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Conducting polymers have been extensively investigated in a wide range 

of applications due to their ability to achieve near metallic conductivity while 

possessing the flexibility and processability of traditional polymers. However, 

interchain and solid-state effects have made direct investigation of the polymer 

systems difficult.  A series of systematically varied model compounds have been 

designed to provide detailed information about through-chain charge transport in 

well-defined oligothiophenes.  Our design incorporates two metal binding pockets 

at either end of an oligothiophene bridge to investigate the interaction of redox 

centers and charge transport properties between conducting polymers and bound 

transition metal centers. Synthesis, characterization, electrochemistry, and 

detailed EPR investigations of this new series of oligothiophene model 

compounds and the analogous mononuclear compounds will be discussed herein.  

Conjugated polymer matrices possess a large number of available 

oxidation states making them an attractive choice for use as redox-active ligands.  

This variety of oxidation states offers a means to easily tune the amount of 

electron density on a metal center and consequently affect the binding of an 
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additional ligand.  Our approach utilizes conducting metallopolymers with metal 

complexes synthetically incorporated directly into the conducting polymer 

backbone.  The redox-dependent properties of this class of materials and their 

development as small molecule storage and delivery systems have been explored 

utilizing a variety of novel electropolymerizable transition metal complexes. The 

design, synthesis, characterization, and redox-affected properties of the 

monomers, corresponding conducting metallopolymers, and model complexes are 

discussed.  

The tub-shaped dibenzo[a,e]cyclooctatetraene molecule undergoes a large 

change in geometry upon reduction to form the planar aromatic species.  Herein, 

we seek to prepare and investigate a supramolecular assembly utilizing this redox-

active molecule.  In contrast to electrochemically active frameworks where redox 

changes occur at the metal centers, incorporation of a functionalized 

dibenzo[a,e]cyclooctatetraene ligand into an assembly has the potential to result 

in a redox-active framework.  Not only would the redox-activity occur at the 

organic bridge, but reduction of the system should result in a large geometry 

change.   
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Chapter 1: Redox Interactions in Conducting Polymer Systems 

CONDUCTING POLYMERS 

Since the discovery in 1973 that crystals of the inorganic polymer 

polysulfur nitride, (SN)x, not only possess metallic character and room 

temperature conductivities on the order of 103 (Ω•cm)-1, much attention has been 

focused on the development and study of similarly conductive materials.1  These 

materials were particularly interesting in that they demonstrated the existence of 

highly conducting polymers in which the conductivity was an intrinsic property of 

the material.2  The conductivity arises from the presence of one unpaired electron 

for each S-N unit.  This discovery was followed only three years later with the 

observation that the room temperature conductivity can be enhanced by an order 

of magnitude as a result of exposure to an oxidizing agent, such as bromine, 

resulting in the formation of a polymeric cation.3,4  This observation proved vital, 

and its application to an intrinsically insulating organic polymer, polyacetylene, 

resulted in a major breakthrough for the field of conducting polymer research.5,6  

This was later acknowledged with the awarding of the 2000 Nobel Prize in 

Chemistry to Alan J. Heeger, Alan G. MacDiarmid, and Hideki Shirakawa for 

“the discovery and development of conductive polymers.”   

Reaction of an organic polymer with either oxidizing or reducing agents 

results in an increase in the room temperature conductivity from below 10-5 

(Ω•cm)-1 to 103 (Ω•cm)-1.  This process is frequently referred to as ‘doping’ in 

analogy with inorganic semiconductors, although, it is more accurately regarded 

as a redox reaction.  During p-type doping, the neutral, insulating polymer is 

reacted with an oxidizing agent resulting in the formation of a radical cation 
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which is charge neutralized by the reduced form of the oxidizing agent.  

Conversely, n-type doping may be accomplished by reaction of the neutral 

polymer with a reducing agent.  Electrical conductivity studies with polyacetylene 

have indicated a metal-insulator transition at dopant levels near 1%,5 with typical 

maximum dopant levels on the order of several mole percent per repeat unit of the 

polymer backbone.  For example, in the case of iodine doped polyacetylene, up to 

20% dopant ([CH]I0.2)x.7  As an alternative to chemical oxidation or reduction, 

doping of the polymer system may also be achieved by electrochemical means 

where the charge on the polymer system is neutralized by the counterion from the 

electrolyte system.   

Naturally, research has focused on highly conjugated systems in which π 

electrons can be relatively easily removed (or added) without significant 

disruption to the polymer system.  Examples of several common conducting 

polymer systems are shown in Figure 1.   

 

 

Figure 1. Structures of common conducting polymer systems. 

To investigate the nature of the charged species involved in the 

conductivity of these unique systems, it is beneficial to first begin with organic 

molecules.  Typically the result of oxidation or reduction of organic molecules is 

accompanied by a change in the equilibrium geometry, e.g. the conversion of a 

neutral aromatic system to a quinoid-like geometry in the ionized state.  The 

associated energy changes involve a vertical Franck-Condon like ionization, 
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which costs an energy EIP-v.  This is followed by a gain in energy of Erel 

corresponding to the previously described relaxation in the geometry of the 

ionized state.  An illustration of this process is shown in Figure 2a.  Considering 

the one-electron energy levels of the molecule (Figure 2b), the geometry change 

accompanying the ionization process results in an increased energy of the highest 

occupied molecular orbital (HOMO) and an analogous decrease in energy of the 

lowest occupied molecular orbital (LUMO).7   

 

 

Figure 2. Illustration of energies involved in a molecular ionization process.  
Diagram adapted from ref [7].  

Within the conducting polymer system, the interaction of a large number 

of monomer units leads to the formation of electronic bands as opposed to the 

discrete energy levels found in small molecule systems.  It was originally believed 

that the ionization processes in conducting polymers were simply analogous to 

those in inorganic semi-conductor systems: p- or n-type doping resulted in the 

removal of electrons from the valence band (VB) or addition of electrons to the 
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top of the conduction band (CB) and thus the formation of unfilled electronic 

bands.  This assumption would imply that an ionization process within a 

conducting polymer system would not result in a geometry relaxation and the 

positive charge (in the event of p-type doping) would be delocalized over the 

entire chain.   

However, it is more accurate to regard these systems with an extension of 

the theories applied to charge carriers in small molecule systems.  In organic 

polymer systems, it can be energetically favorable to localize the charge in the 

polymer chain.  This localization of charge then results in changes in the energy 

levels more similar to those observed with small molecule systems.  A local 

distortion in the polymer chain around the charge results in the appearance of 

localized discrete energy levels in the band gap due to the local upward and 

downward shifts of the HOMO and LUMO, respectively.  This is consistent with 

the formation of a polaron—a radical spin that is associated with a lattice 

distortion and is localized in an energy state within the band gap.  Removal of a 

second electron from this system can now result in two possibilities.  Either a 

second polaron may be formed elsewhere on the polymer chain or the electron 

may be removed from the polaron state.  The latter case results in the formation of 

a spinless bipolaron—a pair of like charges (in this case, a dication) associated 

with a strong lattice distortion.7 
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Figure 3. Illustration of energies involved in the ionization of a conducting 
polymer system.  Diagram adapted from ref [7]. 

As a result of its chemical stability and ease of functionalization, a great 

deal of interest has been focused on the development of materials from 

polythiophenes.8  It is in this direction that the remaining efforts will be focused.   

 

POLYTHIOPHENE-BASED MATERIALS 

Investigations of the charge carriers in polythiophene have suggested two 

possible conduction mechanisms: through-chain charge transport and conduction 

resulting from electron transfer between chains.1,8,9  However, conductivity of 

these materials in dilute solution is attributed exclusively to through-chain 

transport as a result of the large intermolecular distances and consequently 

unlikely interaction between the chains.   
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Figure 4. Schematic diagram of the potential conduction pathways of 
polythiophene in the solid state.  Illustration adapted from ref [8]. 

Through-chain conductivity has been identified as the transport of 

polarons along the backbone of the conducting polymer.  These radical spin 

systems are readily detected by electron paramagnetic resonance (EPR) 

spectroscopy.  The continued doping of the polythiophene systems results in an 

observed decrease in spin concentration.  Numerous UV-vis-NIR and EPR 

investigations have been performed on these systems.  In solution, this has been 

attributed to bipolaron (dication) formation.  However, further investigations of 

solid-state systems have suggested the observed decrease in spin is not 

exclusively a result of bipolaron formation and has resulted in the proposal of an 

alternative mechanism.  The formation of π-dimers has been explored for its role 

as both a charge transport pathway and an explanation for observed decrease in 

spin of oxidized oligothiophene chains.10-12  Theoretical and experimental 

investigations regarding the effect of chain length on the nature of the charge 

transport mechanisms have been explored.13,14   
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Figure 5. Structures of proposed charged species in oxidized polythiophene.  a) 
Polaron formation; b) Bipolaron formation; and c) π-Dimer formation 

In an attempt to further investigate and understand the charge transport 

and interactions of the redox centers in these unique materials, a division has been 

created.  There are currently two approaches to this problem: the investigation of 

model compounds and bulk materials.  The former method focuses on well 

defined oligothiophene units with various side-chain and end-chain substituents, 

including sites specifically designed for metal complexation.  The latter has 

focused on the development of functional materials and electronic devices 

including transistors,15 electroluminescent devices,16 chemical sensors,17 

electrochromic devices,18 and photovoltaic cells.19  These methods have achieved 

success in both the fundamental and applied studies of conducting polymer based 

materials and each have extended to an important new class of materials: 

thiophene-based conducting metallopolymers and model complexes.  The 

incorporation of metal centers into these materials offers the potential to couple 

the unique electronic properties of conducting polymers with the optical, 

chemical, and electronic properties of the metal center.20  Studies of these new 

types of materials each offer different perspectives on these novel materials and 

shall be addressed individually. 
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Model Complexes 

A key question which arises with the incorporation of metal centers is how 

and to what extent the two components interact.  The investigation of model 

compounds can provide a unique perspective on this issue.  Through the study of 

metal centers which are tethered to conducting polymer fragments in a variety of 

arrangements and linkages, direct observation of these interactions may be 

performed.  The primary method for analyzing the interactions of these systems is 

through spectroscopic and electrochemical analysis.  However, the variety of 

environments, the disorder, and conformational effects present in the conducting 

polymer system often make the effects of the interaction difficult to observe or 

interpret.  The use of model complexes specifically for these studies offers a 

variety of advantages over the corresponding metallopolymer. 

Measurement of metal-metal interaction can be achieved by cyclic 

voltammetry (CV).  Interactions between the two metal centers results in a 

separation in the redox potentials upon formation of the mixed-valent species.  

Typically, separations of larger than ∆E = 36 mV are indicative of electronic 

coupling.  However, electrostatic interaction can also cause ∆E > 36 mV, so this 

method alone is not a conclusive measure of metal-metal interactions.  

Analysis of the mixed-valent species can also be accomplished by analysis 

of the electronic absorption spectrum.  Measurement and interpretation of the 

inter-valence charge transfer (IVCT) transition may be accomplished using Hush 

theory.21  Calculation of the effective electronic coupling parameter (Vab) can be 

carried out using equation 1: 

 

  𝑉𝑎𝑏 =  2.06×10−2

𝑅
(𝜀max�̅�max∆�̅�½)½  (1) 
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where R is the donor-acceptor charge-transfer distance, εmax is the extinction 

coefficient, �̅�max is the transition energy, and ∆�̅�½ is the full width at half max.  

This may be used to calculate the degree of mixing (α) by the relationship: 

 
  𝛼 =  𝑉𝑎𝑏 �̅�max

�  (2) 

and related to the Robin and Day classification system of mixed-valence 

complexes.22  Class I systems are characterized by a complete absence of 

interaction between the two metal sites (α = 0).  Complexes of Class III exhibit 

complete delocalization between the metal sites, which thereby the difference 

between the two metals becomes indistinguishable and they appear as an average 

of the two states (α = √2).  Mixed valence systems of intermediate interaction, 

Class II, possesses observable interactions between the two metals, but the metal 

sites remain distinguishable (0 < α < √2). 

A variety of model complexes have been prepared exploring different 

methods of metal attachment to the thiophene backbone.  Some of the linkages 

explored include direct metal-carbon bonds to the thiophene rings, bonds between 

thiophene rings and cyclopentadienyl and benzene rings of η6 complexes,23 and 

η6 complexes made from thiophene rings themselves.24  Complexes made with 

each of these ligands show evidence of electronic communication of the 

thiophene bridge with the metal center by a red-shift of the π-π* transitions upon 

metal complexation.  However, metal-metal interaction is typically not observed 

with these complexes.  A notable exception occurs with a ferrocenyl end-capped 

dimethoxydihexylsexithiophene25 (Figure 6c). Possible metal-metal interaction is 

suggested based on the separation of the redox couples of the two ferrocene 
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groups by 60 mV and the electronic absorption spectra of the one electron 

oxidized species.  Although the interaction appears to be quite weak, the 

interesting part of this system is the length of the thiophene bridge over which the 

two iron centers are potentially interacting.  Prior to this system, only weak 

interaction had been observed extending over five thiophene units.  The origin of 

this effect is believed to be in part due to the stability imparted by the substitution 

of methoxy groups on the terminal thiophene rings. 

 

 

Figure 6. Structures of thiophene-bridged model complexes which exhibit weak 
metal interactions. 

Complexes prepared utilizing coupling of the metal centers through N or 

O bonds (such as phenolate and pyridyl ligands) located on the terminal ends of 

the thiophene rings have displayed the greatest metal-metal interactions.26,27  For 

complexes with phenolate ligands (Figure 7a), substantial separations in the 

redox couples are observed for the mono-, bi-, and terthiophene derivatives of ∆E 

= 370, 250, and 170 mV, respectively.  A complex with a quarterthiophene 

bridging unit was also prepared; however, it proved too insoluble for further 

characterization.  The notable feature of these thiophene bridged complexes is that 



 11 

they exhibit stronger metal-metal interaction than the analogous ethenyl or phenyl 

bridged systems.  This implies the thiophene rings behave as more than just planar 

butadienyl units and demonstrate the electronic contribution of the S atoms. 

 

 

Figure 7. Oligothiophene-bridged model complexes which exhibit strong 
metal-metal interaction. 

Like the bisphenolate systems, the pyridyl ligands also exhibit strong 

metal-metal interactions as evident by the splitting of the redox couples by 450, 

220 and 60 mV for the mono-, bi-, and terthiophene derivatives, respectively.  

The quarterthiophene bridged complex resulted in effectively no interaction 

between the metal centers.  Again, like the bisphenolate systems, the thiophene 

bridged complexes exhibited significantly improved electronic interaction as 

compared to an analogous dipyridylpolyene series.  It is not until four thiophene 

units (crudely equivalent to eight double bonds) that interaction between the metal 

centers is lost, while in the dipyridylpolyene series, the interaction is absent after 

five double bonds are inserted.  With these systems, EPR spectroscopy was also 

explored as an attempt to further monitor the electronic interactions between the 

coupled 17 e- Mo metal centers.  However, in all cases the exchange interaction, 

J, is much larger than the hyperfine interaction, AMo, resulting in a fast exchange 
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spectrum which gives the appearance of both unpaired electrons being 

equivalently coupled to both Mo centers. 

 

 

Figure 8. Mixed-metal bipyridine based complexes with thiophene spacers. 

In addition to the homodinuclear model complexes discussed above, a 

variety of heterodinuclear complexes with thiophene linkages have also been 

explored.  Complexes of varying geometries and ligand designs, including 

bipyridine28-30 and terpyridine ligands,31 have been utilized to prepare 

homonuclear ruthenium and osmium complexes as well as corresponding 

heteronuclear analogs.  
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Figure 9. Mixed-metal terpyridine based complexes with thiophene linkages. 

In each of these complexes, while the presence of the coordinated metals 

stabilized the oxidized and reduced species as compared to the free ligands, no 

evidence of metal-metal interaction was observed.   

 

Conducting Metallopolymers 

The incorporation of metals into conducting polymer systems can be 

achieved in a variety of different architectures.  They are most conveniently 

arranged into three types, as proposed by Wolf.32  Type I systems are those in 

which the metal is not in electronic communication with the conducting polymer 

backbone and connected by an electronically insulating tether.  In this 

arrangement, the properties of the resulting complex are typically quite similar to 

those of the parent materials.  Type II systems possess metal complexes adjacent 

to the polymer backbone and thus have the potential to experience electronic 
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coupling of the two systems which can result in the altering of the properties of 

the materials.  The final type, Type III, is comprised of polymer systems where 

the metal center is located directly in the polymer backbone.   

 

 

Figure 10. Illustration of different methods of incorporation of metals into 
conducting polymer systems.  a) Type I: tethered to polymer 
backbone; b) Type II: adjacent to polymer backbone; and c) Type III: 
between polymer segments.  Illustration adapted from reference [31].  

One of the many attractive features of these complexes is the ability to 

readily prepare polymers of these materials through electropolymerization.  Like 

the parent polythiophene systems, many conducting metallopolymers are 

insoluble and deposit onto the working electrode during the electropolymerization 

process.  This allows for not only a rapid method of production but the potential 

for scale-up and generation of a large amount of material with the use of a high 

surface area working electrode. 

As a consequence of the electropolymerization and relative ease of 

functionalization, the largest class of electropolymerizable monomers is based on 

heterocyclic aromatic compounds, such as pyrrole and thiophene.  Many 

thiophene complexes electropolymerize at potentials which are easily accessible 

in common organic solvents provides a greater functional group tolerance, as 
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compared to systems with higher oxidation potentials, and thus allows for the 

preparation of a wide variety of monomers.   

Of the Type II complexes prepared, many utilize diimine functional 

groups such as bipyridine, bithiazole, or phenanthroline, for incorporation of a 

variety of metal complexes directly into the conducting polymer backbone.  

Frequently these materials exhibit strong electronic interactions between the 

closely coupled components. 

 

 

Figure 11. Type II thiophene based conducting metallopolymer systems which 
utilize diimine functional groups. 

Polymers prepared by Wolf and Wrighton (Figure 11a)33 are readily 

electropolymerized, and while the effect is small, the ability to utilize the 

metallopolymer to study the electron density at the metal center as a function of 

charge on the conducting polymer backbone has been demonstrated.  This may be 

readily observed by changes of the CO stretches in the IR spectrum between the 

neutral and oxidized complexes of 4 and 6 cm-1 for the two stretches.  Further 

investigations into the conductivity of these systems suggest that the energy of the 

valence band is modulated due to the alternation of the bithiazole and the 

bithiophene units.   



 16 

Bipyridine based systems like those prepared by Swager and coworkers 

(Figure 11b)34,35 using one, two, or three of the thiophene appended bipyridine 

units on the ruthenium core display redox properties of both the conducting 

polymer and the metal center.  Conductivity studies revealed strong electronic 

communication between the bipyridine ligand and the ruthenium center as well as 

participation of the Ru center in the overall conductivity.  This effect is 

maximized from a 4,4’- and 4-bithienyl substitution pattern, indicating that self-

exchange between the Ru complexes is more favorable than through space.   

The phenanthroline based Cu complexes shown in Figure 11c, also 

readily form conducting polymers in which the Cu complexes contribute not only 

to the conductivity of the material, but in the case of the non-alkylated derivative, 

plays an important structural role.  Upon removal of the Cu from the polymer 

film, the structure is irreversibly damaged. 

In addition to diimine based conducting polymer systems, conducting 

metallopolymer materials incorporating salen ligands have also received a great 

deal of investigation.36-42  Salen-type ligands, tetradentate Schiff base ligands with 

O,N,N’,O’ coordination sites, are readily synthesized in a one-step reaction by 

condensation of a diamine with an aldehyde and are frequently named by 

contractions of these starting materials.  For example, salen ligands refer to 

ligands prepared from salicylaldehyde and ethylene diamine (N,N’-

bis(salicylidene)ethylenediamine), while salophen and salch correspond to those 

ligands prepared from o-phenylene and cyclohexyl diamines, respectively.  

Transition metal salen-type complexes have found extensive use as catalysts for a 

variety of organic transformations due to the low cost synthesis and ease of 

derivatization.  The immobilization of these complexes allows for the potential to 
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transform these systems into heterogeneous catalysts and has led to the 

investigation of a variety of different architectures.43,44   

 

 

Figure 12. Type II thiophene based conducting metallopolymer systems which 
utilize salen-type ligands. 

Systems similar to those shown in Figure 12a have been investigated by 

Reddinger and Reynolds.45,46  They have demonstrated that salen-type ligands 

may be employed to result in architectures in which the metal center can form an 

integral part of the conducting polymer backbone or be peripheral.  When 

terthiophene monomers are in use, oxidative polymerization results in the 

formation of polymer linkages at the 2,5- positions of the thiophene rings.  

However, when a monothiophene ring is used, oxidative polymerization of the 

monomer results in the formation of polymer linkages via the 5- positions of the 

phenyl rings due to steric crowding at the thiophene ring.  These polymers display 

redox chemistry and electrochromic properties which are strongly dependent on 

the chosen metal. 

Further evidence of metal interaction was demonstrated by Kingsborough 

and Swager36 with the investigations of salen ligands and complexes with 

thiophene, bithiophene, or ethylenedioxythiophene (EDOT) appended at the 5- 



 18 

position of the salicylaldimine ring.  The monothiophene salen ligands prepared 

with an ethylenediamine backbone were found to be difficult to polymerize 

electrochemically suggesting that the two halves of the molecule were 

electronically independent.  In contrast, the corresponding Co complex was found 

to have sufficient electronic communication between the two halves of the 

molecule through the metal center which allowed for easy oxidation and 

electrochemical polymerization.  While redox couples corresponding to both the 

Co and the thiophene backbone could be observed in the CV of the complex, only 

the later resulted in significant conductivity.  By exchanging the monothiophene 

polymerizable group for EDOT, the oxidation potential of the conducting polymer 

fragment was lowered to a potential which more closely overlapped with the Co, 

resulting in a significant increase in the overall conductivity of the material.  This 

observation led to further investigations into the role of redox matching within the 

conducting metallopolymer systems.37,47 

 

SCOPE OF THESIS 

Several research groups have prepared bimetallic model compounds in 

which two metal centers are coordinated in a variety of different ligand 

environments and bridged by an oligothiophene unit.23-31,48  These model systems 

offer an opportunity to better understand and measure the extent of metal-metal 

interaction through the oligothiophene π-system.  Several of these architectures 

achieve good electronic communication between the metal centers and the 

oligothiophene bridge.  Despite the study of salen/thiophene-based conducting 

metallopolymers in which the thiophene units are substituted at the 5- position of 
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the salicylaldimine units,32,36,37,40-42 no analogous model systems have been 

investigated.   

We seek to further the investigation of conducting polymer and 

metallopolymer structures and their model compounds through the 

electrochemical and spectroscopic characterization of oxidized systems of a 

homodinuclear chromium(III) ‘salch’ (salen-type ligand prepared from 

cyclohexyldiamine) system tethered by a terthiophene bridge, the analogous 

mononuclear system, and the corresponding ligands.  The research presented 

herein discusses the synthesis and electrochemical characterization of a series of 

model compounds in which an oligothiophene unit is end-capped with salen-type 

functionality.   

The use of redox-active ligands has been investigated to affect the 

reactivity and binding properties of transition metal complexes.33,49-51  A 

conducting polymer matrix has a large number of available oxidation states 

making it attractive as a redox-active ligand.  The variety of oxidation states 

offers a means to easily tune the amount of electron density on the metal center 

and consequently attenuate the binding affinity of an additional ligand through an 

easily controlled external stimulus (i.e., applied electrochemical potential).33,51,52  

Therefore, carefully designed conducting metallopolymers, where a metal 

complex has been synthetically incorporated into a conducting polymer matrix, 

have potential applications in small molecule storage and delivery,49 

electrochemical sensing,53 and catalysis.50  

Herein is reported the design, synthesis, and characterization of a novel 

electropolymerizable NCN pincer-type ligand, the corresponding Pt complexes, 

and the subsequent metallopolymers.  Incorporation of bithiophene into the target 
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ligand allows for the electropolymerization of the complex.  Potentiodynamic 

anodic polymerizations of the monomers form Wolf type II conducting 

metallopolymers32 where the metal complexes are in electronic communication 

with the conducting polymer backbone but do not play a structural role.  The 

substitution of the bithiophene units in a meta- arrangement should produce, upon 

polymerization, a conducting metallopolymer with a segmented nature.  In the 

oxidized system, charges will localize in the oligothiophene fragments and lead to 

sequential withdrawal of electron density from the metal center with increasing 

amounts of electrochemical doping.  An additional design feature is the use of a 

cyclometallated pincer-type ligand structure based on demonstrated chemical 

robustness and the presence of only one ancillary ligand which should maximize 

and simplify the redox-attenuated effect reported by this ligand. 

The tub-shaped cyclooctatetraene (COT) molecule undergoes a large 

change in geometry upon reduction to form the planar aromatic species which 

remains unchanged with the substitution of benzyl rings on either side of the 

central COT ring to form dibenzo[a,e]cyclooctatetraene (DBCOT).  Herein we 

seek to prepare and investigate a supramolecular assembly utilizing a redox-active 

ligand.  In contrast to the redox-active MOF systems previously prepared where 

the electrochemical changes occurred at the metal vertices, the incorporation of a 

functionalized DBCOT ligand into an assembly has the potential to result in a 

redox-active framework where not only is the redox-activity a result of the 

organic bridge, but reduction of the system should result in a geometry change of 

the system.   
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Chapter 2: Model Compounds for the Elucidation of Charge 
Transfer in Polythiophene 

INTRODUCTION 

The investigation of the charge transfer and charge transport properties of 

conducting polymers is a complex and multifaceted problem in the field of 

conducting polymer systems.1,9,54  Due to the complex nature of the solid-state 

structure and morphology, direct investigation of the polymer systems has proven 

difficult.  Consequently, focus has been directed toward the study of model 

compounds to further the understanding of the interaction of redox centers and 

charge transport properties within conducting polymers.48 

These model systems offer an opportunity to better understand and 

measure the extent of metal-metal interaction through the oligothiophene π-

system.  Despite the study of salen/thiophene-based conducting metallopolymers 

in which the thiophene units are substituted at the 5- position of the 

salicylaldimine units,32,36,37,40-42 no analogous model systems have been 

investigated.   

 

Research Objectives 

We seek to further the investigation of conducting polymer and 

metallopolymer structures and their model compounds through the 

electrochemical and spectroscopic characterization of thiophene-salch model 

compounds.  Through the careful investigation of well defined oligothiophene 

systems end-capped with salen-type functionality, the role of the interactions of 

the redox chemistry of the thiophene conducting polymer system with that of the 

salen ligand systems and their corresponding transition metal complexes may be 
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investigated.  By substitution of the salicylaldehyde at the 5- position with the 

thiophene bridge, the maximum electronic interaction between the conducting 

polymer and metal center may be achieved.55   

The incorporation of a variety of different metals into this type of model 

complex provides the opportunity to investigate mixed valence complexes.  It 

would be ultimately desirable to explore three different salen-type complexes: 

those in which the metal center is expected to oxidize before the thiophene bridge, 

those in which the metal center oxidizes after the thiophene bridge, and those 

complexes in which the metal center is not expected to be redox active within the 

electrochemical window.  Complexes of the first type would be expected to result 

in Class I systems by the Robin and Day classification system.22  Oxidation of the 

metal center while the oligothiophene bridge remains neutral and insulating 

should result in no interaction between the two metal centers.  In contrast, 

selection of a metal complex in which the metal centered oxidation lies at a 

potential higher than that of thiophene bridge, has the potential to become a Class 

II/III mixed-valence complex.  Electronic communication between the two metal 

centers through the oxidized and electronically conducting oligothiophene bridge 

may then be studied.  This interaction is illustrated in Figure 13. 
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Figure 13. Schematic of potential mixed-valence interactions in oligothiophene 
bridged model complexes. 

The research presented herein discusses the synthesis and electrochemical 

characterization of a series of model compounds as well as a homodinuclear 

chromium(III) salch complex.  By comparison with the spectroscopic and 

electrochemical behavior of the analogous mononuclear systems and ‘half-salens’ 

the interactions of these materials may be explored. 

 
  



 24 

EXPERIMENTAL 

Instrumentation 

NMR spectra were obtained on either a Varian Unity+ 300 or Varian 400 

Spectrometer with an Oxford Instruments Ltd. superconducting magnet using a 

Sun Ultra 5 workstation and a 5 mm Auto-switchable probe (1H/19F/13C/31P).  1H 

NMR signals were referenced to residual proton resonances in deuterated solvents 

and coupling constants are reported in Hz.  13C NMR spectra were referenced 

relative to solvent peaks.  Mass spectra were recorded on one of two high-

resolution magnetic sector mass spectrometers (Micromass ZAB and Autospec) 

equipped with EI, CI, FAB, in positive/negative ionization modes.  Melting points 

were recorded on a Mel-Temp II melting temperature apparatus made by 

Laboratory Devices of Holliston, MA.  Elemental analysis was performed by 

Quantitative Technologies Inc. (Whitehouse, NJ).  UV-visible absorption data 

was recorded on a Varian/Cary 6000i spectrophotometer.  The microwave 

assisted reaction was performed in a CEM Discover reactor.  X-band EPR spectra 

were recorded on a Bruker EMX Plus spectrometer equipped with a nitrogen flow 

cryostat.  All samples were from freshly prepared solutions immediately prior to 

analysis.  Simulations were performed using Bruker Simfonia software. 

 

Electrochemistry 

Electrochemical characterization was performed under a nitrogen 

atmosphere in a dry-box using a GPES system from Eco Chemie in CH2Cl2 or 

THF with 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the 

supporting electrolyte.  Electrochemical experiments were carried out in a three-
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electrode cell with a Ag/AgNO3 non-aqueous reference electrode, a Pt button 

working electrode, and a Pt wire counter electrode.  All potentials are reported 

versus the Fc/Fc+ couple.  Cyclic voltammetry experiments were obtained at a 

scan rate of 100 mV∙s -1.  Differential pulse voltammetry experiments were 

obtained with the following parameters: modulation time, 0.05 s; interval time, 

0.1 s; step potential 0.002 V; modulation amplitude, 0.1 V. 

 

Crystal Structure Determination  

Diffraction data was collected on a Rigaku AFC12 with Saturn 724+ CCD 

diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) at 

100 K.  Absorption correction was applied using Multi-scan.  The structure was 

solved by direct methods and refined anisotropically using full-matrix least-

squares methods with the SHELX 97 program package.56  The coordinates of the 

non-hydrogen atoms were refined anisotropically, while hydrogen atoms were 

included in the calculation isotropically but not refined, except in the case of 8 

where hydrogen atoms bound to oxygen and nitrogen were refined.   

 

Synthesis 

General Methods 

All chemicals were purchased from commercial suppliers and were used 

as received.  All solvents were dried using an Innovative Technology, Pure Solv 

solvent purifier with a double purifying column except as otherwise noted.  Air 

and moisture sensitive reactions were performed using standard Schlenk 

techniques.  The following compounds were prepared according to literature 
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procedures: salophen ligand (1), Ni(salophen) (2a), Zn(salophen) (2b), salch 

ligand (3),57 Co(salch) (4a),58 Cu(salch) (4b),58 Ni(salch) (4c),58 Zn(py)salch 

(4d),57 CrClsalch (5),59 OsO2salch (6),60 Os(SPh)2salch (7),61 

bis(tributylstannyl)thiophenes (11a-c),62 2-aminocyclohexylcarbamic acid tert-

butyl ester (9),63 5-bromo-3-tert-butyl-2-hydroxybenzaldehyde (12),64 (±)-trans-

1,2-cyclohexanediamine mono(hydrogen chloride (14),65 Cr(O)Clsalch (36),66 

iodosylbenzene,67   

 

 

3,4-Dioctylthiophene [17].  3,4-Dibromothiophene (20.15 g, 83.3 mmol) 

and Ni(dppp)Cl2 (0.315 g, 0.6 mmol) were dissolved in Et2O at 0 ˚C in a 1L round 

bottom flask.  Octylmagnesium bromide (2M in Et2O, 100 mL) was added 

dropwise over 2 hours.  The reaction was stirred for an additional 30 minutes at 0 

˚C, then heated to reflux for 16 hours.  The reaction was cooled to 0 ˚C and 50 mL 

H2O with 10 drops conc. HCl was slowly added.  The aqueous phase was 

separated and extracted with Et2O (3 x 50 mL).  The Et2O extract was combined 

with the organic fraction, dried over MgSO4, and reduced.  The product was 

purified by vacuum distillation (bp 165 ̊ C, 300 mTorr) to yield a colorless oil 

(24.468 g, 95%).  1H NMR (300 MHz, CDCl3) δ: 6.93 (s, 2H), 2.56 (t, J = 7.5, 

4H), 1.74-1.62 (m, 4H), 1.48-1.30 (m, 20H), 0.95 (t, J = 6.6, 6H); 13C{1H} NMR 

(75 MHz, CDCl3) δ: 142.0, 119.8, 31.9, 29.7, 29.6, 29.5, 29.3, 28.8, 22.7, 14.1; 

HRMS (CI+) calcd for C20H37S [M+H]+ 309.2616, found 309.2618. 
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2,5-Dibromo-3,4-dioctylthiophene [18].  17 (10.005 g, 32.4 mmol) was 

dissolved in 100 mL DMF and cooled to 0 ˚C.  NBS (12.120 g, 68.1 mmol) 

dissolved in DMF (100 mL) was added dropwise over one hour.  Once addition 

was complete, the reaction was warmed to room temperature and stirred for an 

additional 3 hours.  The reaction was poured into 200 mL water, and the product 

was extracted with hexanes (3 x 100 mL).  The organic phase was combined, 

washed with water (2 x 100 mL), brine and dried over MgSO4.  No further 

purification was required; the product was isolated as a yellow oil (13.481 g, 

89%).  1H NMR (300 MHz, CDCl3) δ: 2.50 (t, J = 7.5, 4H), 1.52-1.22 (m, 24H), 

0.88 (t, J = 6.6, 6H); 13C{1H} NMR (75 MHz, CDCl3) δ: 141.4, 107.8, 31.9, 29.6, 

29.5, 29.3, 29.2, 29.0, 22.7, 14.1; HRMS (CI+) calcd for C20H35Br2S [M+H]+ 

465.0826, found 465.0826. 

 

 

3’,4’-Dioctyl-2,2’:5’,2”-terthiophene [19].  18 (5.00 g, 10.58 mmol), 

LiCl (2.27 g, 53 mmol), 2-(tributylstannyl)thiophene (9.80 g, 29.6 mmol) and 

PdCl2(PPh3)2 (400 mg, 0.57 mmol) were combined in DMF (30 mL) in an 80 mL 

microwave reaction vessel.  The reaction was run in the microwave reactor for 45 

minutes at 300 W and 105 ºC.  Reaction mixture was dissolved in hexanes and 

washed with water (3 x 100 mL).  The organic phase was dried over Na2SO4 and 

reduced.  Product purified by column chromatography (silica gel, hexanes) to 

yield a light yellow oil (4.98g, 98 %).  1H NMR (300 MHz, CDCl3) δ: 7.30 (dd, J 
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= 5.1, 1.2, 2H), 7.15 (dd, J = 3.6, 1.2, 2H), 7.08-7.05 (m, 2H), 2.71 (t, J = 8.1, 

4H), 1.66-1.28 (m, 24H), 0.91 (t, J = 6.6, 6H); 13C{1H} NMR (75 MHz, CDCl3) 

δ: 140.0, 136.2, 129.8, 127.3, 125.8, 125.2, 31.9, 30.7, 29.9, 29.2, 28.1, 22.7, 

14.1; HRMS (CI+) calcd for C28H41S3 [M+H]+ 473.2370, found 473.2370. 

 

 

5,5”-Bis(tributylstannyl)-3’,4’-dioctyl-2,2’:5’,2”-terthiophene [11d].  

19 (3.498 g, 7.4 mmol) was dissolved in THF and n-BuLi (1.6 M in hexanes, 10.0 

mL) was added dropwise over 45 minutes at room temperature.  After one hour, 

tributyltin chloride (4.0 mL, 14.8 mmol) was added at once and the reaction was 

stirred overnight.  THF was removed under reduced pressure and the reaction 

mixture was dissolved in hexanes and vacuum filtered to remove LiCl.  The 

filtrate was reduced and no further purification was necessary.  Product was 

isolated as a light orange oil (7.639 g, 98%).  1H NMR (400 MHz, CDCl3) δ: 7.26 

(d, J = 3.2, 2H), 7.11 (d, J = 3.6, 2H), 2.74-2.68 (m, 4H), 1.66-1.54 (m, 16H), 

1.48-1.26 (m, 32H), 1.22-1.12 (m, 12H), 0.96-0.88 (m, 24H); 13C{1H} NMR (100 

MHz, CDCl3) δ: 142.2, 139.8, 137.1, 135.8, 130.1, 126.8, 32.2, 31.0, 30.2, 29.6, 

29.2, 28.5, 27.5, 23.0, 14.4, 13.9, 11.1.  HRMS (CI+) calcd for C52H93S3Sn2 

[M+H]+ 1051.4477, found 1051.4471. 

 

General Procedure for Stille Coupling (GP1).  11 (1 equiv), 12 (2.1 

equiv), tri-tert-butylphosphonium tetrafluoroborate (10 mol %), and 

tris(dibenzylideneacetone)dipalladium(0) (5 mol %) were combined in a small 
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vial under inert atmosphere in anhydrous N-methylpyrrolidone (NMP)  The 

reaction mixture was heated to 85 °C for 3 days.  The NMP was removed by flash 

column chromatography (silica gel, 2:1 hexanes/Et2O).  Product was purified by 

either recrystallization or column chromatography. 

 

 

Bis-5,5'-(thiophen-2,5-yl)-3-tert-butyl-2-hydroxybenzaldehyde [13a].  

Prepared according to GP1.  The product was purified by column chromatography 

(silica gel, 9:1 hexanes/EtOAc) to afford a light yellow solid (33%): mp 173-174 

°C; 1H NMR (300 MHz, CDCl3) δ: 11.80 (s, 2H, OH, exchangeable with D2O), 

9.91 (s, 2H, CHO), 7.75 (d, J = 2.4, 2H, aromatic), 7.59 (d, J = 2.4, 2H, aromatic), 

7.18 (s, 2H, thiophene), 1.46 (s, 18H, tBu); 13C{1H} NMR (75 MHz, CDCl3) δ: 

197.0, 160.7, 142.1, 139.1, 131.6, 128.5, 125.7, 123.4, 120.6, 35.0, 29.1; UV-Vis 

(CH2Cl2, nm): λmax 334 (ε, 2.5 x 104 M-1·cm-1); HRMS (CI+) calcd for C26H29O4S 

[M + H]+ 437.1787, found 437.1783. 

 

 

Bis-5,5'-(2,2’-bithiophen-5,5’-yl)-3-tert-butyl-2-hydroxybenzaldehyde 

[13b].  Prepared according to GP1.  The product was recrystallized from 

CH2Cl2/hexanes to yield a yellow-orange solid (53%): mp 253-254 °C; 1H NMR 

(300 MHz, CD2Cl2) δ: 11.80 (s, 2H, OH, exchangeable with D2O), 9.91 (s, 2H, 
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CHO), 7.78 (d, J = 2.4, 2H, aromatic), 7.66 (d, J = 2.4, 2H, aromatic), 7.20 (dd, J 

= 3.6, 5.7, 4H, thiophene), 1.47 (s, 18H, tBu); 13C{1H} NMR (75 MHz, CDCl3) δ: 

197.7, 161.2, 142.5, 139.5, 136.4, 132.0, 128.9, 125.9, 124.9, 123.7, 121.1, 35.3, 

29.3; UV-Vis (CH2Cl2, nm): λmax 378 (ε, 4.4 x 104 M-1·cm-1); HRMS (CI+) calcd 

for C30H31O4S2 [M + H]+ 519.1664, found 519.1663. 

 

 

Bis-5,5'-(2,2’:5’,2”-terthiophen-5,5”-yl)-3-tert-butyl-2-

hydroxybenzaldehyde [13c].  Prepared according to GP1.  The product was 

purified by column chromatography (silica gel, 9:1 hexanes/EtOAc) to afford a 

light orange solid (45%): mp 252 °C; 1H NMR (300 MHz, CDCl3) δ: 11.81 (s, 

2H, OH, exchangeable with D2O), 9.92 (s, 2H, CHO), 7.72 (d, J = 2.4, 2H, 

aromatic), 7.58 (d, J = 2.4, 2H, aromatic), 7.14 (m, 4H, thiophene), 7.10 (s, 2H, 

thiophene), 1.45 (s, 18H, tBu); The compound was not soluble enough in any 

common organic solvent for 13C{1H} NMR analysis; UV-Vis (CH2Cl2, nm): λmax 

406 (ε, 4.8 x 104 M-1·cm-1); HRMS (EI) calcd for C34H32O4S3 [M]+ 600.1463, 

found 600.1465. 

 

 

5,5'-(3’,4’-dioctyl-2,2’:5’,2”-terthiophen-5,5”-yl)-3-tert-butyl-2-

hydroxybenzaldehyde [13d].  Prepared according to GP1.  The product was 
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purified by column chromatography (silica gel, 9:1 hexanes/EtOAc) to afford an 

orange solid (0.980 g, 58%): mp 159.8-160.5 °C; 1H NMR (300 MHz, CDCl3) δ: 

11.83 (s, 2H, CHO), 9.90 (s, 2H, OH), 7.75 (d, J = 1.8, 2H, aromatic), 7.58 (d, J = 

2.4, 2H, aromatic), 7.17 (d, J = 3.6, 2H, thiophene), 7.09 (d, J = 3.9, 2H, 

thiophene), 2.78-2.70 (m, 4H, -CH2(CH2)6CH3), 1.70-1.24, 1.47 (m, s, 42H, -

CH2(CH2)6CH3, tBu), 0.91-0.84 (m, 6H, -CH2(CH2)6CH3); The compound was not 

soluble enough in any common organic solvent for 13C{1H} NMR analysis; 

HRMS (CI+) calcd for C50H65O4S3 [M+H]+ 825.4045, found 825.4043.  Anal 

Calcd for C50H64O4S3: C, 72.77; H, 7.82.  Found: C, 72.75; H, 8.00. 

 

General Procedure for Unsymmetrical Salen (GP2).  A dry 100 mL 

round bottom flask was charged with 4Å molecular sieves, 3,5-di-tert-butyl-2-

hydroxybenzaldehyde (2.4 equiv), and 14 (2.4 equiv) in 1:1 anhydrous 

MeOH/anhydrous EtOH.  The reaction mixture was stirred at room temperature 

for 4 hours, then a mixture of 13 (1 equiv) and triethylamine (4 equiv, distilled 

over CaH2) in CH2Cl2 (distilled over CaH2) was added and the reaction mixture 

was stirred for an additional 4 hours.  The reaction mixture was filtered through a 

short silica plug and washed with CH2Cl2.  The products were purified by column 

chromatography. 
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Monothiophene-tethered Ligand [16a].  Prepared according to GP2.  

The product was purified by column chromatography (silica gel, 9:1 

hexanes/EtOAc) to yield a yellow-orange solid (29 %): mp 107-111 °C; 1H NMR 

(300 MHz, CDCl3) δ: 14.07 (br s, 2H, OH), 13.69 (br s, 2H, OH), 8.33 (s, 2H, 

N=CH), 8.31 (s, 2H, N=CH), 7.49 (d, J = 2.1, 2H, aromatic), 7.31 (d, J = 2.4, 2H, 

aromatic), 7.23 (d, J = 2.4, 2H, aromatic), 7.02 (s, 2H, thiophene), 6.98 (d, J = 

2.4, 2H, aromatic), 3.30-3.40 (m, 4H, -CH2CHN), 1.72-2.05 (m, 8H, cyclohexyl), 

1.47 (s, 18H, tBu), 1.44 (s, 18H, tBu), 1.24 (s, 18H, tBu); 13C{1H} NMR (75 MHz, 

CDCl3) δ: 166.0, 165.3, 160.1, 157.9, 142.5, 139.9, 137.7, 136.3, 127.0, 126.9, 

126.7, 125.9, 124.4, 122.4, 118.6, 117.7, 72.3, 34.9, 34.8, 34.0, 33.1, 33.0, 31.4, 

29.4, 29.3, 24.3; UV-Vis (CH2Cl2, nm): λmax 337 (ε, 4.2 x 104 M-1·cm-1); HRMS 

(CI+) calcd for C68H92N4O4S [M]+ 1060.6839, found 1060.6837. 

 

 

Bithiophene-tethered Ligand [16b].  Prepared according to GP2.  The 

product was purified by column chromatography (silica gel, 2:1 hexanes/CH2Cl2) 
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to yield a light orange solid (67 %): mp 164-168 °C; 1H NMR (300 MHz, CDCl3) 

δ: 14.10 (br s, 2H, OH), 13.70 (br s, 2H, OH), 8.30 (s, 2H, N=CH), 8.28 (s, 2H, 

N=CH), 7.46 (d, J = 2.1, 2H, aromatic), 7.29 (d, J = 2.1, 2H, aromatic), 7.19 (d, J 

= 2.4, 2H, aromatic), 7.05 (d, J = 3.9, 2H, thiophene), 6.98 (d, J = 3.6, 2H, 

thiophene), 6.95 (d, J = 2.4, 2H, aromatic), 3.30-3.40 (m, 4H, -CH2CHN), 1.56-

2.10 (m, 8H, cyclohexyl), 1.44 (s, 18H, tBu), 1.41 (s, 18H, tBu), 1.21 (s, 18H, 
tBu); 13C{1H} NMR (75 MHz, CDCl3) δ:  166.0, 165.3, 160.4, 157.9, 143.1, 

140.0, 137.8, 136.4, 135.6, 127.0, 126.9, 126.8, 125.9, 124.0, 123.9, 122.3, 118.6, 

117.7, 72.3, 34.9, 34.8, 34.0, 33.1, 29.4, 29.3, 24.3; UV-Vis (CH2Cl2, nm): λmax 

382 (ε, 4.4 x 104 M-1·cm-1); HRMS (CI+) calcd for C72H95N4O4S2 [M + H]+ 

1143.6795, found 1143.6793; Anal Calcd for C72H94N4O4S2•H2O: C, 74.44; H, 

8.33; N, 4.82.  Found: C, 74.24; H, 8.32; N, 4.5. 

 

 

Terthiophene-tethered Ligand [16c].  Prepared according to GP2.  The 

product was purified by column chromatography (silica gel, 9:1 hexanes/EtOAc) 

to yield a yellow-orange solid (35 %): mp 129-134 °C; 1H NMR (300 MHz, 

CDCl3) δ: 14.11 (br s, 2H, OH), 13.66 (br s, 2H, OH), 8.30 (s, 2H, N=CH), 8.27 

(s, 2H, N=CH), 7.45 (d, J = 2.1, 2H, aromatic), 7.29 (d, J = 2.1, 2H, aromatic), 

7.19 (d, J = 2.1, 2H, aromatic), 7.06 (d, J = 3.1, 2H, thiophene), 7.04 (s, 2H, 

thiophene), 6.90 (d, J = 3.6, 2H, thiophene), 6.94 (d, J = 2.4, 2H, aromatic), 3.30-
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3.40 (m, 4H, -CH2CHN), 1.72-2.05 (m, 8H, cyclohexyl), 1.43 (s, 18H, tBu), 1.40 

(s, 18H, tBu), 1.20 (s, 18H, tBu); 13C{1H} NMR (75 MHz, CDCl3) δ: 166.0, 

165.3, 160.5, 157.9, 143.5, 140.0, 137.9, 136.4, 136.1, 135.1, 127.1, 126.9, 126.8 

(not fully resolved), 125.9, 124.3, 123.9, 123.8, 122.4, 118.6, 117.7, 72.3, 35.0, 

34.9, 34.0, 33.2, 33.0, 31.4, 29.4, 29.3, 24.3; UV-Vis (CH2Cl2, nm): λmax 415 (ε, 

4.6 x 104 M-1·cm-1), 342 (shoulder, ε, 2.0 x 104 M-1·cm-1); HRMS (CI+) calcd for 

C76H96N4O4S3 [M]+ 1224.6594, found 1224.6591; Anal Calcd for 

C76H96N4O4S3•H2O: C, 73.39; H, 7.94; N, 4.5.  Found: C, 73.32; H, 8.01; N, 4.20. 

 

 

Dioctylterthiophene-tethered Ligand [16d].  Prepared according to GP2.  

Product was purified by column chromatography (silica gel, 9:1 hexanes/EtOAc) 

to yield an orange solid (yield 0.611 g, 75%); mp 124.8-126.5 °C; 1H NMR (400 

MHz, CDCl3) δ: 14.10 (br s, 2H, OH, exchangeable with D2O), 13.68 (br s, 2H, 

OH, exchangeable with D2O), 8.33 (s, 2H, CH=N), 8.31 (s, 2H, CH=N), 7.50 (d, J 

= 2.4, 2H, aromatic), 7.31 (d, J = 2.8, 2H, aromatic), 7.22 (d, J = 2.4, 2H, 

aromatic), 7.06-7.04 (m, 4H, thiophene), 6.97 (d, J = 2.0, 2H, aromatic), 3.38-

3.32 (m, 4H, -CH-N), 2.76-2.70 (m, 4H, -CH2(CH2)6CH3), 2.02-1.22 (m, 94H, -

CH2(CH2)6CH3, cyclohexyl, tBu), 0.90-0.86 (m, 6H, -CH2(CH2)6CH3); 13C{1H} 

NMR (100 MHz, CDCl3) δ: 166.2, 165.5, 160.6, 158.2, 144.4, 140.2, 138.1, 

136.6, 134.6, 130.1, 127.4, 127.2, 127.0 (not fully resolved), 126.6, 126.2, 124.3, 
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122.3, 118.9, 118.0, 72.6, 35.2, 35.1, 34.3, 32.2, 31.6, 31.0, 29.8, 29.5, 24.5, 22.9, 

14.4; UV-Vis (CH2Cl2, nm): λmax 383 (ε, 4.3 x 104 M-1•cm-1), 342 (shoulder, 

ε, 3.5 x 104 M-1•cm-1); HRMS (CI+) calcd for C92H128N4O4S3 [M]+ 1448.9104, 

found 1448.9092; Anal Calcd for C92H128N4O4S3•H2O: C, 75.26; H, 8.92; N, 3.82.  

Found: C, 75.37; H, 8.55; N, 3.58. 

 

 

Unsymmetrical salch Ligand [20].  Prepared similar to GP2.  A dry 100 

mL round bottom flask was charged with 4Å molecular sieves, 3,5-di-tert-butyl-

2-hydroxybenzaldehyde (1.823 g, 7.8 mmol), and 14 (1.172 g, 7.8 mmol) in 1:1 

anhydrous MeOH/anhydrous EtOH (30 mL).  The reaction mixture was stirred at 

room temperature for 4 hours, then a mixture of 12 (2.00 g, 7.8 mmol) and 

triethylamine (2.17 mL, 15.6 mmol, distilled over CaH2) in CH2Cl2 (distilled over 

CaH2) was added and the reaction mixture was stirred for an additional 4 hours.  

The reaction mixture was filtered through a short silica plug and washed with 

CH2Cl2.  The product was purified by column chromatography (silica gel, 9:1 

hexanes/EtOAc) to give a light yellow solid.  1H NMR indicated traces of 

symmetric ligand in product, used without further purification in the next step.  

(2.859 g, 65 %): MS (CI+) calcd for C32H46N2O2 [M + H]+ 568.27, found 569. 
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Os-salch Complex [21].  To a suspension of 20 (380 mg, 0.67 mmol) and 

benzoic acid (163 mg, 1.33 mmol) in MeOH (30 mL) was added 

K2OsO2(OH)4•2H2O (250 mg, 0.67 mmol) and the reaction was stirred at room 

temperature for 1 hour.  The reaction mixture was left to precipitate overnight in a 

freezer and the resulting solid was collected by vacuum filtration and washed with 

cold MeOH.  The product was purified by column chromatography (silica gel, 

DCM) to yield a brick red solid (0.219 g, 42 %): 1H NMR (400 MHz, CDCl3) 

δ: 8.40 (s, 1H, N=CH), 8.23 (s, 1H, N=CH), 7.69 (d, J = 2.8, 1H, aromatic), 7.59 

(d, J = 2.8, 1H, aromatic), 7.36 (d, J = 2.4, 1H, aromatic), 7.16 (d, J = 2.8, 1H, 

aromatic), 3.95-3.80 (m, 2H, -CH2CHN), 2.85-2.65 (m, 2H, cyclohexyl), 2.10-

1.90 (m, 2H, cyclohexyl) 1.70-1.10 (m, 31H, cyclohexyl, tBu);  The compound 

was not soluble enough in any common organic solvent for 13C{1H} NMR 

analysis;  MS (CI+) calcd for C32H44BrN2O4Os [M + H]+ 790.20, found 791. 

 

 

Terthiophene Os-salch Complex [22].  Prepared similar to GP1.  11d 

(111 mg, 0.11 mmol), 21 (200 mg, 0.25 mmol), tri-tert-butylphosphonium 
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tetrafluoroborate (4 mg, 0.01 mmol) and tris(dibenzylideneacetone)dipalladium(0) 

(10 mg, 0.01 mmol) were combined in a small vial under inert atmosphere in 

anhydrous N-methylpyrrolidone (NMP).  The reaction mixture was heated to 85 

°C for 3 days.  The reaction was dissolved in DCM (150 mL) and washed with 

several portions of water and brine to remove NMP.  The product was purified by 

column chromatography (silica gel, DCM) to give a brown solid (27 mg, 73 %): 
1H NMR (400 MHz, CDCl3) δ: 1H NMR (400 MHz, CDCl3) δ: 8.35 (s, 1H, 

CH=N), 8.33 (s, 1H, CH=N), 7.83 (d, J = 2.4, 1H, aromatic), 7.68 (d, J = 2.4, 1H, 

aromatic), 7.48 (d, J = 2.4, 1H, aromatic), 7.31 (d, J = 5.2, 2H, aromatic), 7.14-

7.06 (m, 5H, thiophene), 3.38-3.32 (m, 2H, -CH-N), 2.76-2.70 (m, 4H, -

CH2(CH2)6CH3), 2.02-1.22 (m, 59H, -CH2(CH2)6CH3, cyclohexyl, tBu), 0.90-0.86 

(m, 6H, -CH2(CH2)6CH3);  The compound was not soluble enough in any 

common organic solvent for 13C{1H} NMR analysis; MS (ESI) calcd for 

C60H82N2O4OsS3 [M + H]+ 1182.51, found 1182.27. 

 

General Procedure for Half-Salen Thiophenes (GP3).  13 (1 equiv) and 

cyclohexylamine or 2-aminocyclohexylcarbamic acid tert-butyl ester (3 equiv) 

were dissolved in 5:1 CH2Cl2/EtOH.  The reaction mixture was stirred at room 

temperature overnight at which time the solvent was removed under reduced 

pressure and the resulting orange solid was washed with hexanes to remove 

excess amine. 
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Monothiophene Half-salen [23a].  Prepared according to GP3.  The 

product was obtained with no further purification as a light orange solid (80 %): 

mp 105.1-109.4 °C; 1H NMR (300 MHz, CDCl3) δ: 14.44 (br s, 2H, OH), 8.39 (s, 

2H, N=CH), 7.56 (d, J = 2.4, 2H, aromatic), 7.33 (d, J = 2.1, 2H, aromatic), 7.12 

(s, 2H, thiophene), 3.40-3.30 (m, 2H, -CH2CHN), 1.80-1.25, 1.49 (38H, m, 

cyclohexyl, s, tBu); 13C{1H} NMR (75 MHz, CDCl3) δ: 162.7, 160.7, 145.7, 

138.1, 126.9, 126.4, 124.2, 122.4, 118.7, 67.4, 34.9, 34.3, 29.3, 25.5, 24.4; UV-

Vis (CH2Cl2, nm): λmax 345 (ε, 3.4 x 104 M-1·cm-1); HRMS (CI+) calcd for 

C38H51N2O2S [M + H]+ 599.3671, found 599.3668. 

 

 

Bithiophene Half-salen [23b].  Prepared according to GP3.  The product 

was obtained with no further purification as a light orange solid (94 %): mp 

241.0-243.6 °C; 1H NMR (300 MHz, CDCl3) δ: 14.47 (br s, 2H, OH), 8.34 (s, 2H, 

N=CH), 7.53 (d, J = 2.4, 2H, aromatic), 7.30 (d, J = 2.4, 2H, aromatic), 7.09 (dd, 

J = 3.6, 9.3, 4H, thiophene), 3.40-3.30 (m, 2H, -CH2CHN), 1.90-1.25, 1.49 (38H, 
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m, cyclohexyl; s, tBu); The compound was not soluble enough in any common 

organic solvent for 13C{1H} NMR analysis; UV-Vis (CH2Cl2, nm): λmax 385 (ε, 

3.9 x 104 M-1·cm-1); HRMS (CI+) calcd for C42H53N2O2S2 [M + H]+ 681.3548, 

found 681.3542. 

 

 

Terthiophene Half-salen [23c].  Prepared according to GP3.  The product 

was obtained with no further purification as a light orange solid (94 %): mp 

236.3-238.7 °C; 1H NMR (300 MHz, CDCl3) δ: 14.49 (br s, 2H, OH), 8.38 (s, 2H, 

N=CH), 7.52 (d, J = 2.4, 2H, aromatic), 7.30 (d, J = 2.4, 2H, aromatic), 7.12-7.05 

(m, 6H, thiophene), 3.40-3.30 (m, 2H, -CH2CHN), 1.90-1.25, 1.49 (38H, m, 

cyclohexyl; s, tBu); The compound was not soluble enough in any common 

organic solvent for 13C{1H} NMR analysis; UV-Vis (CH2Cl2, nm): λmax 417 (ε, 

4.0 x 104 M-1·cm-1); HRMS (CI+) calcd for C46H55N2O2S3 [M + H]+ 763.3430, 

found 763.3420. 
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Dioctylterthiophene Half-salen [23d].  Prepared according to GP3.  The 

product was obtained with no further purification as a light orange solid (76 %): 

mp 180-182 °C; 1H NMR (400 MHz, CDCl3) δ: 14.49 (br s, 2H, OH), 8.39 (s, 2H, 

N=CH), 7.55 (d, J = 2.4, 2H, aromatic), 7.31 (d, J = 2.4, 2H, aromatic), 7.09 (dd, 

J = 3.6, 20.0, 4H, thiophene), 3.30-3.20 (m, 2H, -CH2CHN), 3.05 (m, 4H, -

CH2(CH2)6CH3), 1.90-1.25 (m, 62H, tBu, cyclohexyl, -CH2(CH2)6CH3), 0.90-0.86 

(m, 6H, -(CH2)7CH3); 13C{1H} NMR (100 MHz, CDCl3) δ: 162.7, 161.0, 144.4, 

139.9, 138.2, 134.3, 129.9, 127.0, 126.6, 126.5, 123.8, 121.9, 118.7, 67.4,, 35.0, 

34.3, 31.9, 30.8, 30.0, 29.3, 29.1, 28.3, 25.5, 24.5, 22.7, 14.1; UV-Vis (CH2Cl2, 

nm): λmax 383 (ε, 3.5 x 104 M-1·cm-1); HRMS (CI+) calcd for C62H87N2O2S3 [M + 

H]+ 987.5930, found 987.5911. 

 

 

Monothiophene Boc-Half-salen [24a].  Prepared according to GP3.  The 

product was isolated as an orange solid (52 %): mp 210-216 °C; 1H NMR (300 

MHz, CDCl3) δ: 13.8 (br s, 2H, OH), 8.35 (s, 2H, N=CH), 7.53 (d, J = 2.4, 2H, 



 41 

aromatic), 7.32 (d, J = 2.1, 2H, aromatic), 7.14 (s, 2H, thiophene), 7.10 (s, 2H, 

thiophene), 4.40 (br s, 2H, NH), 3.65 (br s, 2H, -CH2CHN), 3.05 (br s, 2H, -

CH2CHN), 2.10-1.60 (m, 16H, cyclohexyl), 1.45 (s, 18H, tBu), 1.27 (s, 18H, tBu); 
13C{1H} NMR (75 MHz, CDCl3) δ: 164.5, 160.2, 155.2, 142.7, 138.0, 127.0, 

126.6, 124.2, 122.4, 118.6, 34.9, 33.3, 29.3, 28.1, 24.8, 24.1; UV-Vis (CH2Cl2, 

nm): λmax 343 (ε, 3.1 x 104 M-1·cm-1); HRMS (CI+) calcd for C48H69N4O6S [M + 

H]+ 829.4938, found 829.4941. 

 

 

Bithiophene Boc-Half-salen [24b].  Prepared according to GP3.  The 

product was isolated as an orange solid (68 %): mp 251-254 °C; 1H NMR (300 

MHz, CDCl3) δ: 13.8 (br s, 2H, OH), 8.35 (s, 2H, N=CH), 7.52 (d, J = 2.4, 2H, 

aromatic), 7.30 (d, J = 2.1, 2H, aromatic), 7.11 (d, J = 3.6, 2H, thiophene), 7.07 

(d, J = 3.9, 2H, thiophene), 4.40 (br s, 2H, NH), 3.65 (br s, 2H, -CH2CHN), 3.05 

(br s, 2H, -CH2CHN), 2.10-1.60 (m, 16H, cyclohexyl), 1.45 (s, 18H, tBu), 1.25 (s, 

18H, tBu); 13C{1H} NMR (75 MHz, CDCl3) δ: 164.5, 160.6, 155.2, 143.3, 138.1, 

135.5, 127.1, 124.1, 123.9, 122.3, 118.7, 34.9, 33.4, 29.3, 28.2, 24.8, 24.1; UV-

Vis (CH2Cl2, nm): λmax 363 (ε, 3.4 x 104 M-1·cm-1); HRMS (CI+) calcd for 

C52H71N4O6S2 [M + H]+ 911.4810, found 911.4820. 
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Terthiophene Boc-Half-salen [24c].  Prepared according to GP3.  The 

product was isolated as an orange solid (84 %): mp 243.5-246.1 °C; 1H NMR 

(300 MHz, CDCl3) δ: 13.8 (br s, 2H, OH), 8.34 (s, 2H, N=CH), 7.52 (d, J = 2.4, 

2H, aromatic), 7.29 (d, J = 2.4, 2H, aromatic), 7.08 (m, 6H, thiophene), 4.40 (br s, 

2H, NH), 3.65 (br s, 2H, -CH2CHN), 3.05 (br s, 2H, -CH2CHN), 2.10-1.60 (m, 

16H, cyclohexyl), 1.45 (s, 18H, tBu), 1.25 (s, 18H, tBu); 13C{1H} NMR (75 MHz, 

CDCl3) δ: 164.5, 160.6, 155.2, 143.7, 138.2, 136.1, 135.0, 127.1, 126.7, 124.4, 

123.9, 123.6, 122.3, 118.7, 34.9, 33.4, 29.3, 28.2, 24.8, 24.1; UV-Vis (CH2Cl2, 

nm): λmax 416 (ε, 4.8 x 104 M-1·cm-1); HRMS (CI+) calcd for C56H73N4O6S3 [M + 

H]+ 993.4692, found 993.4695. 

 

 

Dioctylterthiophene Boc-Half-salen [24d].  Prepared according to GP3.  

The product was isolated as an orange solid (98 %): mp 194-196 °C; 1H NMR 

(400 MHz, CDCl3) δ: 13.8 (br s, 2H, OH), 8.35 (s, 2H, N=CH), 7.54 (d, J = 2.4, 

2H, aromatic), 7.31 (d, J = 2.4, 2H, aromatic), 7.10 (dd, J = 3.6, 19.6, 4H, 
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thiophene), 4.40 (br s, 2H, NH), 3.65 (br s, 2H, -CH2CHN), 3.05 (br s, 4H, -

CH2(CH2)6CH3), 2.02-1.22 (m, 76H, tBu, cyclohexyl, -CH2(CH2)6CH3), 0.90-0.86 

(m, 6H, -(CH2)7CH3); 13C{1H} NMR (100 MHz, CDCl3) δ: 164.5, 160.4, 155.2, 

144.2, 139.8, 138.1, 134.2, 129.7, 127.0, 126.6, 126.4, 123.8, 121.8, 118.6, 34.9, 

33.4, 31.8, 30.7, 29.9, 29.2, 28.1, 24.8, 24.0, 22.6, 14.1; UV-Vis (CH2Cl2, nm): 

λmax 385 (ε, 3.8 x 104 M-1·cm-1); HRMS (CI+) calcd for C72H105N4O6S3 [M + H]+ 

1217.7196, found 1217.7247. 

 

 

Unsymmetrical Chromium Complex [25].  Prepared in a method 

analogous to 5.59  16d (289 mg, 0.20 mmol) was dissolved in 30 mL THF.  In a 

separate flask, a suspension of anhydrous CrCl2 (56 mg, 0.46 mmol) in 45 mL 

THF was prepared.  The solution of 16d was transferred to the Cr suspension and 

the reaction was stirred for 3 hours.  At that time, the reaction was exposed to air 

and left to stir for an additional 3 hours.  The reaction solution was diluted with 

DCM (150 mL) and washed with sat. NH4Cl (3 x 150 mL) and brine (100 mL) 

and the organic phase was dried over Na2SO4, reduced, and recrystallized from 

THF/Et2O to yield a brown solid (258 mg, 80%): mp >300 °C; HRMS (ESI) calcd 

for C92H124N4O4S3Cr2 [M – 2Cl]2+ 774.37920, found 774.37845; Anal Calcd for 

C92H124N4O4S3Cr2Cl2: C, 68.16; H, 7.71; N, 3.46.  Found: C, 67.80; H, 7.52; N, 

2.91. 
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RESULTS & DISCUSSION 

Synthesis 

Symmetric Complexes 

Salen and salen-type ligands along with their transition metal complexes 

have been extensively investigated.43,44,68,69  They have found particularly 

widespread use as catalysts for a variety of organic transformations such as 

Michael, Heck, and Diels-Alder reactions, polymerizations, and asymmetric ring 

opening of epoxides.  Part of the attractive nature of these ligands as the basis for 

new materials is their preparation.  These materials are readily synthesized in a 

one-step reaction by condensation of a diamine with an aldehyde (or benzylic 

keytone) followed by collection of the pure ligand by filtration from the reaction 

mixture.  Preparation in this manner results in a readily accessible ligand with a 

low cost synthesis that is easily derivatized, all highly desirable characteristics for 

potential design of new materials or catalysts. 

 

Scheme 1. General synthesis of symmetric salen-type ligands and complexes. 

 

 

For the symmetric systems a variety of different complexes were 

synthesized in an effort to screen potential systems for use in the tethered model 

complexes.  The use of a phenylene backbone was explored for the potential to 
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functionalize the phenyl ring with alkyl chains to increase the solubility of the 

final complexes.  A selection of metal complexes was then prepared from the 

ligands to investigate the electrochemistry and screen the complexes as potential 

targets for the investigation of oligothiophene tethered model compounds. 

 

Scheme 2. Synthesis of symmetric salen-type ligands and transition metal 
complexes. 

 

 

The metals chosen were based upon the expected oxidation potentials.  As 

it would ultimately be desirable to explore three different salen-type complexes: 

those in which the metal center is expected to oxidize before the thiophene bridge 

(CoII and CrIII), those in which the metal center oxidizes after the thiophene bridge 

(OsIV), and complexes in which the metal center is not expected to be redox active 

within the electrochemical window (CuII, NiII, and ZnII).  With the exception of 

the chromium and osmium complexes, all of the metal complexes may be directly 

prepared by reaction of the salch ligand with sodium methoxide to deprotonate the 
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ligand and subsequent reaction with the appropriate metal acetate or nitrate salts.  

The CrIII complex is readily available by reaction of the ligand with anhydrous 

CrCl2 and subsequent reaction with air, as described by Jacobsen and coworkers 

for the chiral catalyst.59  The preparation of an OsIV complex is not directly 

available.  Attempted preparation of the complex from K2OsCl6 resulted in no 

reaction even after deprotonation of the ligand and elevated reaction temperatures 

for several days.  Alternatively, OsIV complexes may be prepared by reduction of 

the OsO2salch complex using a large excess of thiophenol to serve as both the 

reducing agent and resulting axial ligands. 

As previously described, the phenylene backbone was chosen for the 

potential to alkylate the 4,5- positions of the 1,2-phenylenediamine backbone.  

However, the synthesis of 1,2-dialkyl-4,5-diaminobenzene, as well as the 

transition metal complexes of the resulting salophen ligand, were not exhaustively 

pursued as it was determined that it was not possible to synthesize unsymmetrical 

ligands utilizing this backbone. 

 

Unsymmetrical Complexes 

The preparation of unsymmetrical salen ligands from symmetrical 

diamines70 has proven to be no simple task.71,72  A variety of approaches have 

been employed in an attempt to discover a high-yielding and selective preparation 

of these materials including direct reaction,73,74 metal-templating,75 and salt 

formation.65,76-78 
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Scheme 3. Distribution of products resulting from the direct reaction of a 
diamine with two different salicylaldehydes. 

 

 

Direct reaction of a C2 symmetric diamine with the two different 

salicylaldehydes (typically performed in a 3:2:1 salicylaldehyde-diamine-

salicylaldehyde ratio) results in the statistical distribution of products in a 9:6:1 

ratio as shown in Scheme 3.  Careful column chromatography may then be 

employed to separate the desired unsymmetrical ligand, although this is typically 

a rather low-yielding process.  In a select number of cases, metal-templating has 

also been employed which has given access to unsymmetrical systems based on 

aromatic diamines.  While this method typically involves harsher reaction 

conditions than other methods, the isolation of Ni, Al, and Zn complexes has been 

reported.79-81  By far the method which has received the greatest use and success 

has been the utilization of a salt intermediate.  In a method outlined by Nguyen,78 

reaction of diaminocyclohexane with one equiv of hydrogen chloride allows 

precipitation of the mono-quaternary ammonium salt following reaction with one 

equiv of salicylaldehyde.  In a similar method, the use of (+)-tartaric acid or O,O’-
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dibenzoyl-ᴅ-tartaric acid has been utilized to precipitate a salt intermediate when 

attempting to prepare unsymmetrical chiral salen-type ligands. 

 

Salophen ‘Half-salens’ 

In an effort to explore different diamine backbones, the preparation of 

unsymmetrical systems from o-phenylenediamine was attempted.  In contrast to 

the cyclohexyl derivatives, the phenylene half-salens are remarkably stable and 

consequently are unreactive toward a second salicylaldehyde unit.  Attempted 

reaction with a second equiv of salicylaldehyde catalyzed with acetic acid or p-

toluenesulfonic acid, as well as utilization of a Dean-Stark trap to drive the 

reaction through the removal of water, all resulted in no reaction.   

 

Scheme 4. Attempted synthesis of unsymmetrical salophen ligands 

 

Crystals suitable for X-ray crystallographic structure determination were 

obtained by slow evaporation of a saturated ethanol solution.  In contrast to the 

crystal structures of similar salophen half-units, such as 2-amino-N-(2-hydroxy-3-

methoxybenzylidene)aniline,82 or even aniline itself,83 the geometry surrounding 

the free amine is quite different.  In the previously reported salophen half-units, 

the hydrogen atoms of the free amine are out of the plane of the benzene ring in 
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the opposite direction as that of the nitrogen atom.  As a result, the sum of the 

bond angles around the N atom have an average total of 333-338°, slightly higher 

than that expected for an sp3 hybridized N atom (328.4°), but significantly lower 

than that for an sp2 hybridized N atom (360°).  However, in the structure refined 

for 8, the hydrogen atoms are nearly coplanar with the benzene ring with a sum of 

364°.  Additionally, the reported C–N bond distances range from 1.386 – 1.398 Å, 

typical of a primary aromatic amine 1.396 Å,84 yet the observed C–N bond 

distance in 8 is 1.377 Å, more typical of a sp2 hybridized amine (1.360 Å).84  The 

observation of the crystallographic structure of the free amine of the salophen 

half-unit more closely resembling that of an sp2 hybridized N may account for the 

diminished reactivity to additional salicylaldehyde units.  If the lone pair of 

electrons residing on the N was delocalized within the phenyl ring, giving the 

appearance of an sp2 hybridized geometry, they would consequently be less 

available for nucleophilic attack.   

 

 

Figure 14. View of 8 showing the labeling of selected atoms.  Displacement 
ellipsoids are scaled to the 50% probability level. Hydrogen atoms 
have been omitted for clarity. 
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Salch ‘Half-salens’ 

Preparation of unsymmetrical salen ligands has also been proposed by 

step-wise addition of salicylaldehydes and the formation of ‘half-salen’ units.85-87 

However, the disproportionation of the half-salen to the symmetrical ligand and 

starting diamine could not be overcome when using diaminocyclohexane as the 

backbone; a result also observed by Gilheany and coworkers.77  Isolation of the 

half-salen, shown in Scheme 5, was attempted by reaction of 3,5-di-tert-butyl-2-

hydroxybenzaldehyde with trans-1,2-diaminocyclohexane in both a 1:1 as well as 

a 1:10 ratio.  These conditions as well as literature reports of using up to a 100-

fold excess of diamine77 all resulted in the formation of a large amount of the 

symmetric salen both in the reaction itself and during attempted purification.   

 

Scheme 5. Disproportionation of diaminocyclohexane-based half-salens 

 

 

Mono-Boc Protection 

Mono-protection of the diamine with a Boc group (2-

aminocyclohexylcarbamic acid tert-butyl ester (9)88 was also explored as a 

possible route to the unsymmetrical salen; however the final products 16 were not 

obtained following deprotection of the amine (10) and subsequent condensation 

with the thiophene disalicylaldehydes (13).  Under all reaction conditions utilizing 



 51 

trifluoroacetic acid as a deprotecting agent, removal of the Boc group was 

achieved; however, decomposition of the thiophene bridge also occurred.  

Deprotection with dilute HCl or H2SO4 in dioxane was also explored, as well as 

reaction with an unsubstituted salicylaldehyde to avoid thiophene decomposition, 

all resulted in no product formation.  

 

Scheme 6. Synthesis of unsymmetrical thiophene-salch ligands utilizing mono-
Boc protected diaminocyclohexane. 

 

 

Oligothiophene Ligand 

Of the various methods attempted for the preparation of the targeted 

thiophene-based systems, only Nguyen’s protocol for the preparation of 

asymmetric salens through the use of a hydrogen chloride salt intermediate78 

proved viable.  Applying this method, the synthesis of a series of asymmetric 
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difunctional ligands tethered by an oligothiophene bridge was accomplished, as 

outlined in Scheme 7.  While isolation of chiral salen-type ligands is possible 

with the use of diaminocyclohexane, the preparation of unsymmetrical chiral 

salen ligands has proven extremely complicated, as discussed in detail by 

Gilheany and coworkers.76  Considering the desire to synthesize two 

unsymmetrical salen units and the potential difficulties associated therein,71,72 the 

isolation of chiral derivatives was not pursued.   

Stille coupling of the bis(tributylstannyl)thiophenes 11a-c with 5-bromo-

3-tert-butyl-2-hydroxybenzaldehyde (12) afforded the disalicylaldehydes 13a-c in 

moderate yields.  In addition to typical optimization of reaction conditions for 

Stille couplings, attempts were made to improve the yields of the coupling by 

protection of the aldehyde or alcohol groups on the salicylaldehyde prior to 

reaction.  Acetalization of the aldehyde89 as well as acetylation of the alcohol90 

were explored, although neither resulted in significant yield improvements during 

coupling.  Unsymmetrical salen-type ligands 16a-c were then prepared stepwise, 

in a one-pot reaction, utilizing the hydrogen chloride salt of (±)-trans-1,2-

diaminocyclohexane (14)65,78 in low to moderate yields.   
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Scheme 7. Synthesis of oligothiophene tethered ligands. 

 

 

The preparation of a variety of metal complexes was attempted with the 

ligand series 16, including Co, Ni, and Zn; however in all instances, the resulting 

metal complexes were too insoluble for definitive characterization.  The 

formation of the bis-metallated complex was suggested by mass spectrometry 

with characteristic peaks appearing at [LM2]+, and in some instances, with less 

intense peaks corresponding to [LM]+ and [L]+ fragments.  Reaction of the ligand 
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with VO(acac)2 as well as K2OsO2(OH)4·2H2O was also attempted, however in 

each of these cases, an electron transfer reaction occurred resulting in an EPR 

active product with a g-value near 2, suggestive of an organic radical, and no 

evidence of metal complexation.  No further attempts were made to characterize 

the nature of the side product formed. 

 

Scheme 8. Attempted complex formation from difunctional thiophene based 
ligands. 

 

 

Alkyloligothiophene Ligand 

Due to the extremely poor solubility of the non-alkylated mono-, bi-, and 

terthiophene ligand series 16 upon metal complexation, an alternative ligand was 

required to investigate the electronic properties of the metal complexes.  For this 

reason, 3’,4’-dioctyl-2,2’:5’,2”-terthiophene (19) was synthesized in high yield to 

combat solubility issues.   
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The selection of the terthiophene ligand for alkylation, as well as the 

design of the ligand, was based on a number of considerations.  Primarily, when 

considering the desire for the model system to provide information on the 

interaction of the metal centers with that of the oxidized thiophene bridge, the 

terthiophene system was the only ligand of the non-alkylated series prepared 

which possessed an easily accessible first oxidation potential.  The choice to 

alkylate only the central thiophene ring was based on two factors.  Dialkylation of 

only the central ring preserved the symmetry within the molecule which would 

simplify both the synthesis and characterization of the system.  Additionally, 

synthesis of the alkylated system in this fashion eliminates any issues regarding 

regioregularity (head-to-head vs. head-to-tail coupling), as seen in polymers or 

oligomers of 3-(alkyl)-thiophene systems.8  Octyl chains were chosen to impart a 

sufficient increase in solubility while providing minimal steric interactions so as 

to not disrupt the planarity of the oligothiophene unit upon oxidation.   

 

Scheme 9. Synthesis of dioctylterthiophene bridge. 
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Synthesis of the alkylated terthiophene-based ligand was accomplished in 

a manner similar to that of the non-alkylated series, however the added solubility 

imparted from the octyl chains resulted in a large increase in yield for all steps.  

Stille coupling of 11d with 5-bromo-3-tert-butylsalicylaldehyde (12) afforded the 

disalicylaldehyde 13d in 58% yield.  An unsymmetrical salen-type ligand was 

then prepared stepwise in a one-pot reaction utilizing the hydrogen chloride salt of 

(±)-trans-1,2-diaminocyclohexane.65,78  Isolation of the tethered unsymmetrical 

salch ligand 16d was accomplished in 75% yield. 

 

Scheme 10. Synthesis of alkylterthiophene-tethered ligand 

 

 

In an attempt to access other transition metal complexes where direct 

reaction with the thiophene ligand was not possible, such as osmium and 
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vanadium, an alternative synthesis was explored, also utilizing the more soluble 

alkylated terthiophene bridge.  This methodology, shown in Scheme 11, is based 

on the initial formation of the unsymmetrical salch system (20) and the 

corresponding metal complex, shown here as the OsVI complex.  However, Stille 

coupling of the resulting unsymmetrical Os-salch complex (21) with 5,5”-

bis(tributylstannyl)-3’,4’-dioctyl-2,2’:5’,2”-terthiophene (11d) resulted in only the 

formation of the monosubstituted product 22.  The desired bis-metallated complex 

was not formed under any experimental conditions attempted.  The absence of 

tributyltin on the unsubstituted end of the terthiophene bridge is a result of 

purification of the complex by column chromatography. 

 

Scheme 11. Alternative route to alkylterthiophene tethered metal complexes 
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ACH & DACH-Boc Half-salch 

In addition to the unsymmetrical salen-type ligands, it was advantageous 

to prepare compounds analogous to a half-salen system to aid in electrochemical 

and spectroscopic characterization of the ligands.  Specifically, to indentify the 

redox events associated with the interior salicylaldimine units as well as those 

with the oxidation of the oligothiophene bridge.  However, the equilibrium which 

exists between the half-salen and the symmetric ligand would most likely also be 

present in the half-salens prepared from the thiophene disalicylaldehyde, thereby 

eliminating the possibility of useful information from electrochemical analysis of 

these systems.  To circumvent this issue, two series of slightly modified half-

salens were prepared: a series prepared by condensation of 13 with 

cyclohexylamine (23), and a series prepared by condensation of 13 with a mono-

Boc protected diamine (24).  The latter was chosen to verify that the changes 

observed in the half-salen series were not affected by the presence or absence of 

the second amine functionality in the salen ligand.   
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Scheme 12. Synthesis of oligothiophene-tethered half-salen systems. 

 

 

Chromium Complexes 

The symmetric chromium complex was prepared as described by Jacobsen 

and coworkers.59  As chiral derivatives were not pursued for the tethered ligands, 

no attempts were made to isolate the chiral form of Jacobsen’s catalyst.  The 

chromium complex of the tethered unsymmetrical ligand was prepared in a 

similar fashion.  Reaction of anhydrous chromium (II) chloride with a solution of 

the ligand and subsequent exposure to air resulted in the isolation of the target 

CrIII complex (25) in high yield. 
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Scheme 13. Synthesis of symmetric and alkylterthiophene-tethered Cr(III) and 
Cr(V) complexes 

 

 

Electrochemistry 

Ligands and Model Systems 

As electronic communication between the two metal centers may be 

achieved upon oxidation of the oligothiophene system, either through chemical or 

electrochemical means, it is necessary to first understand the electrochemical 

behavior of the symmetric system.  Cyclic voltammetry studies of the free ligand 

(3) revealed two quasi-reversible unresolved oxidation events within the 

electrochemical window, at Epa = 0.65 and 0.87 V vs. Fc/Fc+.  These potentials 
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are consistent with published reports91 for the successive oxidations of the two 

phenols to phenoxyl radicals.   

 

 

Figure 15. Cyclic voltammogram of symmetric ligand 3 in DCM with 0.1 M 
TBAPF6 at a scan rate of 0.1 V/s. 

Previous electrochemical investigations of the symmetric ligand 3 by 

Thomas, et al.91 indicate the oxidation of the ligand system involves an 

intramolecular proton coupled to electron transfer (PCET) mechanism, resulting 

in a phenoxyl radical hydrogen bonded to ammonium hydrogen as opposed to the 

generation of a phenol radical cation.  Analysis of the final ligand series 16 by 

cyclic voltammetry is shown in Figure 16.  Initial oxidation of both the tethered 

ligands as well as the half-salen systems appears consistent with the PCET 

mechanism92-95 for oxidation to a phenoxyl radical and localized within the salen 

portion of the molecule.  All compounds exhibit reversible ligand centered 

oxidations at E1/2 = 0.24 V corresponding to oxidation of the phenolic oxygen of 

the salicylaldimine units bound to the oligothiophene bridges, which is 
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independent of thiophene chain length.  In contrast, the electrochemical analysis 

of the oligothiophene-tethered disalicylaldehydes 13 all possess two quasi-

reversible redox couples that lower in potential with increasing chain length.  

Comparison of the ligand CVs with those of the respective half-salens allow for 

assignment of the remaining redox couples.  The oxidations occurring at Epa = 

0.84 and 1.21 V are attributed to the first oxidation of the oligothiophene bridge, 

corresponding to 16c/16d and 16b, respectively.  No thiophene oxidation was 

observed for 16a within the electrochemical window of the solvent.  These values 

 

 

Figure 16. Cyclic voltammograms of substituted oligothiophene systems in 
DCM with 0.1 M TBAPF6 at a scan rate of 0.1 V/s. 

are slightly lower than those reported by Apperloo, et al.96 for the first oxidation 

of thiophene oligomers end-capped with phenyl groups and the small shift could 

be a result of the electron donating nature of the salicylaldimine groups.  The data 

are also in agreement with the anticipated decrease in the first oxidation potential 
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with increasing chain length.  The additional quasi-reversible event in the ligand 

series 16, which is not observed in 23 or 24, at Epa = 0.90 V, is attributed to the 

oxidation of the phenolic oxygen on the terminal salicylaldimine units.   

 

 

Figure 17. a)  Scan rate dependence of 23c in DCM with 0.1 M TBAPF6; b) 
peak current vs ν1/2 of couple at E1/2 = 0.38 V; c) peak current vs ν1/2 
of couple at E1/2 = 1.00 V; d) peak current vs ν1/2 of couple at E1/2 = 
1.41 V. 

To further verify the assignments made for the half salen systems, scan 

rate dependence data of 23c from 50 – 500 mV/s was used to simulate the 

electrochemistry.  All three waves were found to be reversible as confirmed by 
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the linear plots of peak potential vs. ν1/2 and ipa/ipc = 1.04-1.10 over the scan rates 

studied.   

 

 

Figure 18. Simulation of the CV of 23c.  Solid black line: experimental, dotted 
red line: simulation. 

Table 1. Simulated electrochemical parameters for 23c. 

Species D (cm3/s)  Charge-
Transfer 

 

E1/2 (V) α ks (cm/s) 

A 3.02 x 10-5  B + 2e- → A 0.38 0.586 0.00269 
B 3.27 x 10-6  C + e- → B 1.00 0.173 0.00292 
C 3.32 x 10-6  D + e- → C 1.41 -0.021 0.00119 
D 2.37 x 10-6      

 

Simulations of the CV using DigiElch were performed on the uncorrected 

data and a selected scan is shown in Figure 18.  The simulations were found to 

agree well for three electron transfer processes, a two-electron redox couple 

followed by two one-electron couples, with no accompanying chemical reactions.  
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The lower rate constants are likely a result of the combination of the oxidations of 

the two interior salicylaldehydes as a single two-electron oxidation event.   

 

 

Figure 19. Proposed mechanism of electrochemical oxidation of terthiophene-
tethered ligand. 

From the analysis of the electrochemistry of the ligand and model systems, 

a proposed mechanism for the oxidation of the thiophene-tethered salch ligand 

systems is shown in Figure 19.  However, due to the slightly irreversible nature 

of the oxidation process in Step II, which is more evident in the analysis of the 

mono- and bithiophene based ligands, it is possible that this step is also 

accompanied by deprotonation of the ligand. 
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Symmetric Metal Complexes 

Investigation of the electrochemistry of the symmetric complexes was 

performed in an effort to identify the oxidation events associated with the metal 

center as compared to the salen ligand.  Within the electrochemical window, 

oxidation of the Zn, Ni, or Cu complexes (Figure 20a-c) were not found to have 

any metal centered oxidations.  Each complex exhibited two one-electron 

oxidations consistent with the formation of a metal phenoxyl and metal 

bis(phenoxyl) radicals.97  The CV of the Co complex exhibited the same two 

ligand-centered oxidations in addition to a CoII/III redox couple near 0.1 V vs 

Fc/Fc+.   

 

 

Figure 20. Cyclic voltammograms of symmetric salch complexes in DCM with 
0.1 M TBAPF6: a) Zn(py)salch 4d; b) Ni(salch) 4c; c) Cu(salch) 4b; 
d) Co(salch) 4a; e) Os(SPh)2(salch) 7; f) CrClsalch 5. 

The electrochemistry of the OsIV complex was significantly more 

complex.  By comparison with previously prepared Os(salen) complexes60,98,99 the 
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redox couples were identified as including two reversible metal centered redox 

couples: OsIII/IV at E1/2 = -1.05 V and OsIV/V at E1/2 = 0.8 V.  The additional 

irreversible oxidations at Epa = 0.25, 1.2 V and the irreversible reduction at Epc =  

-0.6 V are attributed to ligand centered events. 

CV investigations of the Cr complex 5 (Figure 20f) produced three quasi-

reversible events: two assigned as ligand-centered redox couples at Epa = 0.64 and 

0.84 V and a third metal-centered redox couple, tentatively assigned as CrIII/V, at 

Epa = 0.38 V.  The additional reduction occurring at Epc = -0.02 V occurs only 

after metal-centered oxidation and occurs at all scan rates studied (0.01 – 0.75 

V/s).  The reduction peak disappears upon addition of two drops of ACN to the 

electrolyte solution where by the redox couple at E1/2 = 0.29 V becomes fully 

reversible as expected if ACN were to fill the vacant coordination site on Cr, 

thereby stabilizing the oxidized species. 

 

Oligothiophene-tethered Chromium Complex 

As a result of the limited solubility of the oligothiophene-tethered Cr 

complex 25 in non-coordinating solvents, all characterization was performed in 

solutions containing THF or 2-MeTHF to enhance solubility.  The CV of the 

terthiophene tethered Cr system 25 in THF (Figure 21c) revealed a single quasi-

reversible redox couple at Epa = 0.34 V.  This is followed by the onset of a second 

redox couple near the edge of the solvent window, which is more easily observed 

by differential pulse voltammetry (DPV) of the same solution.  The absence of 

additional redox events is consistent with the observed CV of 5 and 16d in THF 

(Figure 21a & b), where in each case, only one redox couple was observed 
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within the electrochemical window.  As a result, it is not possible to assign the 

nature of the observed redox couple as being metal or ligand centered. 

 

 

Figure 21. Upper Traces: Cyclic voltammograms of a) symmetric chromium 
complex 5; b) alkylterthiophene ligand 16d; and c) alkylterthiophene-
tethered chromium complex 25 in THF with 0.1 M TBAPF6.  Lower 
Traces: Differential pulse voltammograms of same solutions. 

 

UV-Visible Spectroscopy 

Ligands and Model Systems 

The electronic absorption spectra of the substituted oligothiophenes each 

revealed an intense absorption near the edge of the solvent window due (260 nm) 

to the π-π* transition of the imine groups100 as well as a single absorption peak as 

a result of the π-π* transition of the thiophene bridge (337 – 415 nm), with the 

exception of the terthiophene ligand (16c) which also possessed a lower intensity 

shoulder at 342 nm.  The lower intensity shoulder, attributed to the π-π* transition 



 69 

of the phenolic portion of the salen ligand100 and only visible in the terthiophene 

and alkylated-terthiophene ligand, is most likely obscured under the higher 

intensity π-π* transitions of the mono- (16a) and bithiophene (16b) ligands.  The 

molar absorptivities of the salen-based transitions in the oligothiophene-tethered 

ligands 16 are greater than that which would be expected for a simple 

superposition of spectra due to two salen ligands.  This large increase in intensity, 

attributed to the extended π-system connecting the two salen ligands, has also 

been observed by Glaser and coworkers for a triple-salen system bridged by a 

phloroglucinol backbone.101  Additionally, the higher energy shoulder is not 

observed within the terthiophene half-salens most likely due to the low intensity 

of the transition as compared to the π-π* transition of the terthiophene bridges.   

 

 

Figure 22. UV-Visible absorption spectra of oligothiophene systems in DCM. 

The energies of the π-π* transitions of the thiophene bridge in all of the 

substituted compounds follow the expected trend of an increase in wavelength of 

approximately 40 nm with the successive substitution of each additional 

thiophene ring.  However, analysis of the alkylated terthiophene systems resulted 
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in energies consistent with those of the analogous substituted bithiophene 

systems.  This is likely a result of small steric interactions between the octyl 

chains and the terthiophene bridge. 

 

 

Figure 23. Absorption spectra of a 1.0 x 10-5 M solution of 16d in DCM with 0–
4 equiv [•N(C6H4Br-4)3][SbCl6] at 0.25 equiv intervals. 

Spectroelectrochemical investigations of the systems produced results 

identical to those obtained through chemical oxidation of the complexes using 

[•N(C6H4Br-4)3][SbCl6].  The appearance of a signal at approximately 303 nm in 

each spectrum is due to tris(4-bromophenyl)amine,102 a byproduct of the chemical 

oxidation of the system. 

The absorption changes as a result of chemical oxidation of the alkyl 

terthiophene ligand 16d revealed transitions consistent with oxidized thiophene 

chains.  A decrease in intensity of the π-π* transition at 385 nm is accompanied 

by the appearance of low energy transitions typical of polaron and bipolaron 

formation.  
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Symmetric Chromium Complex 

Studies of the similar CrV=O system prepared by reaction of 5 with 0.5 

equiv of iodosylbenzene by Bryliakov and Talsi have suggested that partial 

oxidation of the metal center results in the formation of an oxo bridged Cr(III)-

Cr(V) dimer characterized by an inter-valence charge transfer (IVCT) absorption 

at 1075 nm.66  This assignment is consistent with the initial observed changes  

 

 

Figure 24. Absorption spectra of a 4 x 10-5 M solution of 5 in DCM with 0–3 
equiv [•N(C6H4Br-4)3][SbCl6] at 0.25 equiv intervals.  Inset: 
Expansion of low intensity changes: 0 – 1 equiv oxidant top 
spectrum; 1.25 – 3 equiv oxidant, bottom spectrum. 

within the UV-Vis absorption spectra as a result of chemical oxidation of the 

complex.  Upon the addition of one equiv of oxidant to 5, low intensity bands at 

432, 566, and 1074 nm grow in, the later is consistent with the aforementioned 

IVCT transition within the oxo-bridged dimer.  This spectrum confirms not only 
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that the initial oxidation of the complex is metal centered, but that identical results 

are obtained for metal centered oxidation when using electrochemical oxidation, a 

chemical oxidant, or when using an oxygen transfer agent such as 

iodosylbenzene.  With additional oxidant, no further changes are observed at 432 

or 566 nm while the IVCT transition (1074 nm) begins to decrease with the 

appearance of lower energy transitions 1500 nm, up to three equiv attributed to 

charge transfer bands involving the ligand phenoxyl radicals.  Excess of three 

equiv of oxidant resulted in the appearance of an intense transition at 726 nm 

from [•N(C6H4Br-4)3][SbCl6] with no further changes in the absorption spectrum.   

 

Oligothiophene-tethered Chromium Complex 

The weak d-d transitions observed for the symmetric Cr complex 5 are 

completely obscured in the absorption spectrum of 25.  Like the oligothiophene 

based ligand, the absorption spectrum of Cr complex 25 is dominated by the π-π* 

transitions of the terthiophene bridge, which red shifts approximately 35 nm to 

420 nm upon chromium complexation.  The bathochromic shift is commonly 

observed in many of the thiophene bridged model complexes and suggestive of 

electronic communication between the oligothiophene bridge and the bound 

transition metals.48 
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Figure 25.  UV-Visible absorption spectra of symmetric (5) and 
alkylterthiophene-tethered CrIII (25) and CrVO (27) complexes. 

 

Figure 26. Absorption spectra of a 1.4 x 10-5 M solution of 25 in 2-MeTHF with 
0–4 equiv [•N(C6H4Br-4)3][SbCl6] at 0.25 equiv intervals. 

Unlike the symmetric Cr complex which displayed IVCT absorptions as a 

result of µ-oxo dimer formation upon partial oxidation of the metal, no changes 

were observed in the UV-visible absorption spectrum of the terthiophene-tethered 
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Cr complex to suggest dimer formation.  In fact, no changes were observed in the 

UV-vis absorption spectrum up to the addition of one full equiv of oxidant.  It is 

likely that any changes in the d-d transitions of the Cr (300 – 450 nm) as a result 

of metal centered oxidation during addition of the first equiv of oxidant are 

obscured under the π-π* transition of the thiophene system.  Excess of one equiv 

of oxidant revealed changes similar to that for the initial oxidation of the ligand, 

notably the decrease in the intensity of the π-π* transition at 420 nm and the 

appearance of broad low energy transitions around 700 and 1300 nm.   

 

Electron Paramagnetic Resonance Spectroscopy 

Ligands and Model Systems 

Assignment of the electrochemistry was supported by electron 

paramagnetic resonance (EPR) spectroscopy.  For chemical oxidation of the 

complexes, tris(4-bromophenyl)ammoniumyl hexachloroantimonate was chosen 

as the oxidizing agent as the resulting reduced product is EPR silent and it has a 

formal potential of 0.70 V vs. Fc/Fc+.103  The X-band EPR spectrum of 3 after 

reaction with 1 equiv of oxidant revealed a single isotropic peak with no 

observable hyperfine interaction centered at g = 2.006, consistent with the 

formation of a phenoxyl radical.  Further investigations of 3+ did not reveal any 
14N hyperfine interactions under any experimental conditions explored.   
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Figure 27. X-band EPR spectra of 3+, 16d+,16d2+, and 16d3+.  Solid black line: 
experimental data; dotted red line: simulation.  Experimental 
conditions: microwave frequency 9.846 GHz, microwave power 2 
mW, modulation amplitude 2 G, temperature 290 K. 

EPR investigations of the oxidation of the terthiophene ligand 16d with 

one, two, and three equiv of oxidant yielded results identical to those for the 

oxidation of the symmetric ligand 3 with a single isotropic signal at g = 2.006 

with no observable hyperfine interactions at any temperatures studied.   

 

Symmetric Chromium Complexes 

The EPR spectrum of the symmetric Cr(III) complex (5) in DCM at 100 K 

has previously been described by Bryliakov and coworkers104 as that of a spin S = 

3/2 system with moderately large zero field splitting and small rhombicity (g = 

1.95, D = 0.80 cm-1, E = 0.108 cm-1).  The additional small peak observed in the 
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spectrum at g = 5.7 has been attributed to the almost forbidden ∆m = 3 transition 

within the ms = ±3/2 Kramers doublets.104,105  Upon addition of one equiv of 

oxidant, a new isotropic peak appeared at g = 1.972, as a result of the partial 

oxidation of the metal center.  As oxidation of the samples was performed in the 

presence of air, it is believed the partially oxidized sample reacts with latent 

oxygen resulting in the formation of a CrV(O) species.  The g-value of the new  

 

 

Figure 28. EPR spectrum of 2.7 mM solution of 5 in DCM with 0 equiv, 1 equiv 
and 2 equiv oxidant.  Solid black line: experimental data; dotted red 
line: simulation.  Experimental conditions: microwave frequency 
9.434 GHz, microwave power 2 mW, modulation amplitude 10 – 2 G, 
temperature 100 K (±1 K). 

peak is consistent with previously reported values for oxochromium(V) salen 

complexes (g = 1.976)66,106 prepared by direct oxygen transfer by reaction with 
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one equiv of iodosylbenzene to form the oxochromium(V) complex.  Oxidation of 

5 with 2 equiv of oxidant (added at once) resulted in the complete disappearance 

of the original Cr(III) pattern and was replaced by two signals at g = 1.971 and 

2.006, attributed to Cr(V) and ligand-centered radical respectively.  The presence 

of a ligand centered radical after the addition of only two equiv of oxidant is a 

result of either electron transfer from the metal to the ligand system or partial 

decomposition of the complex due to the unstable nature of the oxidized metal in 

the absence of additional coordinating species.  Reanalysis of the sample after 45 

minutes at room temperature confirms the disappearance of the signal at 1.97 and 

the increase in the intensity of the signal at 2.006.   

In contrast to the oxidized ligand (3+), analysis of 5+ at 290 K revealed 

well resolved 14N hyperfine splitting (Figure 29a, g = 1.977, aN = 2.06 G, aCr = 

19.65 G) similar to what has been observed in other oxochromium(V) Schiff base 

complexes.106,107  Sequential addition of a second equiv of oxidant to 5+ resulted 

in the same splitting pattern with an increase in intensity of the signal at g = 1.97, 

further suggesting the metal-centered nature of the initial oxidation process.  The 

decomposition of these complexes may be easily monitored over a period of thirty 

minutes and 5+ was found to have a half life of 4.6 minutes at 290 K. 

The presence of a S = ½ signal in the EPR spectrum of the oxidized 

complex could also be explained as antiferromagnetic interaction between two 

ligand centered phenoxyl radicals and a S = 3/2 CrIII center, as has been reported 

in other CrIII complexes.108  However, the strong correlation of both the EPR and 

electronic absorption spectra of the oxidized species to that of the CrV(O) salch 

complex prepared by alternative methods, suggests that the initial oxidation of the 
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complex does result in metal centered oxidation rather than ligand centered 

oxidation.   

 

 

Figure 29. EPR spectra of 2.8 mM solution of 5+ in DCM.  a) Black line: 
experimental data; red line: simulation.  Signal at g = 1.977: aN = 2.06 
G, aCr = 19.65 G, ∆Bpp = 1.47 G.  Signal at g = 2.004: aN = 3.60 G. b) 
Plot of integrated signal intensity vs. time for single-scan EPR 
spectra.  c) Selected single-scan spectra.  Experimental conditions: 
microwave frequency 9.842 GHz, microwave power 2 mW, 
modulation amplitude 0.5 G, temperature 290 K.  Single scan spectra 
obtained every 45 seconds (42 second scan, 3 second field flyback 
and stabilization) beginning 1.5 minutes after reaction.   

A single crystal obtained from the slow evaporation of the solution 

prepared for this experiment shows the formation of an oxygen-bound chromium 
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species.  While the structure was not able to be sufficiently refined, the 

chromium-salen bond lengths and angles are consistent with crystal structures of 

other Cr(salen) complexes.106,107,109  The O(3)-Cr bond length (2.110 Å), however, 

is significantly longer than typical for Cr=O formation (1.52-1.55 Å).  The 

observed bond length is more consistent with those found in 

[CrIII(salen)(H2O)2]Cl.110 

 

 

Figure 30. View of 5+(a) and expansion around Cr center (b), showing the 
labeling of selected atoms.  Displacement ellipsoids are scaled to the 
50% probability level. Hydrogen atoms have been omitted for clarity. 

 

Oligothiophene-tethered Chromium Complexes 

A similar result was obtained for the EPR spectrum of the neutral 

terthiophene-tethered Cr(salch) complex 25 as was obtained for the symmetric Cr 

complex 5, with fitted parameters of g = 1.97, D = 0.93 cm-1, E = 0.108 cm-1, 

indicating the two chromium centers are not interacting and rather behaving as 

two independent S = 3/2 systems.  The additional small peak observed in the 

spectrum at g = 5.7 has been attributed to the almost forbidden ∆m = 3 transition 

within the ms = ±3/2 Kramers doublets.104,105  The lack of interaction between the 
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two metal centers would be expected as a result of the insulating nature of the 

neutral oligothiophene bridge.   

Upon addition of 1 and 2 equiv of oxidant (Figure 31), the original Cr(III) 

pattern is completely replaced by a broad signal (∆Bpp = 185 G) centered at g = 

1.993.  The broad, undefined resulting peak has been observed previously in X-

band EPR spectra of Cr-Cr homodinuclear complexes.111  The large zfs makes the 

transitions associated with the S = 1 and 3 states difficult to observe.  The use of 

high frequency EPR may provide more insight into the interaction of the two 

chromium centers through the thiophene bridge. 

 

 

Figure 31. EPR spectrum of 1.1 mM solution of 25 in 1:1 DCM/2-MeTHF with 
0 equiv, 1 equiv and 2 equiv oxidant.  Experimental conditions: 
microwave frequency 9.438 GHz, microwave power 2 mW, 
modulation amplitude 10 G, temperature 100 K (±1 K). 
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It is necessary to try to verify that the observed interactions are not merely 

a result of oxidation of one metal center.  To test this, the thiophene-tethered 

chromium complex was reacted with one equiv of iodosylbenzene, to act as an 

oxygen transfer agent and oxidize one metal center to CrV=O without oxidizing 

the thiophene or salen ligand portion of the molecule.  Results of these studies 

were quite different than for those observed for the chemical oxidation of the 

tethered complex 25 with tris(4-bromophenyl)ammoniumyl 

hexachloroantimonate.   

 

 

Figure 32. X-band EPR spectra of 2.8 mM solution of 25 reacted with a) 1 equiv 
PhIO and b) 2 equiv PhIO in 1:1 DCM/2-MeTHF.  Experimental 
conditions: a)  microwave frequency 9.438 GHz, microwave power 2 
mW, modulation amplitude 10 G, temperature 100 K; b) microwave 
frequency 9.848 GHz, microwave power 2 mW, modulation 
amplitude 0.5 G, temperature 290 K.   

Upon addition of one equiv of iodosylbenzene to the complex, the 

resulting EPR spectrum appears as the superposition of two spectra: one at g = 

1.98 consistent with symmetric CrV=O salen systems66,106 and one of a S = 3/2 
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system corresponding to a CrIII complex and identical to the EPR spectrum of the 

neutral complex 5.  This again suggests that the two metal centers, although 

tethered, behave as two independent systems; a result also observed in the EPR of 

the neutral complex 5 where the two CrIII systems were not interacting.  Oxidation 

5 with 2 equiv of iodosylbenzene resulted in the disappearance of the CrIII pattern 

and the appearance of a spectrum at g = 1.987 and aN = 2.45 G similar to that 

observed for the symmetric mononuclear compounds.   

 

Proposed Oxidation Mechanism 

From these experiments a mechanism for the oxidation of the 

terthiophene-tethered chromium complex has been proposed and is summarized 

in Scheme 14.  As no definitive assignment as to the nature of the first oxidation 

process could be made from the CV of the tethered complex, assignments must be 

made from the UV-vis absorption spectrum and EPR spectrum of the oxidized 

complex.  Unfortunately, the two techniques present slightly differing results.   

By investigation of the UV-vis absorption spectrum it would predicted that 

upon addition of one equiv of oxidant, oxidation of one chromium center occurs 

which is rapidly transformed to the CrV=O in the presence of air.  This would 

account for the lack of changes observed up to the addition of one equiv of 

oxidant as the changes to the d-d transitions would be obscured by the intense π-

π* transitions of the thiophene bridge.  Upon the addition of a second equiv of 

oxidant, the disappearance of the thiophene π-π* transitions as well as the 

appearance of broad lower energy transitions near 700 and 1300 nm suggest 

ligand centered oxidation.  Unlike oxidation of the free ligand, in which oxidation 
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proceeds via a PCET mechanism resulting in the localization of the charge on the 

salen portion of the ligand, oxidation of the chromium complex results in the 

delocalization of the charge through the thiophene bridge.  Conversion to the 

quinoidal form of the thiophene bridge is consistent with the observed changes in 

the UV-vis spectrum.  Additionally, oxidation in this manor would allow for the 

electronic interaction of the two metal centers.   

Investigation of the EPR spectra of the oxidized complex suggests a 

slightly different mechanism.  Chemical oxidation of the complex with only one 

equiv of oxidant results in a spectrum suggestive of strong communication 

between the two metal centers.  Additionally, comparison to the oxidized Cr 

complexes prepared from iodosylbenzene, the EPR spectra of the chemically 

oxidized complex does not indicate that the initial oxidation is metal centered.  

Rather chemical oxidation of the complex results in the formation of a phenoxyl 

radical which is delocalized across the thiophene bridge.  Electronic 

communication between the two chromium centers may result in a total spin state 

of S = 5/2 and S = 2 for the antiferromagnetic coupling between a ligand centered 

radical and the CrIII systems.  This is observed in the EPR spectrum as a broad 

unresolved signal.  Measurement by high frequency EPR would provide a more 

accurate means to measure the observed interaction.   

The currently proposed mechanism for the oxidation of the thiophene 

tethered Cr complex is based upon the changes observed within the EPR spectra 

as no direct observations could be made within the UV-vis spectra to support 

initial metal centered oxidation.  Initial oxidation of the complex results in the 

oxidation of the interior salicylaldimine groups which in the absence of PCET, 

results in delocalization across the terthiophene bridge.  
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Scheme 14. Proposed mechanism of thiophene-tethered Cr(salch) oxidation. 

 

 

CONCLUSIONS 

In summary, we report the synthesis and characterization of a novel model 

compound designed to elucidate processes of electron transfer and electronic 

coupling in conducting polymers and metallopolymers based on a soluble 

oligothiophene-tethered homodinuclear Cr-salch complex.  This system displays 

interesting electron transfer and electron exchange mechanisms which may be 

useful in understanding the interactions between redox centers within this class of 

materials.  Current studies are being undertaken to further understand the nature 

of the exchange processes present within the oxidized tethered systems as well as 

the effects of sample environment on these processes. 
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Chapter 3: Redox-Attenuated Binding in Conducting 
Metallopolymers 

INTRODUCTION 

Redox-Active Ligands 

The use of redox-active ligands or redox switches provides a powerful 

method to modulate the reactivity of metal compounds without changing the 

immediate coordination sphere.  Several redox-active ligands undergo reversible 

and stable changes in oxidation state.  The manipulation and exploitation of these 

redox-changes can be used to interconvert a compound between two useful states 

of activity in a turn-on/turn-off fashion.  They have frequently found application 

in the development of complexes as sensors for ions and small molecules as well 

as catalyst systems.   

Many of the systems which have been developed thus far focus on the use 

of metallocene-based complexes that undergo reversible one-electron oxidation 

and reduction reactions.  Additionally, metal carbonyls are frequently employed 

as the complexes are useful in assessing the effects of ligand oxidation or 

reduction since the M-CO stretching frequencies are dependent upon the electron 

density at the metal center.  The carbonyl stretching frequency for terminally 

bound carbonyl complexes can be observed from near 2200 cm-1 for electron poor 

complexes to 1600 cm-1 for electron rich complexes.  One-electron oxidation of 

metal carbonyl complexes containing ferrocene ligands has been demonstrated to 

produce changes in νCO by as much as 25 cm-1.112 

In a series of ferrocene appended rhenium complexes prepared by 

Wrighton and coworkers51 (Figure 33a) they were able to demonstrate the effect 
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of conjugation and substitution on the ability of the Fc ligand to modulate the 

amount of electron density on the rhenium center.  They found that over the entire 

series of complexes, they were able to reversibly undergo one-electron oxidation 

of the ferrocene ligands and monitor the resulting changes on the complex 

through UV-visible and IR spectroelectrochemistry.  In each complex, the peak 

frequencies of the CO stretches all shift to higher energy upon oxidation as a 

result of lowered electron density at the Re atom.  The magnitude of this shift was 

found to be dependent upon the distance or number of bonds between the rhenium 

and ferrocene moieties.  This observation has a particularly useful application in 

molecular design whereby, with a careful design of metal complexes, redox-active 

ligands can predictably modulate metal electron density. 

 

 

Figure 33. Metal complexes containing metallocene based redox-active ligands. 

In a later report,112 Wrighton and coworkers investigated the effects of a 

similar cobaltacene based ligand (dppc) on metal carbonyl eletrophilicity.  

Spectroelectrochemical investigations of the complexes as well as kinetic studies 

regarding the reactivity of these materials toward nucleophilic attack from amine 

N-oxides revealed a large increase in reactivity upon oxidation while also noting a 
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minimal change in steric change.  Oxidation of the dppc ligand by one electron 

converts the ligand from the reduced “off” state to a more reactive oxidized “on” 

state with an observed ∆νCO of 15 cm-1.  This modest shift in carbonyl stretching 

frequency, however, was accompanied by a 200 fold increase in reactivity toward 

tertiary amine N-oxides. 

More recently, Bielawski and coworkers demonstrated the variety of 

different ligand architectures which can be used to incorporate redox-active 

functionality with the integration of a 1,1’-disubstituted ferrocene moiety into an 

N-heterocyclic carbene (NHC) ligand.113  Oxidation of the complex to a potential 

of 0.9 V, sufficient to oxidize the ferrocene ligand but not rhodium (I/II) 

oxidation, resulted in a shift of the two carbonyl stretches by 18 and 23 cm-1 

confirming the electronic communication between the Rh center and redox-active 

carbene ligand.  Subsequent investigations have focused on the effect of the 

variation of redox active component and its location within the NHC ligand.114 

In contrast to traditional redox-active ligand complexes which focus on the 

ability to modify the electronics of a metal complex without altering the 

coordination sphere, a variety of complexes prepared by Mirkin and coworkers 

utilize the incorporation of redox-active components as part of a hemilabile ligand 

system (RHL).  The bidentate ligand system was specifically design to take 

advantage of two features.  The phosphane ligand forms a strong, substitutionally 

inert bond to the rhodium center.  The ether linkage forms a more substitutionally 

labile bond to rhodium and, when covalently attached to a ferrocene moiety, this 

binding affinity may be electrochemically controlled.  Investigations of these 

complexes show that a RHL may be used to control the coordination environment 

as well as the position of the equilibrium between monomeric and dimeric 
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geometries.  Upon ferrocene oxidation, the square planar rhodium(I) complex 

dimerizes and adopts an η6-arene piano stool dimer coordination geometry. 

While the use of redox-active ligands offer an attractive method to control 

the electron density, reactivity, and in some instances, the coordination geometry 

of transition metal complexes, the use of metallocene-based structures can be 

quite limiting.  Although the metallocene systems provide a stable, reversible 

redox couple, they are limited to a one electron “on/off” switch.  Any desire to 

vary the amount of influence of the redox-active ligand must be made through 

synthetic changes to the molecule.  Expanding the focus of redox-active ligands to 

systems with multiple accessible oxidation states has the potential to generate 

systems in which the redox-active effect may be tuned.  Conducting polymer 

systems, and their potential to generate a continuum of redox states, could be 

uniquely suited to this application. 

 

 

Figure 34. Metal complexes containing thiophene based redox-active ligands. 

Polymers prepared by Wolf and Wrighton (Figure 34a)33 are readily 

electropolymerized, and while the effect is small, the polymers have the ability to 

utilize the metallopolymer to alter the electron density at the metal center as a 
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function of charge on the conducting polymer backbone.  This is demonstrated by 

changes of the two CO stretches in the IR spectrum of 4 and 6 cm-1 between the 

neutral and oxidized complexes.  Further investigations into the conductivity of 

these systems suggest that the energy of the valence band is modulated due to the 

alternation of the bithiazole and the bithiophene units.   

Rhodium and ruthenium complexes with terthienyl ligands, as well as 

their corresponding polymer systems, were investigated by Mirkin and 

coworkers115-117 in an effort to utilize the multiple oxidation states of 

polythiophene systems to yield an electrochemically tunable redox-active ligand 

system.  Initial efforts with a monothiophene analog of the rhodium complex 

shown in Figure 34b were found to be unsuitable for use as redox active ligand 

systems due to the oxidation of the rhodium center prior to that of the 

monothiophene thereby inhibiting polymer growth.  Conversion of the 

monothiophene to a terthiophene resulted in a system that could be easily 

electropolymerized.  However, upon hydrogenation of the norbornadiene ligands, 

the complexes were not able to be utilized as polymeric RHL systems.  It is 

proposed that instead of affording a tunable RHL system, dimerization of the 

complexes occurred likely resulting in a phenyl bridged dimer similar to that 

observed for the rhodium complex shown in Figure 33d.  

RHL activity can be achieved with modifications to the ligand 

environment and is demonstrated with ruthenium polymers and analogous methyl 

end-capped monomers shown in Figure 34c.  The η1-terthienyl moiety may be 

displaced from the complex with the addition of ACN.  Spectroelectrochemical 

investigations of the complex also reveal a reversible increase in the CO 

stretching frequency by 19 cm-1 occurs upon oxidation of the terthienyl ligand.  
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By comparison of this value to the change observed in the CO stretching 

frequency upon Ru oxidation, it is suggested that oxidation of the terthienyl 

ligand is roughly equivalent to 1/5 of an electron at the Ru center.  Again, 

although no tunable change was able to be observed, these systems do 

demonstrate the ability to utilize thiophene and polythiophene derivatives as 

redox-active ligand systems. 

 

 

Figure 35. Schematic representation of small molecule release from a conducting 
metallopolymer upon oxidation of conducting polymer backbone. 

The variety of oxidation states available in a conducting polymer system 

offers a means to easily tune the amount of electron density on the metal center 

and consequently attenuate the binding affinity of an additional ligand through an 

easily controlled external stimulus (i.e., applied electrochemical potential).33,51,52  

Therefore, carefully designed conducting metallopolymers, where a metal 

complex has been synthetically incorporated into a conducting polymer matrix, 

have potential applications in small molecule storage and delivery,49 

electrochemical sensing,53 and catalysis.50  

 

Pincer Complexes 

One of the primary considerations when designing the ligand environment 

of a transition metal complex which takes advantage of a redox active component 
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and has the potential to effect the binding of an additional ancillary ligand, is the 

electrochemical and chemical stability of the ligand system, as well as the need 

for it to be substitutionally inert under a variety of conditions.  Pincer ligands 

offer an attractive option when faced with these constraints.  The terdentate 

binding mode is typically comprised of a direct metal (arene) carbon σ-bond 

surrounded on either side by neutral two-electron donors in a “pincer’ 

arrangement.  This frequently, although not always in the case of NCN systems, 

results in a terdentate and meridional coordination mode consisting of two 

metallocycles which share the M-C bond.  The general structure is shown in 

Figure 36. 

 

 

Figure 36. General structure and potential synthetic variability of metal 
complexes with a pincer ligand. 

Pincer ligands, frequently abbreviated by their E,C,E terdentate binding 

mode, have the potential for a wide range of functionalization allowing them to be 

easily tuned to suit a variety of application needs.   
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Research Objectives 

Herein is reported the design, synthesis, and characterization of a novel 

electropolymerizable NCN pincer-type ligand, the corresponding Pt complexes, 

and the subsequent metallopolymers.  Incorporation of bithiophene into the target 

ligand allows for the electropolymerization of the complex.  Potentiodynamic 

anodic polymerizations of the monomers form Wolf Type II conducting 

metallopolymers32 where the metal complexes are in electronic communication 

with the conducting polymer backbone but do not play a structural role.   

 

Scheme 15. Changes in electron density at the metal center upon oxidation of a 
conducting polymer backbone. 
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The substitution of the bithiophene units in a meta- arrangement should 

produce, upon polymerization, a conducting metallopolymer with a segmented 

nature.  In the oxidized system, charges will localize in the oligothiophene 

fragments and lead to sequential withdrawal of electron density from the metal 

center with increasing amounts of electrochemical doping.  An additional design 

feature is the use of a cyclometallated pincer-type ligand structure based on 

demonstrated chemical robustness and the presence of only one ancillary ligand 

which should maximize and simplify the redox-attenuated effect reported by this 

ligand. 
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EXPERIMENTAL 

Instrumentation 

NMR spectra were obtained on either a Varian Unity+ 300 or Varian 400 

Spectrometer with an Oxford Instruments Ltd. superconducting magnet using a 

Sun Ultra 5 workstation and a 5 mm Auto-switchable probe (1H/19F/13C/31P).  1H 

NMR signals were referenced to residual proton resonances in deuterated 

solvents. 13C NMR spectra were referenced relative to solvent peaks. Mass 

spectra were recorded on one of two high-resolution magnetic sector mass 

spectrometers (Micromass ZAB and Autospec) equipped with EI, CI, FAB, in 

positive/negative ionization modes. Melting points were recorded on a Mel-Temp 

II melting temperature apparatus made by Laboratory Devices of Holliston, MA. 

UV-visible absorption data was recorded on a Varian/Cary 6000i 

spectrophotometer. 

 

Crystal Structure Determination 

The data were collected on a Nonius Kappa CCD diffractometer using a 

graphite monochromator with MoKα radiation (λ = 0.71073Å) at 153 K using an 

Oxford Cryostream low temperature device.  Details of crystal data, data 

collection and structure refinement of 32, 34, and 35 are listed in Table 2.  Data 

reduction were performed using DENZO-SMN.118  The structure was solved by 

direct methods using SIR97119 and refined by full-matrix least-squares on F2 with 

anisotropic displacement parameters for the non-H atoms using SHELXL-97.56  

The hydrogen atoms on carbon were calculated in ideal positions with isotropic 

displacement parameters set to 1.2xUeq of the attached atom.  Neutral atom 
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scattering factors and values used to calculate the linear absorption coefficient are 

from the International Tables for X-ray Crystallography.120  The structure of 34 

was refined containing one BF4
- and one SO4

2- as the counter ions present in the 

unit cell, believed to be a result of the filtration through celite. 

 

Electrochemistry 

Electrochemical polymerizations were performed under a nitrogen 

atmosphere in a dry-box using a GPES system from Eco Chemie in CH2Cl2 with 

0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte.  Electrochemical experiments were carried out in a three-electrode 

cell with a non-aqueous Ag/AgNO3 reference electrode, a Pt button, ITO coated 

glass (70-100 Ω), or Au (35 nm) and Cr (50 nm) coated glass working electrode, 

and a Pt wire counter electrode.  All potentials are reported versus the Fc/Fc+ 

couple and were obtained at a scan rate of 100 mV∙s-1.   

 

Computational Methods 

Molecular and electronic structure determinations on the neutral, 1+ and 

2+ forms of [NCN-PtCNtBu][PF6] (34) were performed with density functional 

theory (DFT) using the Gaussian03121 program, employing the B3LYP functional 

in conjunction with the sdd basis set. All geometries were fully optimized using 

the default optimization criteria of the program. Orbital analyses were completed 

with GaussView. 
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Synthesis 

All chemicals were purchased from commercial suppliers and were used 

as received.  All solvents were dried using an Innovative Technology, Pure Solv 

solvent purifier with a double purifying column. All air and moisture sensitive 

reactions were performed using standard Schlenk techniques.  5-(Tributyl-

stannyl)-2,2’-bithiophene (28),122 4,6-dibromobenzene-1,3-dicarbaldehyde 

(29),123 4,6-diiodoresorcinol (37),124 1,5-diacetoxy-2,4-bis(2,2’-bithiophen-5-

yl)benzene (39),125 and 4,6-dibromo-1,3-dimethylbenzene123 were prepared 

according to literature procedures. 

 

 

4,6-Bis(2,2’-bithiophen-5-yl)benzene-1,3-dicarbaldehyde [30].  28 

(2.340 g, 5.14 mmol), 29 (0.501 g, 1.71 mmol), and PdCl2(PPh3)2 (0.067 g, 0.10 

mmol) were combined in THF (10 mL) in a small round bottom flask under Ar.  

The reaction mixture was stirred at room temperature for 30 minutes then brought 

to reflux for 48 hrs.  After cooling, the reaction mixture was dissolved in CH2Cl2 

and filtered through a silica gel plug.  The solvent was removed and the solid was 

recrystallized from CH2Cl2/hexanes to yield an orange solid (0.745 g, 94 %): mp 

166-168 °C; 1H NMR (300 MHz, CD2Cl2) δ: 10.35 (s, 2H), 8.56 (s, 2H), 7.84 (s, 

2H), 7.39-7.33 (m, 6H), 7.19 (d, J = 3.9, 2H), 7.15-7.11 (m, 2H); 13C{1H} NMR 

(75 MHz, CD2Cl2) δ: 190.6, 141.4, 141.3, 136.6, 136.2, 133.5, 133.3, 131.9, 

129.4, 128.5, 126.0, 125.1, 125.0; UV-Vis (CH2Cl2, nm): λmax 384 (ε, 3.2 x 104 

M-1·cm-1); HRMS (CI+) calcd for C24H15O2S4 [M + H]+ 462.9955, found 
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462.9955; Anal Calcd for C24H14O2S4: C, 72.77; H, 7.82.  Found: C, 72.75, H, 

8.00. 

 

 

4,6-Bis(2,2’-bithiophen-5-yl)-1,3-di((N-phenyl)imino)benzene [31].  30 

(0.765 g, 1.65 mmol) was dissolved in a minimal amount of CH2Cl2 (100 mL) and 

EtOH (75 mL) was added until precipitate began to form.  Aniline (0.600 mL, 

6.61 mmol) was added and the reaction was heated to reflux for 4 hours.  The 

solvent was removed and the yellow solid was recrystallized from 

CH2Cl2/hexanes to remove excess aniline.  The product was determined to be 5% 

monoimine-monoaldehyde (by 1H NMR) and was used without further 

purification in subsequent reactions (0.768 g, 76 %): mp 184-187 °C; 1H NMR 

(300 MHz, CD2Cl2) δ: 9.08 (s, 1H), 8.84 (s, 2H), 7.73 (s, 1H), 7.44-7.39 (m, 4H), 

7.31-7.24 (m, 12H), 7.11-7.05 (m, 4H); 13C{1H} NMR (75 MHz, CD2Cl2) 

δ: 158.3, 152.2, 139.9, 138.5, 137.7, 137.0, 134.0, 132.9, 130.4, 129.6, 128.4, 

128.0, 126.6, 125.5, 124.8, 124.6, 121.5; UV-Vis (CH2Cl2, nm): λmax 366 (ε,  5.5 

x 104 M-1·cm-1); HRMS (CI+) calcd for C36H25N2S4 [M + H]+ 613.0901, found 

613.0897. 
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NCN-PtCl [32].  31 (0.350 g, 0.57 mmol) and K2PtCl4 (0.350 g, 0.84 

mmol) were dissolved in glacial acetic acid (20 mL) and the reaction mixture was 

heated to reflux for 72 hrs under Ar. The solvent was removed under reduced 

pressure, and the residue dissolved in CH2Cl2, filtered through an alumina plug 

and the filtrate reduced.  The residue was purified on a silica gel column with 

CH2Cl2 as the eluent to afford a bright red solid (137 mg, 28%): mp 320-324 °C 

(decomp); 1H NMR (300 MHz, CD2Cl2) δ: 8.87 (2H, s (66%), d (34%), JPtH = 

138.9), 7.52-7.20 (m, 18H), 7.07-7.02 (m, 3H); The compound was not soluble 

enough in any common organic solvent for 13C{1H} NMR analysis; UV-Vis 

(CH2Cl2, nm): λmax 427 (ε, 4.0 x 104 M-1·cm-1), 327 (ε, 2.8 x 104 M-1·cm-1); 

HRMS (CI+) calcd for C36H23ClN2PtS4 [M]+ 840.0059, found 840.0060, HRMS 

(CI+) calcd for C36H23N2PtS4 [M – Cl]+ 806.0392, found 806.0394; Anal Calcd 

for C36H23ClN2PtS4: C, 51.33; H, 2.75; N, 3.33.  Found: C, 51.29; H, 2.74; N, 

3.17. 
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[NCN-PtCNtBu][PF6] [34].  32 (101 mg, 0.12 mmol) and AgPF6 (30 mg, 

0.12 mmol) were dissolved in CH2Cl2 (10 mL) under Ar and the reaction was 

stirred at room temperature for 1 hour.  The reaction was filtered through celite to 

remove AgCl, then tert-butyl isocyanide (14 µL, 0.12 mmol) was added and the 

reaction was stirred for an additional hour.  The solvent was removed under 

reduced pressure and the resulting red solid was recrystallized from 

CH2Cl2/hexanes and CH2Cl2/Et2O. (63 mg, 71%): mp 162-164 °C (decomp); 1H 

NMR (400 MHz, CD2Cl2) δ: 8.60 (2H, s (66%), d (34%), JPtH = 141), 7.42-7.12 

(m, 20H), 6.98-6.93 (m, 2H), 1.11 (s, 9H); The compound was not soluble enough 

in any common organic solvent for 13C{1H} NMR analysis; 19F{1H} NMR (376 

MHz, CD2Cl2) δ: -72.39, -74.28; UV-Vis (CH2Cl2, nm):  λmax 454 (ε,  4.6 x 104 

M-1·cm-1), 326 (ε,  3.0 x 104 M-1·cm-1); IR (cm-1) 2206 (s, νCN);  HRMS (ESI) 

calcd for C41H32N3PtS4 [M]+ 889.1121, found 889.1138. 
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[NCN-PtCNXy][PF6] [35].  Prepared in the same manor as described for 

34 (87 mg, 80%): mp 158-160 °C (decomp); 1H NMR (300 MHz, CD2Cl2) δ: 8.74 

(2H, s (66%), d (34%), JPtH = 141), 7.52-7.10 (m, 24H), 1.76 (s, 6H); 13C{1H} 

NMR (75 MHz, CD2Cl2) δ: 180.7, 151.1, 141.5, 139.2, 137.8, 137.4, 136.3, 

136.2, 131.0, 130.2, 130.0, 129.9, 128.6, 126.3, 125.9, 125.5, 125.1, 122.7, 17.9; 
19F{1H} NMR (376 MHz, CD2Cl2) δ: -72.15, -74.04; UV-Vis (CH2Cl2, nm): λmax 

454 (ε, 4.8 x 104 M-1·cm-1), 321 (ε, 3.4 x 104 M-1·cm-1); IR (cm-1) 2177 (s, νCN);  

HRMS (ESI) calcd for C45H32N3PtS4 [M]+ 937.1121, found 937.1137. 

 

 

4,6-Bis(2,2’-bithiophen-5-yl)-1,3-dimethylbenzene [36].  4,6-Dibromo-

1,3-dimethylbenzene (0.500 g, 1.89 mmol) and 5-(tributylstannyl)-2,2’-

bithiophene (2.587 g, 5.68 mmol) were combined in a small round bottom flask 

under Ar and dissolved in THF (20 mL) then PdCl2(PPh3)2 (0.074 g, 0.11 mmol) 

was added.  The reaction mixture was stirred at room temperature for 30 minutes 

then brought to reflux for 48 hrs.  After cooling, the reaction mixture was 

dissolved in CH2Cl2 and filtered through a silica gel plug.  The solvent was 
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removed and the solid was purified by column chromatography (silica gel, 9:1 

hexanes-EtOAc) to yield a yellow solid (0.665 g, 81 %): mp 136-137 °C; 1H 

NMR (400 MHz, CD2Cl2) δ: 7.52 (s, 1H), 7.25 (dd, J = 5.2, J = 1.2, 2H), 7.22-

7.21 (m, 3H), 7.19 (d, J = 4.0, 2H), 7.06-7.03 (m, 4H), 2.48 (s, 6H); 13C{1H} 

NMR (100 MHz, CD2Cl2) δ: 141.7, 137.5, 137.2, 135.8, 133.8, 131.7, 131.6, 

128.1, 127.5, 124.6, 124.1, 123.8, 20.9; UV-Vis (CH2Cl2, nm): λmax 333 (ε, 4.6 x 

104 M-1·cm-1); HRMS (CI+) calcd for C24H19S4 [M + H]+ 435.0370, found 

435.0367. 

 

 

4,6- Bis(2,2’-bithiophen-5-yl)resorcinol [40].  39 (2.60 g, 4.97 mmol) 

and NH4OAc (6.13 g, 79.6 mmol) were dissolved in a 4:1 mixture of 2-

methoxyethanol and H2O (75 mL) and Ar bubbled through the reaction mixture 

for 20 min.  The reaction was heated to reflux for 18 hrs.  The solvent was then 

removed under vacuum and the product extracted into EtOAc and washed with 

H2O (2 x 50 mL) and brine (50 mL) and dried over MgSO4.  The product was 

recrystallized from DCM/hexanes as a yellow solid and stored under Ar at 0 °C 

(1.65 g, 76%): 1H NMR (400 MHz, DMSO-d6) δ: 10.49 (s, 2H), 7.84 (s, 1H), 7.51 

(d, J = 4.0, 2H), 7.44 (dd, J = 1.2, 5.2, 2H), 7.27 (dd, J = 1.2, 3.6, 2H), 7.23 (d, J 

= 3.6, 2H), 7.06 (dd, J = 3.6, 5.2, 2H), 6.62 (s, 1H).  
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RESULTS & DISCUSSION 

[NCN]-Pincer Complexes 

Synthesis 

The title complexes were synthesized as outlined in Scheme 16.  The 

ligand was prepared by Stille coupling of  5-tributylstannyl-2,2’-bithiophene122 

and 4,6-dibromobenzene-1,3-dicarbaldehyde123 to give 30 in 94% yield, followed 

by condensation with aniline in 76% yield. The complex 32 was prepared by 

refluxing 31 in the presence of K2PtCl4 in glacial acetic acid for 72 hours and 

obtained in 28% yield following column chromatography.   

 

Scheme 16. Synthesis of Pt-[NCN] pincer electropolymerizable monomers. 

 

 

Initial attempts to exchange the chloride ligand for a ligand that would act 

as a vibrational spectroscopic probe were focused at the preparation of a Pt-CO 

complex.  However, due to extremely weak bonding of the carbonyl ligand (νCO = 

2115 cm-1, Figure 37a) to the NCN-Pt complex, an alternative ligand would be 
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required.  Focus was then directed to the isoelectronic isocyanide ligand.  

Exchange of the chloride ligand was achieved by reaction of 32 with AgPF6 

followed by subsequent reaction with either tert-butyl isocyanide or 2,6-

dimethylphenyl isocyanide.  Conversion to the platinum-bound isocyanide was 

confirmed by a shift in the IR spectrum of ν(C≡N) upon bonding of 

approximately 65 cm-1 and  60 cm-1 for the tert-butyl isocyanide and 2,6-

dimethylphenyl isocyanide, respectively, relative to the free isocyanide.126,127   

 

Scheme 17. Ancillary ligand substitution of NCN-Pt complex 

 

 

 

Figure 37. IR spectra of substituted NCN-Pt monomer complexes.  a) NCN-
PtCO (33); b) NCN-PtCNtBu (34); c) NCN-PtCNXy (35) 
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Figure 38. View of a) 31; b) 32; c) 34; and d) 35 showing the labeling of 
selected atoms.  Displacement ellipsoids are scaled to the 50% 
probability level. Hydrogen atoms, counter-ions, and solvent 
molecules have been omitted for clarity. 

Crystals suitable for X-ray crystallographic structure determination were 

grown by slow diffusion of hexanes into a saturated solution of 34 or 35 in 

dichloroethane or diffusion of methanol into a saturated solution of 32 in DCM 

(Figure 38).  In all complexes, the geometry around the platinum is slightly 

distorted from square planar with bond lengths and angles consistent with those 

previously observed for similar compounds.128-130  Additionally, the coordination 

plane of the platinum was found to be nearly coplanar with the cyclometallated 
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phenyl portion of the pincer ligand, with torsion angles of 8° and 3° for 

complexes 34 and 35, respectively. 

 

Table 2. Crystallographic data for Pt-[NCN] pincer complexes. 

 32 34 35 
Empirical formula C36H23ClN2PtS4 C123H96BF4N9O4Pt3S13   C45H32N3PtS4 
Formula weight 842.34 2852.95 1423.72 
Temperature (K) 153(2) 153(2) 153(2) 
Wavelength (Å) 0.71073 0.71069 71.073 
Crystal system Orthorhombic Triclinic Monoclinic 
Space group Pbcn P1 P21/c 
a (Å) 16.6087(4) 18.6410(2) 1510.09(4) 
b (Å) 25.2862(6) 19.8492(3) 2974.97(7) 
c (Å) 7.3853(2) 21.2347(4) 2282.54(5) 
α (deg) 90 108.6820(10) 90 
β (deg) 90 108.7360(10) 106.5580(10) 
γ (deg) 90 95.7400(10) 90 
Volume (Å3) 3101.61(13) 6865.98(18) 9.8290(4) 
Z 4 2 8 
ρ (Mg/cm3) 1.804 1.380 1.924 
μ (mm-1) 4.910 3.301 4.616 
F(000) 1648 2824 5520 
crystal size (mm) 0.22 x 0.17 x 0.16 0.24 x 0.09 x 0.08 0.21 x 0.20 x 0.14 
θ (deg) 2.93 to 27.48° 1.78 to 27.50° 1.99 to 27.49 
Index ranges -21 ≤ h ≤ 21 -24 ≤ h ≤ 24 -19 ≤ h ≤ 19 
 -32 ≤ k ≤ 32 -25 ≤ k ≤ 23 -38 ≤ k ≤ 37 
 -9 ≤ l ≤ 9 -21 ≤ l ≤ 27 -29 ≤ l ≤ 29 
Absorption 

correction 
Semi-empirical 

from equivalents 
Full-matrix-block 

least-squares on F2 
Multiscan 

Max. and min. 
transmission 

0.455 and 0.396 0.7737 and 0.4976 0.5642 and 0.4440 

GOF on F2 1.332 0.955 0.984 
R1, wR2 [I > 2σ(I)] 0.0490, 0.0868 0.0613, 0.1505 0.0440, 0.1132 
R1, wR2 [all data] 0.0607, 0.0900 0.1269, 0.1717 0.0843, 0.1229 
Largest diff. peak 

and hole (e.Å-3) 
0.844 and -1.013 1.924 and -0.836 1.153 and -0.847 
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Electropolymerization of Platinum Complexes 

Electropolymerization of 32, 34, and 35 was performed in CH2Cl2 with 0.1 

M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte at 0.1 V/s (Scheme 18, Figure 39).  The cyclic voltammogram (CV) 

of 32 shows monomer oxidation at 0.85 V relative to the ferrocene/ferrocenium 

redox couple, and polymer oxidation at 1.2 V and polymer reduction at 0.9 V.  

This is consistent with the reported oxidation potentials for 1,3-bis(2,2’-

bithiophen-5-yl)benzene,125 confirming coupling of the monomer units through  

 

Scheme 18. Electropolymerization of [NCN]-Pt Complexes and model polymer 
backbone. 

 

the terminal thiophenes. Upon substitution of the chloride with isocyanide, both 

complexes show a monomer oxidation at 0.9 V and polymer oxidations at 0.8 V 

and >1.2 V and polymer reductions at 0.40 and 0.63 V.  Retention of the Pt 

centers during electropolymerization was confirmed by X-ray photoelectron 

spectroscopy (XPS) of both the monomer and the polymer films (Table 3).  Due 
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to the inability of the ligand 31 to form a suitable polymer film, polymer films of 

4,6-bis(bithiophen-5-yl)-1,3-dimethylbenzene (36) were prepared for comparison 

purposes to study the effects of electrochemical doping, in the absence of a metal 

center, on the polymer backbone. 

 

 

Figure 39. Electropolymerization of model polymer backbone and [NCN]-Pt 
complexes, initial scans shown in red.  Insets: Current vs. number of 
scans.  a) 36; b) 32; c) 34; d) 35 
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Table 3. Experimental and theoretical (parenthesis) ratios for the XPS analysis 
of NCN-Pt monomer and polymer films. 

 S Pt Cl P F 
32 4.23 (4) 1 0.93 (1) ----- ----- 
poly32 4.02 (4) 1 1.22 (1) ----- ----- 
35 5.00 (4) 1 ----- 0.77 (1) 7.36 (6) 
poly35 4.54 (4) 1 ----- 1.00 (1) 4.62 (6) 

 

Infrared Studies 

The characteristic νCN of the isocyanide ligand was utilized as a means to 

probe the amount of electron density at the platinum metal center of the 

conducting metallopolymer.  Due to the absence of π-back-bonding with the 

isocyanide ligand, in both the monomer (35) as well as the conducting 

metallopolymer (poly35), the νCN of the bound isocyanide ligand occurs at 2177 

cm-1, 60 cm-1 higher than that of the free isocyanide.  Upon oxidation of the 

polymer film to 1.27 V vs. Fc/Fc+, the νCN was observed to lower to 2168 cm-1 

(Figure 40).  This lowering in frequency of the νCN toward that of free isocyanide 

indicates a weakening of the Pt-C σ-bond and demonstrates that the withdrawal of  

 

 

Figure 40. Infrared spectra of 35.  a) 35; b) poly35; c) expansion of IR spectrum 
of poly35, neutral and oxidized, near νCN. 
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electrons from the conducting polymer backbone is a viable means of attenuating 

the binding of ancillary ligands on the metal center in this system. 

 

UV-Visible Studies and Spectroelectrochemistry  

UV-visible spectroscopic characterization of 31 revealed a single 

absorption at 366 nm due to the π-π* UV-vis transition of the bithiophene group.  

The absorption was found to blue shift approximately 25 nm in complexes 32, 34, 

and 35 as a result of platinum complexation.  In addition, the complexes display a 

LMCT absorption at approximately 450 nm, consistent with other platinum-pincer 

complexes in which the cyclometallated phenyl ring of the pincer ligand is nearly 

coplanar with the platinum coordination plane.131  Upon polymerization, a red-

shift of the π-π* transition of the bithiophene system to near 400 nm was 

observed due to the extended aromatic system formed between the monomer 

units.  The energy of this transition is consistent with that of quarterthiophene132 

and confirms the electronically segmented nature of the conducting 

metallopolymers.   

 

 

Figure 41. Monomer UV-visible spectra in DCM.  a) 31; b) 32; c) 34; d) 35 
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Figure 42. Calculated molecular orbitals of 34. 

To further monitor the effects of electrochemical doping of the conducting 

polymer backbone on the platinum metal center, UV-vis-NIR 

spectroelectrochemical investigations were performed.  Upon oxidation of the 

thiophene bridge the π-π* transition (420 nm) decreases in intensity with the 

appearance of lower energy transitions.  The low energy transitions (600 and 900 

nm) observed during oxidation (Figure 43) are consistent with the formation of 

polaron and bipolaron states within the conjugated polymer backbone.7,133  

However, unlike the broad low energy transitions typically observed in oxidized 

polythiophene,133 these low energy transitions are more discrete as would be 

expected due to the inability of the quinoidal form of the oxidized thiophene 

fragment to extend through the aromatic system of the pincer ligand.   
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Figure 43. UV-vis-NIR spectroelectrochemistry of poly36.  Side: Trace of 
absorbance versus potential at given wavelengths. 

 

Figure 44. UV-vis-NIR spectroelectrochemistry of poly35.  Side: Trace of 
absorbance versus potential at given wavelengths. 
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Spectroelectrochemical investigations of the Pt containing conducting 

metallopolymers systems (Figure 44) allow for demonstration, for the first time, 

that through changes in the LMCT absorption it is possible to directly examine 

the changes in electron density at the metal center. Upon oxidation it would be 

expected that as the electrons are removed from the π-system of the conducting 

polymer backbone, less electron density would be available for donation to the 

metal resulting in an increase in the energy of the LMCT band.  Though observed 

in both poly34 and poly35, this effect is most easily monitored in poly35, due to 

the better resolution of the LMCT band from the π-π* transition of the thiophene 

bridge.  At higher potentials the LMCT band begins to lower in energy although 

full investigation of the second oxidation of the conducting polymer backbone is 

not available within the electrochemical window of the solvent. 

 

 

Figure 45. Expansion of UV-vis spectroelectrochemistry of poly35 at LMCT 
band. 
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Molecular Orbital Calculations 

The increase in energy of the LMCT absorption is consistent with 

observed changes in the energy levels of the molecular orbitals associated with 

this transition when variable-oxidation state DFT calculations were performed for 

34, 34+, and 342+.  These calculations predict that the energy of the LMCT 

absorption will reach a maximum with the first oxidation of the conducting 

polymer backbone and will be lowered in energy with the second oxidation.  In 

practice, the observed changes in the LMCT are consistent with the DFT 

calculations and a blue shift of the LMCT absorption is observed (Figure 46) 

which reaches a maximum near 800 mV, coinciding with the first oxidation 

potential of the thiophene backbone.   

 

 

Figure 46. Walsh correlation diagram of calculated molecular orbitals of neutral 
complex, first oxidation and second oxidation of complex 34. 
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[PCP]-Pincer Complexes 

Synthesis  

The attenuation of the electron density at a metal center using as 

conducting polymer as a redox active ligand has been demonstrated with a 

substituted NCN-pincer ligand.  To expand the potential number of metal 

complexes available for study an alternative ligand is proposed.  The substitution 

of phosphinite ligands in place of imine ligands provides a softer ligand which 

forms complexes with platinum group metals more easily than the nitrogen based 

analog.134  The choice of the phosphinite ligand over a more traditional phosphine 

ligand was made in an effort to simplify the synthesis of the target complex 

particularly in the presence of the bithiophene substituents.  However, the 

functionalization of the m-xylene arms with chloride or bromide while in the 

presence of thiophene groups proved extremely difficult and low yielding.  As 

unsubstituted PCP pincer ligands have been readily prepared from resorcinol in 

high yield, the preparation of an analogous functionalized material was explored.  

The synthesis of the targeted PCP ligand is outlined below in Scheme 19. 
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Scheme 19. Synthesis of substituted PCP-pincer ligand. 

 

Iodination of resorcinol was accomplished in high yield with iodine 

monochloride followed by protection of the alcohol groups with acetic anhydride.  

Stille coupling of the protected resorcinol derivative with tributylstannyl 

bithiophene afforded the product 39 as a light yellow powder in a manner similar 

to that described by Swager and coworkers.125  Deprotection of the alcohol was 

accomplished in high yield although the resulting product (40) was unstable to 

prolonged exposure to light or water.  A variety of conditions, including direct 

reaction of PPh2Cl with 40 in the presence of NEt3 as well as deprotonation of the 

ligand with NaOMe, were explored in an attempt to convert the alcohol to the 

desired phosphinite ligand.  However, in each case the alcohol proved unreactive 

toward chlorodiphenylphosphine.  The progress of the reaction was monitored by 
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31P{1H} NMR with the expected signal of the ligand appearing as a singlet near 

114 ppm, predicted by comparison to the analogous unsubstituted PCP pincer 

ligand.  Only the reaction of 40 with n-butyl lithium followed by reaction with 

PPh2Cl at -78 °C resulted in the formation of small amounts of 41 as a minor 

product in the reaction.   

Previously, Swager and coworkers have prepared the conducting polymer 

of 40 and due to the noted instability of the monomer, deprotection of the alcohol 

was performed post-polymerization.  They have proposed that upon oxidation, the 

meta-linked polymer forms a highly delocalized and conductive system with both 

aromatic and quinoid structures (Scheme 20) with charges located on the phenolic 

oxygens. 

 

Scheme 20. Formation of extended p-hydroquinone state in meta-linked 
poly(phenylene thienylene)s.[125] 
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It is possible that a similar mechanism is occurring with the monomer 40.  

Formation of a quinoidal state with the meta-linked phenols would result in a 

significant decrease in reactivity.  

As the PCP-pincer ligand was desired to provide access to additional 

platinum group metal complexes, including Ir, Pt, Pd, and Rh, the initial metal 

complexes formed would be first needed to verify the same redox attenuated 

effect as observed in the NCN-pincer complexes.  For this, the RhCO complex 

was chosen.  Like the NCN-Pt analog, the four coordinate rhodium complex 

would result in only one ancillary ligand which should maximize and simplify the 

redox-attenuated effect reported by this ligand. 

However, do to the synthetic difficulties present in accessing the target 

ligand, an alternative ligand scheme is proposed.  The synthesis and metal 

complexation of the PCP ligand portion of the monomer prior to substitution of 

the bithiophene units should alleviate the reactivity issues encountered with 

complex 40.  The alternative scheme is outlined below in Scheme 21. 
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Scheme 21. Proposed alternate synthesis route to PCP-Rh complexes 

 

In addition to the synthesis of the PCP ligand prior to the substitution of 

the bithiophene units, it will also be advantageous to synthesize the rhodium 

complex prior to the Stille coupling.  This would be done to avoid any potential 

coordination of the catalyst or tin byproducts of the Stille coupling into the ligand. 

 

CONCLUSIONS  

We report a conducting metallopolymer based on an electropolymerizable 

NCN pincer ligand.  This system clearly displays redox attenuated metal-ligand 

interactions as monitored by IR (νCN) and, for the first time, UV-vis (LMCT) 

spectroelectrochemistry.  The later result is particularly significant as it 

demonstrates that electron density at metal centers in conducting metallopolymers 

can be directly monitored without the incorporation of a reporter ligand.  This 

realization has utility in the applications of conducting metallopolymers in redox-
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mediated catalysis and sensors.  Future efforts will focus on the preparation and 

characterization of analogous PCP-pincer ligands to provide access to a greater 

variety of transition metal complexes. 
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Chapter 4: Redox-Active Molecular Assemblies 

INTRODUCTION 

Dibenzo[a,e]cyclooctatetraene 

The tub-shaped cyclooctatetraene (COT) molecule undergoes a large 

change in geometry upon reduction to form the planar aromatic species.  The 

substitution of benzyl rings on either side of the central COT ring to form 

dibenzo[a,e]cyclooctatetraene (DBCOT) does not alter the geometry of the 

neutral or reduced species.135  EPR investigations of COT and DBCOT by Gerson 

et al. reveal that the geometry change is associated with the one electron reduction 

of the complexes.135  In contrast, the one-electron oxidation of the complexes does 

not alter the tub shape. 

 

 

Figure 47. Geometry change of DBCOT upon oxidation and reduction. 

The observed  change in geometry after only one-electron reduction is 

further supported by observations of Bard and coworkers136 that the large change 

in molecular geometry associated with the first reduction results in a high 

activation energy and consequently slow electron transfer rates.  The second 
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reduction, which is accompanied by minimal geometry change, proceeds much 

faster.   

Metal Organic Frameworks 

The use of porous materials has been a heavily investigated topic of 

research with applications for large-scale industrial processes, including gas 

separation and storage, ion exchange and catalytic cracking and xylene 

isomerization.  Often, porous aluminosilicates or zeolites are used.  More 

recently, coordination polymers, any extended structure based on metals with 

organic bridging ligands, have come into focus.  These coordination polymers 

offer the potential for a wide variability in both structure as well as magnetic, 

electrical, optical, or catalytic properties of the materials.  Through careful 

selection of metal and bridging ligand, a variety of structures may be obtained.  

The variety of available structures may be further increased by the use of metal 

clusters at the vertices, which may result in systems with as many as 60 points of 

extension.137 

 

 

Figure 48. Modular approach to the formation of coordination polymers. 
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While a coordination polymer may be formed from the reaction of a 

bridging ligand with a metal with more than one vacant coordination site, 

predicting or controlling the resulting structure is more difficult.  Different 

approaches have been employed, including the use of rigid ligands and systems 

with more labile metal-ligand bonds where the kinetic product(s) formed may 

rearrange to the more stable thermodynamic product.138  Due to the difficulty in 

interpreting any observed properties without detailed knowledge of the structure 

of the system, synthesis in this area has been almost exclusively directed toward 

obtaining X-ray quality single crystals. 

Coordination polymers which possess a porous structure, frequently 

referred to as metal-organic frameworks, have the potential for a variety of useful 

applications.  Recently, Liu et al.139 reported a magnesium-carboxylate system 

demonstrated the capacity for reversible hydrogen uptake with a capacity 44 times 

greater than that for nitrogen.  Reports by Mulfort and Hupp140 suggest that the 

use of alkali metal reduced frameworks exhibit hydrogen storage capacities up to 

65% higher than the corresponding neutral framework.  Additionally, carborane-

based frameworks with zinc vertices have shown the ability to serve as highly 

selective sorbents for selective CO2 adsorption from CO2/CH4 mixtures.141   

In the last three years, a select number of reports have emerged regarding 

the electrochemistry of these coordination polymers.  Reports by Hupp and 

coworkers140,142,143 have reported a method for direct chemical reduction of the 

synthesized framework systems using alkali metals.  Wang and coworkers144 

reported on the characterization of an inorganic-organic vanadate coordination 

polymer.  Using the polymer as a solid-state modifier on a carbon paste electrode, 

they were able to observe a quasi-reversible redox couple, attributed to VV/IV at 
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762 mV vs. SCE.  More rigorous examinations of the reduction and stripping 

processes associated with Cu-MOF and Zn-MOF systems on polymer modified 

electrodes is described by Domenech et al.145 

Recently, Kitagawa & Kondo146 have identified three different generations 

of microporous framework materials: the first, those materials “unstable to the 

loss of inclusion,” the second, “stable frameworks, reversibly lose and re-adsorb 

guest species without undergoing a change in phase or morphology,” and third, 

“dynamic structures, which change their frameworks responding to external 

stimuli.”   

Research Objectives 

Herein we seek to prepare and investigate a supramolecular assembly 

utilizing a redox-active ligand.  In contrast to the redox-active MOF systems 

previously prepared where the electrochemical changes occurred at the metal 

vertices, the incorporation of a functionalized DBCOT ligand into an assembly 

has the potential to result in a redox-active framework where not only is the 

redox-activity a result of the organic bridge, but reduction of the system should 

result in a geometry change of the system.  Due to the low reduction potentials of 

the DBCOT, a magnesium based system was chosen as the metal was not 

expected to electrochemically active within that potential range.  Simple 

calculation of the potential pore size change, based on the inter-atomic distances 

of functional groups at the 2,8- positions and the formation of a cubic framework 

which has been observed in Mg3-carboxylate systems137,147 is shown in Figure 49. 
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Figure 49. Schematic representation of potential pore size change of a MOF 
utilizing a functionalized DBCOT bridging ligand. 
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EXPERIMENTAL 

Instrumentation 

NMR spectra were obtained on either a Varian Unity+ 300 or Varian 400 

Spectrometer with an Oxford Instruments Ltd. superconducting magnet using a 

Sun Ultra 5 workstation and a 5 mm Auto-switchable probe (1H/19F/13C/31P).  1H 

NMR signals were referenced to residual proton resonances in deuterated 

solvents. 13C NMR spectra were referenced relative to solvent peaks. Mass 

spectra were recorded on one of two high-resolution magnetic sector mass 

spectrometers (Micromass ZAB and Autospec) equipped with EI, CI, FAB, in 

positive/negative ionization modes. Melting points were recorded on a Mel-Temp 

II melting temperature apparatus made by Laboratory Devices of Holliston, MA. 

UV-visible absorption data was recorded on a Varian/Cary 6000i 

spectrophotometer.  The microwave assisted reaction was performed in a CEM 

Discover reactor.   

 

Electrochemistry 

Electrochemical characterization was performed under a nitrogen 

atmosphere in a dry-box using a GPES system from Eco Chemie in DMF with 0.1 

M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting 

electrolyte.  Electrochemical experiments were carried out in a three-electrode 

cell with a Ag/AgNO3 non-aqueous reference electrode, a Pt button working 

electrode, and a Pt wire counter electrode.  All potentials are reported versus the 

Fc/Fc+ couple and were obtained at a scan rate of 100 mV∙s-1.   
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Synthesis 

General Methods 

All chemicals were purchased from commercial suppliers and were used 

as received.  All solvents were dried using an Innovative Technology, Pure Solv 

solvent purifier with a double purifying column except as otherwise noted.  Air 

and moisture sensitive reactions were performed using standard Schlenk 

techniques.  The following compounds were prepared according to literature 

procedures: 4,α,α-tribromo-o-xylene (46),148 4-bromo-1,2-

bisdibromomethylbenzene (48),149 4-bromo-o-phthaldehyde (50),149 5-bromo-2-

methylbenzaldehyde (52),150 4,5,α,α-tetrabromobenze (59), sodium pivalate,151 

ditungsten tetrapivalate (64)151 

 

 

5-Bromo-2-diacetoxymethyltoluene [53].   52 (8.587 g, 42.9 mmol) was 

dissolved in acetic anhydride (20 mL) an additional portion of acetic anhydride 

(10 mL) with 5 drops conc. H2SO4 was slowly added.  The mixture was stirred for 

1 hour at room temperature and poured into H2O.  The product was extracted with 

EtOAc, washed with sat. NaHCO3 and brine and reduced to furnish a light yellow 

oil which crystallized on standing (12.743 g, 98 %): 1H NMR (400 MHz, CDCl3) 

δ: 7.73 (s, 1H), 7.59 (d, J = 2.0, 1H), 7.36 (dd, J = 2.4, 8.4, 1H), 7.02 (d, J = 8.0, 

1H), 2.35 (s, 3H), 2.09 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3) δ: 168.5, 135.5, 

135.2, 132.5, 132.4, 129.8, 119.5, 87.3, 20.7, 18.3; HRMS (CI+) calc for 

C12H14BrO4 [M+H]+ 301.0075, found 301.0080. 
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5-bromo-2-diacetoxymethylbenzyl bromide [54].  53 (8.30 g, 27.6 

mmol), NBS (4.92 g, 27.6 mmol) and benzoyl peroxide (50 mg, 0.2 mmol) were 

dissolved in 1,2-dichloroethane (75 mL) and heated to reflux for 3 hours.  The 

reaction mixture was cooled to room temperature and poured into water.  The 

organic phase was washed with water, sat. Na2S2O3, and brine, dried over 

Na2SO4, and reduced.  Product contains traces of starting material; no further 

purification was performed for use in the next reaction.  1H NMR (400 MHz, 

CDCl3) δ: 7.78 (s, 1H), 7.67 (d, J = 2.0, 1H), 7.48 (dd, J = 2.4, 8.4, 1H), 7.26 (d, J 

= 8.0, 1H), 4.63 (s, 2H), 2.12 (s, 6H); 13C{1H} NMR (100 MHz, CDCl3) δ: 168.5, 

135.7, 135.1, 133.3, 132.8, 131.4, 122.8, 87.4, 28.9, 20.9; HRMS (CI+) calc for 

C12H13Br2O4 (M + H)+ 380.9160, found 380.9153. 

 

 

Triphenyl-(5-bromo-2-diacetoxymethylbenzyl)-phosphonium bromide 

[55].  54 (9.823 g, 25.8 mmol) and triphenylphosphine (6.78 g, 25.8 mmol) were 

dissolved in CH2Cl2 (60 mL) and stirred at room temperature for 24 hrs.  The 

product was recrystallized twice from CH2Cl2/Et2O to yield a white powder (7.63 

g, 46 %): 1H NMR (400 MHz, CDCl3) δ: 7.84 (dt, J = 2.0, 7.2, 3H), 7.69-7.58 (m, 

15H), 7.38 (dd, J = 1.6, 8.4, 1H), 6.93 (s, 1H), 5.66 (d, J = 14.8, 2H), 1.92 (s, 6H); 
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31P NMR (161 MHz, CDCl3) δ: 23.10; product too insoluble for 13C NMR 

analysis;  HRMS (ESI) calc for C30H27BrO4P (M)+ 561.0829, found 561.0829. 

 

 

Triphenyl (5-bromo-2-formylbenzyl)-phosphonium bromide [56].  55 

(5.350 g, 8.3 mmol) was combined in a round bottom flask with HBr (30 mL, 48 

% w/w in H2O) and water (180 mL) and brought to reflux for 8 hours.  The 

reaction was cooled and the product collected by vacuum filtration as tan crystals, 

no further purification was necessary (3.668 g, 82 %): 1H NMR (400 MHz, 

CDCl3) δ: 9.29 (s, 1H), 7.84 – 7.21 (m, 18H), 5.91 (d, J = 15.2, 2H); 31P NMR 

(161 MHz, CDCl3) δ: 24.24; product too insoluble for 13C NMR analysis; HRMS 

(ESI) calc for C26H21BrOP (M)+ 459.0508, found 459.0513. 

 

 

2,8-Dibromodibenzo[a,e]cyclooctatetraene [51].  55 (7.400 g, 13.7 

mmol) was dissolved in anhydrous MeOH (300 mL) over activated 3Å molecular 

sieves and heated to reflux.  A solution of NaH (330 mg, 13.7 mmol) in EtOH (30 

mL) was added dropwise over an hour.  The reaction was refluxed for an 

additional 3 hours after addition was complete and the solvent was removed in 

vacuuo.  The residue was dissolved in H2O and extracted into Et2O, washed with 

brine, and dried over Na2SO4.  Product was purified on a silica gel column with 

hexanes as the eluent to give an off-white solid (320 mg, 7%):  1H NMR (400 

MHz, CD2Cl2) δ: 7.31 (dd, J = 2.4, 8.4, 2H), 7.23 (d, J = 2.4, 2H), 6.94 (d, J = 
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8.4, 2H), 6.71 (s, 4H); 13C{1H} NMR (100 MHz, CDCl3) δ: 139.3, 136.1, 133.5, 

132.7, 132.0, 130.9, 130.4, 121.3; HRMS (CI+) calc for C16H11Br2 (M+H)+ 

362.9207, found 362.9203. 

 

 

Dibenzo[a,e]cyclooctatetraene-2,8-dicarboxylic acid [57]. 51 (526 mg, 

14.6 mmol) was dissolved in THF (30 mL), cooled to -70 °C, and n-BuLi (1.82 

mL, 1.6 M in hexanes, 29.2 mmol) was added slowly via syringe.  The reaction 

was stirred for 15 minutes and then removed from the cold bath and CO2 was 

bubbled through the reaction for 20 minutes.  The resulting white solid was 

collected by vacuum filtration and dissolved in H2O (25 mL) and 2 drops conc. 

HNO3 was added.  The solid was collected by vacuum filtration with no further 

purification necessary (330 mg, 79%): 1H NMR (400 MHz, DMF-d7) δ: 13.50 (br 

s, 2H), 7.99 (dd, J = 1.6, 8.0, 2H), 7.90 (s, 2H), 7.43 (d, J = 8.0, 2H), 7.11 (d, J = 

8.0, 4H); 13C{1H} NMR (100 MHz, DMF-d7) δ:167.3, 141.5, 137.2, 133.8, 133.6, 

130.5, 130.4, 129.7, 128.2; HRMS (CI+) calc for C18H13O4 (M+H)+ 293.0814, 

found 293.0814. 

 

 

[{W2(O2CtBu)3}2(µ-2,8-DBCOT(CO2)2)] [65].  57 (19 mg, 0.065 mmol) 

and W2(O2CtBu)4 (100 mg, 0.13 mmol) were dissolved in a minimal amount of 
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toluene (10 mL) and stirred at room temperature for 8 days.  The solution 

gradually turned from yellow to deep purple.  The reaction mixture was filtered 

through a medium porosity frit and the resulting solution was reduced to dryness 

to yield a dark purple solid (84 mg). 
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RESULTS & DISCUSSION 

Synthesis of Functionalized DBCOT 

Frequently the synthetic route to DBCOT involves the use of a bis-Wittig 

reaction152 to generate the central cyclooctatetraene ring.  To prepare substituted 

derivatives of DBCOT this route is crucial.  Substitution of the outside phenyl 

rings prior to the formation of the central ring is necessary due to the high 

reactivity of the protons at the 5,6,11,12- positions.  The preparation of DBCOT 

from phthalaldehyde and (1,2-phenylenebis(methylene))bis(triphenyl-

phosphonium)bromide is often employed (Scheme 22).  Unfortunately, this 

approach is susceptible to the generation of larger rings systems such as 

tribenzo[12]-annulene.153-155  In addition to the potential side products, bis-Wittig 

reactions often suffer low yields due to the formation of both cis- and trans-

alkenes.  The highest reported yield of DBCOT via this synthesis route continues 

to be 18% reported by Griffin and Peters in 1963.155 

 

Scheme 22. Synthesis of DBCOT via bis-Wittig reaction. 

 

This approach was utilized in the preparation of a dibromo-DBCOT 

derivative.  Bromination of 4-bromo-o-xylene with Br2 and NBS results in the 

preparation of the bromomethyl148 and dibromomethyl derivatives 46 and 48, 

respectively.  Reaction of 46 with triphenylphosphine resulted in the desired 
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phosphonium bromide salt while oxidation of 48 with fuming sulfuric acid 

furnished the desired dialdehyde149 49 in low yield.   

 

Scheme 23. Synthesis of difunctionalized DBCOT. 

 

Unfortunately the attempted bis-Wittig reaction between 47 and 49 

resulted in a mixture of products as suggested by 1H NMR spectroscopy.  

Attempted separation of 50 and 51 by recrystallization or column chromatography 

were unsuccessful.  The difficulty in separating the resulting mixture, 

accompanied with the extremely low yield, necessitated the use of an alternative 

synthesis which would result in the exclusive formation of 51. 

By preparing a brominated derivative of o-formylbenzyl-

triphenylphosphonium bromide, dimerization in the presence of lithium ethoxide 

should produce exclusively the desired brominated DBCOT, 51.  Bromination of 

o-tolualdehyde, followed by careful recrystallization to separate the 3- and 5-
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bromo isomers, produces 52 in 30 % yield.150  Attempted bromination of the 

methyl group resulted in decomposition of the starting material under all 

conditions.  Protection of the aldehyde by conversion of 52 to 5-bromo-2-

diacetoxymethyltoluene allows for the bromination in 94 % yield.  Reaction with 

triphenylphosphine followed by deprotection of aldehyde furnished the desired 

triphenyl (5-bromo-2-formylbenzyl)-phosphonium bromide, 56, in high yield.   

 

Scheme 24. Synthesis of exclusively 2,8-difunctionalized DBCOT. 

 

The dimerization of 56 requires a careful attention to reaction conditions.  

In the case of o-formylbenzyl-triphenylphosphonium bromide, reaction with 

sodium ethoxide in absolute ethanol, reaction condition which are known to 

preferentially yield trans-alkenes,152 results in only traces of the dimerized 

product.  Similarly, reaction with lithium ethoxide in DMF produces only small 

amounts of product.152  In contrast, reaction with lithium ethoxide in absolute 
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methanol, results in the highest reported yield  of 26 %.154  Reaction with sodium 

ethoxide in absolute methanol produced the desired dibrominated DBCOT, 51, in 

8-20 % yield.  Conversion to the carboxylic acid 57 was accomplished by 

stepwise reaction with n-BuLi and CO2 in high yield. 

 

Ligand Electrochemistry 

In order to be able to select an appropriate metal to serve as the vertices of 

the MOF it is important to investigate the electrochemistry of the of the ligand 

system.  Previously Bard and coworkers have presented a thorough investigation 

of the electrochemistry of unfunctionalized DBCOT.136  They observed a single 

reduction wave corresponding to a two-electron process at E1/2 of -1.95 V vs SCE.  

However, at scan rates faster than 2 V/s, the anodic wave separated into two peaks 

(∆E = 0.085 V), suggesting that the observed two-electron reduction wave was 

actually two consecutive closely-spaced one-electron processes.  Additionally, the 

sharp cathodic wave suggests that the first electron transfer step is slow while the 

second step is fast.  The independence of ipa/ipc with scan rate suggests a 

negligible contribution of a chemical reaction on this time scale. 
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Figure 50. Cyclic voltammogram and scan rate dependence of 57 in DMF with 
0.1 M TBAPF6. 

Electrochemical investigations of dibromo-DBCOT 51 revealed only the 

onset of a reduction wave near the edge of the solvent window at -2.5 V vs. 

Fc/Fc+.  Due to the limited solubility of the compound, no suitable conditions 

were found to fully investigate the reduction process.  Like the unfunctionalized 

DBCOT, the dicarboxylic acid was found to have a single reversible redox couple 

(ipa/ipc = 1.03, independent of scan rate) under all scan rates investigated (0.01 – 1 

V/s) at E1/2 = - 1.345 V vs. Fc/Fc+.   

 

Mg-DBCOT Frameworks 

For the potential preparation of metal organic frameworks utilizing the 

functionalized DBCOT ligand as a bridge would require the use of a metal corner 

unit which would not only preferentially bind with the carboxylate ligand but 

would possess a reduction potential lower than that of the DBCOT ligand.  For 

this reason, magnesium systems were chosen.  Previous investigations of 

magnesium-dicarboxylate framework systems147 were found possess trinuclear 
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Mg clusters which act as a six-connecting secondary building unit.  The three Mg 

atoms are connected in a linear fashion by the surrounding carboxylate ligands.  

Two distinct carboxylate binding modes are observed.  Four of the carboxylate 

ligands form bidentate bridges from the outer Mg atom to the central Mg.  The 

remaining two carboxylate ligands chelate to the outer Mg atoms with each of the 

O atoms also bound to the central Mg atom. 

Based on these previous findings a variety of reaction conditions were 

chosen to screen the possible formation of a framework system.  The inclusion of 

KOH was chosen to provide an extra coordination mode for the magnesium atoms 

in the event the highly bent DBCOT ligand is unable to accommodate the 

geometry of the trinuclear metal center. 

 

Table 4. Experimental conditions for Mg-DBCOT framework synthesis. 

equiv 57 equiv KOH 
equiv 

Mg(OAc)
2
 Solvent 

1 2 1 DMF/EtOH 
1 2 3 DMF/EtOH 
1 3 1 DMF/EtOH 
1 3 3 DMF/EtOH 
1 4 1 DMF/EtOH 
1 4 3 DMF/EtOH 
1 ----- 1 DMF 
1 ----- 3 DMF 

 

Unfortunately attempted solvothermal synthesis of magnesium-

carboxylate framework did not result in the formation of crystalline material for 

characterization.  As the ligand 57 cannot be prepared in the quantities necessary 

for the screening of reaction conditions to prepare the framework system 
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(beginning with 25 g of o-tolualdehyde yields approximately 150-200 mg 57), an 

alternate ligand system may be better suited for MOF preparation.   

The symmetrical tetracarboxylate DBCOT based on pyromellitic acid, 

which has been used to prepare a variety of coordination polymer systems,156-160 

has been proposed.  Recently, a new synthesis scheme for the preparation of 

DBCOT and dibenzocycloocta-4a,6a-diene-5,11-diyne has been reported.161  The 

optimized reaction conditions for this synthesis result in high yields which are 

able to be maintained on scales as large as 100 g of reactant.  While this method is 

unsuitable for accessing ligand 57, it can be applied to the preparation of a 

tetracarboxylate derivative.  The improved yields and potential for scale-up make 

this an attractive approach for the preparation of the carboxylate ligand on scales 

which would allow for sufficient screening of reaction conditions.  
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Scheme 25. Proposed synthesis of 2,3,8,9-tetracarboxyl-DBCOT. 

 

In an analogous synthesis to that reported by Wudl et al. for DBCOT,161 

the proposed synthesis scheme of the tetracarboxylate ligand begins with coupling 

of 4,5,α,α-tetrabromobenzene (59) with lithium sand to afford the tetrabromo-

dibenzocyclooctadiene 60.  Although the bromomethyl substituents are expected 

to be the more reactive positions, it may be necessary to protect the 4,5-positions 

prior to reaction with Li.  Bromination of the unsaturated ring followed by 

elimination to the tetraene with potassium tert-butoxide would yield the 

tetrabromodibenzocyclooctatetraene which may be easily converted to the desired 

tetracarboxylate ligand 63 with n-butyl lithium and carbon dioxide.  
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Molecular Loops 

In addition to the preparation of coordination polymers and extended 

framework systems, dicarboxylate ligands have also found a variety of application 

in the synthesis of supramolecular complexes.162-166  Depending on the reaction 

conditions chosen, the variety of potential architectures extend from the simplest 

systems of two metal centers bridged by a dicarboxylate ligand to molecular 

loops, triangles, and squares.  Often the choice of metal center determines the 

overall geometry of the resulting system.  This can be varied from the simplest 

geometries using square-planar Pd2+ or Pt2+ vertices or to more elegant dimetal 

building units such as quadruply bonded Mo2 or W2 systems.  The use of dimetal 

building units offers a variety of benefits over single metal ions including the 

ability to prepare neutral assemblies as opposed to highly charged oligomers or 

networks.  Additionally, by the careful selection of the axial and equatorial 

ligands on the dimetal building units, a great deal of control is gained over the 

geometry of the resulting assembly.   

The electrochemistry of these systems also can be varied greatly by the 

selection of the bridging ligand.167-172  The degree of electronic coupling of the 

two dimetal centers through the linkers can be monitored by the separation of 

their half-wave potentials.  In the absence of communication through the bridge, 

oxidation of the metal results in the positive charge localized on one of the two 

Mo2 centers with minimal effect on the other unit.  In the event of strong 

electronic communication, the positive charge is delocalized over both Mo2 units, 

with each unit possessing approximately half a positive charge.  In this case, the 

second metal-centered oxidation is shifted to much higher potentials and the 

communication is easily observed in the CV or DPV of the complexes.   
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Initial efforts to prepare a system of dimetal units bridged by the 

dicarboxylate ligand system were focused on the synthesis of ditungsten 

centers.151  Of the well characterized dicarboxylate bridged dimetal systems, the 

W2-O2CRCO2-W2 systems possessed the lowest reduction potentials.171  This was 

desired in an effort to explore the changes in electronic communication between 

the two ditungsten centers as a function of the redox state of the DBCOT ligand.  

Similarly bridged systems were prepared by Chisholm and coworkers171,172 

utilizing dicarboxylate thiophene173 and anthracene174 bridges.   

In the case of the anthracene complex, steric constraints limit the extent of 

M2 δ to bridge π to M2 δ communication.  For thiophene bridged systems the 

amount of communication is dependent upon the substitution pattern.  Thiophenes 

functionalized at the 2,5- positions exhibited evidence of strong orbital mixing in 

the EPR spectrum, where for the case of the radical cation of the tungsten 

complex, hyperfine interactions indicate electron delocalization over four metal 

centers.  However, for the 3,4-substituted analog, no such orbital mixing is 

possible.   

Utilizing DBCOT as a bridge between two dimetal centers, it would be 

expected that minimal electronic communication would occur when the DBCOT 

bridge is in its neutral, bent geometry.  However, upon one- or two-electron 

reduction of the ligand, the planar aromatic system should allow for sufficient 

electronic communication between the two metal centers.   
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Scheme 26. Synthesis of DBCOT dicarboxylate bridged W2 dimetal units. 

 

Attempted reaction of ditungsten tetrapivalate with the DBCOT ligand 57 

resulted in a species unable to be definitively characterized by 1H NMR.  Splitting 

of the tBu proton signals was observed, similar to that reported for the anthracene 

and thiophene complexes, although no evidence of aromatic DBCOT protons 

were observed in the reaction mixture.  Additionally, simple MM2 calculations of 

the geometry of complex 65 indicate a strong distortion of the ligand backbone (to 

near planarity) must occur in order to accommodate both W2 centers.  With this 

observation, focus was directed toward systems which more readily accommodate 

bent dicarboxylate ligands: molecular loops.  Pairs of dimetal units may be bound 

by two bridging dicarboxylate ligands, such as malonate, homophthalate, or 1,4-

phenylenediacetate, in a cis-geometry with respect to substitution at the dimetal 

bridge.  
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Scheme 27. Proposed synthesis of Mo2-DBCOT molecular loop.  N,N’-di-p-
anisylformamidinate ligands are simplified for clarity. 

 

 

Current efforts are underway to investigate molecular loops prepared from 

the dicarboxylate DBCOT ligand 57 and a quadruply bound dimolybdenum unit.  

The current synthesis route is shown in Scheme 27.  Reaction of hexacarbonyl 

molybdenum(0) with N,N’-di(p-anisyl)formamidine (DAniF) produces the 

quadruply bonded Mo2 paddlewheel structure 67.  Reaction with 

trimethyloxonium tetrafluoroborate selectively removes two of the DAniF ligands 
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in a cis- arrangement.  Reaction with the tetrabutylammonium salt of 

dicarboxylate DBCOT (69) should produce the dimeric system 70. 

 

CONCLUSIONS 

Synthesis of a functionalized DBCOT ligand was accomplished.  

Attempted formation of a redox-active metal-organic framework was 

unsuccessful and an alternate ligand has been proposed which may better suit this 

application.  Current efforts are focused on the preparation of a molecular loop 

with dimolybdenum units. 
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Appendix A: Crystallographic Data 

Table A1. Crystallographic data for 8. 

 8 
Empirical formula C21H28N2O 
Formula weight 324.45 
Temperature (K) 153(2) 
Wavelength (Å) 0.71073 
Crystal system Monoclinic 
Space group P2(1) 
a (Å) 10.822(2) 
b (Å) 6.1359(12) 
c (Å) 15.012(3) 
α (deg) 90 
β (deg) 108.99 
γ (deg) 90 
Volume (Å3) 942.6(3) 
Z 2 
ρ (Mg/cm3) 1.143 
μ (mm-1) 0.070 
F(000) 352 
crystal size (mm) 0.25 x 0.22 x 0.18 
θ (deg) 3.62 to 27.62° 
Index ranges -14 ≤ h ≤ 10 
 -7 ≤ k ≤ 7 
 -19 ≤ l ≤ 19 
Absorption correction Gaussian 
Max. and min. transmission 0.9850 and 0.9311 
GOF on F2 1.022 
R1, wR2 [I > 2σ(I)] 0.0497, 0.1057 
R1, wR2 [all data] 0.0834, 0.1207 
Largest diff. peak and hole 

(e.Å-3) 
0.159 and -0.232 
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Table A2. Selected bond lengths [Å] and angles [°] for 8. 

 

 

 

Table A3. Crystallographic data for 5+. 

 5+ 

Empirical formula C36H52ClCrN2O3 
Formula weight 648.25  
Temperature (K) 100(2)  
Crystal system Monoclinic 
Space group P21/c 
a (Å) 12.426(5)  
b (Å) 28.751(5)  
c (Å) 11.474(5)  
α (deg) 90.000(5) 
β (deg) 109.396(5) 
γ (deg) 90.000(5) 
Volume (Å3) 3867(2)  
Z 4 
ρ (Mg/cm3) 1.114  
μ (mm-1) 0.40  
F(000) 1388  
crystal size (mm) 0.231 x 0.185 x 0.125  
θ (deg) 3.0 to 27.5  
Index ranges -16 ≤ h ≤ 15  
 0 ≤ k ≤ 37  
 0 ≤ l ≤ 14  
Absorption correction Multi-scan  

Bond Lengths ( Å)  
N(1) – C(1) 1.373(4) 
N(2) – C(7) 1.291(3) 
N(2) – C(6) 1.424(3) 
O(1) – C(13) 1.363(3) 
Bond Angles (°)  
N(1) – C(1) – C(6) 120.4(2) 
N(2) – C(6) – C(1) 117.4(2) 
N(2) – C(7) – C(8) 123.1(2) 
C(7) – N(2) – C(6) 119.7(2) 
O(1) – C(13) – C(8) 119.3(2) 
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Max. and min. transmission 0.329 and 1.000  
GOF on F2 1.211  
R1, wR2 [I > 2σ(I)] 0.2267, 0.4658  
R1, wR2 [all data] 0.4051, 0.5279  
Largest diff. peak and hole 

(e.Å-3) 
0.1.24 and -0.51  

 

Table A4. Selected bond lengths [Å] and angles [°] for 5+. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bond Lengths ( Å)  
Cr(1) – O(1)  1.951(9)  
Cr(1) – O(2)  1.921(7)  
Cr(1) – O(3)  2.110(1)  
Cr(1) – Cl(1)  2.353(9)  
Cr(1) – N(1)  2.000(1)  
Cr(1) – N(2)  2.050(1)  
Bond Angles (°) 
O(1) – Cr(1) – O(2)  97.2(4) 
O(1) – Cr(1) – O(3)  97.5(4) 
O(1) – Cr(1) – Cl(1)  94.2(3) 
O(2) – Cr(1) – O(3) 88.4(3) 
O(2) – Cr(1) – Cl(1)  90.9(3) 
O(3) – Cr(1) – Cl(1)  178.3(3) 
N(1) – Cr(1) – N(2)  83.1(5) 
N(1) – Cr(1) – O(1)  89.1(5) 
N(1) – Cr(1) – O(2) 171.3(4) 
N(1) – Cr(1) – O(3) 85.8(4) 
N(1) – Cr(1) – Cl(1)  94.7(4) 
N(2) – Cr(1) – O(1) 171.7(4) 
N(2) – Cr(1) – O(2)  90.3(4) 
N(2) – Cr(1) – O(3)  89.1(4) 
N(2) – Cr(1) – Cl(1)  89.4(4) 
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Table A5. Crystallographic data for 31. 

 31 
Empirical formula C36H24N2S4 
Formula weight 612.81 
Temperature (K) 153(2) 
Wavelength (Å) 0.71073 
Crystal system Monoclinic 
Space group P2(1)/c 
a (Å) 15.712(3) 
b (Å) 25.493(5) 
c (Å) 7.4249(15) 
α (deg) 90 
β (deg) 98.66 
γ (deg) 90 
Volume (Å3) 2940.2(10) 
Z 4 
ρ (Mg/cm3) 1.384 
μ (mm-1) 0.353 
F(000) 1272 
crystal size (mm) 0.20 x 0.16 x 0.10 
θ (deg) 2.91 to 27.48° 
Index ranges -18 ≤ h ≤ 18 
 -30 ≤ k ≤ 28 
 -8 ≤ l ≤ 8 
Absorption correction Gaussian 
Max. and min. transmission 0.9655 and 0.9327 
GOF on F2 1.071 
R1, wR2 [I > 2σ(I)] 0.0977, 0.2270 
R1, wR2 [all data] 0.1316, 0.2382 
Largest diff. peak and hole 

(e.Å-3) 
1.342 and -0.534 
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Table A6. Selected bond lengths [Å] and angles [°] for 31. 

 

 

 

 

Table A7. Selected bond lengths [Å] and angles [°] for 32. 

 

 

 
Symmetry transformation used to generate 

equivalent atoms: 
-x+1,y,-z+1/2 

 

 

 

Bond Lengths ( Å)  
N(1) – C(23) 1.280(10) 
N(1) – C(22) 1.425(11) 
N(2) – C(30) 1.261(10) 
N(2) – C(29) 1.439(11) 
Bond Angles (°)  
C(23) – N(1) – C(22) 118.8(7) 
N(1) – C(23) – C(34) 121.0(7) 
C(30) – N(2) – C(29) 116.1(7) 
N(2) – C(30) – C(36) 123.2(7) 

Bond Lengths ( Å)  
Pt(1) – C(1) 1.932(7) 
Pt(1) – N(1) 2.051(5) 
Pt(1) – Cl(1) 2.382(2) 
Bond Angles (°)  
C(1) – Pt(1) – N(1) 79.52(12) 
N(1) – Pt(1) – N(1)’ 159.0(2) 
C(1) – Pt(1) – Cl(1) 180.0 
N(1) – Pt(1) – Cl(1) 100.48(12) 
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Table A8. Selected bond lengths [Å] and angles [°] for 34. 

 

 

Table A9. Selected bond lengths [Å] and angles [°] for 35. 

 

 
  

Bond Lengths ( Å)  
Pt(2) – C(64) 1.956(7) 
Pt(2) – N(5) 2.035(7) 
Pt(2) – N(6) 2.037(6) 
Pt(2) – C(82) 2.026(8) 
N(4) – C(82) 1.151(9) 
Bond Angles (°)  
C(64) – Pt(2) – N(5) 79.1(3) 
C(64) – Pt(2) – N(6) 79.4(3) 
N(5) – Pt(2) – N(6) 158.5(2) 
C(64) – Pt(2) – C(82) 176.7(3) 
Pt(2) – C(82) – N(4) 177.7(8) 

Bond Lengths ( Å)  
Pt(1) – C(23) 1.961(5) 
Pt(1) – N(1) 2.041(4) 
Pt(1) – N(2) 2.044(4) 
Pt(1) – C(45) 2.015(6) 
N(3) – C(45) 1.124(6) 
Bond Angles (°)  
C(23) – Pt(1) – N(1) 79.18(18) 
C(23) – Pt(1) – N(2) 79.14(19) 
N(1) – Pt(1) – N(2) 158.28(16) 
C(23) – Pt(1) – C(45) 176.3(2) 
Pt(1) – C(45) – N(3) 173.6(5) 
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