, 0.12 mmol), catalytic potassium tert-

butoxide (0.001 g), 2 mL THF and a magnetic stir bar.  The reaction was stirred at rt for 

96 h, at which point the contents were transferred to a 50 mL round-bottomed flask and 

the reaction was concentrated to dryness under vacuum to yield 4.5a (0.019 g, 91 %).  1H 

NMR (400 MHz, DMF-d7): δ 7.92 (s, 6H), 6.09 (s, 2H), 1.67 (s, 54H).  13C NMR and 

HRMS:  Not Available. 

 

9,10-dibutyl-2,3,6,7,12,13-hexakis-N-tert-butylaminotriptycene 

(4.3b):  A catalyst for mediating aryl-amination coupling reaction 

was prepared by charging a 20 mL vial with 1,3-bis(2,6-

diisopropylphenyl)imidazolium chloride (0.042 g, 0.1 mmol), 
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NaOtBu (0.015 g, 0.15 mmol), Pd(OAc)2 (0.013 g, 0.05 mmol), toluene (5 mL), and a stir 

bar followed by stirring this mixture at rt for 10 minutes. The catalyst solution was added 

to a 30 mL vial with a Teflon-lined cap containing 2,3,6,7,12,13-hexabromo-9,10-

dibutyltriptycene (0.560 g, 0.667 mmol) suspended in toluene (20 mL). tert-Butyl amine 

(0.300 g, 4.00 mmol) and NaOtBu (0.384 g, 4.00 mmol) were then added and the 

resulting mixture was sealed and stirred at 110 ºC for 16 h.  The reaction was cooled to 

ambient temperature, filtered through Celite, rinsed with toluene and concentrated to 

dryness via rotary evaporation to give 4.3b as a dark brown powder (0.476 g, 90% yield). 

m.p. 315–318 °C (dec., color changed from dark brown to orange). 1H NMR (400 MHz, 

CDCl3): δ 6.84 (s, 6H), 3.40 (s, 6H), 2.63 (t, J = 7.6 Hz, 4H), 2.13 (br p, 4H), 1.75 

(sextet, J = 7.6 Hz, 4H), 1.20 (s, 54H), 1.06 (t, J = 7.2 Hz, 6H).  13C NMR (100 MHz, 

CDCl3, 50 °C): δ141.7, 133.9, 115.5, 51.9, 51.2, 30.2, 28.8, 28.0, 25.1, 14.2.  HRMS:  

m/z calcd for C52H85N6 [M + H+] 793.6824, found 793.6830. 

 

9,10-dibutyl-trisazolium tetrafluoroborate (4.4b):  A 50 mL 

round-bottomed flask was charged with 4.3b (0.350 g, 0.442 mmol), 

20 mL triethylorthoformate and a magnetic stir bar.  

Tetrafluoroboric acid etherate (0.19 mL, 1.32  mmol) was added and 

the reaction was stirred in the open flask at 110 °C for 18 h.  After cooling to ambient 

temperature the reaction was poured into 150 mL Et2O and filtered to give 4.4 as a light 

tan powder (0.393 g, 96% yield). m.p. 365–372 °C (dec., color changed from light tan to 

dark brown). 1H NMR (400 MHz, DMSO-d6): δ 8.84 (s, 3H), 8.04 (br s, 6H), 3.51 (br s, 

4H), 2.04 (br s, 8H), 1.79 (s, 54H), 1.06 (br s, 6H).  13C NMR (100 MHz, DMSO-d6, 120 

°C): δ143.4, 138.8, 128.4, 110.3, 61.0, 52.5, 28.0, 27.3, 26.3, 23.7, 13.4.  HRMS:  m/z 

calcd for C55H81B2F8N6 [M
+] 999.6575, found 999.6575.  
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Triscarbene (4.5b):  In an inert atmosphere, a 30 mL vial with a 

Teflon-lined cap was charged with tris(azolium) tetrafluoroborate salt 

4.4b (0.250 g, 0.230 mmol), sodium hydride (0.017 g, 0.691 mmol), 

potassium tert-butoxide (0.001 g, catalytic) and a magnetic stir bar.  THF (10 mL) was 

added and the sealed vial was stirred at rt for 20 h.  The reaction was then filtered through 

a 0.45 μm PTFE filter into a 100 mL round-bottom flask and concentrated to dryness 

under reduced pressure to provide 4.5b as a brown powder (0.178 g, 94% yield). m.p. 

250–255 °C (dec.) 1H NMR (400 MHz, C6D6): δ 7.89 (s, 6H), 3.33 (br s, 4H), 2.39 (br s, 

4H), 1.89 (sextet, J = 7.2, Hz, 4H), 1.77 (s, 54H), 1.14 (t, J = 7.2 Hz).  13C NMR (125 

MHz, C6D6, 60 °C): δ225.8, 164.1, 132.9, 108.2, 67.8, 57.2, 30.9, 30.2, 28.8, 25.8, 14.5. 

 

9,10-dibutyl-tris(thiourea) (4.6b): In an inert atmosphere, a 30 

mL vial was charged with tris(carbene) 4.5b (0.050 g, 0.061 

mmol), sulfur (0.100 g, 3.12 mmol) and a magnetic stir bar. THF (6 

mL) was added, the vial was sealed and the reaction was stirred at 

ambient temperature for 16 h. At this time silica gel (about 0.500g) was added to the 

mixture and the reaction was concentrated to dryness under reduced pressure. The 

reaction mixture, now absorbed onto silica gel, was placed in a fritted funnel and rinsed 

with hexanes (50 mL) to remove the sulfur. The silica was then rinsed with methanol (25 

mL) and the filtrate was concentrated to give 0.050 g of the product as a tan powder (90% 

yield). 1H NMR (400 MHz, CDCl3): δ 7.74 (s, 3H), 2.28 (t, J = 7.8 Hz, 4H), 2.17 (br t, J 

= 8.2 Hz, 4H), 1.15 (t, J = 7.2 Hz 6H).  13C NMR (100 MHz, CDCl3): δ171.6, 130.6, 

107.4, 63.1, 51.9, 30.8, 30.2, 28.9, 27.8, 25.3, 14.3.  HRMS:  m/z calcd for C55H79N6S2 

[M+] 887.5790, found 887.5802. An alternative synthesis from the tris(azolium) 4.4b: In 
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an inert atmosphere, a 30 mL vial was charged with 7 (0.100 g, 0.092 mmol), potassium 

tert-butoxide (0.062 g, 0.550 mmol), sulfur (0.250 g, 9.66 mmol) and a magnetic stir bar.  

THF (10 mL) was added, the vial was sealed and the reaction was stirred at ambient 

temperature for 13 h.  The reaction was filtered through a plug of neutral Al2O3 and 

concentrated under vacuum.  To remove any excess sulfur, the remaining solid was taken 

up in DCM and absorbed onto about 0.5 g of silica gel, placed in a fritted funnel and 

rinsed with hexanes (50 mL). The silica was then rinsed with MeOH (25 mL) and the 

filtrate was concentrated to give 0.076 g of the product as a tan powder (90% yield). 

 

9,10-dihexylanthracene (4.7):  Synthesized using a modified procedure 

previously reported for 9,10-dibutylanthracene by Hilton, C. L.; Jamison, 

C. R.; Zane, H. K.; King B. T. J. Org. Chem. 2009, 74, 405-407. A 1 L 

round-bottom flask was charged with anthraquinone (7.5 g, 36 mmol), anisole (150 mL, 

stored over mol. sieves) a stir bar and subsequently sealed with a rubber septum, purged 

with nitrogen and cooled to 0 °C in an ice bath. Hexyllithium (180 mmol, 1.8 M in 

hexanes) was added via cannula over 5 minutes and the reaction was allowed to warm to 

room temperature while stirring. After 24 h the reaction was quenched by addition of 

ammonium chloride. The organic layer was separated, washed with water (2 x 200), dried 

over sodium sulfate and concentrated under reduced pressure to yield a reddish-brown 

residue. The residue was dissolved in THF (60 mL) and added dropwise to a mixture of 

tin dichloride dehydrate (40.6 g, 180 mmol) in AcOH (240 mL) while stirring at room 

temperature. The suspension was stirred for 24 h, at which time the organic material was 

extracted with hexane (600 mL), rinsed with 5% ammonium hydroxide (500 mL), dried 

over sodium sulfate and concentrated to dryness. The collected solid was then dissolved 

in a minimum amount of hexanes, run through a plug of silica and concentrated to 

n-Hex

n-Hex
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dryness to yield the product as a fluffy, bright yellow solid (4.73 g, 38% yield). Single 

yellow crystals were grown from the slow evaporation of a solution in CDCl3. m.p. 67-69 

°C. 1H NMR (400 MHz, CDCl3): δ 8.29 (q, J = 3.3 Hz, 4H), 7.47 (q, J = 3.5 Hz, 4H), 

3.57 (t, J = 8.4 Hz, 4H), 1.80 (m, 4H), 1.59 (p, J = 7.4 Hz, 4H), 1.37 (m, 8H), 0.91 (t, J = 

7.2 Hz, 6H).  13C NMR (100 MHz, CDCl3): δ 133.9, 129.3, 125.2, 124.7, 31.8, 31.4, 30.1, 

28.2, 22.7, 14.1.  HRMS:  m/z calcd for C26H34 [M+] 346.2655, found 346.2655.  

 

9,10-dihexyltriptycene (4.1c):  Synthesized using a modified procedure 

previously reported for 9,10-dibutyltriptycene by Hilton, C. L.; Jamison, 

C. R.; Zane, H. K.; King B. T. J. Org. Chem. 2009, 74, 405-407. 

Anthranillic acid (4.00 g, 28.8 mmol) was dissolved in THF (175 mL) and added 

dropwise over 2.5 h to a refluxing solution of isoamyl nitrite (4.0 mL, 30 mmol) and 

9,10-dihexylanthracene (4.00 g, 11.6 mmol). After the addition was complete, the 

reaction was refluxed for a further 15 min and the solvent was evaporated to dryness. The 

remaining residue was dissolved in xylenes (175 mL) and maleic anhydride (1.75 g, 17.8 

mmol) was added. This mixture was refluxed for 15 minutes at 162 °C and then allowed 

to cool to ambient temperature. The mixture was rinsed with water (200 mL), filtered 

through a plug of silica and concentrated to dryness under reduced pressure. After 

standing for 2 h, the residue solidified into a dark orange-brown substance, which was 

rinsed with ice-cold acetone to provide the product as a white powder (1.44 g, 30% 

yield). Single colorless rectangular crystals were grown from the slow evaporation of an 

acetone solution. m.p. 155-157 °C. 1H NMR (500 MHz, CDCl3, 50 °C): δ 7.36 (dd, J = 

3.3, 2.8 Hz, 6H), 6.97 (dd, J = 3.3, 2.5 Hz, 6H), 2.88 (t, J = 7.8 Hz, 4H) 2.15 (m, 4H), 

1.80 (p, J = 7.5 Hz, 4H), 1.43-1.56 (m, 8H), 0.99 (t, J = 7.3 Hz, 6H). 13C NMR (125 

n-H ex
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MHz, CDCl3, 50 °C): δ 148.4, 124.4, 122.1, 53.2, 32.0, 31.6, 28.6, 25.4, 22.8, 14.1.  

HRMS:  m/z calcd for C32H39 [M+1] 423.3052, found 423.3054.  

 

2,3,6,7,14,15-hexabromo-9,10-dihexyltriptycene (4.2c):  

Synthesized using a modified procedure previously reported 

for 2,3,6,7,14,15-hexabromo-9,10-dibutyltriptycene by 

Hilton, C. L.; Jamison, C. R.; Zane, H. K.; King B. T. J. 

Org. Chem. 2009, 74, 405-407. 9,10-Dihexyltriptycene 

(1.00 g, 2.4 mmol), iron powder (0.050 g, 0.895 mmol), chloroform (stabilized with 

amylene, 80 mL) and a magnetic stirbar were placed in a 250 mL round-bottom flask.  

Bromine (0.75 mL, 14.6 mmol) was added to the mixture, the flask was equipped with a 

water-jacketed condenser and heated at 80 °C.  After 1 h the reaction was cooled to rt, 

concentrated to dryness via rotary evaporation (to remove excess bromine), redissolved in 

CHCl3 (stabilized with amylene), filtered through a one inch plug of silica and 

concentrated to dryness via rotary evaporation to yield 2.84 g (94% yield) of a orange 

solid. The crude solid was rinsed with ice-cold acetone and filtered to yield the pure 

product as a white powder (1.73 g, 82% yield). Single colorless crystals were grown from 

a saturated solution in hexane at 0 °C or slow cooling of a solution in ethyl acetate. m.p. 

292-294 °C.1H NMR (500 MHz, CDCl3, 50 °C): δ 7.56 (s, 6H), 2.73 (t, J = 7.8 Hz, 4H), 

2.01 (m, 4H), 1.81 (p, J = 7.5 Hz, 4H), 1.47-1.59 (m, 8H), 1.02 (t, J = 7.3 Hz, 6H). 13C 

NMR (125 MHz, CDCl3, 50 °C): δ 147.3, 127.9, 121.5, 52.3, 31.7, 31.2, 27.7, 24.9, 22.6, 

14.0.  HRMS:  m/z calcd for C32H33Br6 [M+1] 896.7621, found 896.7604.  
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2,3,6,7,14,15-hexa-tert-butylamino-9,10-

dihexyltriptycene (4.3c): A catalyst for mediating aryl-

amination coupling reaction was prepared by charging a 20 mL 

vial with 1,3-bis(2,6-diisopropylphenyl)imidazolium chloride 

(0.042 g, 0.1 mmol), NaOtBu (0.015 g, 0.15 mmol), Pd(OAc)2 

(0.013 g, 0.05 mmol), toluene (5 mL), and a stir bar followed by stirring this mixture at rt 

for 10 minutes. The catalyst solution was added to a 30 mL vial with a Teflon-lined cap 

containing 2,3,6,7,12,13-hexabromo-9,10-dihexyltriptycene (1.000 g, 1.12 mmol) 

suspended in toluene (20 mL). tert-Butyl amine (0.500 g, 0.71 mL, 6.84 mmol) and 

NaOtBu (0.644 g, 6.70 mmol) were then added and the resulting mixture was sealed and 

stirred at 110 ºC for 16 h.  The reaction was cooled to ambient temperature, filtered 

through Celite, rinsed with toluene and concentrated to dryness via rotary evaporation to 

give the product as a dark brown powder (0.920 g, 95% yield). Single light brown 

crystals were grown from a saturated solution in hexane at 0 °C. m.p. 332.3 °C (decomp 

onset). 1H NMR* (400 MHz, CDCl3, 50 °C): δ 6.85 (s, 6H), 2.64 (t, J = 7.5 Hz, 4H), 2.15 

(m, 4H), 1.75 (p, J = 7.8 Hz , 4H), 1.47-1.40 (m, 8H), 1.21 (s, 54H), 0976 (t, J = 7.0 Hz, 

3H).  13C NMR (125 MHz, CDCl3, 50 °C): δ 141.7, 133.9, 115.6, 51.8, 51.3, 32.2, 31.7, 

30.2, 29.1, 25.8, 22.7, 14.1.  HRMS:  m/z calcd for C56H93N6 [M+1] 849.7378, found 

849.7456. *Further purification is currently underway. 

 

9,10-dihexyl-trisazolium tritetrafluoroborate (4.4c): A 50 

mL round-bottomed flask was charged with 2,3,6,7,14,15-

hexa-tert-butylamino-9,10-dihexyltriptycene (4.3c) (0.500 g, 

0.581 mmol), 20 mL triethylorthoformate and a magnetic stir 

bar.  Tetrafluoroboric acid etherate (0.24 mL, 1.74  mmol) was 
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added and the reaction was stirred in the open flask at 110 °C for 18 h.  After cooling to 

ambient temperature the reaction was concentrated to dryness under reduced pressure. 30 

mL of Et2O was added, the solids were broken up with a spatula, filtered, rinsed with 

another 30 mL Et2O and dried under vacuum to give the crude product as a tan powder. 

The crude product was suspended in 10 mL DCM and filtered to provide the pure product 

as a pale tan solid (0.467 g, 70% yield). Single colorless crystals were grown from slow 

diffusion of diethyl ether or DCM into an acetone solution at 0 °C. m.p. 190.8 °C 

(decomp onset). 1H NMR (500 MHz, DMSO-d6, 120 °C): δ 8.89 (s, 3H), 8.06 (s, 6H), 

3.46 (t, J = 7.5 Hz, 4H), 2.21 (m, 4H), 2.06 (p, J = 7.5 Hz, 4H), 1.84 (s, 54H), 1.52-1.60 

(m, 8H), 1.04 (t, J = 7.0 Hz, 6H).  13C NMR (125 MHz, DMSO-d6, 120 °C): δ 143.4, 

138.8, 128.4, 110.2, 61.0, 52.5, 31.0, 30.3, 28.0, 26.4, 25.0, 21.3, 13.1.  HRMS:  m/z 

calcd for C59H89BN6F4 [M+2] 484.3584, found 484.3589. 

 

9,10-dihexyl-tris(carbene) (4.5c): In an inert atmosphere, a 

30 mL vial was charged with 9,10-dihexyl-tris(imidazolium) 

tritetrafluoroborate (0.100 g, 0.088 mmol), sodium hydride 

(0.024 g, 1.00 mmol), potassium tert-butoxide (0.003 g, 0.027 

mmol), 7 mL of THF and a magnetic stir bar.  The vial was 

sealed and the reaction was stirred at ambient temperature for 18 h.  After the reaction 

was concentrated to dryness under reduced pressure, 10 mL of hexane was added and the 

resulting mixture was stirred for 5 min at ambient temperature. The mixture was filtered 

through a PTFE syringe filter (0.2 μm) and concentrated under reduced pressure to give 

the product as a pale yellow powder (0.066 g, 86% yield). Single pale yellow crystals 

were grown from a standing solution in C6D6. m.p. 241-243 °C (decomp). 1H NMR (600 

MHz, C6D6, 60 °C): δ 7.88 (s, 6H), 3.33 (t, J = 7.5 Hz, 4H), 2.46 (p, J = 7.8 Hz, 4H), 1.95 
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(p, J = 7.8 Hz, 4H), 1.78 (s, 54H), 1.84 (s, 54H), 1.57 (p, J = 7.2 Hz, 4H), 1.50 (sex, J = 

7.2 Hz, 4H), 1.00 (t, J = 7.2 Hz, 6H).  13C NMR (125 MHz, C6D6, 60 °C): δ 225.8, 142.0, 

132.9, 108.2, 57.3, 53.2, 32.6, 32.4, 30.9, 30.4, 36.7, 23.1, 14.2. 

 

9,10-dihexyl-tris(thiourea) (4.6c): In an inert atmosphere, a 

30 mL vial was charged with tris(carbene) 4.5c (0.153 g, 0.175 

mmol), sulfur (0.040 g, 1.25 mmol) and a magnetic stir bar. 

THF (6 mL) was added, the vial was sealed and the reaction 

was stirred at ambient temperature for 18 h. At this time silica 

gel (about 0.500g) was added to the mixture and the reaction was concentrated to dryness 

under reduced pressure. The reaction mixture, now absorbed onto silica gel, was placed 

in a fritted funnel and rinsed with hexanes (50 mL) to remove the sulfur. The silica was 

then rinsed with methanol (25 mL) and the filtrate was concentrated to give 0.127 g of 

the product as a pale yellow powder (74% yield). Single colorless crystals were grown 

from a standing solution in C6D6. m.p. 202.2 °C (decomp onset). IR (KBr pellet): νCS = 

1337 cm-1. 1H NMR (500 MHz, CDCl3, 50 °C): δ 7.73 (s, 3H), 2.84 (t, J = 7.8 Hz, 4H), 

2.20 (m, 4H), 2.05 (s, 54 H), 1.85 (p, J = 7.5 Hz, 4H), 1.49 (m, 8H), 1.01 (t, J = 7.0 Hz, 

6H).  13C NMR (150 MHz, CDCl3, 50 °C): δ171.6, 140.8, 130.7, 107.5, 63.0, 51.9, 32.2, 

31.8, 30.8, 29.2, 25.6, 22.7, 14.1.  HRMS:  m/z calcd for C59H87N6S3 [M+H+] 975.6154, 

found 975.6148. 
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Chapter 5:  The Underlying Chemistry of Self-Healing Materials 

INTRODUCTION 

Healing is a characteristic trait found in all living organisms.83  In advanced 

systems, a wound is sensed biochemically and appropriate agents are delivered to the 

damaged site through closed circulatory systems.  This process is entirely autonomic and 

requires no intervention in healthy organisms (diseases such as hemophilia can 

compromise healing).  Such a powerful biological function has inspired chemists to 

impart similar properties into synthetic materials.  For example, with “self-healing 

materials,” one can envision ultra-long life or extremely durable plastics and rubbers, 

wear-resistant carpets, aircrafts with self-reinforcing fuselages, self-repairing windows 

and even reconfigurable electronics. 

Over the past 10 years, a broad range of self-healing materials has been 

invented.84  Although these materials contain different compositions and components, 

they all use basic chemical reactions for repair. The type of chemistry employed, 

however, ultimately defines the operation of the self-healing material, which can be 

conveniently categorized into two conceptually-distinct classes: (1) autonomic self-

healing materials, where harnessed chemical potential is automatically released in 

response to damage and used to facilitate repair, and (2) non-autonomic self-healing 

materials, where applied stimuli (e.g., heat, light, etc.) are used to drive chemically-based 

healing processes.  In the simplest sense, the former does not require human intervention 

whereas the latter does.  As summarized in Figure 5.1, the type of chemistry required for 

each class of self-healing material, as well as each sub-class, is very different and covers 

a broad range.  This chapter will describe the chemistry currently used to facilitate repair 
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processes in contemporary self-healing materials as well as those currently in 

development. 

 

 

Figure 5.1 Organization of self-healing materials based on their chemistry. The specific 
chemistry employed is noted and is accompanied with a representative list 
of associated principal investigators in parentheses. Red represents current 
or emerging materials, and blue represents potential materials. Note: ROMP 
is an acronym for ring-opening metathesis polymerization and EMAAs are 
poly(ethylene-co-methacrylic acid) ionomers. 

THE UNDERLYING CHEMISTRY OF AUTONOMIC SELF-HEALING SYSTEMS 

Autonomic self-healing systems most closely resemble biological systems in that 

1) healing agents are delivered to compromised regions as soon as damage is inflicted 

and 2) the system is entirely self-contained.  In general, reactive chemical reagents are 

first stored (usually through compartmentalization) inside the material.  Upon incurring 

damage, they are released and react in such a manner that void space becomes filled and, 
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through a chemical reaction, becomes bonded.  Few examples of these types of materials 

exist, largely because the chemical healing agent must be inherently reactive yet also 

remain dormant for extended periods of time.  

One very elegant material that utilized chemistry meeting these requirements was 

reported by researchers at the University of Illinois at Urbana-Champaign in 2001.85 

Their design consisted of an epoxy resin embedded with a polymerization catalyst and 

microcapsules containing liquid monomer.  Damage-induced microcrack formation 

caused the capsules to rupture, allowing their contents to flow into the newly created 

cavity via capillary action.  Once in the void, the free monomer, or healing agent, mixed 

with the catalyst which caused a subsequent polymerization reaction to ensue.  

Ultimately, damage-induced microcracks were filled and bonded with hard, cross-linked 

polymeric materials.  

The polymerization chemistry sustaining this self-healing process is rooted in 

olefin metathesis – a reaction that served as the basis for the 2005 Nobel Prize in 

Chemistry.86  In a ring-opening variant, namely ring-opening metathesis polymerization 

(ROMP), strained cyclic alkenes are converted to their respective polymers, known as 

polyalkenemers (Figure 5.2).87  The key to this process is the catalyst which, for purposes 

of the aforementioned self-healing material, must be not only capable of facilitating this 

polymerization reaction rapidly but also remaining dormant in an epoxy matrix for 

extended periods of time.  Fortunately, Grubbs type catalysts exhibit such features.  They 

are extremely tolerant toward a wide range of chemical functional groups (such as those 

found in epoxy resins), and display outstanding activities toward polymerizing strained-

cyclic olefins.  For example, catalyst 5.3 can convert dicyclopentadiene (DCPD) (5.1) 

into a highly-cross-linked polymeric material (5.2) within minutes, or even seconds (note 

that cross-linking stems from the fact that both of the cyclic alkenes in DCPD can 
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undergo ROMP).  Indeed, the UIUC team successfully prepared an epoxy resin 

containing dispersed Grubbs catalyst and encapsulated DCPD.  As a strong testament to 

the resilience of the chemistry used, self-healing efficiencies in these materials were 

determined to be greater than 90%.85  Other metal mediated reactions, including Pt-

catalyzed hydrosilylation88 and Sn-catalyzed polycondensation,89 have been successfully 

used in analogous types of self-healing materials.  In a promising new development, 

White et al. developed an epoxy resin which utilizes microcapsules filled with solvent 

(chlorobenzene) to facilitate healing.90 
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Figure 5.2 (a) General depiction of a ring-opening metathesis polymerization (ROMP) 
reaction. This is a metal-mediated process in which strained cyclic olefins 
are polymerized to their respective polyalkenemers. (b) ROMP of 
dicyclopentadiene (DCPD, 5.1), a monomer that contains two cyclic olefins 
connected to each other, produces a cross-linked network (5.2). Compound 
5.3 is a highly active catalyst for mediating ROMP reactions known as 
Grubbs first-generation catalyst. 

Because chemical potential is exhausted upon polymerization of the healing agent 

(e.g., DCPD), repeated healing at the same location is not possible.  However, one clever 

solution to this drawback was recently demonstrated by the UIUC team.  They 
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implemented a microvascular network into the aforementioned epoxy-based material 

which effectively served as arteries connecting a reservoir of healing agent to damaged 

areas.91  Hence, because nearby chemical potential is no longer needed to facilitate repair, 

the material was able to exhibit repeated healing functions, even in the same location.  

Spontaneous, non-metal mediated chemistries have also been used to facilitate 

healing processes.92  As shown in Figure 5.3 (top), nucleophilic amines (5.4) react with 

(i.e., attack) electrophilic epoxides (5.5) to afford alpha-amino alcohols (5.6).  (Epoxides 

also readily undergo analogous ring-opening reactions with alcohols.)  Because the 

epoxide is a three-membered ring and highly strained, the coupling reaction is very rapid 

and usually proceeds to 100% conversion.  Bond et al. showed that by placing a 

multifunctional amine (where one compound contains multiple amine residues) into one 

compartment and a multifunctional epoxide into another, a polymeric network forms 

when their contents are released upon damage and come into contact with each other 

(Figure 5.3, bottom).  Conceptually, the material operates in a manner similar to that 

designed by White et al., except the epoxide healing agents are encapsulated in hollow 

glass fibers distributed throughout the material.92  Application of heat was found to 

expedite the healing process, which resulted in materials that were capable of recovering 

nearly 100% of their original strength. 
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Figure 5.3 (a) Ring-opening reaction of an electrophilic epoxide with a nucleophilic 
amine. (b) Reaction of a trifunctional amine with a difunctional epoxide 
affords cross-linked polymer networks. The wavy lines represent the 
nonreactive part of the polymeric material.  

An emerging self-healing material poised to show repeated healing is being 

developed by Craig et al.93  This system capitalizes on weak, reversible interactions 

formed between transition metals and aromatic amines, such as pyridine (5.7) (Figure 

5.4), in conjunction with a polymeric structure designed to bear and later release stress.  

In particular, pyridine groups are first incorporated into the side-chains of poly(methyl 

methacrylate).  Addition of a multifunctional Pd or Pt species to this material results in a 

cross-linked polymeric network that is designed to remain rigid (thus, preserving its 

macroscopic structure).   Upon the introduction of stress to this material, deformation 

occurs along with breaking of the relatively weak metal-pyridine bonds.  Subsequent 

removal of the stress is envisioned to ultimately result in spontaneous re-cross-linking, 

returning the material to its original form. 
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Figure 5.4 (a) Reversible coordination of two pyridine ligands to a transition metal. (b) 
Metal-ligand coordination affords a cross-linked network whereas stress (σ) 
breaks these relatively weak bonds. The wavy lines represent the backbones 
of a polymer chain, such as poly(methyl methacrylate); M = bifunctional Pd 
or Pt species. 

THE UNDERLYING CHEMISTRY OF NONAUTONOMIC SELF-HEALING MATERIALS 

An alternative approach toward self-healing materials is one in which the material 

heals in response to externally-applied stimuli, such as heat or light.  This process 

requires human intervention, but at the same time allows the healing process to be 

performed in a controlled fashion at the user’s discretion, and in some cases, multiple 



 90

times.  As a result, such non-autonomic self-healing materials often utilize chemistries 

that are very different from those used in autonomic variants.   

The characteristic and necessary trait shared by each of these systems is that the 

structural framework of the material contains a reversible, or dynamic, chemical bond; 

usually either weak covalent bonds, metal-ligand coordination bonds or directed 

electrostatic interactions.  Additionally, hydrogen-bonding has served as the basis for a 

recently reported room temperature, self-healing rubber,94 as well as other systems that 

display self-healing potential.95  The basic concept behind how these materials operate is 

that they can exist in a polymeric state and a monomeric state, depending on their 

environment.  Hence, the material can be toggled between exhibiting good mechanical 

properties (polymer) and good properties for facilitating mass transport to damaged areas 

(monomer).  The next sections will explore recent advances in non-autonomic self-

healing materials as categorized by the chemistry used to facilitate repair processes. 

Reversible Covalent Bonds 

The Diels-Alder reaction is a [4+2] cycloaddition reaction between a diene (i.e., 

furan (5.9)) and a dienophile (i.e., maleimide (5.10) (Figure 5.5, top).  It forms cyclic or 

bicyclic compounds (5.11) at low temperatures but reverts to starting materials upon 

heating.  Wudl et al. capitalized on this unique chemistry to create a self-healing material 

that utilizes consecutive heat-cool cycles to facilitate repeated healing processes.96  In 

particular, combining a multifunctional furan (5.12) and a multifunctional maleimide 

(5.13) afforded a hard, cross-linked plastic (5.15) where its monomers were linked 

together through a network of bicyclic structures, analogous to those shown in Figure 5.5 

(bottom).  At elevated temperatures (120-150 °C), where the reverse or retro-Diels-Alder 

reaction becomes favorable, the bicyclic structures disassemble, enabling the material to 

depolymerize to its monomers.  At these temperatures, these monomers are liquid and 
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can rapidly flow, which facilitates the material to be molded into its original form.  A 

second generation material97 5.15 features a difunctional maleimide with a substituted 

three-carbon alkyl linker (5.14) that melts about 30 °C lower than the original 

trifunctional maleimide; this material enables healing to occur at more moderate 

temperatures (115 °C).  While temperatures exceeding 100 °C and timescales on the 

order of hours are required, the addition of a cycloaddition catalyst to these 

aforementioned materials may facilitate their operation; although that possibility has yet 

to be explored. 
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Figure 5.5 (a) Generalized example of the Diels-Alder reaction. (b) Structures of various 
monomers and cross-linked materials used in self-healing materials that 
employ Diels-Alder chemistry. 
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Another thermally-controlled, reversible covalent reaction that has shown promise 

in self-healing applications is the dimerization of N-heterocyclic carbenes (NHCs) (5.16) 

to form enetetraamines (5.17, Figure 5.6).  By creating a class of compounds that feature 

two facially-opposed NHCs (5.18), Bielawski et al. have shown that reversible polymers, 

such as 5.19, can be prepared.  An attractive characteristic of these molecules is that 

unsaturation is conserved during polymerization, creating the potential for use in 

electrical applications.98 
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Figure 5.6 Thermally controlled equilibrium between (a) NHCs and their dimers and (b) 
bis(NHC)s and poly(enetetraamine)s. Note: NHC = N-heterocyclic carbene. 

Other organic reactions, such as esterification, have also been used in self-healing 

materials.99, 100 Alcohols are well-known to condense with electrophilic species such as 

boronic acids or carboxylic acids to afford the respective esters.  These reactions are 

advantageous in that they are robust and entropically driven by the release of water, 

which can be assisted by reduced pressure or vacuum.  However, they are also reversible 

which means that the newly formed ester bonds are susceptible to hydrolysis, limiting the 

utility of self-healing materials using this chemistry to low humidity environments or 

situations where water can be successively added and removed. 
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 In addition to heat and vacuum, light has also been used to induce 

chemical-based healing processes.101,102,103  An advantage of this approach is that 

photoreactions are usually very fast and can be selectively initiated by applying light at 

the appropriate wavelength.  Light also enables greater control over the healing process in 

that it can be localized to specific (i.e., damaged) sites.  One drawback, however, is that 

most materials are not highly permeable to light, which may limit the healing process to 

surface areas only. 

 One photo-induced reaction that has found utility in self-healing materials 

is the dimerization of activated alkenes to their respective cyclobutanes (Figure 5.7, top).  

For example, Kim et al. utilized 1,1,1-tris-(cinnamoyloxymethyl)ethane (5.20), a 

monomer that contains multiple activated olefins, as the basis for a self-healing 

material.101  Exposure of light (λ > 280 nm) to this reagent rapidly (120 s) resulted in a 

highly cross-linked material (99%, based on IR studies), where all the monomers were 

connected to each other through formation of the aforementioned cyclobutane linkages 

(Figure 5.7).  Damage-induced microcrack formation was found to revert the cyclobutane 

groups to their respective alkenes via a retro[2+2] reaction, as confirmed by IR 

spectroscopy.  More recently, Bowman et al. demonstrated that photo-induced healing 

chemistries are not limited to cycloaddition-based reactions.  They reported a novel 

cross-linked polymeric material that is capable of undergoing structural rearrangement in 

response to changes in stress and light.102   
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Figure 5.7 (a) [2+2] cycloaddition reaction in which a cyclobutane is formed through the 
cyclization of two alkenes. Such reactions are generally reversible and 
facilitated with light (hν). (b) Cyclobutane cleavage due to crack 
propagation and photoinduced healing.  

Metal-Ligand Coordination Bonds 

While covalent bonds generally offer strength over reversibility, bonds formed 

between transition metals and ligands are often more labile.  However, this is not to 

discount their mechanical strength, as many metal-ligand interactions commonly seen in 

small-molecule complexes have found utility in polymer chemistry as the basis for high-

strength, high molecular weight coordination polymers.104 Relatively weak interactions 

are of particular interest for use in self-healing materials due to their reversible nature.  
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For example, certain phosphine-, nitrogen- and carbon-based ligands are known to 

reversibly coordinate transition metals and therefore were envisioned as good candidates 

for self-healing materials (for examples, see Figure 5.8.)   

A variety of polymers capitalizing on reversible phosphine-based,105 nitrogen-

based106 and carbene–based ligand-metal interactions have been prepared (Figure 5.8).  

For example, Rowan et al. developed107 a system that utilizes a bifunctional tridentate 

pyridine based ligand, HO-BIP (5.23), to coordinate various dicationic (Co2+, Zn2+) and 

tricationic (La3+, Eu3+) transition metals.  The dicationic metal species act as difunctional 

monomers, which ultimately afford linear polymers.  Because the tricationic metals 

possess a larger coordination sphere, they can accommodate up to three ligands; 

therefore, they effectively serve as cross-linkers and result in gelatinous materials.  When 

stimuli such as heat or mechanical stress are applied, the tricationic cross-links are broken 

which causes these materials to depolymerize and ultimately flow.  Upon removal of the 

stimulus, the cross-links reform and the materials regain their original mechanical 

properties.  Due to the photoluminescent behavior of the Eu3+ species, coordination and 

dissociation were able to be monitored spectroscopically;107a  ultimately, this feature may 

lead to materials that send visual or electrical signals when compromised. 

One such system hoping to utilize this concept is that of Bielawski et al., which 

uses thermally-reversible interactions between N-heterocyclic carbenes (NHCs) (5.25) 

and transition metals to generate organometallic polymers (5.26).108 These materials are 

unusual in that they show extensive amounts of unsaturation, a key requirement for 

conductive properties and a feature that may ultimately lead to self-healing functions 

which are triggered by electrical stimuli.109  In particular, damaged-induced microcrack 

formation should disrupt electron percolation pathways in such materials, leading to an 

increase in their inherent resistance.  By applying a current, this resistance may lead to 
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ohmic heating of the material which should facilitate depolymerization into fluidic 

monomers. The monomers may then flow into the voids and ultimately restore the 

material’s original structural and electronic properties.  A prototype material that 

explored the potential of this concept was recently reported110 and will be expanded on in 

the following chapter. Ultimately, the combination of both dynamic behavior and 

conductive properties in this system may allow current to be used as a source of heat and 

feedback, providing potential for use in self-healing and reconfigurable electronics. 
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Figure 5.8 (a) General depiction of difunctional ligand-metal coordination to form 
polymers. (b) Representative examples of bifunctional nitrogen and carbon-
based metal-ligand interactions that have been used to form coordination 
polymers. M = transition metal species. 

Ionomers  

Ionomers are a class of polymers which have as much as 20 mol% of charged or 

ionic species as a part of their structures.111  These ions are able to interact with one 

another in a manner very similar to salt bridges seen in proteins, providing secondary 

structures to materials through the formation of physically-based cross-links.  However, 
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when stressed, these attractive electrostatic forces can be separated.  Operating in tandem, 

these processes provide mechanisms for which these materials can cycle between stressed 

and relaxed states.  Ionomers themselves have been well-studied in the literature,112 but 

despite their desirable physical properties, their application in self-healing materials has 

only recently been explored.111 

 Ionomers used for self-healing purposes are generally copolymers of 

ethylene and methacrylic acid, where some of the methacrylic acid groups exist as their 

respective sodium salts.  The combination of neutral organic and ionic regions in the 

polymer chains results in biphasic materials containing relatively strong organic 

crystallites and weaker ionic aggregates (often called multiplets) (Figure 5.9).113 As 

heating occurs, whether applied or as a result of the friction resulting from damage 

implication, the multiplets dissociate while the crystallites retain their structure.  Further 

heating melts the crystallites and the polymer eventually reaches a fully molten state at 

high temperatures (>350 °C).  While cooling reverses these processes, the material will 

not regain its native structure until the multiplets reform, which can take days.  Like 

many systems previously discussed, the ionic cross-linking reactions used in ionomers 

have the advantageous property of repeated healing.  Although such healing functions are 

not autonomous, the damage event may provide enough energy (generally in the form of 

heat as a result of friction) so that the material effectively behaves as an autonomic self-

healing material.114 
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Figure 5.9 (a) Reversible aggregation of ionic moieties. (b) Structure of a model 
ionomeric system in crystalline form showing ionically aggregated 
multiplets and organic crystallites. M = monocationic metal (e.g., Na+).  

 

 

 

CONCLUSION 

Herein, the underlying chemistry of contemporary self-healing materials as well 

as those under development has been presented.  Although only a few examples are 

known, autonomic self-healing materials, where the material automatically responds to 

damage with a healing mechanism, have been demonstrated.  The self-repair processes 

displayed by these materials generally operate using either ring-opening metathesis 
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polymerizations, epoxide-based ring-opening reactions or reversible metal-ligand 

coordination interactions.  The opportunity for progress/discovery in this area is 

immense, and will likely continue until a material truly analogous to a biological system 

is prepared.   

In contrast, a wide range of chemistries have demonstrated or show promise to be 

successful in non-autonomic self-healing materials, wherein repair processes require 

thermal, photonic, or mechanical stimuli.  In these materials, various types of reversible 

covalent bonds or non-covalent interactions form the basis of the stimulus-responsive 

material.  These chemistries allow, through a controllable stimulus, the re-activation of 

free monomer, which upon repolymerization restores the original properties to the 

material.   

Progress in the field of self-healing materials will not depend solely on the 

discovery of new reactions, as old reactions (e.g., transesterification) and relatively new 

reactions (e.g., olefin metathesis) have both found utility, but on finding and applying 

chemistry that offers rapid and controllable formation of structurally robust materials. 
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Chapter 6:  Towards Electrically-Conductive, Self-Healing Materials 

INTRODUCTION 

The formation and propagation of microcracks caused by exposure to continuous 

and/or cyclic stress is a main culprit of fatigue in mechanical materials and failure in 

electronic components.115 Cutting-edge research has focused on addressing this problem 

through the development of responsive materials with “self-healing” capabilities. Prime 

examples include epoxy-based composites containing encapsulated healing 

agents,116,117,118 and thermally-remendable plastics comprised of monomers that 

reversibly conjoin.119,120 Despite these brilliant advances, self-healing materials have yet 

to reach their full potential. For example, the aforementioned examples are inherently 

electrically-insulating, which limits their ultimate responsivities and precludes their use 

in related analytical applications. By imparting conductive properties into these materials, 

a number of unique and useful features may be realized. For example, one may obtain 

‘real-time’ status of a material’s structural integrity through electronic feedback 

mechanisms. This feature could lead to new approaches for detecting and quantifying 

microcracks (an extremely challenging task), which in turn, could lead to materials 

capable of recording their stress/load histories. Other possibilities include using electric 

fields or currents as novel healing functions (an example of an “electrically-driven self-

healing” process will be described below). While materials exhibiting both self-healing 

and conductive properties can be expected to offer obvious advantages in omnipresent 

consumer electronics, they may also provide practical alternatives to sophisticated 

redundancy and other types of back-up systems currently used for high-risk situations, 

such as deep-sea and space travel. 
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RESULTS 

A number of approaches may be envisioned to impart conductive properties into 

self-healing materials. For example, composites of the aforementioned responsive 

materials with self-healing capabilities can be synthesized with metals, alloys, 

nanoparticles, and other types of electrical conductors. However, this is likely to result in 

long-standing phase compatibility and processability issues associated with these latter 

materials. We desired a de novo solution that tackled this problem from the “ground up” 

– i.e., from a molecular level. We sought a means to construct a stimulus-responsive 

material that effectively combined structurally-dynamic characteristics with electrically-

conductive properties. Shown in Scheme 6.1 is a generalized depiction of how a material 

with such features may operate if used as an electrical wire or incorporated into a device. 

Upon the formation of a microcrack, the total number of electron percolation pathways 

within the material should decrease. As a result, its inherent electrical resistance should 

increase accordingly. If the material is integrated into a circuit containing an ammeter / 

voltmeter, then the drop in conductivity could be used to trigger a simultaneous increase 

in the applied electric field. Considering that the microcrack is the source of the increased 

resistance, this voltage bias should result in the generation of heat localized at the 

microcrack. By harnessing the generated thermal energy to hurdle kinetic barriers, the 

system may be electrically-driven back to its original (i.e., a low-resistance/high-current) 

state. 
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Figure 6.1 Operation of an electrically conductive, self-healing material.  

In order to realize the previously described system, the development of a new 

responsive polymeric material with the following features was needed: (1) The material 

must be electrically-conductive. (2) The polymerization process must be dynamic and 

responsive to changes in external stimuli. (3) For practical reasons, the polymerization 

process should also exhibit high atom economy (i.e., no byproduct evolution). (4) Bond 

scission (i.e., depolymerization) should only occur in the vicinity of the microcrack.121, 122 

And (5) main-chain unsaturation, a key requirement for conductivity, must be conserved 

or increased upon polymerization (Figure 6.2). In addition, modular components were 

desired to facilitate systematic tuning of material and electronic properties. 
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Figure 6.2 A hypothetical polymerization where unsaturation is maintained as a 
monomer is converted to polymer (R = unsaturated linker). 
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Although an impressive range of dynamic polymerizations are known, the 

fundamental reversible reactions involved do not meet the conductivity requirement.123, 

124, 125, 126, 127, 128, 129, 130 One exception is complexes formed between N-heterocyclic 

carbenes (NHCs) and transition metals. They are not only known to form reversibly with 

tunable equilibrium constants, but electronic communication within these systems is 

well-studied.131, 132 Implementation of these complexes in polymeric materials required 

the synthesis of appropriately functionalized multitopic NHCs (6.1) poised for 

polymerization. Through a series of synthetic developments, we successfully prepared 

such NHCs and demonstrated that they may be combined with group ten metal salts to 

provide well-defined organometallic polymers (6.2, M = Ni, Pd, Pt; R = alkyl, benzyl, 

aryl) (Figure 6.3.133, 134, 135, 136, 137 After these polymers were found to be structurally-

dynamic, efforts were directed toward evaluating their electronic properties. 

Conductivities of polymeric films are typically measured using a four-point probe 

technique, which accounts for contact resistances between the polymer film and the gold 

contacts, as well as resistances between the contacts and the electrodes. In this method, 

four equidistant gold contacts are first deposited in a linear arrangement on the film. 

Current is then applied from an outer electrode and electrical potential distribution is 

measured between the inner two electrodes. Applying this technique to (undoped) 700 

nm films of 6.2b•Pd resulted in conductivities on the order of 10-3 S·cm-1. For 

comparison, Si, a metalloid used in the semiconductor industry, exhibits a conductivity 

on the order of 10-5 S·cm-1. 
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Figure 6.3 A dynamic equilibrium between a monomer species (left) and an 
organometallic polymer (right) that is controlled via an external stimulus, 
such as heat. 

The potential of these materials in self-healing applications was investigated using 

scanning electron microscopy (SEM). In order to do so, a cross-linked film was desired. 

Due to limitations of trifunctional NHC 4.5c discussed in Chapter 4, trifunctional NHC 

3.5 was used as a crosslinking monomer. When 15-30 mol% (relative to difunctional 

monomer 6.1) of 3.5 was added to the polymerization, crosslinked films were produced, 

as described in Chapter 3. Crosslinked thin films of 6.2b•Pd (6.3) (800 nm) were first 

cast on silicon wafers and, to emulate microcrack formation, a sharp razor blade was used 

to score the films. Gold deposition was found to be unnecessary to obtain visible images 

of these materials, a testament of their high conductivities, which provided a unique 

opportunity to visualize any healing processes. After imaging (Figure 6.4A), the material 

was then heated at 200 °C for 25 minutes, allowed to cool and then re-imaged (Figure 

6.4B). Comparing these images clearly indicated that rough edges introduced by the razor 

blade were visibly smoothened upon thermal treatment. Encouraged by this result, and in 

conjunction with the fact that the dynamic behavior of the system had been established in 
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solution, it was predicted that the presence of solvent might facilitate the reformation of 

broken NHC-metal bonds. Toward this end, a thin film of material was cast on a silicon 

wafer, and a crack was introduced and imaged as before (Figure 6.4C). The wafer was 

then heated at 150 °C for 2 hours in a compartmentalized sealed vessel. A pool of 

dimethylsulfoxide (DMSO) was placed in a contiguous compartment such that solvent 

vapor would facilitate healing. Comparison of the SEM image of the treated film (Figure 

6.4D) indicated that the razor-induced crack was now refilled with material. This 

observation was supported by measuring the film’s surface with a stylus profiler, which 

indicated that the depth of the crack had been significantly reduced (from 800 nm to 

nearly 0 nm) in the healed films. We are currently assessing the extent to which 

microcracks and self-healing efficiencies can be quantified by this unique combination of 

characterization techniques. 
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Figure 6.4 The scanning electron micrographs of a scored organometallic polymer film 
(a) before and (b) after exposure to 200 °C for 15 min, and (c) before and 
(d) after exposure to 150 °C for 2 h in the presence of DMSO vapor. Arrows 
indicate a common point of reference. 

CONCLUSION 

Collectively, these results suggest that self-healing characteristics were observed 

in materials with electrically-conductive properties. However, many challenges remain 

before their potential is fully realized. Most importantly, the dependency on solvent vapor 

to facilitate healing must be eliminated. Incorporating longer and/or bulky alkyl groups as 

N-substituents into the carbene moieties should frustrate crystallization, reduce the 

viscosities of the respective polymers, and help the material “flow” into neighboring 

microcracks upon depolymerization. Additionally, the electronic performance of these 
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materials must be enhanced to ≥ 1 S·cm-1 in order for them to be broadly useful. This 

may be achieved by properly matching the reduction-oxidation potentials of the transition 

metal with the N-heterocyclic carbene, a well-known method for maximizing electronic 

communication in organometallic materials.138 Efforts toward these goals, as well as 

exploring the potential of deploying these materials in many of the aforementioned 

applications, are currently underway. 

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 

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.   

Preparation of Networked Polymer Gel 6.3:  Reactions were performed on a 0.050-

0.100 g scale.  Polymer 6.2b•Pd was reacted with 3.5 (2.5:1.0 - 5.0:1.0 monomer to 

cross-linker ratio) in the presence of NaOAc (3.0 eqv:1.0 eqv 3.5) in 0.05-0.10 mL 

DMSO.  The solution was placed in a preheated oil bath at 110oC and stirred open-air for 

1-12 h.  Upon cooling to room temperature, a viscous gel formed.   
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Preparation of Thin Film:  A networked polymer gel was synthesized on a 0.10 g scale 

as described above, however 1.8 mL of DMSO was used to create a dilute reaction 

mixture.  Upon cooling, a viscous solution formed, which was cast on a silicon wafer 

utilizing a dynamic spin-coating technique at 1000 rpm.  SEM images were obtained at 5 

keV. 
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Chapter 7:  Efforts Toward Imidazolium-Based Self-Healing Materials 
and Recyclable Catalysts 

INTRODUCTION 

This concluding chapter focuses on three projects which may seem unrelated at 

first, but actually comprise three progressive steps of a larger story arc. The first part 

describes efforts toward a problem touched on in the conclusion of the previous chapter: 

the need for bis(N-heterocyclic carbene) (NHC) monomers that will “flow” when heated 

to fill voids in a damaged material. The second part describes a different approach to self-

healing materials; one that utilizes ionic liquids because of their established fluidity at 

elevated temperatures. The third and most comprehensive portion of this chapter expands 

the uses of ionic liquids to their inclusion as integral components of a 

recyclable/recoverable catalyst system. Although each project’s focus is different from 

the next, they all strive toward the application of dynamic systems to solve problems.   

 

LOW TG ORGANOMETALLIC POLYMERS 

In further efforts to improve our electrically conductive self-healing materials we 

sought a monomer/polymer combination that would flow and be mobile at elevated 

temperatures, providing a means to fill the void created by external damage. By using a 

polymer with a relatively low glass transition temperature (Tg), application of minimal 

heat to the dissociated monomer and undamaged polymer should impart the appropriate 

mobility. It is well-established that installing asymmetry into molecules, particularly 

benzobisimidazolium salts,139 will greatly reduce their glass-transition temperature, 

sometimes down to below 0 °C. Even though the active monomer in organometallic 
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polymers based on bis(N-heterocyclic carbene)s is not the bis(imidazolium) salt, it was 

hoped that some of the fluidic properties would translate to the corresponding polymer. 

Ultimately, the incorporation of these low Tg monomers into analogous organometallic 

polymers was explored with the goal of developing a low Tg organometallic polymer. 

The previously reported metallopolymers based on benzobis(imidazolium) salts 

(BBIs) utilized benzyl and n-butyl groups as N-substituents. These polymers exhibited 

thermal stability up to about 300 °C,10 however displayed no Tg. BBIs with extended N-

alkyl chains, specifically n-dodecyl groups, are known to exhibit liquid crystalline 

behavior at temperatures as low as 53 °C. As such, the natural investigative progression 

was to install longer alkyl groups to explore their effect on the respective polymers. 

Toward this end, tetra-n-hexylbenzobis(imidazolium) dibromide58 and tetra-n-

dodecylbenzobis(imidazolium) ditetrafluoroborate139 were synthesized and reacted with 

PdCl2 in attempts to form their respective metallopolymers. 
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Scheme 7.1 Synthetic route towards organometallic polymers 7.2. 
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As shown in Table 7.1, polymer 7.2a decomposed at 334 °C, prior to showing any 

Tg, similar to the N-benzyl and -butyl substituted polymers, indicating that longer alkyl 

chains did not effect a glass transition in our system. Unfortunately, reaction of 7.1b with 

Pd(Cl)2 did not result in polymer formation. The dodecyl N-substituents prohibited 

solubility of 7.1b in solvents such as DMSO and acetonitrile, and decreased solubility in 

THF and CHCl3.  

 
Polymer Tg (°C) Td (°C) Mn (kDa) PDI 

7.2a – 334 11.2 1.7 
7.4 – 292 10.9 1.6 

 

Table 7.1 Physical data for polymers 7.2a and 7.4. 

 

Another approach taken to improve the mobility of the bis(NHC) organometallic 

polymers was to react highly soluble bis(NHC)s with PdCl2. The improved solubility of 

these bis(NHCs) is a result of the branched alkyl N-substituents. This approach was 

attractive because the bis(NHC) could be isolated as the free carbene and subsequently 

reacted with PdCl2 without additional reagents. Bis(NHC)s 7.1c135 and 7.1d135 were 

reacted with PdCl2 in THF at temperatures ranging from ambient to 50 °C. However, the 

steric bulk of the N-substituents which allows isolation of the free carbene also prohibited 

quantitative binding to the palladium species. It is known that palladium can bind to 

NHCs containing sufficient steric bulk to protect a free carbene,140 however polymer 

formation requires quantitative reactivity of an irreversible reaction. 

Next, we investigated a system built upon a monomer with a high degree of 

asymmetry. BBI 7.3, containing two methyl groups, an isobutyl group and a p-

butylphenyl group as N-substituents, is an ionic liquid with an easily accessible Tg of 43 
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°C.139 Reaction with PdCl2 yielded metallopolymer 7.4. Unfortunately, as shown in Table 

7.1, DSC analysis revealed no glass transition.  
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Scheme 7.2 Synthesis of highly desymmetrized organometallic polymer 7.4. 

In summary, metallopolymers were synthesized from monomers containing 

desirable physical properties, such as low glass transition temperatures, in attempts to 

manifest these properties into the resulting polymers. Unfortunately this strategy was not 

successful, as the materials formed through NHC-metal bonds were too robust and did 

not undergo a phase change prior to decomposition. 

 

IONIC LIQUIDS FOR SELF-HEALING MATERIALS 

As described in the previous section, the desirable monomer properties did not 

translate to those of the resulting organometallic polymers; the NHC-metal coordination 

provided robust materials that would not undergo a phase change prior to decomposition 

at temperatures approaching 300 °C. This inspired us to take a step back and reinvestigate 

the dynamic chemistry joining the monomers together. 

The Diels-Alder (D-A) reaction, specifically that of furan and maleimide, is 

unique in that the forward and reverse reactions are both accessible under reasonable 

conditions. Elevated temperatures, usually above 120 °C, drive the D-A adduct apart, 
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reforming the original furan and maleimide moieties. Upon cooling, the 4+2 D-A 

cycloaddition occurs, creating a covalently linked D-A adduct. These reactions can be 

cycled repeatedly due to the fact that no chemical changes take place that alter the 

reactive portions of the partners and no additional reagents or catalysts other than heat are 

necessary. These characteristics are ideal for application in self-healing materials and 

have recently been implemented as such.141 Since we wanted our monomers to be robust 

yet fluid at reasonable temperatures we sought to construct a D-A system based on ionic 

liquids.  

A brief scan of commercially available compounds containing multiple furan 

moieties quickly brought trifuryl phosphine to our attention. Not only did this compound 

contain three furan groups (functionality >3 is required to create crosslinked material) but 

phosphines are also precursors for phosphonium-based ionic liquids.142 Our strategy was 

to create an ionic liquid with the trifuryl phosphine and react it with a difunctional 

maleimide to investigate the potential of a reversibly crosslinked material. 
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Scheme 7.3 Synthesis of crosslinked network 7.7. The wavy lines represent continuation 
of the crosslinked system. 
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Alkylation of trifurylphosphine with triethyloxonium tetrabluoroborate in DCM 

yielded ethyltris(2-furyl)phosphonium tetrafluoroborate (7.5) as a white powder. 

Triethyloxonium was chosen as an alkylating agent in order to install the non-

coordinating tetrafluoroborate counterion, which is known to reduce a molecule’s Tg 

relative to its halide counterpart.143 The resulting phosphonium salt displayed a melting 

point of 62 °C, considerably less than the analogous iodide salt (116 ˚C),144 classifying it 

as an ionic liquid. When combined with difunctional maleimide 7.6 (mp. 111 °C145) in 

the melt at 116 °C a viscous but homogenous orange solution formed. Upon cooling to 

ambient temperature a robust light tan-colored solid (7.7) resulted. Sonication in DCM 

removed trace amounts of unreacted starting materials, as observed via 1H NMR of the 

concentrated DCM solution. Material 7.7 exhibited insolubility in all organic solvents, 

not unusual for a crosslinked molecule, which precluded NMR characterization. It was 

hoped that material 7.7 would melt at a reasonable temperature, and the thermal energy 

would be enough to access the retro-Diels-Alder reaction pathway, leading to de-

crosslinking and ‘release’ of the constituents as free monomers. However, the molecule 

was found to decompose at 365 °C, prior to melting. Attempts to de-crosslink the 

material in various solvents, such as DMSO, DMF and anisole, did not result in the 

isolation of any monomer. When mixed with refluxing furan at 100 °C for 48 h, in an 

attempt to isolate starting material 7.5 and the Diels-Alder adduct 7.8, then being allowed 

to cool slowly, only furan was observed. 
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Scheme 7.4 Attempted de-crosslinking of material 7.7. 
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Ultimately, material 7.7 was not observed to de-crosslink under any conditions. 

However, the strategy of implementing Diels-Alder reactive groups was carried over to 

an alternate approach towards applied dynamic materials; specifically, as a vehicle for 

catalyst recovery. 

 

EFFORTS TOWARD RECYCLABLE/RECOVERABLE CATALYSTS 

Quantitative catalyst recovery, gathering a chemical catalyst and removing it from 

the reaction mixture, remains a challenge for synthetic chemists.146 It has attracted 

attention for two primary reasons: it minimizes the contamination of product with catalyst 

and can prove to be economically efficient, as recovered catalyst can often be recycled 

for multiple subsequent reactions. Recent advances have brought forth a handful of 

methods for catalyst recovery, including tethering the catalyst to immobilized 

heterogeneous supports,147 using thermomorphic or LCST (lower critical solution 

temperature) polymers that capitalize on certain polymers’ solubility properties at 

specific temperatures,148 employing biphasic mixtures,149 and precipitons,150 in which the 

catalyst is attached to a molecule whose solubility is altered by a structural 

transformation. We sought to develop a recyclable/recoverable catalyst system that would 

combine the last three concepts to create a polymer containing the catalyst that would 

disassociate at high temperatures, catalyze a selected reaction, and upon cooling would 

reform the polymer and precipitate out of solution (Figure 7.1, left).  

 In order to execute this strategy we needed a catalyst that possessed both a 

transition-metal binding site and functionality capable of forming reversible bonds. To 

satisfy these requirements we targeted an architecture based on N-heterocyclic carbenes 

(NHCs). Not only are NHCs known to act as ligands for a variety of transition-metal 

based catalysts,151 but their modular structure provides opportunities to install the 
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requisite functional groups. The Diels-Alder reaction152 between furan and maleimide is 

well-established and the coupling partners are known to dissociate at elevated 

temperatures and recombine upon cooling. By incorporating either a furan or maleimide 

group into our NHC-catalyst complex, in combination with the appropriate 

multifunctional partner, individual small molecules, soluble at elevated temperatures, will 

produce a reversibly linked polymer that contains that catalyst upon cooling (Figure 7.1, 

left). Additionally, due to the synthetic modularity of the imidazolium framework, 

alternate functionalities such as azides or alkynes can be installed in order to explore a 

system for one-time catalyst recovery via the CuAAC153 (copper(I)-catalyzed azide-

alkyne cycloaddition) ‘click’ reaction (Figure 7.1, right).   

 

 

Figure 7.1 Depiction of recyclable and recoverable polymer catalyst processes; the 
reactions underneath the schemes describe the type of chemistry 
implemented for joining the soluble catalyst portions together; wavy lines 
represent continuation of the molecule.  
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Due to the multiple, interworking components of the recoverable/recyclable 

catalyst system, it was necessary to investigate each step separately before ultimately 

combining them, as illustrated in Figure 7.2. The first step involved the construction of an 

NHC ligand possessing either alkyne/azide or furan/maleimide functionality and its 

incorporation into an NHC-transition metal complex. Next, in parallel, the catalytic 

activity of the NHC-transition metal complexes and their ability to be recovered via 

polymerization was explored. Depending on the results obtained, specific combinations 

of NHC-transition metal complexes were tested as recoverable/recyclable catalyst 

systems.  
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NHC-Metal Complex
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Study Efficiency of
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Figure 7.2 Strategy for preparing recyclable/recoverable catalyst systems.  

Synthesis of Functionalized NHC-Metal Complexes 

The preparation of the NHC-transition metal complexes followed a general route, 

as outlined in Scheme 7.5: installation of the furan/maleimide or alkyne/azide functional 

groups as N-substituents; conversion of the imidazolium halide salt to the NHC-Ag 

complex with Ag2O; and ultimately transmetallation of the silver complexes with 

transition metals such as rhodium or iridium. 
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Scheme 7.5 General route for preparation of NHC-transition metal complexes. R = 
pendant furan, maleimide, alkyne or azide, group; X = Cl or Br; M = Rh or 
Ir; cod = cyclooctadiene.  

The synthesis of the alkyne-functionalized NHC was undertaken first, due to the 

commercial availability of propargyl bromide. Two equivalents of propargyl bromide 

were reacted with imidazole under basic conditions to yield the alkyne functionalized 

imidazolium bromide salt 7.9 in 90% yield. However, reaction with Ag2O did not provide 

the expected NHC-silver complex 7.10, presumably due to interactions that can occur 

between the silver atom and alkyne moieties.154 Silver is known to form η-2 complexes 

with alkynes, in addition to forming silver-acetylides, which preclude the 

deprotonation/insertion event necessary to access the NHC-Ag complex.155 Direct 

metallation through deprotonation of the imidazolium salt and subsequent metallation 

with Rh- or Ir-NHC complex was attempted, but did not provide the expected NHC-metal 

complexes. 

 

N
NH

+
NaHCO3

CH3CN
60 °C
4 h

N

N

Br

7.9

N

N

7.10

Ag BrAg2O

DCM
25 °C
12 hBr

X
 

 

Scheme 7.6 Attempted synthesis of alkyne functionalized NHC-transition metal 
complexes.  
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The next molecule targeted was an imidazolium featuring pendant furan groups. 

Commercially available furfuryl alcohol was reacted with thionyl chloride at 0 °C to 

produce furfuryl chloride as an orange oil.156 This compound is known to decompose, 

even at low temperatures, and was therefore immediately reacted with imidazole under 

basic conditions to yield imidazolium chloride 7.11 as a viscous brown oil in 50 % yield. 

Metallation with Ag2O provided the NHC-silver complex 7.10, which was subsequently 

reacted with [M(cod)Cl]2 (M = Rh, Ir; cod = cyclooctadiene) to afford the transition 

metal-NHC complexes bearing furan N-substituents (7.13) in >55 % yield over the two 

metallation steps. 
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Scheme 7.7 Synthesis of furan functionalized NHC-transition metal complexes.  

The plan to install azide and maleimide functionalities utilized a divergent 

approach capitalizing on a common intermediate. Imidazole was reacted with 1,4-

dibromobutane to produce imidazolium bromide 7.14 with pendant butylbromide groups 

in 88 % yield. Oligomeric side-products were minimized by using 38 equivalents of 1,4-

dibromobutane per imdazole, the excess of which was recovered and used for subsequent 

reactions. Imidazolium 7.14 was then reacted with sodium azide in DMF to yield 

imidazolium 7.15 with pendent azide groups in 96 % yield. Metallation with Ag2O 

provided the NHC-silver complex 7.18, which was subsequently reacted with 
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[M(cod)Cl]2 (M = Rh, Ir; cod = cyclooctadiene) to afford the transition metal-NHC 

complexes bearing azide N-substituents (7.19) in >69 % yield over the two-steps. 

 Installation of the maleimide groups was attempted by deprotonating the 

D-A adduct of furan and maleimide with sodium hydride and reacting the anion with 

imidazolium 7.14. The D-A adduct, as opposed to maleimide, was used to prevent 

Michael addition of the anion into another molecule of maleimide. While formation of 

the expected product 7.16 was observed spectroscopically, it was a minor product at best, 

joined primarily by partially reacted species and starting materials. The reaction was 

hampered by poor solubility of the protected-maleimide anion in solvents such as DMF 

and DMSO, even at slightly elevated temperatures. It was hoped that heating the product 

mixture in anisole at 130 °C in an open container would deprotect the maleimides 

(forming imidazolium 7.17, among others), increasing the solubilities of the products to 

allow access to more purification techniques. However, after heating the product mixture 

at 130 °C for 48 hours, a mixture of products still remained, with no substantial 

spectroscopic evidence that deprotection had occurred.  
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Scheme 7.8 Synthesis of imdazolium salts 7.14, 7.15 and attempted synthesis of 7.16.  
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Scheme 7.9 Synthesis of azide functionalized NHC-transition metal complexes 7.19.  

Determine Catalytic Activity of NHC-Metal Complexes 

After successfully synthesizing NHC-complexes 7.13 and 7.19, the potential 

catalytic activity of these compounds was investigated. It has been well-established that 

transition-metal complexes, particularly of rhodium and iridium, will catalyze the 
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cyclotrimerization of alkynes, whereby three alkynes are brought together in a [2+2+2] 

fashion to yield a substituted aryl product.157 Therefore, complexes 7.13 and 7.19 were 

examined as prospective cyclotrimerization catalysts. 

 Ethyl propiolate and phenylacetylene were chosen as substrates due to 

their commercial availability and their known affinity for cyclotrimerizations.158 Reaction 

of either substrate in the presence of 7.13a-b in solvents such as DCM, THF, toluene and 

dioxane at temperatures from 25-100 °C yielded no product, as observed by GC. 

Analogous experiments were performed for 7.19a-b, which yielded no traces of either 

trisubstituted aryl isomer until the reaction was performed in toluene with 7.19a at 100 

°C and an 18 % yield was observed by GC (Table 7.2, entry 14). (It is important to point 

out that the catalyst was functionalized with azide groups while the substrate was a 

terminal alkyne, however without the presence of any copper species the CuAAC 

(copper(I)-catalyzed azide-alkyne cycloaddition) ‘click’ reaction was found to not have 

any effect on the catalyst. Control experiments, in which the catalyst was heated to 100 

°C in the presence of ethyl propiolate or phenylacetylene, showed no change in the 

catalyst’s pre- and post-reaction NMR signals.) Unfortunately, 18 % yield was the 

maximum observed for cyclotrimerizations, far below reported systems and unacceptable 

for a recoverable/recyclable catalyst system. 
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Entry Catalyst R Temp. (°C) Solvent Yielda (%) 
1 7.13a CO2Et 25 toluene 0 
2 7.13a CO2Et 100 toluene 0 
3 7.13a CO2Et 100 dioxane 0 
4 7.13a Ph 25 toluene 0 
5 7.13a Ph 100 toluene 0 
6 7.13a Ph 100 dioxane 0 
7 7.13b CO2Et 100 toluene 0 
8 7.13b CO2Et 100 dioxane 0 
9 7.13b Ph 100 toluene 0 

10 7.13b Ph 100 dioxane 0 
11 7.19a CO2Et 25 DCM 0 
12 7.19a CO2Et 70 THF 0 
13 7.19a CO2Et 25 toluene 0 
14 7.19a CO2Et 100 toluene 18 
15 7.19a CO2Et 100 dioxane 0 
16 7.19a Ph 100 toluene 0 
17 7.19a Ph 100 dioxane 0 
18 7.19b CO2Et 25 DCM 0 
19 7.19b CO2Et 70 THF 0 
20 7.19b CO2Et 100 toluene 0 
21 7.19b CO2Et 100 dioxane 0 

Table 7.2 Summary of intermolecular cyclotrimerizations of ethyl propiolate and 
phenylacetylene catalyzed by NHC-transition metal complexes 7.13 and 
7.19. a Yields determined by GC against a mesitylene standard.  

While searching for an appropriate reaction to study, a publication by Miller et 

al.159 reported that NHC-Ir complexes could perform transfer hydrogenation160 reactions 

in quantitative yields. An attractive feature of this reaction was that it is carried out at 

room temperature, circumventing the potential of catalyst decomposition. Complexes 

7.13 and 7.19 were applied as catalysts for the hydrogenation of acetophenone to 1-

phenylethanol to varied success. Reactions were run at ambient temperature and vented 



 126

to allow the acetone produced to be removed from the reaction mixture. The furan-

substituted catalysts 7.13 were found to be unsuitable as catalysts, as neither complex 

catalyzed the formation of any product (Table 7.3, entries 1-2). However, the azide-

functionalized complexes 7.19 were found to catalyze the hydrogenation in modest to 

excellent yields (Table 7.3, entries 3-5). Particularly, the Ir-NHC complex 7.19b was 

found to catalyze the reaction to 82 % yield after 48 h, and all the way to completion after 

120 h (5 days). 

 

O OH
5 mol%
catalyst

KOtBu
iPrOH
25 °C  

 
Entry Catalyst Time (h) Yielda (%) 

1 7.13a 72 0 
2 7.13b 72 0 
3 7.19a 48 53 
4 7.19b 48 82 
5b 7.19b 120 100 

Table 7.3 Summary of transfer hydrogentation reactions catalyzed by NHC-transition 
metal complexes 7.13 and 7.19. a Yields determined by 1H NMR. b 
Reaction was a continuation of entry 4.  

The lack of catalytic activity exhibited by the furan-substituted NHC-transition 

metal complexes was perplexing. The furan moieties are not formally conjugated with the 

NHC, precluding any significant impact on the electronics of the NHC-transition metal 

bond. However, the geometry of the furan-substituted NHC is such that chelation of the 

metal through the oxygen atoms is a possibility, which could tie up free coordination sites 

and prevent catalytic activity. In order to help discern why the furan-substituted 

complexes 7.13 displayed no catalytic activity, a single X-ray quality crystal of 7.13a was 

studied. Grown from slow diffusion of hexanes into a concentrated acetone solution, the 
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solid-state structure is depicted in Figure 7.3. The oxygen atoms of the furan groups are 

situated away from the rhodium center, indicating chelation is not a factor in the solid-

state. Literature shows that chelation of furan groups is generally not problematic, and is 

supported by the fact that transfer hydrogenation reactions have been carried out in their 

presence.161 However, geometrically similar pyridine-substituted NHCs are known to 

chelate Rh(I) and Ir(I) complexes, so this possibility can not be ignored.162 Unfortunately, 

the specific factors contributing to the catalytic inactivity of complexes 7.13 are currently 

unknown. 

 

 
  

Figure 7.3 POV-Ray view showing 50% probability thermal ellipsoids for 7.13a. 
Hydrogen atoms omitted for clarity. 

The catalytic activity studies indicated that only NHC-transition metal complexes 

7.19a and 7.19b were found to behave as catalysts. Azide-functionalized compounds 7.19 

were found to catalyze the transfer hydrogenation of acetophenone to 1-phenylethanol at 

room temperature, with NHC-Ir complex 7.19b taking the reaction to completion. 
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Unfortunately, no catalytic activity has been observed by the furan-functionalized NHC-

transition metal complexes 7.13, effectively eliminating the possibility of a recyclable 

catalyst system based on these NHC complexes. 

Recoverability of NHC-Metal Complexes 

Recovering the NHC-transition metal complex, for removal or recycling 

purposes, is as essential as the complex’s catalytic behavior in constructing a 

recyclable/recoverable catalyst system. While the catalytic activity of NHC-transition 

metal complexes 7.13 and 7.19 were being explored, the utility of the complexes’ 

pendant functional groups was also being investigated. Complexes 7.13 and 7.19 were 

reacted with mono- and multi-functional derivatives of their respective coupling partners 

to determine their effectiveness. 

Complex 7.13a was reacted with maleimide and N-methylmaleimide in a variety 

of solvents over a range of temperatures, as summarized in Table 7.4. Reactions were 

performed for at least 24 h at the specified temperatures, and if heated, were allowed to 

stir at room temperature for an at least additional 12 h. The Diels-Alder adduct was not 

observed when the reaction was performed in solution at ambient or elevated 

temperatures, or when performed neat in N-methylmaleimide (entry 10). 
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Entry X R Solvent Temp (°C) Yield a (%) 

1 Rh(cod)Cl H toluene 25 0 
2 Rh(cod)Cl H toluene 100 0 
3 Rh(cod)Cl H DCM 25 0 
4 Rh(cod)Cl H DCM 60 0 
5 Rh(cod)Cl Me toluene 25 0 
6 Rh(cod)Cl Me toluene 100 0 
7 Rh(cod)Cl Me Et2O 25 0 
8 Rh(cod)Cl Me Et2O 100 0 
9b Rh(cod)Cl Me – 100 0 
10 H Me DMSO-d6 110 0 

Table 7.4 Summary of Diels-Alder reactions attempted with furan-substituted 7.13a and 
7.11; 1 equiv. of maleimide per furan group was used. a Yields 
determined by 1H NMR. b Reaction was allowed to cool and solidify, 
then analyzed.  

To examine the utility of the azide-functionality in NHC-metal complexes 

towards CuAAC reactions, 7.19a was reacted with p-tert-butylphenylacetylene in DCM 

with catalytic CuI and bipy (5 mol % each, bipy = 2,2’-bipyridine) at ambient 

temperature for 15 h. The selection of p-tert-butylphenylacetylene was based on the 

simplicity of the 1H NMR profile relative to phenylacetylene and other alkyl-substituted 

acetylenes, as well as 7.19a. As summarized in Table 7.5 (entry 1), triazole formation 

was observed via 1H NMR spectroscopy, and the integration of its diagnostic singlet (δ = 

7.85 ppm, CDCl3) against the singlet representing imidazolyliene backbone indicated 

both azides had reacted. With knowledge that the pendant azides would react at ambient 

temperature in DCM, 7.19a was reacted with tripropargylamine in an effort to create a 

crosslinked network that could be easily isolated. Gratifyingly, a brown precipitate 

formed upon the addition of tripropargylamine with catalytic CuI and bipy (Table 7.4, 
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entry 2). Upon filtration, the solid was found to be insoluble in all common organic 

solvents, indicating crosslinking had occurred, but precluding analysis by NMR 

spectroscopy. Additionally, the mass of the precipitate was found to correspond to the 

mass of 7.19a and trispropargylamine added to the reaction. Further evidence for 

crosslinking was obtained when the reaction solvent was concentrated and showed no 

traces of 7.19a in the 1H NMR spectrum. 

 

N

N
Rh(cod)Cl

N3

N3

N

N
Rh(cod)Cl

N

N
N

N

N
N

R

R

Alkyne

CuI/bipy
DCM
25°C
15 h

7.19a  
Entry Alkyne Result 

1 product observed by 1H NMR 

2 N
3  

quantitative recovery by mass 

Table 7.5 Summary of CuAAC reactions with azide-substituted NHC compound 7.19a; 1 
equiv. of alkyne group per azide group was used; R = continuation of 
alkyne, cod = 1,5-cyclooctadiene, bipy = 2,2’-bipyridine.  

When combined with the results obtained from screening NHC-transition metal 

complexes 7.13 and 7.19, the only potential recoverable/recyclable catalyst system was a 

one-time catalyst recovery method using either NHC-Rh or -Ir complex 7.19 to perform a 

transfer hydrogenation reaction and tripropargyamine to recover the catalyst. Complexes 

7.13 were found to be unsuitable as catalysts and the reactivity of their pendant furan 
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groups was futile, indicating that in order to develop a recyclable catalyst system a new 

design was necessary.  

Efficiency of Recoverable Catalyst System 

The culmination of the previously described results led to the study of the transfer 

hydrogenation of acetophenone catalyzed by 7.19b, and subsequent catalyst recovery 

through the CuAAC reaction with tripropargylamine. When the reaction was performed 

in iPrOH, as the test reactions were run, the addition of tripropargylamine, CuI and bipy 

after the completion of the transfer hydrogenation did not facilitate the precipitation of 

the catalyst-containing crosslinked network. This was unexpected, as the previously 

described crosslinked network precipitated from DCM was not soluble in iPrOH once 

isolated. Mixed solvent systems of DCM or DMF (which a similar polymer was known 

to precipitate from) and iPrOH did not provide improved results, and regrettably only 

resulted in lowered catalytic activity. Transfer hydrogenation yields were found to 

decrease dramatically as the concentration of iPrOH was decreased through the use of co-

solvents, to the point where a reaction in 1:1 iPrOH:DCM yielded no hydrogenation 

product. The catalysis and recovery concepts have yet to be combined in a functional 

system since transfer hydrogenation was only found to work in straight iPrOH and 

catalyst precipitation could only be effected in straight DCM.  

Unfortunately an efficient recoverable/recyclable catalyst system has not been 

realized to date. Many of the components were found to work independently, but were 

unable to sustain their performance in tandem. However, some of these molecules have 

found use in other applications, such as the CuAAC ‘click’ polymerization of 7.9 and 

7.15 to create an ionic polymer that exhibits LCST behavior. Further exploration of a 

recyclable/recoverable catalyst system is ongoing, and if realized, has the potential to 

significantly impact the chemistry community.  



 132

 

CONCLUSION 

In summary, many advancements were made toward each of these three goals, 

however various issues must still be resolved. Altering the N-substituents did not provide 

the expected amount of control over the physical properties of the organometallic 

polymers, indicating that the robust nature of the material is inherent in the alternating 

bis(NHC)-metal architecture. For the self-healing material based on ionic liquids, the 

monomers and their respective Diels-Alder behavior need to be optimized so that 

decrosslinking can be accessed. The recyclable/recoverable catalyst system, as presented, 

requires improved compatibility of the individual components. Situating functional 

groups further from the catalytic metal center may keep each of these activities isolated, 

yet still physically connected. Ultimately, once these issues are overcome, the promising 

potential of these dynamic systems can be realized. 

 

EXPERIMENTAL 

General Considerations: Unless specifically indicated, all other chemicals and reagents 

used in this study were purchased from commercial sources and used as received. 1H, 13C 

and 31P NMR spectra 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 
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(column temperature).  Gas Chromatography was performed on an Agilent 6850 Series II 

Instrument. Thermogravimetric analyses were performed using a Mettler Toledo 

TGA/SDTA851e equipped with a TSO801RO sample automated loader.   

Polymers 7.2 and 7.4: Polymerizations were conducted on 0.1-2.0 g scale. 

Bis(imidazolium) halide (1.0 eqv) was dissolved in DMSO (ca. 0.1-0.2 M) and either 

M(II)(OAc)2 (1.0 eqv), or a combination of M(II)Cl2 (1.0 eqv) and NaOAc (2.0 eqv), was 

added in one portion. The solution was placed in a preheated oil bath at 110 °C and 

stirred open-air for 1-5 h. The reaction mixtures typically darkened in color (to orange-

brown) as the reaction progressed. The cooled reaction mixture was precipitated into H2O 

and the solids were collected via vacuum filtration, rinsed with MeOH and dried under 

vacuum. 

 

Polymer 7.2a: 91% yield of a tan solid. 1H NMR (400 MHz, DMSO-d6): δ 7.64 (br s, 

2H), 3.95 (m, 8H); 1.53 (m, 8H); 1.25 (m, 16H); 1.07 (m, 8H); 0.84 (m, 12H). Td = 334 

°C; Mn = 11.2 x 103; PDI = 1.7. 

 

Polymer 7.4: 86% yield of a tan solid. 1H NMR (400 MHz, DMSO-d6): δ 7.98-7.22 (m, 

6H), 4.25 (m, 8H), 2.75 (m, 1H), 1.76-0.79 (m, 15H). Td = 292 °C; Mn = 10.9 x 103; PDI 

= 1.6. 

 

Ethyl-trifurylphosphonium tetrafluoroborate (7.5): Under an inert 

atmosphere, in separate 5 mL vials, trifurylphosphine (0.232 g, 1.00 

mmol) and triethyloxonium tetrafluoroborate (0.190 g, 1.00 mmol) were 

each dissolved in 1 mL dichloromethane. A magnetic stir bar was added to the vial 

containing trifurylphosphine. The solution of triethyloxonium tetrafuoroborate was added 

P
O

3BF4
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dropwise to the solution of trifurylphosphine over 3 min., the vial was sealed and stirred 

at 25 °C. After 19 h the reaction was concentrated under reduced pressure, the solids 

were rinsed with hexanes and dried on a vacuum line to yield the product as a white 

powder (0.327 g, 94% yield). m.p. 62-63 °C. 1H NMR (400 MHz, CDCl3): δ 8.00 (m, 

3H), 7.59 (dd, J = 2.2 Hz, J = 1.6 Hz, 3H), 6.75 (dt, J = 2.0 Hz, J = 1.6 Hz, 3H), 3.15 (dq, 

J = 7.4 Hz, J = 6.0 Hz, 2H), 1.33 (dt, J = 7.4 Hz, J = 8.4 Hz, 3H). 13C NMR (100 MHz, 

CDCl3): δ 153.7 (d, J = 8.4 Hz), 130.9, 130.7 (d, J = 6.8 Hz), 129.3, 113.3 (d, J = 9.9 

Hz), 16.3 (d, J = 58.0 Hz), 5.8 (d, J = 5.4 Hz). 31P (121.50 MHz, DMSO-d6): δ -8.78. 

HRMS:  m/z calcd for C14H14O3P [M +] 261.0381, found 261.0677; m/z calcd for BF4 [M -

] 87.0029, found 87.0027. 

 

Crosslinked Material 7.7: 1,12-Bis(maleimido)dodecane (1.381 g, 3.83 mmol) and a 

magnetic stir bar were placed in a 30 mL vial and heated to 116 °C. Once the solid had 

melted, ethyltris(2-furyl)phosphonium tetrafluoroborate (1.000 g, 2.87 mmol) was added 

slowly. Within a few minutes a viscous, homogenous orange solution had formed. The 

reaction was heated while stirring for 15 h, upon which time it was allowed to cool to 

room temperature. A light tan-colored solid remained in the bottom of the vial. The vial 

was broken in order to remove the solid, which was found to be insoluble in water as well 

as common organic solvents, even at elevated temperatures. The decomposition 

temperature was determined to be 365.6 °C.  

 

1,3-bis(propargyl)imidazolium bromide163 (7.9): Imidazole (1.000 

g, 14.7 mmol), sodium bicarbonate (1.300 g, 15.4 mmol), acetonitrile 

(15 mL) and a magnetic stirbar were placed in a 30 mL vial.  

Propargyl bromide (80 % solution in toluene, 4.37 g solution, 30.0 mmol) was added to 

NN Br
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the reaction mixture.  The vial was sealed with a Teflon-lined cap, placed in an oil bath at 

60 °C, and stirred for 12-16 h (overnight).  Upon cooling, the reaction mixture was 

filtered and then concentrated en vacuo.  The resulting solid was suspended in diethyl 

ether and sonicated (or stirred vigorously) for 10-30 min.  Product was isolated via 

filtration and dried under vacuum to yield 2.98 g (90% yield) of a tan powder. m.p. 143-

145 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.51 (s, 1H), 7.91 (s, 2H), 5.31 (d, J = 2.0 Hz, 

4H), 3.86 (t, J = 6.4 Hz, 2H). 13C NMR (100 MHz, DMSO-d6): δ 136.2, 122.7, 79.1, 

76.0, 38.8. HRMS:  m/z calcd for C9H9N2 [M +] 145.0766, found 145.0765.  

 

 Furfuryl chloride164 : Furfuryl alcohol (4.877 g, 49.7 mmol), pyridine 

(3.933 g, 49.7 mmol), diether ether (150 mL) and a magnetic stir bar were 

placed in a 250 mL round-bottomed flask and cooled to 0 °C in an ice bath. Thionyl 

chloride (5.915 g, 49.7 mmol) was added to the reaction mixture dropwise over 3 min. 

with stirring. The reaction was allowed to stir at 25 °C for 1 h, at which time the 

precipitated solids were filtered and the solvent was removed under reduced pressure to 

yield the product as an amber-orange solution (4.90 g, 85% yield). Note: The product 

decomposes over a few hours and was immediately used for subsequent reactions. 1H 

NMR (400 MHz, CDCl3): δ 7.41 (s, 1H), 6.35-6.39 (m, 2H), 4.59 (s, 2H). 13C NMR (100 

MHz, CDCl3): δ 149.7, 143.1, 110.4, 109.4, 37.1.  

 

1,3-Difurfuryl imidazolium chloride (7.11): Imidazole (1.200 g, 

17.6 mmol), furfuryl chloride (4.200 g, 36.0 mmol), sodium 

bicarbonate (1.477 g, 18.0 mmol), acetonitrile (25 mL) and a 

magnetic stir bar were placed in a vial with a Teflon-lined cap. The vial was sealed and 

the reactants were stirred at 60 °C. After 4 h the reaction was allowed to cool to room 

O Cl

NN

OO

Cl
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temperature, filtered and poured into 200 mL diethyl ether. The mixture was sonicated 

for 15 min, at which point a viscous solution had accumulated at the bottom of the flask. 

The ether was decanted and trace solvents were removed under reduced pressure to yield 

the pure product as a viscous brown oil (2.340 g, 50% yield). 1H NMR (400 MHz, 

DMSO-d6): δ 9.63 (s, 1H), 7.85 (s, 2H), 7.71 (t, J = 1.2 Hz, 2H), 6.68 (d, J = 1.6 Hz, 2H), 

6.48 (dd, J = 1.6 Hz, 2H), 5.61 (s, 4H). 13C NMR (100 MHz, DMSO-d6): δ 147.4, 144.4, 

136.2, 122.7, 111.1, 111.0, 44.9. HRMS:  m/z calcd for C13H13N2O2 [M +] 229.0976, 

found 229.0972.  

 

1,3-Difurfuryl imidazolylidene silver chloride complex 7.12: 1,3-

Difurfuryl imidazolium chloride (0.358 g, 1.35 mmol), silver(I) oxide 

(0.157 g, 0.677 mmol), dichloromethane (10 mL) and a magnetic stir 

bar were placed in a 30 mL vial. The vial was sealed and stirred at ambient temperature 

in the dark. After 14 h the reaction was filtered through a 0.2 μm PTFE syringe filter and 

concentrated under reduced pressure to yield the product as a light brown powder. (0.337 

g, 67 % yield). m.p . 147-150 °C (decomp). 1H NMR (400 MHz, CDCl3): δ 7.36 (t, J = 

1.0 Hz, 2H), 7.03 (s, 2H), 6.44 (d, J = 3.2 Hz, 2H), 6.33 (dd, J = 1.6 Hz, 2H), 5.23 (s, 

4H). 13C NMR (100 MHz, CDCl3): δ 148.1, 143.6, 129.9, 121.2, 110.8, 110.3, 48.5. 

HRMS:  m/z calcd for C13H12N2O2Ag [M+] 334.9947, found 334.9944. 

 

1,3-Difurfuryl imidazolylidene rhodium cyclooctadiene chloride 

complex 7.13a: 1,3-Difurfuryl imidazolylidene silver chloride 

complex (0.278 g, 0.749 mmol), [Rh(cod)Cl]2 (0.185 g, 0.375 mmol), 

dichloromethane (7 mL) and a magnetic stir bar were placed in a 30 

mL vial. The vial was sealed and the contents were stirred at ambient temperature. After 

NN

OO Ag
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N

N

O

O
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24 h the mixture was filtered through a 0.2 μm PTFE syringe filter and concentrated 

under reduced pressure to yield the product as a dark brown powder (0.293 g, 82 % 

yield). m.p. 50–52 °C. 1H NMR (400 MHz, CDCl3): δ 7.39 (t, J = 1.0 Hz, 2H), 6.82 (s, 

2H), 6.45 (dd, J = 0.6 Hz, J = 2.8 Hz, 2H), 6.35 (dd, J = 2.0 Hz, J = 1.2 Hz, 2H), 6.17 (s, 

1H), 6.13 (s, 1H), 5.36 (s, 1H), 5.32 (s, 1H), 5.05 (br s, 2H), 3.45 (br s, 2H), 2.40 (br, 

4H), 1.94 (br, 4H). 13C NMR (100 MHz, CDCl3): δ 182.9 (d, J = 51.5 Hz), 149.4, 143.2, 

120.7, 110.7, 109.7, 99.1 (d, J = 6.9 Hz), 68.6 (d, J = 14.5 Hz), 47.3, 32.9, 28.9. HRMS:  

m/z calcd for C21H24N2O2Rh [M+] 439.0893, found 439.0887. 

 

1,3-Difurfuryl imidazolylidene iridium cyclooctadiene chloride 

complex 7.13b: 1,3-Difurfuryl imidazolylidene silver chloride complex 

(0.102 g, 0.276 mmol), [Ir(cod)Cl]2 (0.093 g, 0.138 mmol), 

dichloromethane (7 mL) and a magnetic stir bar were placed in a 30 mL vial. The vial 

was sealed and the contents were stirred at ambient temperature. After 22 h the mixture 

was filtered through a 0.2 μm PTFE syringe filter and concentrated under reduced 

pressure to yield the product as a fluffy orange solid (0.126 g, 81 % yield). m.p. 48–51 

°C. 1H NMR (400 MHz, CDCl3): δ 7.39 (d, J = 2.0 Hz, 2H), 6.83 (s, 2H), 6.43 (d, J = 3.2 

Hz, 2H), 6.35 (dd, J = 2.0 Hz, J = 1.6 Hz, 2H), 5.95 (d, J = 15.6 Hz, 2H), 5.25 (d, J = 

15.6 Hz, 2H), 4.65 (br t, J = 2.8 Hz, 2H), 3.06 (br t, J = 2.4 Hz, 2H), 2.28-2.16 (m, 4H), 

1.80-1.70 (m, 2H), 1.68-1.58 (m, 2H). 13C NMR (75 MHz, CDCl3): δ 180.6, 149.3, 143.2, 

120.3, 110.7, 109.7, 85.4, 52.2, 47.0, 33.5, 29.6. HRMS:  m/z calcd for C21H24N2O2ClIr 

[M+] 564.1156, found 564.1153. 

 

1,3-bis(4-bromobutyl)imidazolium bromide 

(7.14): Imidazole (0.300 g, 4.4 mmol), sodium 
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bicarbonate (0.388 g, 4.6 mmol), acetonitrile (60 mL) and a magnetic stirbar were placed 

in a 250 mL round-bottom flask.  1,4-Dibromobutane (38.00 g, 21.6 mL, 176 mmol) was 

added to the reaction mixture. The flask was equipped with a reflux condenser, placed in 

an oil bath at 90 °C, and stirred for 12-16 h (overnight).  Upon cooling, the reaction 

mixture filtered and then concentrated en vacuo to remove the acetonitrile.  The resulting 

mixture was poured directly into approximately 300 mL of diethyl ether and sonicated for 

at least 1 h.  (Multiple rinses with ether can help remove excess 1,4-dibromobutane).  The 

ether was decanted* and the remaining viscous solution was transferred to a vial with 

MeOH, which was concentrated en vacuo to yield 1.62 g (88% yield) of the product as a 

brown viscous liquid. 1H NMR (300 MHz, DMSO-d6): δ 9.49 (s, 1H), 7.89 (s, 2H), 4.24 

(t, J = 6.8 Hz, 4H), 3.49 (t, J = 6.6 Hz, 4H), 1.94-1.65 (m, 8H). 13C NMR (100 MHz, 

DMSO-d6): δ 136.2, 122.6, 48.0, 34.3, 28.9, 28.2. HRMS:  m/z calcd for C11H19N2Br2 

[M+] 336.9915, found 336.9919. *Note: If this solution is concentrated, the excess 1,4-

dibromobutane can be recovered for use in subsequent runs. 

 

1,3-bis(4-azidobutyl)imidazolium bromide (7.15):  

1,3-di(4-bromobutyl)-imidazolium bromide (3.45 g, 

8.25 mmol), DMF (75 mL) and a magnetic stirbar were combined in a 250 mL round-

bottom flask.  Sodium azide (2.14 g, 33.0 mmol) was added and the flask was placed in 

an oil bath at 50 °C and the reaction mixture was stirred for 3 h (at least, overnight works 

just fine).  Upon cooling, the DMF was removed en vacuo.  Dichloromethane (20 mL) 

was added to the flask and stirred for 5 min.  Filtration and concentration provided 2.72 g 

(96% yield) of the product as a very viscous pale yellow liquid. 1H NMR (400 MHz, 

DMSO-d6): δ 9.53 (s, 1H), 7.92 (s, 2H), 4.25 (t, J = 7.2 Hz, 4H), 3.35 (t, J = 6.8 Hz, 4H), 

1.85 (p, J = 7.4 Hz, 4H), 1.46 (p, J = 7.2 Hz, 4H). 13C NMR (100 MHz, DMSO-d6): δ 

NN

Br
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136.1, 122.4, 50.0, 48.2, 26.7, 24.9. HRMS:  m/z calcd for C11H19N8 [M +] 263.1733, 

found 263.1735. 

 

1,3-bis(4-azidobutyl)imidazolylidene silver bromide (7.18): 

1,3-Bis(4-azidobutyl)imidazolium bromide (0.393 g, 1.15 

mmol), silver(I) oxide (0.133 g, 0.573 mmol), dichloromethane 

(10 mL) and a magnetic stir bar were placed in a 30 mL vial. The vial was sealed and 

stirred at ambient temperature in the dark. After 12 h the reaction was filtered through a 

0.2 μm PTFE syringe filter and concentrated under reduced pressure to yield the product 

as a very viscous amber oil (0.446 g, 86% yield). 1H NMR (400 MHz, CDCl3): δ 7.00 (s, 

2H), 4.14 (t, J = 7.2 Hz, 4H), 3.30 (t, J = 6.4 Hz, 4H), 1.87 (p, J = 3.8 Hz, 4H), 1.57 (p, J 

= 5.2 Hz, 4H). 13C NMR (100 MHz, CDCl3): δ 181.3, 120.8, 51.3, 50.7, 28.6, 25.8. 

HRMS:  m/z calcd for C11H18N8OAg [M +] 369.0705, found 369.0699. 

 

1,3-bis(4-azidobutyl)imidazolylidene rhodium 

(cyclooctadiene) chloride (7.19a): Bis(4-

azidobutyl)imidazolylidene silver bromide complex (0.047 g, 

0.105 mmol), [Rh(cod)Cl]2 (0.026 g, 0.053 mmol), dichloromethane (5 mL) and a 

magnetic stir bar were placed in a 30 mL vial. The vial was sealed and the contents were 

stirred at ambient temperature. After 12 h the mixture was filtered through a 0.2 μm 

PTFE syringe filter and concentrated under reduced pressure to yield the product as a 

very viscous yellow oil (0.051 g, 95 % yield). 1H NMR (400 MHz, CDCl3): δ 6.83 (s, 

2H), 4.97 (br s, 2H), 4.70-4.62 (m, 2H), 4.37-4.29 (m, 2H), 3.44-3.31 (m, 4H), 3.22 (br 

s), 2.50-2.25 (m, 4H), 2.10-1.90 (m, 8H), 1.74-1.62 (m, 4H). 13C NMR (75 MHz, CDCl3): 
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δ 182.2 (d, J = 50.8 Hz), 120.3, 98.5 (d, J = 6.6 Hz), 68.1 (J = 14.8 Hz), 51.0, 50.1, 32.9, 

28.8, 27.9, 26.0. HRMS:  m/z calcd for C19H30N8Rh [M+] 473.1648, found 473.1640. 

 

1,3-bis(4-azidobutyl)imidazolylidene iridium 

(cyclooctadiene) chloride (7.19b): Bis(4-

azidobutyl)imidazolylidene silver bromide complex (0.150 g, 

0.333 mmol), [Ir(cod)Cl]2 (0.112 g, 0.167 mmol), dichloromethane (7 mL) and a 

magnetic stir bar were placed in a 30 mL vial. The vial was sealed and the contents were 

stirred at ambient temperature. After 22 h the mixture was filtered through a 0.2 μm 

PTFE syringe filter and concentrated under reduced pressure to yield the product as a 

dark orange viscous oil (0.162 g, 82 % yield). 1H NMR (400 MHz, CDCl3): δ 6.85 (s, 

2H), 4.60-4.48 (m, 4H), 4.28-4.18 (m, 2H), 3.44-3.28 (m, 4H), 2.86 (br s, 2H), 2.18 (d, J 

= 4.8 Hz, 4H), 2.08-1.86 (m, 4H), 1.78-1.56 (m, 8H). 13C NMR (75 MHz, CDCl3): δ 

179.9, 119.9, 84.2, 51.6, 50.8, 49.6, 33.4, 29.4, 27.7, 25.8. HRMS:  m/z calcd for 

C19H30N8ClIr [M+] 598.1911, found 598.1913. 

 

Typical Procedure for Cyclotrimerization of Alkynes: In a 5 mL vial with a Teflon-

lined cap, the NHC-transition metal complex (0.01 mmol) was dissolved in 2 mL of 

solvent. The alkyne (1.0 mmol), mesitylene (0.14 mL, 1.0 mmol) and a magnetic stir bar 

were added, the vial was sealed and the reaction was stirred at an elevated temperature 

for 16–28 h. After the reaction cooled to ambient temperature, an aliquot was removed, 

diluted with acetone and analyzed by gas chromatography. Product peaks were integrated 

against the mesitylene peak.  
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Typical Procedure for Transfer Hydrogenation: In a 5 mL vial, the NHC-transition 

metal complex (0.02 mmol) was dissolved in 2-3 mL of iPrOH. Potassium tert-butoxide 

(0.024 g, 0.02 mmol), acetophenone (0.050 g, 0.41 mmol) and a magnetic stir bar were 

added, the reaction was covered with a septum containing a needle to vent, and the 

reaction was stirred at ambient temperature. Aliquots were removed, concentrated under 

reduced pressure and analyzed by 1H NMR to monitor the reaction and determine yields. 
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Appendix A:  Synthesis of Tetramethylbenzobis(imidazolium) Diiodide 
and Dimethylbenzobis(thiazolium) Diiodides  

INTRODUCTION 

Cucurbiturils, a class of macrocyclic molecules, are cyclic compounds composed 

of fused glycoluril units commonly identified as cucurbit[n]uril, or CBn, where n is the 

number of glycoluril repeat units. Their unique architecture provides an efficient site to 

host cationic species, allowing these molecules to be utilized as host molecules,165 drug-

delivery vehicles166 and supramolecular catalysts.167 Recently, cucurbit[8]uril was 

established as a resourceful tool for molecular recognition of peptide sequences in 

biologically relevant media.168 The CB8 binds one molecule of methyl viologen (MV), 

and subsequently binds the aromatic side chain of tryptophan, with selectivity determined 

by peptide sequence and neighboring charges. An unfortunate drawback to this system is 

the employment of MV, which is a known herbicide and is extremely toxic to humans. 

This led us to consider the possibility of substituting MV (Figure A.1) with 

tetramethylbenzobis(imidazolium) diioide (Me4BBI, Figure A.1), a non-toxic dicationic 

aromatic compound. Initial success of host-guest complexation with CB8 and Me4BBI 

also led us to other benzobis(azolium) salts. The synthesis of 

tetramethylbenzobis(imidazolium) diiodide (Scheme A.1) and 

dimethylbenzobis(thiazolium) diiodide and their intermediate compounds are presented 

herein. 
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N N
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Figure A.1 Methyl viologen (left) and tetramethylbenzobis(imidazolium) diiodide 
(right). 
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Scheme A.1 Synthetic route to access tetramethylbenzobis(imidazolium) diiodide. 
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Scheme A.2 Synthetic route to access both isomers of dimethylbenzobis(thiazolium) 
diiodide. 

 

EXPERIMENTAL 

General Considerations:  All reactions were performed on the bench in ambient 

atmosphere. All reagents were purchased from Aldrich, Acros or TCI America and were 

used without further 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 (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, expressed in parts per million (ppm) downfield from tetramethylsilane 

using the solvent as an internal standard (DMSO-d6, 39.5 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 
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m/z (relative intensity). Decomposition temperatures were determined with a Mettler-

Toledo TGA/SDTA851e equipped with a TSO801RO sample automated loader; onset 

temperatures reported. 

 

 N,N’-dimethyl-4,6-dinitrobenzene-1,3-diamine (A.1):  A 250 mL 

pressure flask was charged with 1,5-dichloro-2,4-dinitrobenzene (5.00 g, 

21.1 mmol), methanaminium chloride (2.85 g, 42.2 mmol), EtOH (125 

mL) and a magnetic stir bar.  Triethylamine (11.75 mL, 84.4 mmol) was added and the 

flask was sealed, stirred and heated in a 120 °C oil bath.  After 48 h the reaction was 

cooled to rt, poured into 600 mL of water and stirred for 30 min.  The yellow solids that 

had formed were collected by vacuum filtration, rinsed with H2O, and dried under 

vacuum to give A.1 (4.71 g, 92% yield). m.p. 305-306 °C (decomp). 1H NMR (400 MHz, 

DMSO-d6): δ 8.95 (s, 1H), 8.47 (br s, 2H), 5.98 (s, 1H), 2.98 (d, J = 6.4 Hz, 6H).  13C 

NMR (100 MHz, DMSO-d6): δ 148.8, 128.4, 123.3, 90.2, 29.9.  HRMS:  m/z calcd for 

C8H11N4O4 [M + H+] 227.0780, found 227.0779. 

 

Benzobis(imidazole) A.2:  In an 250 mL flask, a suspension of 10% Pd/C 

(0.20 g, 0.19 mmol Pd) and NaO2CH (2.18 g, 26.5 mmol) in formic acid 

(88%, 100 mL) was treated with dinitroarene A.1 (10.6 g, 27.7 mmol) and a magnetic stir 

bar. The flask was then equipped with a H2O-jacketed condenser and the mixture was 

stirred and heated under reflux for 18 h. Upon completion, the mixture was allowed to 

cool to ambient temperature, filtered through Celite, and washed with 20 mL of MeOH. 

The filtrate volume was then reduced under vacuum to approximately 20 mL.  Solid 

K2CO3 and 40 mL H2O were added to neutralize the solution while stirring.  The newly 

formed precipitate was collected by vacuum filtration, rinsed with H2O, and dried under 

O2N

HN NH

NO2

N

N N
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vacuum to give A.2 (1.24 g, 75% yield). m.p. 198-200 °C 1H NMR (400 MHz, DMSO-

d6): δ 8.16 (s, 2H), 7.83 (s, 1H), 7.62 (s, 1H), 3.86 (s, 6H).  13C NMR (100 MHz, DMSO-

d6): δ 145.0, 140.3, 132.6, 107.8, 89.3, 30.9.  HRMS:  m/z calcd for C10H11N4 [M + H+] 

187.0981, found 187.09782. 

 

Benzobis(imidazium) diiodide169 A.3:  A 250 mL pressure flask was 

charged with A.2 (0.957 g, 5.14 mmol), CH3CN (125 mL) and a magnetic 

stir bar.  Iodomethane (1.82 g, 12.9 mmol) was added and the flask was 

sealed and stirred and heated at 100 °C for 20 h, during which time a precipitate formed.  

Upon completion, the mixture was allowed to cool to ambient temperature and the 

precipitated solids were collected by vacuum filtration.  The solids were washed with 30 

mL of Et2O and dried under vacuum to give A.3 (2.205 g, 91% yield).  The filtrate was 

poured into 150 mL Et2O, sonicated for 5 minutes and then filtered to provide a second 

crop of A.3 (0.152 g, 7%) for a total of 2.36g (98%).  m.p. 291.5 °C (decomp onset). 1H 

NMR (400 MHz, DMSO-d6): δ 9.91 (s, 2H), 8.83 (s, 2H), 4.17 (s, 6H).  13C NMR (100 

MHz, DMSO-d6): δ 146.6, 130.6, 98.5, 33.9.  HRMS:  m/z calcd for (C12H16N4)2•I3 [M+] 

812.9878, found 812.9879. 

 

Benzobis(imidazium) dimethylsulfate A.4:  Bis(benzimidazolium) A.3 

(0.500 g, 1.06 mmol), dimethylsulfate (10 mL) and a magnetic stir bar 

were placed in a sealed vessel and heated at 100 °C for 16 h.  The reaction 

was cooled to ambient temperature and then poured into 150 mL of Et2O, sonicated for 

0.5 h and collected by vacuum filtration to give A.4 (0.410 g, 88% yield). m.p. 309.5 °C 

(decomp onset). 1H NMR (400 MHz, DMSO-d6): δ 9.88 (s, 2H), 8.81 (s, 2H), 4.16 (s, 
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12H), 3.75 (br s, 6H).  13C NMR (100 MHz, DMSO-d6): δ 146.8, 130.7, 98.5, 52.9, 33.8.  

HRMS:  m/z calcd for (C12H16N4)2•(MeSO4)3 [M+] 765.2003, found 765.2001.  

 

Benzobis(thiazole)170 A.5:  In an 100 mL flask were placed 1,4-dithiol-

2,5-phenylendiamine dihydrochloride (1.000 g, 4.08 mmol), 

triethylorthoformate (50 mL) and a magnetic stir bar. The open flask was then placed in a 

120 °C oil bath and stirred for 16 h, upon which the reaction had become homogenous. 

The solvent was evaporated under reduced pressure to provide A.5 as a light brown solid 

(0.732 g, 93%). m.p. 255-257 °C. 1H NMR (400 MHz, DMSO-d6): δ 9.48 (s, 2H), 8.90 (s, 

2H).  13C NMR (100 MHz, DMSO-d6): δ 157.9, 151.3, 132.7, 116.4.  HRMS:  m/z calcd 

for C8H5N2S2 [M+] 192.9894, found 192.9895. 

 

Benzothiazole(thiazolium) iodide A.6:  In a 30 mL vial with a Teflon-

lined cap were placed benzobis(thiazole) A.5 (0.500 g, 2.60 mmol), 

iodomethane (0.325 mL, 5.20 mmol), acetonitrile (15 mL) and a magnetic 

stir bar. The vial was sealed and placed in a 100 °C oil bath. After 24 h, the reaction was 

cooled to room temperature and concentrated under vacuum. The resulting solids were 

rinsed with Et2O and dried under vacuum to give A.6 as a green-brown solid (0.708 g, 

81%). m.p. 272.5 °C (decomp onset). 1H NMR (400 MHz, DMSO-d6): δ 10.61 (s, 1H), 

9.72 (s, 1H), 9.24 (s. 1H), 9.21 (s, 1H), 4.44 (s, 3H).  13C NMR (100 MHz, DMSO-d6): δ 

166.9, 161.3, 152.4, 138.8, 135.9, 129.5, 118.8, 111.5, 39.8.  HRMS:  m/z calcd for 

C9H7N2S2 [M+] 207.0051, found 207.0052. 

 

 

 

N

S N

S

N

S N

S

I



 148

 

Benzobis(thiazolium) diiodide A.7:   In a 30 mL pressure tube were 

placed A.6 (0.688 g, 2.06 mmol), iodomethane (0.325 mL, 5.20 mmol), 

DMF (20mL) and a magnetic stir bar. The reaction vessel was sealed and 

placed in a 120 °C oil bath (note: A.6 never completely dissolves, the reaction is never 

homogenous). After 38 h, the reaction was cooled to room temperature and the 

precipitated solids were collected by vacuum filtration, rinsed with Et2O and dried under 

vacuum to give A.7 as a pale green solid (0.881 g, 90%). m.p. 255.6 °C (decomp onset). 
1H NMR (400 MHz, DMSO-d6): δ 10.79 (s, 2H), 9.40 (s, 2H), 4.47 (s, 6H).  13C NMR 

(125 MHz, DMSO-d6): δ 170.2, 162.9, 140.2, 132.3, 114.1.  HRMS:  m/z calcd for 

C10H9N2S2 [M-H+]+ 221.0207, found 221.0204. 

 

Benzobis(thiazole) A.8:  Preparation from US Patent 4849327.171 In a 

100 mL round-bottom flask were placed sodium hydrosulfide (1.560 g, 

27.8 mmol), water (20 mL) and a magnetic stir bar. While under a cone of nitrogen, 1,5-

dichloro-2,4-dinitrobenzene (1.000 g, 4.22 mmol) dissolved in hot ethanol (20 mL) was 

added and the reaction was stirred at room temperature. After 3 h, the reaction was 

poured into 80 mL of water and acidified with 37 % HCl. The orange precipitate was 

isolated by vacuum filtration, rinsed with water and allowed to dry.  

Under a cone of nitrogen, the crude intermediate (0.964 g, 4.15 mmol) was added 

to a solution of sodium hydroxide (0.500 g, 12.5 mmol) in water (20 mL). Sodium 

dithionite (5.050 g, 29.1 mmol) was then added to the reaction in portions over 5 min. 

The reaction flask was then equipped with a reflux condenser heated at 50 °C for 1 h 

under nitrogen, after which formic acid (88%, 30 mL) was added through the condenser 

and the reaction was refluxed at 120 °C. After 3 h, the hot mixture was filtered and some 
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of the excess formic acid was removed from the filtrate under reduced pressure. The 

filtrate was then made basic with 30 % NaOH, sonicated for 5 minutes, and filtered to 

yield A.8 as an off-white solid (0.618 g, 76 %). m.p. 182-184 °C.172 1H NMR (400 MHz, 

DMSO-d6): δ 9.48 (s, 2H), 8.93 (s, 1H), 8.75 (s, 1H).  13C NMR (100 MHz, DMSO-d6): δ 

157.6, 152.3, 132.1, 116.4, 115.7.  HRMS:  m/z calcd for C8H5N2S2 [M+] 192.9894, 

found 192.9897. 

 

Benzothiazole(thiazolium) iodide A.9:  In a 30 mL vial with a Teflon-

lined cap were placed benzobis(thiazole) A.8 (0.350 g, 1.82 mmol), 

iodomethane (0.230 mL, 3.64 mmol), acetonitrile (15 mL) and a magnetic 

stir bar. The vial was sealed and placed in a 100 °C oil bath. After 24 h, the reaction was 

cooled to room temperature and concentrated under vacuum. The resulting solids were 

rinsed with Et2O and dried under vacuum to give A.9 as a green-brown solid (0.574 g, 

94%). m.p. 271.0 °C (decomp onset). 1H NMR (400 MHz, DMSO-d6): δ 10.61 (s, 1H), 

9.74 (s, 1H), 9.26 (s, 1H), 9.11 (s, 1H), 4.48 (s, 3H).  13C NMR (100 MHz, DMSO-d6): δ 

166.8, 161.7, 153.3, 140.2, 135.0, 128.3, 118.9, 111.1, 39.9.  HRMS:  m/z calcd for 

C9H7N2S2 [M+] 207.0051, found 207.0050. 

 

Benzobis(thiazolium) diiodide A.10:  In a 30 mL pressure tube were 

placed A.9 (0.574 g, 1.72 mmol), iodomethane (0.215 mL, 3.44 mmol), 

DMF (20mL) and a magnetic stir bar. The reaction vessel was sealed and 

placed in a 120 °C oil bath (note: A.9 never completely dissolves, the reaction is never 

homogenous). After 42 h, the reaction was cooled to room temperature and the 

precipitated solids were collected by vacuum filtration, rinsed with Et2O and dried under 

vacuum to give A.10 as a pale green solid (0.358 g, 44%). m.p. 245.4 °C (decomp onset). 
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1H NMR (300 MHz, DMSO-d6): δ 10.80 (s, 2H), 9.57 (s, 1H), 9.33 (s, 1H), 4.53 (s, 6H).  
13C NMR (150 MHz, DMSO-d6): δ 170.6, 141.4, 131.1, 122.5, 106.2, 40.3.  HRMS:  m/z 

calcd for C10H9N2S2 [M-H+]+ 221.0207, found 221.0208. 
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Appendix B:  Selected Crystal Structure Parameters 

 
Parameter  4.7  4.1c 

crystallization conditions  Slow evap. of CHCl3  Slow evap. of acetone 
formula  C26 H34  C32 H38 
MW (g mol−1)  346.53  422.62 
morphology  yellow prisms  colorless blocks 
dimensions (mm)  0.35 × 0.20 × 0.10  0.53 × 0.32 × 0.28 
crystal system  monoclinic  monoclinic 
space group  P21/n  C2/c 
a (Å)  7.8785(5)  69.417(14) 
b (Å)  17.1725(9)  8.3391(17) 
c (Å)  8.2929(6)  33.478(7) 
α (deg)  90  90 
β (deg)  117.057(2)  117.24(3) 
γ (deg)  90  90 
V (Å3)  999.18(11)  17231(6) 
Z  2  28 
ρcalc (g cm−3)  1.152  1.140 
μ (mm−1)  0.064  0.064 
F(000)  380  6440 
θ range (deg)  2.0 – 27.50  2.91 – 25.00 
total / unique reflections  2283 / 1844  15111 / 9689 
completeness to 2θ (%)  99.6  99.8 
data / restraints / parameters  2283 / 0 / 186  15111 / 62 / 1036 
GoOF  0.992  0.994 
R1  0.0443  0.0753 
wR2  0.1161  0.1613 
Largest diff. peak, hole (e Å−3)  0.292, −0.175  1.208, −0.990 
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Parameter  4.5c  4.6c 

crystallization conditions   sat’d sol’n in C6D6  sat’d sol’n in C6D6 
formula  C59 H86 N6   C59 H86 N6 S3 

MW (g mol−1)  879.34  975.55 
morphology  pale-yellow prisms  colorless prisms 
dimensions (mm)  0.35 × 0.26 × 0.22  0.12 × 0.08 × 0.06 
crystal system  orthorhombic  orthorhombic 
space group  Pnma  Pnma 
a (Å)  27.7357(15)  23.076 
b (Å)  20.3898(13)  14.453 
c (Å)  16.5894(11)  19.490 
α (deg)  90  90 
β (deg)  90  90 
γ (deg)  90  90 
V (Å3)  9381.7(10)  6500.3 
Z  8  4 
ρcalc (g cm−3)  1.245  1.473 
μ (mm−1)  0.072  0.273 
F(000)  3856  3024 
θ range (deg)  3.03 – 22.50  3.00 – 25.00 
total / unique reflections  6313 / 5135  11080 / 5091 
completeness to 2θ (%)  99.6  97.1 
data / restraints / parameters  6313 / 242 / 336  11080 / 475 / 742 
GoOF  2.166  1.561 
R1   0.1385  0.0982 
wR2  0.3212  0.1345 
Largest diff. peak, hole (e Å−3)  0.418, −0.390  0.893, −0.642 
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Parameter  7.13a 

crystallization conditions a  ether v.d. CHCl3 
formula  C21 H24 Cl N2 O2 Rh 
MW (g mol−1)  474.78 
morphology  yellow laths 
dimensions (mm)  0.16 × 0.14 × 0.05 
crystal system  monoclinic 
space group  P21/c 
a (Å)  11.2971(6) 
b (Å)  8.2008(4) 
c (Å)  21.4089(10) 
α (deg)  90 
β (deg)  92.280(3) 
γ (deg)  90 
V (Å3)  1981.86(17) 
Z  4 
ρcalc (g cm−3)  1.591 
μ (mm−1)  1.015 
F(000)  968 
θ range (deg)  1.90 – 27.48 
total / unique reflections  4505 / 3088 
completeness to 2θ (%)  99.2 
data / restraints / parameters  4505 / 0 / 260 
GoOF  1.013 
R1   0.0454 
wR2  0.0898 
Largest diff. peak, hole (e Å−3)  0.865, −0.518 

 

Table B.1 Crystal structure parameters listed for 4.7, 4.1c, 4.5c, 4.6c and 7.13a. a v.d. = 
vapor diffusion.  
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