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Abstract 
Main group chemistry has advanced from studying fundamental curiosities, including low 

oxidation state, low-valent, p-block elements to tailoring these unique, reactive species for 

specific functional applications.  This thesis examines the structure, bonding and reactivity of 

select group 13, 14 and 15 elements supported by N,N'-chelating ligands decorated with 

either thiophene, benzo[1,2-b:5,6-b']dithiophene or bis(2,5-dimethylthienyl)ethene 

substituents and allowing for subsequent reactivity and photophysical properties to be 

determined. 

The synthesis of a new diamino ligand containing a thiophene ring in the backbone was used 

to support a 7-membered phosphenium cation.  The 1:1 stoichiometric reaction between the 

amine:chlorophosphine was dependant on the substitution at nitrogen.  A 1:1 stoichiometric 

reaction between PCl3 and diamine (R = 2,4,6-trimethyphenyl), yielded the acyclic 

bis(aminodichlorophosphine), while with diisopropylphenyl groups on nitrogen both the 1:1 

cyclic aminochlorophosphine and 1:2 acyclic bis(aminodichlorophosphine) were observed in 

a 4:1 ratio.  To amend the poor selectivity, a new diamine was designed with benzo[1,2-

b:5,6-b']dithiophene in the backbone as this ligand generates a rigid five-membered ring 

upon coordination to main group elements. The detailed synthesis of this ligand, its 

pnictenium cations (Pn = P, As and Sb) and their metal complexes were discussed, along 

with  the spectroscopic properties.  The synthesis of an N-heterocyclic carbene (NHC) with 

the benzo[1,2-b:5,6-b']dithiophene in the backbone, silver(I) transfer reagent and the BPh3 

adduct were also synthesized.  The donor strength of the NHC was measured from the 

carbonyl IR stretching frequencies of the isolated NHC-Rh(CO)2Cl complex along with the 

resulting photophysical properties.   

The synthesis of a versatile diimine ligand containing adjacent 2,5-dimethyl(thienyl) rings in 

the backbone and its coordination to main group atoms was also achieved.  This 

diazabutadiene acts as a precursor to a novel photochromic ligand that has been used to 

coordinate to both boron and phosphorus elements, along with the synthesis of a phosphorane 

side chain functionalized polymer.  A study of the resulting photochromic properties of these 

compounds was completed and the following was observed: (i) The UV-visible absorption 

spectra of the ring closed isomer was dependent of the element present in the N,N'-chelating 
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pocket; and (ii)  incorporating the dithienylethene into a side functionalized phosphorane 

polymer greatly increased the ring closed/open reversibility and decreased the formation of 

by-products.  

Keywords 

Thiophene, photochromic, dithienylethene, pnictogen, N-heterocyclic carbene, N-

heterocyclic phosphenium, low coordinate, main group chemistry. 
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Chapter 1  

1 Introduction 

1.1 Thiophene 

Lecturer Victor Meyer serendipitously discovered thiophene (1.1, Figure 1.1) in 1882.  It 

has since become one of the most extensively studied heterocyclic ring compounds 

because of its abundant availability and synthetic versatility.1 The driving force behind 

the continuous development of new thiophene based materials is because through the 

functionalization of the thiophene ring, one can fine-tune the HOMO/LUMO band gap.2 

The ability to tailor the photophysical properties of thiophene and its resilience to a vast 

range of different chemistries has made it a staple in materials science, where it is used in 

many different fields, from dye chemistry,3 electronic and optoelectronic devices,4-6 and 

conductivity based sensors.7-9   

The polymerization of acetylene was first initiated in the 1970's when Heeger and 

MacDiarmid discovered that poly(acetylene) upon partial oxidation or reduction the 

conductivity could be increased more than a billion fold (100 S cm-1).10 These polymers 

however, were difficult to process and unstable in the presence of oxygen and water.   

Conjugated polymers with increased stability were gradually investigated and this led to 

the development of poly(thiophene), (1.2, Figure 1.1), which was superior to its 

counterparts because of its high stability in the doped and undoped states, and structural 

versatility.   In parallel to the discovery of poly(thiophene), Garnier and Fichou 

discovered that smaller conjugated systems, oligothiophenes, could be used as organic 

field effect transistors (OFETs), organic light emitting diodes (OLEDs) and solar cells.  

Poly(thiophene) and oligothiophenes are unique in that they are able to combine the 

electrical and optical properties of metals while maintaining the processing advantages 

and mechanical properties of organic polymers.10 
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Figure 1.1: Thiophene (1.1) and Poly(thiophene) (1.2).  

1.2 Advances in main group chemistry 

The main group elements with the exception of hydrogen can be found in groups 1 and 2 

(s-block) and 13-18 (p-block) in the periodic table.  They are the most abundant elements 

on earth and can be considered to be the representative elements.  An area of active 

research in main group chemistry has been the isolation of highly reactive low-valent, 

low-oxidation state s- and p-block atoms, which has resulted in many breakthroughs 

centering on new structure, bonding and reactivity.  Chemistry of the p-block elements is 

currently evolving, and research is moving beyond studying the fundamental chemistries 

of these unique elements to incorporating them into the design and synthesis of novel 

materials, which include hydrogen storage,11-13 sensors,14 functional polymers15-17 and 

semiconductors.18 As new synthetic methods are developed; our understanding of their 

structure and reactivity will expand and bring about significant advances in the design of 

novel small molecules, closing the gap between fundamental, curiosity driven research 

and applied research.19 

1.3 N-Heterocyclic carbenes and their group 15  
 analogues 

N-heterocyclic carbenes (NHCs), once only thought of as an alternative to phosphine 

ligands, have established themselves as superior ligands in metal-mediated catalysis and 

also find utility in functional materials, which include dynamic polymers, sensors, and 

electronically active molecules.20  Bertrand and co-workers were the first to synthesize a 

free carbene in 1988,21 however, it was not until 1991 when Arduengo isolated the N-

heterocyclic carbene that its full potential was realized.22 NHCs typically consist of a five 

membered ring with a C3N2 framework with the two nitrogen atoms adjacent to the 

carbenic carbon.  The stability of this singlet carbene arises from the interaction of the π 
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electrons on the nitrogen atoms with the empty pπ orbital on the carbenic carbon forming 

a stable three-center four electron π system and a complete octet (Figure 1.2).23  

N N N N NN

 

Figure 1.2: Resonance structures of the N-heterocyclic carbene. 

NHCs share many similarities with their heavier group 15 counterparts, the N-

Heterocyclic phosphenium cation (NHP) (Figure 1.3).  Although the NHC and NHP are 

isovalent and isolobal to each other, they are the electronic inverse.  Similar to the 

carbenic carbon in NHCs, the phosphorus atom in NHPs is also dicoordinate, possesses a 

lone pair of electrons and an empty π orbital.  They differ in the fact that the NHP is 

cationic and exists in the +3 oxidation state.  These combined components dominate the 

NHP chemistry and make NHPs weak σ donors and strong π acceptors, whereas NHCs 

are strong σ donors and poor π acceptors.  Both NHCs and NHPs have unique diagnostic 

downfield resonances in their corresponding 13C and 31P NMR spectrum appearing 

between δC = 210 - 220 and δP = 200 - 500 respectively. 23,24 

N
R

C

R
N

N
R

P

R
N

NHC NHP  

Figure 1.3: Frontier orbitals of two coordinate carbene and phosphenium cation. 

1.3.1 Synthesis 
N-Heterocyclic carbenes can be synthesized in a variety of ways.  The most common 

synthetic route is the deprotonation of an imidazolium salt precursor using either NaH, 

KOtBu or potassium/sodium amides (i, Scheme 1.1).  A second approach involves a 

condensation reaction of N,N'-dialkylthiourea with 3-hydroxy-2-butanone yielding the 

1,3,4,5-tetramethylimidazole-2-thione which can then be reduced using potassium in 

THF (ii, Scheme 1.1).23 The isolation of the free carbene is not always possible and in 
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1997 Bertrand,25 followed by Lin and Wang,26 found they could generate the silver-NHC 

directly from the imidazolium salt in situ using silver bases.  These silver-NHC 

complexes could then be used as transfer reagents to other metal centers (iii, Scheme 

1.1).  
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Scheme 1.1: Synthesis of NHC by deprotonation of the imidazolium salt (i), reduction 

(ii) and in situ using Ag2O and onward transfer to a different metal (iii). 

Contrary to the synthesis of NHCs where Bronsted bases are routinely used, NHPs can be 

generated a number of different ways.  This includes protic,27 electrophilic attack,28,29 

internal30,31 and external redox32,33 routes as well as halide abstraction. The most common 

method of generating a phosphenium cation is through the halide abstraction of chlorine 

from the chlorophosphine precursor.24   This can be done two ways, either through salt 

metathesis (eg. (Me3SiOTf (OTf = CF3SO3), KPF6, AgOTf, AgBF4, TlBArF (BArF = 

tetrakis(3,5-bis(trifluoromethyl)phenylborate))31,34-37 or abstraction of the halide using 

Lewis acids (e.g. GaCl3, FeCl3, PCl5 and Al2Cl6)  (Scheme 1.2).38-40  
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Scheme 1.2: General synthesis of a phosphenium cation (E = element, A = anion and X = 

halide). 

A second method of generating NHPs is through either internal or external redox routes. 

The research groups of Cowley and Macdonald have demonstrated that the use of a P(I) 

synthon in the presence of an α-diimine yields the phosphenium cation with either a 

triiodide (1.3) or chlorostanate anion (1.4).  Unfortunately, these highly reactive anions 

can somewhat diminish their utility.30,41-43 An alternative route also developed by 

Macdonald adopted a similar method of generating a P(I) synthon using PBr3 and 

cyclohexene.   This synthesis yielded the diaminobromophosphine (1.5) which is an 

excellent precursors to NHPs and avoid reactive counter anions.31 Ragogna and co-

workers utilized cobaltacene as an external one-electron reductant to generate the 

halophosphine precursor in the presence of the "clamshell" ligand (1.6, Scheme 1.3).32 

N N RR

SnCl2PI3 N N
PR R

SnCl5

N N

P

I

R RN N
PR R

I3
PCl3

PBr3

N N
PR R

Br

Cp2Co2

PCl3

N
P
N

N

Cl

1.3 1.4

1.5

1.6  

Scheme 1.3: Synthesis of a phosphenium cation (1.3 and 1.4) or the halophsphine 

precursor (1.5 and 1.6) by using internal or external reducing agents. 
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1.3.2 Reactivity  

The reactivity of the NHP is dominated by their cationic charge, empty pπ orbital and 

coordinative unsaturation at the phosphorus atom.  Examination of the frontier molecular 

orbitals in Figure 1.4 reveal that the LUMO is represented by the empty anti-bonding π 

orbital on phosphorus making the NHP Lewis acidic whereas the lone pair of the NHP is 

found in the HOMO-1. In contrast to their heavier phosphorus group 15 analogues, NHCs 

are strong σ donors and poor π acceptors.   The strong σ donating ability of the NHC is 

due to their stability in the 1A1 ground state with both electrons occupying the sp2 orbital 

on carbon.  Their stability in the singlet state is also attributed to the inductive effects of 

the σ-withdrawing amine substituents stabilizing the σ orbital on the carbenic carbon 

increasing the singlet-triplet energy gap.  Further stabilization is provided by pπ donation 

from the N atoms into the empty pπ orbital on carbon.  This is supported by the frontier 

molecular orbitals, where the HOMO corresponds to the σ lone pair on the carbenic 

carbon (Figure 1.4). 
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Figure 1.4: The frontier molecular orbitals of a diaminophosphenium (left) and 

diaminocarbene (right). 

The empty pπ orbital and coordinative unsaturation at the phosphorus atom of NHPs 

enable them to undergo cycloadditions, form Lewis acid - Lewis base adducts and act as 
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ligands to late transition metals.24 The Lewis acidic nature of phosphenium cations can be 

observed by their ability to form adducts with Lewis bases including carbenes,44 

amines,45 imines46 and phosphines.35,47     A number of studies have also focused on 

cycloaddition reactions between both acyclic and cyclic phosphenium cations with 1,3-

butadienes yielding spirocyclic phospholenium cations.34,48,49  

The presence of a lone pair and an empty π orbital make NHPs suitable ligands for low 

valent late transition metals ranging from groups 6 -10.35,50-55 NHPs have been described 

to have similar coordination chemistry to NO+ because both ligands not only have a 

positive charge but can also adopt either a pyramidal or planar transition metal binding 

mode (Figure 1.5). The reactivity of NHP metal complexes has been limited to ligand 

exchange and reaction with nucleophiles.50  Their use as catalysis has also been proposed 

because of their π accepting ability, however work in this area is limited.56-60 

N
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Figure 1.5:  The phosphenium cation can adopt either a planar or pyramidal geometry 

similar to that of NO+. 

In contrast to NHPs, N-heterocyclic carbene metal complexes are known with almost all 

transition metals and main group elements.  Their ability to act as strong σ donors and 

weak π acceptors has made them ideal ligands in transition metal chemistry and has led 

to significant advances in olefin metathesis and Pd-catalyzed cross coupling reactions.61 

In addition, NHCs have been used extensively in main group chemistry to stabilize highly 

reactive diatomic allotropes of group 14 and 15 elements,62 main group hydrides63-66 and 

polycationic p-block atoms.67  
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The stabilization of NHCs from the pπ orbitals on nitrogen and the presence of the lone 

pair in the HOMO give NHCs their strong nucleophilic and Lewis basic properties. These 

properties have enabled NHCs not only to act as excellent ligands to transition metals but 

also be used as a catalyst in many organic transformation which include benzoin 

condensations, generation of homoenolates, amidations, trans-esterfications and ring 

opening polymerizations.  Because of their strong nucleophilicity, NHCs can also form 

dimers. This can hinder their catalytic utility, particularly those derived from the 

saturated imidazolin-2-ylidine.  The dimerizations of NHCs are based on a fine balance 

of both steric and electronic properties.  NHCs that possess a large singlet-triplet energy 

gap and increased steric bulk on the N atoms are more likely to exist as a monomeric 

species.  Denk et. al found an increase in the stability of the monomeric NHC for R = 

Me, Et, iPr, tBu was due to increased electron donation and a progressive destabilization 

of the enetetraamine.68 The substitution of the nitrogen atoms with S, P and O can also 

lead to cyclic carbenes with a much higher tendency to form dimers. 

1.4 Group 14 and 15 elements in functional materials 

The synthesis of NHC polymers, specifically where the NHC is incorporated into the 

main polymer chain have shown potential utility in functional materials.  This is because 

they have the advantage of combining both the desired properties of organometallic 

complexes with organic polymers.20 Bielawski and co-workers have exploited the 

inherent reactivity of NHCs and their ability to form dimers, act as nucleophiles, and bind 

to transition metals to synthesize structurally dynamic polymers based on bis(NHCs) 

(Figure 1.6). The homopolymer (1.7) displayed extended conjugation whereas the 

alternating bis(NHCs) with bis(isothiocyanates) (1.8) and bis(azides) (1.9) resulted in 

increased stability to moisture and air, with the later being structurally reversible. Semi-

conducting properties were also observed when group 10 metals were incorporated into 

the bis(NHC) system (1.10). 69 Along these lines, Cowley and co-workers have 

developed an α-diimine ligand with bis(bithiophene) rings in the backbone.  Silver, gold 

and iridium NHC complexes (1.11) were synthesized and subsequently polymerized by 

oxidative electropolymerization of the thiophene rings. This represents the first polymer 

where the main group element was positioned orthogonal to the main polymer chain.70,71 
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The bis(bithiophene) diimine was also utilized as a redox active ligand to generate 

phosphenium cations (1.12), however there has yet to be any further work done with this 

compound possibly because of the reactive I3¯ counter ion.42   

The integration of phosphorus into conjugated systems has also become an important 

building block in the synthesis of tunable π-conjugated materials.  Baumgartner and Réau 

have thoroughly investigated the functionalization of phosphorus in phosphole ring 

systems and have developed a series of phosphole-based conjugated molecules (Figure 

1.6).  They were able to finely tune the band gap of these conjugated systems by altering 

the oxidation state and functionality at phosphorus (1.13 and 1.14, Figure 1.6).17,72  

Baumgartner and co-workers were also able to change the band gap of tetracenes through 

the oxidation state of sulfur and the fluorescence quantum yield by substitution on 

phosphorus.73 Dyer and co-workers have taken advantage of phosphenium salts as an 

oxidant and homo-coupled an equilibrium mixture of pyridal-N-phosphinoimine/σ4-1λ5-

[1,3,2]diazaphosphole in a Scholl type reaction (1.15).  The salt possessed a 4,4'-

dihydropyridine core that resulted in an extended π-conjugated material that emits in the 

near IR region.74 These simple modifications of the phosphorus atom allow for easy 

access to a wide range of different derivatives with varying structure and electronic 

properties.72 In summary, not only have main group atoms found utility in conjugated 

organic frameworks but are now also emerging into other areas of materials science.  
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Figure 1.6: Main group elements incorporated into extended π-conjugated molecules and 

polymers. 
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1.5 Photochromic dithienylethenes 

1.5.1 Photochromism 

Photochromism is defined as a reversible transformation of a chemical species induced in 

one or both directions by absorption of electromagnetic radiation between two forms, A 

and B, that have two different absorption spectra.75 During the photo-isomerization 

process the absorption spectra not only changes but also the various photophysical 

properties including the refractive index, dielectric constant, oxidation/reduction potential 

and the geometric structure.  These changes can be induced using either UV, visible or IR 

radiation.75 The reversible back reaction can occur through two different pathways: 

thermally (T-type photochromism) or photochemically (P-type photochromism)75 and are 

shown in Scheme 1.4.   

h!

h!', "
A B

 

Scheme 1.4: The reversible photochromic conversion of compound A to compound B. 

The most prevalent system is positive photochromism, which involves a unimolecular 

reaction where A is most often colorless or pale yellow, while B is colored.  The most 

commonly used classes of photochromic molecules are: stilbenes and azo compounds 

which undergo cis-trans (E/Z) isomerization; and the pericyclic reactions, which include 

spiropyrans, fulgides and dithienylethens75 ( Figure 1.7). 
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Figure 1.7: Examples of organic switchable photochromic molecules. 

1.5.2 Dithienylethenes 

Molecular switches that reversibly change colour when exposed to light have shown 

potential for various applications, including information storage systems, imaging 

devices, displays and sensors.76 For a photochromic molecule to be successfully 

incorporated into either memory devices or sensors they must have high fatigue 

resistance and be thermally irreversible.76 Among the many different categories of 

photochromic compounds, those possessing the 1,2 dithienylhexatriene (DTE) framework 

have shown significantly more potential amongst the other classes (Figure 1.8). This is 



 

 13 

because they possess these desirable properties, while maintaining their ability to be 

highly functionalized.76 

  

SS SS
UV

visible light  

Figure 1.8: The ring closed and ring open isomers of DTEs. 

Radiation of UV light onto the DTE framework generates the formation of a ring-closed, 

coloured, rigid π-conjugated system, from the flexible, colourless, ring-open isomer.  The 

ring-open DTE exist in equilibrium between two different conformations with the 

thiophene rings being parallel (1.16) or anti-parallel (1.17) with respect to each other.  

This is important because the ring closing cyclization can only occur when the molecule 

is in the anti-parallel conformation (1.16, Scheme 1.5).76 These alterations in the DTE 

framework upon switching from the ring-open to the ring-closed conformations are what 

dictates how the open and closed isomers absorb, emit and refract light, and their ability 

to act as chemical switches.77  
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Scheme 1.5: DTE in equilibrium between the parallel (1.16) and anti-parallel (1.17) 

conformations and conversion to the ring-closed isomer from the anti-parallel form. 



 

 14 

1.5.3 Thermal stability and fatigue resistance 

In order for photochromic molecules to be potential candidates for both optical memory 

devices and optical switches they must have a high thermal stability of both ring-closed 

and ring-open forms.  The DTE closed isomer has a high thermal stability and will not 

revert back to the open conformation in the absence of light. The ring closing reaction 

follows the Woodward-Hoffmann rules based on the π-orbital symmetry.  A large energy 

barrier prohibits the symmetry allowed thermal disrotatory cyclization, however no such 

energy barrier exists for the photoexcited state and the DTEs thus undergo a conrotatory 

cyclization in the presence of UV light.78 A second component to consider is the stability 

of the photo-generated closed-ring isomer due to the change in aromaticity going from 

the ring-open to ring-closed states.  The height of the thermal energy barrier required to 

undergo cycloreversion is inversely related to the difference in the aromatic stabilization 

energy of the aryl groups in the open and closed form.  The structural changes of the aryl 

groups in the reaction from ring-open to ring-closed are shown in Figure 1.9, along with 

the differences in energy between both isomers.  From the series of heterocycles studied, 

thienyl substituents have the smallest energy difference in aromatic stabilization and 

therefore the largest thermal energy barrier for cycloreversion making them the most 

thermally stable systems.78 
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Figure 1.9: The structural changes and stabilization energies of the generated closed-ring 

isomers. 
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Fatigue resistance is another important property because during the course of the 

cyclization reaction undesirable side reactions can take place, which then limits the 

number of cycles.  Although fatigue resistant DTEs exist, designing these compounds can 

be quite challenging.  For example, if an undesirable side reaction has a quantum yield of 

0.001, after only 1000 cycles 63% of the initial concentration of the DTE will have 

decomposed.76  Irie and co-workers have isolated two of the main by-products from 

irradiation.  Some compounds were found to decompose in less than 80 cycles in the 

presence of air due to the formation of endoperoxides (1.18).79 Six-membered ring 

formation (1.19) was also observed when there was no substitution in the 4, 4' positions 

of the thiophene ring (Scheme 1.6).  When the thiophene rings were replaced with 

benzothiophene the cycle number increased dramatically because of its lower reactivity 

to singlet oxygen, inhibiting the formation of the oxidized product.80,81  
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Scheme 1.6: Decomposition of the DTE from singlet oxygen to an irreversible ring-

closed conformer; (top) the formation of endoperoxides; (bottom) six-membered ring 

product. 

1.5.4 Versatility 

The DTE framework can undergo a vast range of different chemistries and has a high 

tolerance to a wide variety of different functional groups.2,75-77,82,83 The most common 

sites of modification to the DTE framework are the 2,2' and 5,5' positions on the 
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thiophene and the central ring (Figure 1.10).   The synthetic manipulation of the DTE 

framework in which different functional groups are installed can result in different steric 

and electronic effects upon ring-closing and ring-opening events.  These changes can 

then translate to other photophysical properties including, but not limited to fluorescence 

emission, UV-absorption spectra, conjugation, dipole interaction, magnetic properties, 

geometrical structures, electrochemical properties and gated reactivity.83 
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Figure 1.10: Areas of functionalization on the DTE framework. 

 Yam and co-workers have successfully incorporated tricoordinate boron into DTE 

systems by appending both a β-diketonate ligand (1.21) and a C,N-chelated DTE 

functionalized thienylpyridine core (1.22).  The coordination of these DTEs to a 

tetrahedral B(III) center afforded a near IR shift in the ring-closed isomer and have 

potential utility in both Lewis acid catalysis and π-electronic materials .84,85 Branda et al. 

were able to modulate the Lewis acidity of compound 1.20 using the appropriate 

wavelength of light switching between the open and closed DTE conformations.86 Ionic 

liquids containing a DTE group into the core of an imidazolium salt (1.23) has also been 

successfully synthesized and a series of photoswitchable DTEs containing NHC 

complexes of Au(I), Ag(I) and Pd(II) (1.24 and 1.25) open up new opportunities for 

photoswitchable catalyst.87 Bielawski and co-workers further pursued this idea and 

developed an NHC functionalized DTE with attenuated catalytic activity in the ring 

closed conformation for trans-esterfication and amidation reactions (1.26).  The catalytic 

activity of the corresponding organocatalyst could be remotely tuned by exposure to 

visible and UV light.88,89 In addition DTEs with bis(phosphine) ligands in the 5, 5' 

position on the thiophene rings have also been used in the base stabilization of both Au(I) 

and selenium atoms (1.27 and 1.28).90   



 

 17 

HN N

SS

N N

SS

M

Cl

N

N
S

S

Pd
N

N
S

S

I

I

S

SS

N

B
R

R

S

SS

O
B

O
R

R

SS PPh2Ph2P

AuCl AuCl

F6

SS PPh2Ph2P

Se Se

F6

O
B

O

SS

N
C

N

SS

1.20
1.21 1.22

1.23

1.24

M = Au, Ag

1.25

1.26 1.27 1.28  

Figure 1.11: Main group elements incorporated into DTE core. 

1.6 Scope of thesis 

In light of the above discussion, the body of work that follows focuses on the 

incorporation of main group elements into novel N,N'-chelating frameworks containing 

thiophene rings and studying their photophysical properties.  This was accomplished by 

detailing the design and synthesis of new N,N'-chelating frameworks with thiophene rings 

in the backbone and the coordination of these new molecules to p-block atoms. These 

studies were aimed at exploring the novel structure and bonding of three distinct ligand 

sets (2.4Mes, 2.5Dipp, 3.4, and 5.2) and their main group compounds along with their 

respective spectroscopic properties (Figure 1.12).  
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Figure 1.12: Novel N,N'-chelating ligands used to coordinate p-block elements. 

Chapter 2 focused on the design and synthesis of a chelating diamino ligand (2.4Mes and 

2.5Dipp) with thiophene in the backbone and its coordination to phosphorus.   Chapter 3 is 

concentrated on the synthesis of a new chelating N,N'-diamino ligand (3.4), 

functionalized with benzo[1,2-b:5,6-b']dithiophene and its coordination to phosphorus, 

arsenic and antimony.  This chapter also explores their reactivity and examines the 

spectroscopic properties of the resulting compounds.  Chapter 4 details the synthesis of 

an NHC and its metal complexes along with a description of the donor strength and 

spectroscopic properties.  Chapter 5 examines the synthesis of a new photochromic DTE 

diimine (5.2) and its coordination to boron and phosphorus, as well its incorporation into 

side chain functionalized acrylate polymer.  The reversible photochromic ring-closing 

and ring-opening quantum yields and thermal stabilities were also studied along with a 

complete characterization of all new compounds.  Chapter 6 comprises of a summary and 

conclusions of the work presented in this thesis along with possible directions and 

projects that can transpire in the future.  
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Chapter 2  

2 Phosphenium cation in a seven membered ring 
supported by thiopheneΩ  

2.1 Introduction 

The utility of N-heterocyclic carbenes (NHCs) has given rise to a wide range of 

chemistries, from functional and structurally diverse metal coordination complexes, to 

enhancing catalytic properties within transition metal catalysis, and in some cases 

defining new directions in materials chemistry.1-5 The NHCs share many similarities with 

their heavier group 15 analogue the N-heterocyclic phosphenium cation (NHP), as they 

are isovalent and isolobal to each other, however NHPs are the electronic inverse of the 

NHC.6,7 The phosphorus atom in an NHP is dicoordinate, cationic, formally possesses a 

lone pair of electrons, an empty π orbital and the central phosphorus is in the +3 

oxidation state. The cationic charge at the phosphorus center is normally stabilized by 

two flanking amino substituents, and it is these combined components that dominate the 

chemistry of the NHP.  These cations are weak σ donors and strong π acceptors, thus 

enabling NHPs to be good Lewis acidic ligands for electron rich transition metals.8-10 

The NHP framework typically consists of four, five or six membered rings with 

phosphorus being the lone reactive site. The main focus in this field has been to harness 

the chemistry of the P+ centre, however a shifting philosophy within main group 

chemistry as a whole (which includes phosphenium chemistry), has moved from studying 

purely the fundamental structure, bonding and reactivity of these species, to their 

potential for applications in broader arenas.  Examples have surfaced within the past few 

years in utilizing main group elements in the construction of OLEDs and within 

catalysis/small molecule activation, by taking advantage of the unique properties that 

these main group centers possess.11-15 Efforts in these fields by ourselves and other 

                                                
Ω A version of this chapter has been published in Price, J. T., Jones, N. D. and Ragogna P. J., Can. J. 
Chem, 2013, DOI: 10.1139/cjc-2013-0015 and has been published with permission. 
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research groups have centered on designing new ligand sets containing thiophene, a 

ubiquitous building block in the area of redox active and fluorescent materials.16,17 

Ultimately such architectures target the photoluminescent and polymerizable properties 

of thiophene, yet look to tune the photophysics of the overall construct by varying the 

main group element centre. We have previously designed a diamine, which contains a 

benzo[1,2-b:5,6-b']dithiophene backbone and have demonstrated its ability to stabilize 

pnictenium cations (Pn = P, As and Sb) and NHCs (compound i, Figure 2.1) which will 

be further discussed in Chapters 3 and 4.18,19  Cowley et al. have developed a novel redox 

active α-diimine with pendent thiophene rings in the 2 and 3 position and have used this 

ligand to coordinate a phosphenium cation with a triiodide counter ion.20 Furthermore, 

Cowley and Bielawski have used that same α-diimine to synthesize polymers containing 

NHCs orthogonal to the polymer backbone (compound ii, Figure 2.1).21,22   Although 

there are many different ligands able to support main group elements, there is a void in 

those that can combine the unique reactivity of the members of the p-block with the 

desired photophysical and polymerizable properties that are required for the design of 

new materials. A need exists to develop ligands that can meet these requirements, while 

continuing to push main group chemistry into the applied research fields.  In this context, 

we have synthesized two new chelating diimino- (2.2Mes and 2.3Dipp) and diamino- 

(2.4Mes and 2.5Dipp) ligands with a thiophene unit in the backbone, where 2.5Dipp is able to 

support a phosphenium cation (2.9).  This is the first synthesis and complete 

characterization of a seven-membered phosphenium cation, and aids in identifying new 

opportunities in the unique structure, bonding and reactivity of phosphorus.  

S S

N
E

N

O O

E = C, P, As, Sb

NN
E

SS

SS

nBunBu

E = C or P

i ii

 

Figure 2.1: Previously synthesized NHCs and NHPns (Pn = Pnictogen) containing 

pendant thiophene rings. 
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2.2 Results and Discussion 

2.2.1 Synthesis 

The thiophene substituted aryldiimines, (2.2Mes and 2.3Dipp) were synthesized via a 

condensation reaction between 3,4-diformylthiophene (2.1) and the appropriate arylamine 

in EtOH.  The reaction mixtures were stirred overnight at rt. and the yellow precipitates 

were isolated by filtration and washed with cold EtOH (Scheme 2.1).  Upon examination 

of the 1H NMR spectrum of the redissolved powders, the proton signal from the aldehyde  

(δH = 10.30) was no longer present and a resonance consistent with an imine appears (δH 

= 8.72).   Compounds 2.2Mes and 2.3Dipp were isolated in 76 % and 80 % yields, 

respectively.  Single crystals of 2.2Mes suitable for X-ray diffraction studies were grown 

from a concentrated solution of CH2Cl2 confirming the targeted connectivity (Figure 2.3).  

 

S

OHC CHO

H2N Ar

S

N N
Ar Ar

EtOH

2.2Mes

2.3Dipp
2.1

 

Scheme 2.1: Synthesis of (2.2Mes) and (2.3Dipp) diimines. 

Compounds 2.2Mes and 2.3Dipp were then reduced to the diamines 2.4Mes and 2.5Dipp using 

3 stoichiometric equivalents of LiAlH4 in Et2O (Scheme 2.2).23 The reaction mixture was 

stirred overnight at rt. and then quenched with a 10% KOH(aq) solution.  The filtrate was 

collected and concentrated under reduced pressure yielding a white solid.  The bulk 

powders were redissolved in CDCl3 and the corresponding 1H NMR spectrum revealed 

that the aldimine proton was no longer present and a new singlet (δH = 4.0) appeared, 

indicative of the methylene protons adjacent to the thiophene ring.  X-ray quality single 

crystals of 2.5Dipp were grown from a concentrated solution of CH2Cl2 confirming the 

synthesis of 2.5Dipp. Compounds 2.4Mes and 2.5Dipp were isolated in 85% and 80% yields, 

respectively (Scheme 2.2).  
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S

N NAr Ar

S

NH HN
Ar Ar

LiAlH4

Et2O

2.4Mes 

2.5Dipp  

Scheme 2.2: Synthesis of compound 2.4Mes and 2.5Dipp diamines. 

The chlorophosphine 2.6 was synthesized using a 3:1:1 stoichiometric reaction between 

N-methylmorpholine, PCl3 and 2.4Mes in THF, which resulted in an immediate formation 

of a white precipitate.   Reaction progress was monitored by obtaining 31P{1H} NMR 

spectra of aliquots of the reaction mixture that indicated the reaction was complete after 

15 h, marked by the disappearance of PCl3 (δP = 220) and the appearance of a new single 

resonance at δP = 153. In the 1H NMR spectrum, the methylene protons in the 3 and 4 

position of the thiophene ring appear as a doublet because of coupling to phosphorus 

(3J1H-31P = 2.8 Hz ) and the methyl protons on the aryl rings were no longer identical, as 

distinct signals were observed.  Subsequent halide abstraction using trimethylsilyl-

trifluoromethanesulfonate (Me3SiOTf) surprisingly resulted in no shift of the phosphorus 

signal in the 31P{1H} NMR spectrum.  X-ray quality crystals of 2.6 were grown from a 

concentrated CH2Cl2 solution of 2.6 layered with CH3CN, and subsequent diffraction 

experiments revealed the 1:2 stoichiometric reaction of diamine:phosphine occurred and 

explained the apparent lack of reactivity upon the addition of the halide-abstracting agent 

(Scheme 2.3, Figure 2.3).   

Utilizing the ligand 2.5Dipp yielded differing results from that of 2.4Mes, where a 3:1:1 

stoichiometric amount of NMM, PCl3 and 2.5Dipp was stirred for 3 h at -78 ºC and then 

warmed to rt. and stirring was continued for 48 h.  The reaction progress was monitored 

by 31P{1H} NMR spectroscopy, where two separate singlets emerged as the reaction 

proceeded (δp = 152 and δp = 155).  The signal slightly upfield (δp = 152) was tentatively 

assigned to the 1:1 stoichiometric reaction of PCl3 with the diamine (2.5Dipp), ultimately 

yielding the cyclic diaminochlorophosphine (2.7) in 80 % yield.  The more downfield 
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signal (δp = 155), was assigned to the 2:1 reaction between PCl3 and the diamine(2.5Dipp), 

giving the bis(amino)dichlorophosphine (2.8), which was later confirmed by single 

crystal X-ray diffraction experiments and isolated in 20% yield.  Compounds 2.7 and 2.8 

had similar solubilities and the separation of compound 2.7 from 2.8 proved to be very 

difficult.  However, by changing the solvent to toluene and slowing the addition of a 

0.043 M toluene solution of PCl3  (1 ml/h over 10 h), the selective synthesis of the cyclic 

diaminochlorophosphine, (2.7) was achieved in 90% isolated yield.  Subsequent 

dehalogenation of 2.7 proceeded when an excess of Me3SiOTf was added.  An aliquot 

from the reaction solution was examined by 31P{1H} NMR spectroscopy where the 

original phosphorus signal (δp = 152) was no longer present, and a new peak appeared 

further downfield (δp = 257), which was tentatively assigned to the phosphenium cation 

(2.9).  The reaction mixture was then concentrated and washed with Et2O leaving behind 

a white powder.  A sample of the bulk powder was redissolved and examined by 

multinuclear NMR spectroscopy.  The 31P{1H} spectrum revealed a single peak (δp = 

257) consistent with the in situ formation of the phosphenium cation (Scheme 2.3, Figure 

2.3). 
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Scheme 2.3: Synthesis of compounds 2.6, 2.7, 2.8 and 2.9; (a) NMM, PCl3, -78ºC - rt.; 

(b) Me3SiOTf, CH2Cl2, rt. 

2.2.2 Photophysical properties  

The UV-visible absorption spectra of compounds 2.2 - 2.9 are shown in Figure 2.2, with 

the λmax and the extinction coefficients listed in Table 2.1.   Compounds 2.2 - 2.9 were all 

white to light yellow in colour and had λmax values in the range of 220 - 240 nm, 

attributed to both π - π* and n - π* transitions.  There was little variation in the UV-vis 

absorption spectra between the different compounds and the photophysical properties 

were dominated by the thiophene functionality in the backbone with no considerable 

influence from the phosphorus atom. 
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Table 2.1: UV-visible absorption and extinction coefficients of compounds 2.2 - 2.9. 

Compound λ  nm (ε M-1cm-1) Compound λ  nm (ε M-1cm-1) 

2.2Mes 
240 nm (2.5 x 104) 

332 nm (2.8 x 103) 
2.6 226 nm (2.5 x 104) 

2.3Dipp 
242 nm (2.8 x 104) 

333 nm (2.1 x 103) 
2.7 

240 nm (1.8 x 104) 

270 nm (7.9 x 102) 

2.4Mes 

223 nm (1.6 x 104) 

242 nm (1.6 x 104) 

289 nm (2.4 x 103) 

2.8 226 (1.9 x 104) 

2.5Dipp 
241 nm (1.0 x 104) 

281 nm (2.0 x 103) 
2.9 

226 nm (7.1 x 103) 

241 nm (4.1 x 103) 

 

 

Figure 2.2: UV-Visible spectrum of compounds 2.2 - 2.9 in a 5 x10-5 M CH2Cl2 solution.  
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2.2.3 X-ray crystallography 

Single crystals of compounds 2.2Mes, 2.5Dipp, 2.6, 2.8 and 2.9 were grown by either vapor 

diffusion using various solvent combination or from concentrated solutions of CH2Cl2 

layered with either CH3CN or hexanes.  Their solid-state structures were determined by 

X-ray diffraction studies and the relevant crystallographic data and metrical parameters 

are detailed in Table 2.2, Table 2.3 and Figure 2.3. 

 

Table 2.2: Crystal data for compounds 2.2Mes, 2.5Dipp, 2.6, 2.8 and 2.9. 

aR1(F[I > 2(I)]) = ∑∥|Fo | - |Fc | ∥/∑|Fo|; awR2(F2 [all data]) = [w(Fo
2 - Fc

2 )2]1/2 ; S(all data) = [w(Fo
2 - Fc

2 )2/(n - p)]1/2 
(n = no. of data; p = no. of parameters varied; w = 1/[σ2 (Fo

2) + (aP)2 + bP] where P = (Fo
2 + 2Fc

2)/3 and a and b are 
constants suggested by the refinement. 

 

 

 2.2Mes 2.5Dipp 2.6 2.8 2.9 

Empirical 
formula C24H26N2S1 C30H38N2S1 C24H28N2S1Cl4P2 C30H40N2S1Cl4P2 C31H40N2S2F3O3P1 

FW (g/mol) 374.53 462.72 580.28 664.44 640.74 
Crystal 
system Monoclinic Monoclinic Triclinic Triclinic Triclinic 

Space group P21/c C2/c P 1 P 1 P 1 
a (Å) 8.1158(16) 26.1861(19) 9.5478(19) 9.983(2) 10.227(3) 
b (Å) 15.946(3) 13.3921(7) 10.435(2) 13.907(3) 10.949(4) 
c (Å) 16.190(3) 16.4080(9) 14.707(3) 25.630(5) 15.625(5) 
α (deg) 90 90 84.69(3) 75.91(3) 75.021(9) 
β (deg) 91.76(3) 106.997(5) 80.09(3) 84.28(3) 75.056(9) 
γ (deg) 90 90 75.51(3) 83.86(3) 85.202(9) 
V (Å3) 2094.2(7) 5502.7(6) 1395.6(5) 3421.3(12) 1632.8(9) 

Z 4 8 2 4 2 
Dc (mg m-3) 1.188 1.107 1.361 1.290 1.303 

Rint 0.0631 0.0469 0.0490 0.0546 0.0419 
R1[I>2σI]a 0.0882 0.0774 0.0884 0.0957 0.0618 
wR2(F2)a 0.1959 0.1532 0.1934 0.1627 0.0908 
GOF(S)a 1.069 0.868 1.060 0.974 1.023 
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Examination of the solid-state structure of compound 2.2Mes shows that the C - N bond is 

consistent with a double bond (1.270(4) Å) corresponding to the diimine, and upon 

reduction to 2.5Dipp, the C - N bond is reduced to a single bond and an increase in bond 

length (1.464(3) Å avg.) is observed in comparison to 2.2Mes.  A comparison of the 

metrical parameters for compound 2.6 and 2.8 reveal that the P - Cl bond lengths range 

from 2.0725(13) - 2.1047(14) Å, which are similar to other dichlorophosphines, however 

much shorter compared to previously synthesized cyclic diaminochlorophosphines, 

where the P - Cl bonds can  range from 2.2 - 2.7 Å.24  These short P - Cl bonds can 

explain the lack of reactivity with halide abstracting agents observed in both compounds 

2.6 and 2.8.25   

The solid-state structure of compound 2.9 revealed a well separated cation-anion pair 

with the distance between the oxygen and phosphorus being 3.8 Å, well outside the van 

der Waals radii for P - O (∑vdW = 3.3 Å).   The P(1) - N(1) bond is 1.645(2) Å which is 

slightly shorter than compounds 2.6 and 2.7, however is consistent with other NHPs 

reported in the literature.  The bond angle between the N(1) - P(1) - N(2) is 111.28(8)° 

and is much larger than those reported for 5-membered and 6-membered NHPs, which 

are approximately 90° and 105°.  In the solid-state the thiophene ring sits at a 110.80(5)° 

angle from the C2N2P ring in an open book conformation. 

Table 2.3: Selected bond lengths (Å) and angles (°). 

Compound 
Bond 
 

2.2Mes 2.5Dipp 2.6 2.8§ 2.9 

N(1) - C(8) 1.270(4) 1.463(2) 1.486(4) 1.493(3) 1.514(2) 
N(2) - C(5) 1.270(4) 1.466(2) 1.487(3) 1.493(3) 1.508(2) 
P - Cl (avg.) - - 2.095(2) 2.090(3) - 
N(1) - P(1) - - 1.645(2) 1.651(2) 1.6260(16) 
N(2) - P(1) - - 1.647(3) 1.645(2) 1.6228(16) 

N - P - Cl (avg.) - - 103.07(18) 103.1(2) - 
N(1) - P(1) - N(2) - - - - 111.28(8) 

§Metrical parameters for only one of two molecules present in the asymmetric unit.
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2.2Mes  

2.5Dipp  
2.6 

 

 
2.8 

 
2.9 

 
2.9b 

Figure 2.3: Solid-state structures of compounds 2.2Mes, 2.5Dipp, 2.6, 2.8 and 2.9.  Thermal ellipsoids are drawn to 50% probability and 

hydrogen atoms have been omitted for clarity.  Compound 2.9, the triflate anion has been omitted for clarity and a side on view of the 

molecule is shown in 2.9b in which the Dipp groups have been omitted. 
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2.2.4 Conclusions 

A new class of thiophene substituted diimine (2.2Mes and 2.3Dipp) and diamine (2.4Mes 

and 2.5Dipp) ligands have been synthesized and their reactivity with PCl3 was 

explored.  Due the inherent flexibility of the seven membered ring system there were 

difficulties controlling the degree of substitution at phosphorus.  When Ar = Mes a 

1:2 stoichiometry of diamine:phosphine was observed (i.e. compound 2.6), however 

when Ar = Dipp both the 1:1 (2.7) and 1:2 (2.8) products were isolated. When the 

solvent was changed from THF to toluene and the rate of addition of PCl3 to 2.2Dipp 

was decreased, the cyclic diaminochlorophosphine (2.7) was successfully isolated.  

Compound 2.7 can be converted to the NHP using the halide abstraction/metathesis 

reagent Me3SiOTF, where the isolation and solid-state structure of a seven-membered 

NHP (2.9) was achieved.  The thiophene ring in the backbone dominated the 

photophysical properties of these compounds and there was very little variation in the 

UV-visible spectrum. 

2.3 Experimental 

2.3.1 General experimental 

General synthetic and crystallography experimental details can be found in Appendix 

1.  

2.3.2 Synthetic procedures 
 

Compound 2.2Mes 

To a 20 mL EtOH solution of 3,4-diformylthiophene (1.00 g, 

7.24 mmol), 2, 4, 6-trimethylaniline (1.93 g, 14.28 mmol) 

was added.  The solution turned dark orange and a yellow 

solid precipitated from the reaction mixture.  The reaction 

was stirred overnight at rt. and the yellow powder isolated by 

filtration.  The product was washed with 5 x 5 mL of cold EtOH.  

Yield: 76 % (2.51 g, 5.46 mmol); 

m.p.: 192 - 194 ºC;  
1H NMR (CDCl3 δ  (ppm)): δ 8.72 (s, 2H), 8.00 (s, 2H, thienyl), 6.86 (s, 4H, aryl), 

2.26 (s, 6H, methyl), 2.12 ppm (s, 12H, methyl); 

S

N N
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13C{1H} NMR (CDCl3 δ  (ppm)): 158.0, 148.6, 138.5, 132.9, 130.6, 128.6, 126.9, 

20.7, 18.3 ppm; 

FT-IR (ranked intensity (cm-1)): 733(13), 819(2), 859(8), 878(12), 1138(9), 

1174(5), 1212(6), 1448(15), 1476(3), 1513(10), 1629(1), 2859(4), 2916(11), 3078(7), 

3100(14);  

FT-Raman (ranked intensity (cm-1)): 124(4), 573(6), 1139(7), 1174(5), 1213(15), 

1297(10), 1354(8), 1379(14), 1405(11), 1449(12), 1513(3), 1604(2), 1628(2), 

2918(9), 3078(13); 

HRMS: (C24H26N2S) Calcd (found) 374.1817 (374.1824); 

λmax: 242 nm (2.8 x 104 M-1cm-1) , 269 (sh) nm (1.1 x 104 M-1cm-1) 333 (sh) nm (1.1 

x 10-3 M-1cm-1). 

 

Compound 2.3Dipp 

To a 20 mL EtOH solution of 3,4-diformylthiophene (1.00 g, 

7.24 mmol), 2, 6-diisopropylaniline (2.65 g, 14.28 mmol) was 

added.  The solution turned dark orange and a yellow solid 

precipitated from the reaction mixture.  The reaction was 

stirred overnight at rt. and the yellow powder isolated by 

filtration.  The product was then washed with 5 x 5 mL of cold EtOH. 

Yield: 80 % (2.13 g, 5.60 mmol); 

m.p.: 139-141 °C; 
1H NMR (CDCl3 δ (ppm)): 8.72 (s, 2H), 8.04 (s, 2H, thienyl), 7.08 (m, 6H, aryl), 

2.94 (sept. 4H, 3JHH = 6.8 Hz), 1.10 (d, 24H, 3JHH = 6.8 Hz); 
13C{1H} NMR (CDCl3 δ  (ppm)): 157.8, 149.5, 138.8, 137.9, 131.7, 124.6, 123.4, 

28.4, 23.9; 

FT-IR (ranked intensity (cm-1)): 758(7), 796(11), 822(3), 851(3), 876(12), 933(16), 

1166(5), 1323(9), 1384(10), 1435(4), 1470(15), 1513(8), 1634(1), 2962(2), 3074(14); 

FT-Raman (ranked intensity (cm-1)): 169(13), 273(2), 528(6), 799(3), 857(11), 

957(1), 1042(12), 1110(8), 1159(4), 1247(14), 2861(9), 2905(7), 2937(5), 2961(15), 

3089(10); 

HRMS: (C30H28N2S) Calcd (found) 458.2756 (458.2764); 

λmax: 240 nm (2.5 x 104 M-1cm-1), 273 (sh) nm (8.7 x 103 M-1cm-1) 332 (sh) nm (2.8 x 

10-3 M-1cm-1). 

S
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General synthesis for compounds 2.4Mes and 2.5Dipp 

Solid LiAlH4 (0.25 g, 6.55 mmol) was added portion wise to a 50 mL Et2O solution of  

diimine, 1.00 g (2.18 mmol).  The suspension was stirred overnight at rt.  Excess 

LiAlH4 was quenched with 10 mL of a 10% KOH(aq) solution.  The salts were 

removed by filtration and the colourless filtrate was dried over MgSO4 and 

concentrated under reduced pressure to obtain the diamine.  

 

Compound 2.4Mes 

Yield: 85 % (0.86 g, 2.26 mmol); 

m.p.: 104-105 °C; 
1H NMR (CDCl3 δ  (ppm)): 7.23 (s, 2H, thienyl), 7.83 (s, 

4H, aryl), 4.03 (s, 4H, alkyl), 2.24 (s, 6H, methyl), 2.22 (s, 

12H, methyl); 
13C NMR (CDCl3 δ  (ppm)): 143.1, 139.9, 131.7, 130.2, 129.4, 123.4, 46.7, 20.5, 

18.2; 

FT-IR (ranked intensity (cm-1)): 569(8), 698(13), 756(15), 804(2), 856(7), 

1025(14), 1065(5), 1154(9), 1226(3), 1300(10), 1329(12), 1480(1), 2910(4), 

3108(11), 3348(6);  

FT-Raman (ranked intensity (cm-1)): 139(15), 492(12), 576(1), 841(14), 957(9), 

1066(11), 1155(13), 1228(8), 1301(3), 1379(5), 1446(7), 1608(4), 2912(2), 

30109(10); 

HRMS: (C24H28N2S) Calcd (found): 378.2130 (378.2139); 

λmax: 223 nm (1.6 x 104 M-1cm-1) 242 nm (1.6 x 104 M-1cm-1), 289 (sh) nm (2.4 x 10-3 

M-1cm-1). 

Compound 2.5Dipp 

Yield: 80 % (0.81 g, 1.75 mmol)  

m.p.: 109 - 110 °C. 
1H NMR (CDCl3 δ  (ppm)): 7.34 (s, 2H, thienyl), 7.10 (m, 6H, 

aryl), 4.03 (s, 4H, alkyl), 3.26 (sept., 4H,  3JHH = 6.8 Hz), 1.23 

(d, 24H, 3JHH = 6.8 Hz ); 
13C{1H} NMR (CDCl3 δ (ppm)): 143.6, 143.1, 139.8, 124.4, 123.8, 123.2, 50.3, 

28.0, 24.5; 

S
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FT-IR (ranked intensity (cm-1)): 527(9), 573(11), 732(1), 803(5), 856(8), 932(7), 

1055(4), 1114(13), 1195(6), 1258(14), 1302(10), 1382(12), 1459(3), 2961(2), 

3090(15); 

FT-Raman (ranked intensity (cm-1)): 150(4), 170(5), 222(10), 273(14), 677(9), 

857(13), 889(8), 1043(12), 1248(11), 1448(6), 1590(7), 2908(2), 2936(1), 2960(3); 

HRMS: (C30H32N2S) Calcd (found) 462.3069 (462.3065). 

λmax: 241 nm (1.0 x 104 M-1cm-1) 281 (2.0 x 103 M-1cm-1 ). 

 

Compound 2.6 

A 20 mL THF solution of PCl3 (0.11 mL, 1.33 mmol) was 

cooled to  -78 °C.  A 10 mL THF solution of 3Mes (0.50 g, 

1.33 mmol) was then added dropwise via cannula and a 

white precipitate formed immediately. The reaction 

mixture stirred at -78 °C for 2 h, then warmed to rt. and then stirred at rt. for 15 h.   

The white precipitate was removed by centrifuge and the resulting colorless solution 

was concentrated.  The resulting oil was then triturated with CH3CN resulting in the 

formation of a white precipitate.  The CH3CN was decanted and the resulting product 

dried under vacuum.   

Yield: 34 % (0.23 g, 0.45 mmol); 

m. p.: 125 - 128 °C; 
1H NMR (CDCl3 δ (ppm)): 6.99 (s, 2H, thienyl), 6.83 (s, 4H, aryl), 4.04 (d, 4H, 3JHP 

= 2.8 Hz alkyl), 2.27 (s, 3H, methyl), 2.26 (s, 3H, methyl), 1.87 (s, 6H, methyl), 1.86 

(s, 6H, methyl); 
13C{1H} NMR (CDCl3 δ  (ppm)): 138.7, 136.0, 135.5, 129.8, 128.7, 127.5, 44.4 (d, 
2JC-P = 28.0 Hz), 20.9, 18.6; 
31P{1H} NMR (CDCl3 δ  (ppm)): 153.8; 

FT-IR (ranked intensity (cm-1)): 434(10), 481(5), 508(12), 525(4), 568(2), 683(8), 

808(3), 855(11), 883(6), 1061(1), 1120(13), 1207(7), 1346(15), 1474(9), 2917(14); 

FT-Raman (ranked intensity (cm-1)): 191(5), 240(1), 418(12). 456(3), 513(2), 

560(15), 574(6), 633(9), 859(14), 1178(11), 1307(4), 1379(10), 1606(8), 2917(7), 

3112(3); 

λmax: 224 nm (2.5 x 104 M-1cm-1). 
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Elemental Analysis (%) Calcd for C24H28N2S1Cl4P2: C 49.67, H 4.86, N 4.83, S 5.53 

found C 50.11, H 5.12, N 4.84, S 5.72.  

 

Compound 2.7 

A 10 mL toluene solution of 5 (0.20 g, 0.43 mmol) was cooled 

to -78°C in a dry ice/acetone bath.  To this a 10 mL toluene 

solution of PCl3 (34 µL, 0.43 mmol) was added via syringe 

pump at a rate of 1 mL/h.  The reaction mixture was then 

warmed to rt. and stirred for 24 h.  Upon completion the 

reaction was concentrated under reduced pressure and then taken up in 10 mL of 

Et2O.  The Et2O solution was then centrifuged to remove the ammonium salt and was 

then concentrated yielding the desired product.   

Yield: 90 %  (0.22 g, 0.38 mmol); 

m.p.: 98 -100 °C;  
1H NMR (CDCl3 δ  (ppm)): 7.33 (s, 2H, thienyl), 7.11(m, 6H, aryl), 4.04 (d, 4H, 3JH-

P=7.37 Hz, alkyl), 3.26 (sept. 4H, 3JHH = 6.8 Hz), 1.14 (d, 24 H, 3JHH = 6.8 Hz); 
13C{1H} NMR (CDCl3 δ  (ppm)): 147.4, 134.9 134.2, 131.4, 126.7, 125.4, 58.8, 28.7, 

25.1, 24.2; 
31P{1H} NMR (CDCl3 δ  (ppm)): 152.2; 

FT-IR (ranked intensity (cm-1)): 526(5), 573(8), 731(10), 802(2), 932(13), 1055(4), 

1113(14), 1194(7), 1258(6), 1302(15), 1382(11), 1459(3), 1587(9), 2961(1), 

3090(12);  

FT-Raman (ranked intensity (cm-1)): 149(4), 169(9), 274(15), 676(8), 857(10), 

889(5), 1042(7), 1110(11), 1247(6), 1446(2), 1589(3), 2862(13), 2906(14), 2961(1), 

3089(12); 

λmax: 240 nm (1.8 x 104 M-1cm-1), 280 (sh) nm (2.1 x 103 M-1cm-1). 

Compound 2.8 

A 10 mL Et2O solution of 4 (0.20 g, 0.43 mmol) was cooled to         

-78 °C.  To this a 10 mL Et2O solution of PCl3 was added 

dropwise via cannula.  A white precipitate formed immediately 

and the reaction mixture stirred -78 °C for 2 h.  The reaction was 

then warmed to rt. and left to stir for an additional 24 h.  Upon 

completion the solvent was removed in vacuo leaving an orange residue, which was 
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then taken up in CH3CN.  The orange solution was then concentrated again under 

reduced pressure yielding a yellow solid.  The yellow solid was washed with 3 x 5 mL 

of CH3CN yielding the product as a white solid.   

Yield: 42 % (0.12 g, 0.18 mmol); 

m.p.: 157 - 159 °C, 
1H NMR (CDCl3 δ (ppm)): 7.21 (m, 2H, aryl), 7.03 (d, 4H, 3JHH = 7.6 Hz, aryl), 6.30 

(s, 2H, thienyl), 4.61 (d, 4H, 3JHP = 2.4 Hz, alkyl), 2.79 (sept. 4H, 3JHH = 6.8 Hz), 1.02 

(d, 12H, 3JHH = 6.8 Hz), 0.90 (d, 12H, 3JHH = 6.8 Hz);  
13C{1H} NMR (CDCl3 δ (ppm)): 149.9, 135.4, 134.1, 129.4, 126.7, 124.3, 46.3 (2JC-P 

= 28.4 Hz), 28.8, 26.7, 22.6; 
31P{1H} NMR (CDCl3 δ  (ppm)): 154.8; 

FT-IR (ranked intensity (cm-1)): 454(10), 515(7), 637(2), 692(15), 751(14), 810(5), 

857(9), 895(13), 1028(3), 1113(11), 1169(8), 1256(1), 1467(6), 1587(12), 2970(4); 

λmax = 226 nm (1.9 x 104 M-1cm-1), 270 (sh) nm (7.9 x 102 M-1cm-1); 

HRMS: (C30H40SN2Cl4P2) Calcd (found) : 662.1142  (662.1135). 

Compound 2.9 

 To a 5 mL CH2Cl2 of 5 (0.200 g, 0.38 mmol) neat (CH3)3SiOTf 

(0.20 mL, 0.1.14 mmol) was added.  The reaction mixture stirred 

at rt. for 2 h until all of the chlorophosphine was converted to the 

phosphenium cation.  Upon completion the reaction mixture was 

concentrated under reduced pressure yielding a white solid.  The 

product was then washed with 3 x 5 ml of Et2O and dried under vacuum.  

Yield: 51 % (0.08 g, 0.12 mmol);  

m.p.: 260 - 263 °C; 
1H NMR (CDCl3 δ (ppm)): 7.36 (t, 2H, 3JHH = 8 Hz, aryl), 7.27 (s, 2H, thienyl), 7.19 

(d, 4H, 3JHH = 8 Hz, aryl), 5.48 (br. s, 4H, alkyl), 3.18 (br. sept., 4H), 1.28 (d, 12H, 
3JHH = 6.8 Hz), 1.07 (d, 12H, 3JHH = 6.8Hz); 
13C{1H} (CDCl3 δ  (ppm)): 147.4, 134.9, 134.2, 131.4, 126.7, 125.4, 58.8, 28.7, 25.1, 

24.2;  
31P{1H} (CDCl3 δ  (ppm)): 257.1; 

FT-IR (ranked intensity (cm-1)): 454(10), 515(7), 637(2), 692(15), 751(14), 810(5), 

857(9), 895(13), 1028(3), 1113(11), 1169(8), 1256(1), 1467(6), 1587(12), 2970(4); 
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FT-Raman (ranked intensity (cm-1)): 201(10), 308(8), 693(1), 720(11), 882(7), 

1027(3), 1043(6), 1116(2), 1239(5), 1586(4), 2870(9), 2980(12); 

λmax: 224 nm (7.1 x 103 M-1cm-1), 241 nm (4.1 x 103 M-1cm-1) 

Elemental Analysis (%) calc for C31H40F3O3N2S2P1: C 57.88, H 6.51, N 4.38, S 

10.07 found C 58.11, H 6.29, N 4.37, S 10.01.  
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Chapter 3  

3 Group 15 cations supported by a benzo[1,2-b:5,6-
b']dithiophene coreΩ 

3.1  Introduction 

 The current renaissance in p-block chemistry has borne witness to some 

remarkable developments for the main group elements, with many of the 

breakthroughs centering on new structure, bonding and reactivity.1-7 An emerging 

tenet in this area of research is to use these novel molecules and their unique 

reactivity to bridge the gap into functional or applied chemical processes.  Excellent 

examples have surfaced in the last few years including efforts in OLEDs, catalysis 

and small molecule activation.5-10 One of the limitations to further expanding p-block 

chemistry into the realm of the applied, has been the challenge of developing novel 

ligand frameworks with which to support low coordinate and low oxidation state main 

group element centres. New directions could be realized by installing various 

functionalities onto these supporting ligands and by taking advantage of the inherent 

electronic influence as well as the chemical versatility of the p-block elements.  

Combined, these can have a significant impact on the resulting materials that are not 

always possible in exclusively organic functionalized systems.7,11 

It has been well established that thiophene based materials lend themselves to the 

design of tunable, light emitting polymers and materials.12 Related efforts in this area 

by other research groups have realized the synthesis of both a poly(thiophene) with 

orthogonal carbenes and a redox active thiophene substituted diazabutadiene ligand 

for the construction of phosphenium cations.13-15 Although each development is novel, 

a key drawback to the utility of these systems has been the lack of conjugation 

between the thiophene rings and the rest of the molecule.  In this context, we have 

undertaken an effort to model a wholly new ligand system where two contiguous 

thiophene rings occupy the supporting backbone (Figure 3.1).  The corresponding 

diaminochloropnictine and pnictenium cations (Pn = P, As, Sb) were readily 

                                                
Ω A version of this chapter has been published in Price, J. T., Lui, M., Jones, N. D. and Ragogna, P. J., 
Inorg. Chem., 2011, 50, 12810 and has been reproduced with permission. 
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synthesized using established dehydrohalogen coupling protocols between diamine 

ligands and p-block halides in high yields, and a platinum complex of both the 

phosphenium and arsenium cation were prepared. These achievements represent a 

unique opportunity to bring together the known and emerging chemistry of low 

coordinate p-block cations, with the alluring photophysical properties of thiophene 

based materials. 

S S

N
E

N ArAr

A

3.1

E = As, P or Sb

N N
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S S

Ar Ar
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Figure 3.1: Previously reported phosphenium cation with the triiodide counter ion 

and the reported new pnictenium cations (3.1). 

3.2 Results and Discussion  

3.2.1  Synthesis 

Our entry into the new thiophene-based systems (Scheme 3.1) rested on the known 

2,2’-dithiophene-3,3’-biscarboxaldehyde (3.2).16 

S

S

CHO

OHC
S S

N NO O

SS

NH HN OO

3.2

3.3

3.4

(a)

(b)

 

Scheme 3.1: Synthesis of 3.4. (a) p-OMe-C6H4NH2, EtOH, reflux 4 h, 82%; (b) 

NaCN, DMF, rt. 48 h, 80 %. 

Compound 3.3 was prepared by a condensation reaction between a yellow ethanolic 

suspension of 3.2 with 2.1 stoichiometric equivalents of p-anisidine.  Upon addition 

of the amine, the solution turned from yellow to black and during the 4 h reflux a 
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yellow solid precipitated. The slurry was then cooled to rt. and the yellow solid was 

isolated by filtration.  The 1H NMR spectrum of the redissolved yellow powder 

revealed the disappearance of the aldehyde proton (δH = 9.85) and the appearance of a 

singlet (δH = 8.38) consistent with an imine, along with the protons corresponding to 

the p-MeOPh group.  A benzoin condensation of the diimine to form the 

corresponding diamine target (3.4) was carried out by the addition of DMF to solid 

NaCN and 3.3.  The mixture immediately became dark green, and was stirred at rt. for 

2 days.  The reaction mixture was diluted with CH2Cl2 and washed with water. 

Removal of the volatiles and the subsequent addition of MeOH caused precipitation 

of a bright orange solid.  A sample of the bulk material was redissolved for 1H NMR 

spectroscopy, which revealed the disappearance of the imine proton and no significant 

change in the aryl groups, indicating that the condensation was likely successful. 

Single crystals suitable for X-ray diffraction studies (Figure 3.5) were grown from a 

solution of MeOH at rt. confirming the successful synthesis of 3.4, isolated in 86 % 

yield. 

A 3:1:1 stoichiometric reaction between N-methylmorpholine (NMM), PCl3 and 3.4 

in THF resulted in an immediate colour change from brown/orange to a bright orange. 

The reaction was monitored by 31P{1H} NMR spectroscopy, which showed the 

reaction was complete after 4 days by the disappearance of PCl3 (δp = 220) and the 

appearance of a new peak (δp = 136) which was tentatively assigned to the 

chlorophosphine 3.5.  X-ray quality, orange crystals were grown by CH2Cl2/n-pentane 

vapour diffusion at rt. and subsequent X-ray diffraction analysis confirmed the 

production of the cyclic diaminochlorophosphine (3.5), isolated in 83 % yield (Figure 

3.3). The corresponding diaminochloroarsine, 3.6 was synthesized using a similar 

procedure of a 3:1:1 stoichiometric reaction between NMM, AsCl3 and 3.4 in THF, 

and resulted in a slight colour change of the solution from orange to red.  The reaction 

was complete after 4 days, denoted by the proton shifts in the 1H NMR spectrum 

(Scheme 3.2, B).  The protons from the thiophene ring shifted significantly upfield 3.6 

(δH = 7.04 and 6.20), compared to the proligand 3.4 (δH = 7.18 and 7.04), whereas the 

resonances in the phenyl rings were further split in compound 3.6 (δH = 7.48 and 6.98; 

Δδ = 0.50) compared to the free ligand, 3.4 (δH = 6.69 and 6.59 ppm; Δδ = 0.10). 

Another indication that the desired chloroarsine was synthesized was the 

disappearance of the NH peak in the 1H NMR spectrum (δH = 5.63) shown in Figure 
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3.2, C.  X-ray quality, orange crystals were grown by CH2Cl2/pentane liquid diffusion 

at rt. and subsequent X-ray analysis confirmed the production of 3.6 isolated in 54% 

yield (Figure 3.5).  The 3:1:1 stoichiometric reaction between NMM, SbCl3 and 3.4 

resulted in no reaction so the reaction mixture was heated to 50 °C for 48 h and 3 

stoichiometric equivalents Et3N were added.  Upon completion of the reaction as 

detected by proton NMR spectroscopy (Figure 3.2, D), X-ray quality, red crystals 

were grown from CH2Cl2/Et2O liquid diffusion at rt. confirming the synthesis of the 

diaminochlorostibine (Figure 3.5). 

 
δ  

Figure 3.2: Stacked plot of the 1H NMR spectra of A) the proligand, compound 3.4; 

B) Compound 3.5, Pn = P; C) Compound 3.6, Pn = As; and D) Compound 3.7, Pn = 

Sb. 

Compound 3.5 was transformed to the corresponding phosphenium cation, (3.8) using 

two stoichiometric equivalents of trimethylsilyltrifluoromethanesulfonate (Me3SiOTf) 

in CH2Cl2.  The solution immediately turned from orange to red and after a few 

minutes a yellow solid precipitated from the reaction mixture.  The red liquid was 

decanted and the remaining yellow powder dried in vacuo.  A phosphorus-31 NMR 

spectrum of the redissolved yellow solid revealed a singlet (δP = 191) and ionic triflate 

was detected in 19F{1H} NMR spectrum (δF = -78.5 cf. [Bu4N]OTf δF = -78.7),17 thus 

the solid was assigned as the triflate salt of the phosphenium cation (3.8). Crystals 
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suitable for X-ray diffraction studies were obtained by vapour diffusion of n-pentane 

into a CH2Cl2 solution of 3.8, confirming the production of the title compound, which 

was isolated in 90 % yield (Figure 3.5).  The corresponding arsenium cation, 3.9 was 

synthesized from compound 3.6 by the addition of one stoichiometric equivalent of 

Me3SiOTf in CH2Cl2 (Scheme 3.2).  The solution remained red in colour, however 

after 15 min of stirring an orange solid began to precipitate from the reaction mixture.  

To this mixture 5 mL of Et2O was added and the supernatant was decanted off leaving 

an orange solid, which was dried in vacuo.  The fluorine-19 NMR spectrum revealed 

an ionic triflate, and in the 1H NMR spectrum, both resonances attributed to the 

protons on thiophene and phenyl rings were shifted downfield by 0.1 ppm.  Crystals 

suitable for X-ray diffraction studies were obtained by vapour diffusion of Et2O into a 

CH2Cl2 solution of 3.9, confirming the synthesis of the desired product in 93% yield 

(Figure 3.3).   

SS

NH HN OO

3.4

3 NMM/NEt3 1 ECl3

SS

N N OO
E

Cl

CH2Cl2

r.t. 10 min

SS

N N OO
E

OTf
Me3SiOTfMe3SiCl

THF

r.t. 4 d

3.5 E = P
3.6 E = As
3.7 E = Sb

3.8 E = P
3.9 E = As

E = P, As or Sb

 

Scheme 3.2: Synthesis of 3.5, 3.6 and 3.7 then subsequent halide abstraction yielding 

compounds 3.8 and 3.9. 

The corresponding stibenium cation could not be isolated and only decomposition 

products were observed by 1H NMR spectroscopy when halide-abstracting agents 

Me3SiOTf or GaCl3 were added to a CH2Cl2 solution of the diaminochlorostibine, 3.7, 

however, the stibenium cation could be trapped using a Lewis base.  To a CH2Cl2 

solution of chlorostibine (3.7), two stoichiometric equivalents of PMe3 and one 

stoichiometric equivalent of Me3SiOTf were added (Scheme 3.3).  A yellow solid 

precipitated from the orange solution after 15 min. of stirring and the orange solution 
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was decanted. The yellow solid was isolated in 37% yield. Upon redissolving the 

yellow solid in CDCl3 and examination by 31P NMR spectroscopy a peak at δP = -1.2 

was observed along with ionic triflate (δF = - 78.7) indicating the target product was 

likely synthesized. A doublet in the 1H NMR spectrum at 1.55 ppm corresponding to 

the methyl groups on the PMe3 was also observed providing further evidence that the 

desired product was isolated.  Single crystals were grown by vapour diffusion of Et2O 

into a CH2Cl2 solution of the product and single X-ray quality crystals were obtained 

confirming the target compound (3.10, Scheme 3.3, Figure 3.5). 

SS

N N OO
Sb

Cl

Me3Si-OTf Me3Si-Cl

2 PMe3

SS

N N OO
Sb

PMe3

OTfCH2Cl2
r.t. 1h

3.7 3.10  

Scheme 3.3: Synthesis of 3.10. 

The ability to readily modify the pnictenium framework is important for the 

successful manipulation of the photophysical and electronic properties of the 

thiophene system; metallation strategies are often useful in this regard.18 This was 

probed by the addition of Pt(PPh3)4 to a CH2Cl2 solution of 3.8, causing an immediate 

colour change from yellow to deep red (Scheme 3.4). The reaction mixture was 

concentrated in vacuo to a red oil. Diethyl ether was added to precipitate a bright 

orange powder. A 31P{1H} NMR spectrum of the redissolved solid revealed an upfield 

doublet and a downfield triplet, each with corresponding 195Pt satellites, in an 

approximate 2:1 integration ratio that were assigned to two PPh3 and one 

phosphenium ligand, respectively  (δP = 47, 1JPt-P = 2358 Hz, 2JP-P = 490 Hz; δP = 249, 
1JPt-P = 2326 Hz, 2JPP = 490 Hz).   Single crystals were grown by vapour diffusion of 

n-pentane into a CH2Cl2 solution of the product and subsequent X-ray diffraction 

studies revealed the coordinatively unsaturated Pt(0) phosphenium complex (3.11) 

isolated in 77 % yield (Figure 3.5).  The reactivity of 3.9 was also explored by the 

addition of one equivalent of Pt(PPh3)4 in CH2Cl2 causing an immediate colour 

change from red to dark purple (Scheme 3.4).  The reaction mixture was concentrated 

in vacuo to give a purple oil, to which 3 mL of Et2O was added precipitating a purple 

solid.  A 31P{1H} NMR spectrum of the purple powder displayed a single peak  (δp = 
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41) with 195Pt satellites ( 1JPt-P = 3579.6 Hz) and the disappearance of the Pt precursor  

(δp = 23).  Upon examination of the 1H NMR spectrum, again the protons on the 

thiophene backbone were diagnostic and shifted upfield from δH = 6.34 in 3.6, to δH = 

5.97 in the metal complex 3.12.  Single crystals were grown by vapour diffusion of 

Et2O into a CH2Cl2 solution of the product and X-ray diffraction studies revealed the 

Pt(0) arsenium complex, 3.12 (Figure 3.5). 

SS

N
E

N

O O
Pt

PPh3Ph3P

OTf
SS

N
E

N

O O

OTf

Pt(PPh3)4
- 2PPh3

CH2Cl2

3.8 E = P
3.9 E = As

3.11 E = P 

3.12 E = As  

Scheme 3.4: Synthesis of pnictenium metal complexes. 

3.2.2 Photophysical properties 

The UV-visible absorption spectra of compounds 3.3 - 3.12 are shown in Figure 3.3 

along with the fluorescence spectra of compounds 3.4, 3.5, 3.7, 3.8 and 3.10 in Figure 

3.4.  The λmax and the extinction coefficients are listed in Table 3.1. In comparison to 

the ligand 3.4 (λabs = 279 nm), upon the addition of the pnictogen center, phosphorus 

(3.5, λabs = 266, 373 nm), arsenic (3.6, λabs = 271, 373 nm) and antimony (3.7, λabs = 

252, 276, 372, 465 nm), the absorption was blue-shifted to shorter wavelengths with 

antimony having an absorption maxima with the highest energy.  Absorption maxima 

for the pnictenium cations were shifted to a higher energy as the charge is increased 

on the five membered ring for phosphorus (3.8, λabs = 258, 377 nm) and arsenic (3.9, 

λabs = 256, 282 nm), however in the base stabilized stibenium cation, the λabs was 

shifted to a lower energy (3.10, λabs = 279, 386 nm).  As one goes down group 15, 

both the maximum absorption and emission wavelengths of these compounds were 

similar in CH2Cl2 solutions and suggests that the substitution did not cause significant 

changes in the conjugation of the molecular structure and the photophysical properties 

are dominated by the benzo[1,2-b:5,6-b']dithiophene backbone.  The solvatochromic 

effects of the pnictenium compounds were investigated and upon changing the solvent 

composition from CH3CN to Et2O in 10 vol % increments, there was no dramatic shift 

in the UV-vis absorption, however the absorption coefficient decreased as the vol % 
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of Et2O increased.  The quantum yields were calculated against diphenylanthracene, 

which were low, ranging from 1.0% to 2.3%.19 

 

Figure 3.3: UV-absorption spectra of compounds 3.4 - 3.12 in CH2Cl2. 

 

Figure 3.4: Fluorescence spectra of compounds 3.4, 3.5, 3.8, 3.9 and 3.10 in CH2Cl2. 



 

 50 

 

Table 3.1. Optical properties of compounds 3.3 - 3.12. 

Compound λabs nm (εmax L mol-1 cm-1) λem (nm) φFL* 

3.3 
273 (3.5 × 104) 
333 (3.3 × 104) 

- - 

3.4 279 (2.7 × 104) 450 0.011 

3.5 
266 (3.1× 104) 
373 (7.1 × 103) 

400 0.023 

3.6 
271 (3.1× 104) 
383 (1.3 × 103) 

-  

3.7 

252 (4.8 x 105) 
276 (4.6 x 105) 
372 (8.0 x 104) 
465 (4.0 x 104) 

450 0.011 

3.8 
258 (2.5 × 104) 
377 (8.2 × 103) 

400 0.019 

3.9 

256 (5.6 × 104) 

282 (2.9× 104) 
423 (3.9 × 103) 

  

3.10 
279 (6.6 x 104) 
386 (1.2 x 104) 

450 0.010 

3.11 

259 (5.9 × 104) 
394 (1.3× 104) 

466 (9.5 × 103) 
-  

3.12 
276 (3.2 × 104) 
576 (2.7× 104) 

-  

*Fluorescence quantum yields measured in CH2Cl2 solution using 9,10 diphenylanthracene (φFL = 0.90 
in CH2Cl2) as a standard, excited at 260 nm.19 
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3.2.3 X-ray crystallography 

Compounds 3.4 - 3.12 have been characterized by single X-ray diffraction studies.  

Views of the solid state structures are shown in Figure 3.3 and refinement details can 

be found in Table 3.2 and 3.3.  Key bond lengths and angles are summarized in Table 

3.4. 

An examination of the solid-state structures of compounds 3.4 – 3.12 revealed that the 

metrical parameters for the C2N2 ring were all consistent with two C – N single bonds 

(1.388 - 1.415 Å cf. 1.420 Å (avg.) in the free ligand) and a C – C double bond (1.386 

– 1.399 Å cf. 1.382 Å (avg.) in 3.4).  The C – N bonds are slightly shortened upon 

coordination to pnictogen and the C – C double bond in the backbone remained the 

same as in the free ligand (3.4). 

Compounds 3.5, 3.6 and 3.7 are all isostructual and feature long E(1) – Cl(1) bonds 

and are all pyramidal at the pnictogen center.  Upon examination of the pnictogen 

halogen linkage the bond length increases down the group from 2.2123(9) Å for 

compound 3.5, 2.3296(5) Å for 3.6 and 2.5129(6) Å for 3.7, corresponding to the 

increase in size of the central element. The pnictogen atom is pyramidal which is 

expected from a three coordinate pnictogen center with a lone pair, however the Cl(1) 

- Pn(1) - N(1) angle decrease as one goes down the group from 3.5 (Σang = 

102.81(7)°), 3.6 (Σang = 100.85(5)) to 3.7 (Σang = 92.70(6)) due to the decrease in 

hybridization at the pnictogen. 

Upon examination compound 3.8 (3.9 is isostructural) the thiophene – P(1) portion  

deviates from planarity only by 0.0348 Å.  The p-MeOPh rings are twisted out of the 

plane by 96.0(7)° and are almost perpendicular to the plane of the benzo[1,2-b:5,6-

b']dithiophene backbone.  In general, the metrical parameters of the phosphenium 

cation (3.8) are comparable to those reported for other NHP systems. Upon formation 

of the arsenium cation there is a contraction in the C - N bond from 1.405(2) Å for 

compound 3.6 to C(11) - N(2) 1.369(6) Å  and C(12) - N(1) 1.372(6) Å.  This 

contraction was also observed in the P - N bond, P(1) - N(1) 1.683(2) Å; P(1) - N(2) 

1.6942(19) Å for compound 3.5 and  P(1) - N(1) 1.649(5) Å, P(1) - N(2) 1.655(5) Å 

for 3.8.  The structural changes that were observed with the formation of the 

trimethylphosphine stabilized stibenium cation 3.10 from 3.7 are summarized in Table 
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3.3.  There is a slight increase in the Sb - N bond lengths (Sb-N(1)  = 2.057(2) Å, Sb-

N(2) = 2.053 Å) and is slightly longer than previously reported examples of N-

Heterocyclic stibenium cations. 20,21 The Sb - P bond is elongated at 2.6171(11) Å and 

is outside the sum of the covalent radii (cf. 2.50 Å)22 and is in line with other values 

reported for P→Sb bonding modes.23,24 Figure 3.3 shows the crystal structure and 

packing motifs of compound 3.9 forming and extended network of zigzag chains.  

When viewed down the c-axis the molecules are π-stacked in a head to tail 

conformation orientated in a perpendicular fashion with the pnictenium center 

directed toward the centroid of the benzo[1,2-b:5,6-b']dithiophene unit on an adjacent 

molecule.  They are packed in four non-equivalent stacks that are nearly vertical to 

each other (ca. 75.49º) due to the occurrence of As···π inter molecular contacts with 

an interplanar distance of 6.18Å.  This packing motif is most likely attributed to the 

existence of C-H···π and As···π interactions and is not observed in any of the other 

pnictogen complexes.   These interactions are similar to those reported between three 

coordinate As(III) centers and arenes25-27 and other arsenium cations.28 
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Table 3.2. Crystal data for compounds 3.4 to 3.8. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

aR1(F[I > 2(I)]) = ∑∥|Fo | - |Fc | ∥/∑|Fo|; wR2(F2 [all data]) = [w(Fo
2 - Fc

2 )2]1/2 ; S(all data) = [w(Fo
2 - Fc

2 )2/(n - p)]1/2 (n = no. of data; p = no. of 
parameters varied; w = 1/[σ2 (Fo

2) + (aP)2 + bP] where P = (Fo
2 + 2Fc

2)/3 and a and b are constants suggested by the refinement program. 
 

 3.4 3.5 3.6 3.7 3.8 

Empirical formula C24H20N2O2S2 C24H18N2O2S2PCl C24H18N2O2S2AsCl C24H18N2O2S2SbCl C25H18F3N2O5PS3 

FW (g/mol) 432.54 496.94 540.89 587.72 610.56 

Crystal system Orthorhombic Triclinic Monoclinic Triclinic Monoclinic 

Space group P212121 P 1 P21 P 1 P21 
a (Å) 5.6639(4) 8.8245(18) 8.7034(4) 9.8620(4) 10.270(2) 
b (Å) 18.2454(12) 10.045(2) 13.3155(6) 14.3596(6) 11.016(2) 
c (Å) 19.7061(13) 13.898(3) 19.5851(9) 17.3069(7) 12.460(3) 
α (deg) 90.00 80.52(3) 90.00 66.669(2) 90.00 
β (deg) 90.00 74.17(3) 101.340(2) 89.298(2) 112.43(3) 
γ (deg) 90.00 67.92(3) 90.00 86.426(2) 90.00 
V (Å3) 2036.4(2) 1095.7(4) 2225.41(18) 2245.92(16) 1303.0(5) 

Z 4 2 4 4 2 
Dc (mg m-3) 1.411 1.506 1.861 1.559 1.556 

Rint 0.0351 0.0411 0.0224 0.0222 0.0632 
R1[I>2σI]a 0.0451 0.0599 0.0266 0.0281 0.1452 

wR2(F2)a 0.0860 0.1177 0.0603 0.0576 0.1439 

GOF(S) 0.992 1.112 1.033 1.119 0.977 
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Table 3.3: Crystal data for compounds 3.9 - 3.12. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

aR1(F[I > 2(I)]) = ∑∥|Fo | - |Fc | ∥/∑|Fo|; wR2(F2 [all data]) = [w(Fo
2 - Fc

2 )2]1/2 ; S(all data) = [w(Fo
2 - Fc

2 )2/(n - p)]1/2 (n = no. of data; p = no. of 
parameters varied; w = 1/[σ2 (Fo

2) + (aP)2 + bP] where P = (Fo
2 + 2Fc

2)/3 and a and b are constants suggested by the refinement program. 
 

 3.9 3.10 3.11 3.12 

Empirical formula C25H18F3N2O5AsS3 C28H27F3N2O5PS3Sb C62H49Cl3F3N2O5P3PtS3 C62H49Cl3F3N2O5P2AsPtS3 

FW (g/mol) 654.51 862.34 1449.56 1374.14 

Crystal system Monoclinic Triclinic Monoclinic Triclinic 

Space group P21 P 1 P21/c P 1 

a (Å) 10.342(2) 9.1339(5) 19.897(4) 11.5899(8) 

b (Å) 10.994(2) 11.8823(7) 11.949(2) 13.2732(10) 

c (Å) 12.477(3) 16.8352(10) 25.874(5) 17.7278(13) 

α (deg) 90.00 81.367(2) 90.00 85.961(2) 

β (deg) 111.88(3) 79.485(2) 98.91(3) 83.564(2) 

γ (deg) 90.00 71.365(2) 90.00 84.914(2) 

V (Å3) 1316.4(5) 1694.01(17) 6078(2) 2694.3(3) 

Z 2 2 4 2 

Dc (mg m-3) 1.651 1.691 1.584 1.694 

Rint 0.0501 0.0311 0.0388 0.0498 

R1[I>2σI]a 0.0729 0.0501 0.0646 0.1091 

wR2(F2)a 0.1234 0.0673 0.1009 0.0669 

GOF(S) 1.062 1.052 1.063 0.972 
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Table 3.4 Selected bond lengths [Å] and angles [°] for compounds 3.4 - 3.12. 

              Compound 

Bond 
3.4 3.5 3.6 3.7 3.8 3.9 3.10 3.11 3.12 

N(1) - C(12) 1.404(4) 1.413(3) 1.405(2) 1.406(3) 1.396(8) 1.372(6) 1.417(4) 1.401(6) 1.394 

N(2) - C(11) 1.434(4) 1.415(3) 1.406(2) 1.396(3) 1.388(8) 1.369(6) 1.423(4) 1.395(5) 1.388(7) 

C(11) - C(12) 1.379(4) 1.399(3) 1.395(2) 1.412(3) 1.396(7) 1.408(6) 1.391(4) 1.386(6) 1.408(7) 

Pn(1) - X(1) N/A 2.2123(9) 2.3296(5) 2.5129(6) N/A N/A 2.6171(11) N/A N/A 

N(1) - Pn(1) N/A 1.683(2) 1.8224(13) 2.0203(19) 1.649(5) 1.790(4) 2.057(2) 1.660(4) 1.835(4) 

N(2) - Pn(1) N/A 1.6942(19) 1.8255(13) 2.0091(18) 1.655(5) 1.798(4) 2.053(3) 1.666(4) 1.825(5) 

Pn(1) - Pt(1) N/A N/A N/A N/A N/A N/A N/A 2.1157(12) 2.4462(7) 

N(1) - Pn(1) - N(2) N/A 89.79(10) 85.72(6) 79.67(7) 91.3(3) 85.89(17) 81.52(10) 90.90(18) 84.5(2) 

N(1) - Pn(1) - X(1) N/A 102.81(7) 100.85(5) 92.70(6) N/A N/A 89.17(8) N/A N/A 

N(2) - Pn(1) - X(1) N/A 100.40(7) 101.12(5) 95.81(6) N/A N/A 89.69(8) N/A N/A 

N(1) - Pn(1) - Pt(1) N/A N/A N/A N/A N/A N/A N/A 134.49(14) 107.78(14) 

N(2) - Pn(1) - Pt(1) N/A N/A N/A N/A N/A N/A N/A 131.48(14) 114.98(15) 
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The Pt complex 3.11 is trigonal planar at the metal (Σang = 360.00°) and at the 

phosphenium P-atom (Σang = 356.87°).  The N(1) - P(1) - N(2) plane of the 

phosphenium makes a torsion angle of 78.9(2)° with the coordination plane of the 

metal, likely due to the bulky nature of the triphenylphosphine ligands.  The Pt - NHP 

bond P(1) - Pt(1) (2.1157(12) Å) is shorter than the Pt(1) - P(2) (2.3315(13) Å) and 

Pt(1) - P(3) bonds (2.2935(12) Å) suggesting strong backbonding from the Pt to the 

phosphenium similar to that observed in related phosphenium→Pt complexes (cf. 

2.116(3) Å; 2.107(3) Å).29,30 Upon examination of the solid-state structure of 3.11, it 

consists of a central Pt center with two triphenylphosphine ligands.  In contrast to 

3.11, compound 3.12 is pyramidal at the pnictenium center and has a coordination 

geometry (Σang = 307.24) consistent with a non-bonding lone pair still present on the 

arsenium and can be described as primarily M → L bonding.31 Progressing down 

group 15 from phosphorus to arsenic, the bonding changes from the filled sp2 hybrid 

orbital on phosphorus interacting with the filled d-orbitals on Pt0, and metal 

backbonding to the empty p orbital on phosphorus yielding a coplanar arrangement, 

to arsenic, where only the metal is donating into the empty p orbital on arsenic 

leading to a pyramidal geometry.  This bonding is similar to the heavy N-heterocyclic 

plumbylenes observed by Hahn.  The metal (Pt0 or Pd0) acts as a d-electron donor to 

the empty p orbital on PbII and the lone pair of electrons on Pb, located in the sp2 

hybrid orbital, do not participate in bonding to the metal center. By going down group 

14 in synthesizing the heavier group 14 NHC metal complexes the geometry at the 

coordinating atom changes from coplanar to tetrahedral.31  
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Figure 3.5: Solid-state structures of 3.4 to 3.12.  Ellipsoids are drawn to 50% probability.  The triflate anions for compounds 3.8 - 3.12 and 

hydrogen atoms are removed except on the nitrogen atoms for compound 3.4 and the phenyl rings on compounds 3.11 and 3.12 for clarity.  
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Figure 3.6: Crystal packing of 3.9. 

3.2.4 Conclusion 

The successful synthesis of a new diamine ligand with a benzo[1,2-b:5,6-b']dithiophene 

backbone was achieved and was subsequently converted to the diaminochloropnictine 

and pnictenium cations. These complexes are the first examples of pnictogens containing 

a benzo[1,2-b:5,6-b']dithiophene backbone and the first example of a pnictogen 

containing a thiophene heterocycle complexed to a transition metal.  These new 

complexes did not display any solvatochromic properties and their UV-vis absorption 

was dominated by benzo[1,2-b:5,6-b']dithiophene backbone with little influence from the 

pnictogen atom.  Compounds 3.4, 3.5, 3.7, 3.8 and 3.10 did display fluorescence, 

however, the efficiencies were low. This new ligand system opens the door to the 

preparation of other p-block derivatives, which could have new electronic or 

photophysical properties dependent on the Lewis acid or metal complex used. 
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3.3 Experimental 

3.3.1 General experimental 

General synthetic and crystallography experimental details can be found in Appendix 1. 

3.3.2 Synthetic procedures 

Compound 3.3.   

A solution of 2,2’-bithiophene-3,3’-biscarboxaldehyde 

(1.50 g, 6.70 mmol) in EtOH (40 mL) was cooled to      

0 °C and a solution of p-anisidine (1.74 g, 14.10 mmol) 

in EtOH (10 mL) was added dropwise.  The reaction 

mixture was warmed to rt. and then heated to reflux for 4 h.  The solvent was 

concentrated and the resulting yellow powder was collected by filtration and washed with 

cold EtOH (3 x 5 mL);  

Yield: 86% (2.50 g, 5.78 mmol); 

m.p.: 148 – 149°C;  
1H NMR (CDCl3, δ  (ppm)):  8.38 (s, 2H, CH), 7.81 (d, 2H, thienyl, 3JHH = 5.2), 7.45 (d, 

2H, thienyl, 3JHH = 5.2), 7.08 (d, 4H, aryl, 3JHH = 8.8), 6.83 (d, 4H, aryl, 3JHH = 9.2), 3.78 

(s, 6H, CH3);  
13C{1H} NMR (CDCl3, δ  (ppm)): 158.4, 151.7, 144.6, 139.1, 136.2, 127.3, 127.0, 122.1, 

114.3, 55.4;  

FT-IR (ranked intensities (cm-1)): 533(14), 630(9), 715(11), 728(13), 781(7), 826(4), 

1034(2), 1105(12), 1207(6), 1251(1), 1293(10), 1458(8), 1500(3), 1611(5);  

FT- Raman (ranked intensities (cm-1)): 160(3), 679(12), 788(15), 968(13), 1166(7), 

1209(4), 1247(14), 1295(11), 1355(8), 1392(9), 1462(5), 1501(6), 1592(1), 1624(2), 

3101(15);   

HRMS: C24H20N2O2S2 Calcd (found) 432.0966 (432.0955). 
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Compound 3.4.  

A DMF (5 mL) solution of 3.3 (2.50 g, 5.78 mmol) and 

sodium cyanide (0.28g, 5.78 mmol) stirred at rt. for 48 h.  

To the reaction mixture 10 mL of CH2Cl2 was added and 

washed with water (3 x 50 mL).  The CH2Cl2 layer was then dried with MgSO4 and 

concentrated.  The product was then precipitated with MeOH and isolated by filtration.  

The resulting orange powder was washed with MeOH (3 x 5 mL).   

Yield: 80% (2.05 g, 4.62 mmol);  

m.p.: 173 - 175 °C;  
1H NMR (CDCl3, δ  (ppm)):  7.18 (d, 2H, thienyl, 3JHH = 5.6), 7.04 (d, 2H, thienyl, 3JHH 

= 5.6), 6.65 (m, 4H, aryl), 6.59 (m, 4H, aryl), 5.63 (s, 2H, NH), 3.65 (s, 6H, CH3);  
13C{1H} (CDCl3, δ  (ppm)): 153.7, 139.8, 134.5, 130.5, 128.8, 123.9, 123.5, 117.5, 

114.6, 55.6; 

FT-IR (ranked intensities (cm-1)):  653(9), 732(4), 806(6), 901(10), 1033(3), 1107(15), 

1167(11), 1179(12), 1245(2), 1297(13), 1356(14), 1397(8), 1449(5), 1507(1), 3336(7);  

FT-Raman (ranked intensities (cm-1)): 1314(4), 1462(2), 1499(1), 1587(3), 2061(15), 

2076(13), 2146(14), 2157(7), 2171(12), 2205(11), 2220(10), 2243(9), 2265(8), 2732(5), 

3059(6);  

HRMS: (C24H22N2O2S2) Calcd (found) 432.0966 (432.0955). 

Compound 3.5.    

A THF (5 mL) solution of 3.4 (0.30g, 0.69 mmol) and n-

methylmorpholine (0.29 mL, 2.08 mmol) stirred for 10 min. 

at rt.  PCl3 (0.06 mL, 0.69 mmol) was added to the solution.  

The reaction then stirred for 4 days at rt.  The white 

precipitate was removed by centrifuge and the resulting orange solution was concentrated 

in vacuo yielding an orange solid.   

Yield: 83 % (0.28g, 0.57 mmol);  

m.p.: 207 - 211 °C; 
1H NMR (CDCl3, δ  (ppm)): 7.62 (br. s, 4H, aryl), 7.16 (d, 2H, thienyl, 3JHH = 6.0), 7.07 

(d, 4H, aryl, 3JHH = 7.6), 6.28 (d, 2H, thienyl, 3JHH = 5.2), 3.92 (s, 6H, CH3);  
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13C{1H} NMR (CDCl3, δ  (ppm)): 159.9, 130.0, 129.9, 129.4, 129.1, 125.2, 124.2, 120.9, 

114.8, 55.5; 
31P{1H} NMR (CDCl3, δ (ppm)): 136.5;  

FT-IR (ranked intensities (cm-1)): 532(12), 724(2), 817(7), 918(10), 978(5), 1031(9), 

1104(13), 1124(4), 1167(8), 1247(2), 1280(11), 1437(15), 1463(14), 1363(6), 1508(1);   

FT-Raman (ranked intensities (cm-1)): 215(2), 384(3), 795(8), 1238(5), 1365(1), 

1500(6), 2619(7), 3321(7);  

HRMS: (C22H18N2O2PS2)+ Calcd (found) 461.0547 (461.0547);  

Elemental Analysis (%) calc for C22H18N2O2PS2Cl: C 58.00, H 3.65, N 5.64; found C 

57.86, H 3.70, N 5.44. 

Compound 3.6.    

A THF (40 mL) solution of 3.4 (1.00g, 23.00 mmol) and n-

methylmorpholine (0.76 mL, 69.00 mmol) stirred for 10 min. 

at rt.  AsCl3 (0.20 mL, 23.00 mmol) was added to the solution.  

The reaction then stirred for 4 days at rt.  The white precipitate 

was removed by centrifuge and the resulting red solution was concentrated in vacuo 

yielding a red solid.   

Yield: 54 % (0.67 g, 12.4 mmol);  

m.p.: 208 - 213°C; 
1H NMR (CDCl3, δ  (ppm)): 7.48(d, 4H, aryl, 3JHH=8.8) 7.04 (d, 2H, thienyl, 3JHH =5.2), 

6.98 (d, 4H, aryl 3JHH =8.8), 6.20 (d, 2H, thienyl, 3JHH =5.6), 3.84 (s, 6H, CH3);   
13C{1H} NMR (CDCl3, δ  (ppm)): 159.6, 142.2, 132.2, 129.8, 129.0, 126.0, 123.5, 121.5, 

114.8, 55.5; 

FT-IR (ranked intensities (cm-1)): 485(15), 521(6), 642(5), 728(3), 812(10), 912(8), 

945(12), 1028(4), 1116(13), 1244(1), 1277(11), 1363(7), 1455(14), 1505(2), 1602(9);  

HRMS: (C22H18N2O2As)+ Calcd (found) 505.0026 (505.0029);  

Elemental Analysis (%) calc for C22H18N2O2AsS2Cl: C 53.29, H 33.35, N 5.18; found C 

53.29, H 3.33, N 5.15. 
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Compound 3.7.    

In a pressure tube a THF (30 mL) solution of 3.4 (1.0g, 

23.00 mmol) and NEt3 (0.96 mL, 69.00 mmol) stirred for 10 

min. at rt.  A THF solution (5 mL) of SbCl3 (0.52g, 23.00 

mmol) was added to the solution.  The reaction was then 

heated to 60° C for 48 hours.  The precipitate was removed 

by centrifuge and the resulting red solution was concentrated in vacuo yielding a red 

solid.   

Yield: 95% (1.27 g, 21 mmol); 

d.p.: 152 °C;  
1H NMR (CDCl3, δ  (ppm)): 7.33 (d, 4H, aryl, 3JHH=8.4), 7.03 (d, 2H, thienyl, 3JHH=5.6), 

6.96 (d, 4H, aryl, 3JHH=8), 6.32 (d, 2H, thienyl, 3JHH=4.8), 3.88 (s, 6H, CH3);  
13C{1H} NMR (CDCl3, δ  (ppm)):  158.2, 136.5, 134.6, 128.0, 122.5, 114.7, 110.7, 45.7 

FT-IR (ranked intensities (cm-1)): 638(10), 704(8), 722(4), 814(11), 909(5), 942(14), 

1030(6), 1102(12), 1178(8), 1241(2), 1274(7), 1349(3), 1450(9), 1503(1), 1601(15); 

FT- Raman (ranked intensities (cm-1)): 96.7(5), 173(11), 195(13), 227(4), 245(1), 

676(8), 784(10), 1098(12), 1224(3), 1270(6), 1307(9), 1348(2), 1388(14), 1449(15), 

1496(7);  

Compound 3.8.   

To a solution of 3.4 (0.10 g, 0.20 mmol) in CH2Cl2 (4 mL) 

the halide-abstracting agent Me3SiOTf (0.04 mL, 0.22 

mmol) was added dropwise.  The solution was stirred for 10 

min. at rt. during which time a yellow solid precipitated 

from the solution.  The red solution was decanted and the 

remaining yellow solid was dried in vacuo.  The product was washed with Et2O (2 x 3 

mL) and dried.   

Yield: 90 % (0.11 g, 0.18 mmol);  

m.p.: > 300 °C;   
1H NMR (CDCl3, δ  (ppm)): 7.84 (d, 4H, aryl, 3JHH = 8.4), 7.36 (d, 2H, thienyl, 3JHH = 

5.2), 7.20 (d, 4H, aryl, 3JHH = 8.8), 6.41 (d, 2H, thienyl, 3JHH = 5.2), 3.97 (s, 6H, CH3);   
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13C{1H} NMR (Pyridine-d5, δ  (ppm)): 159.4, 129.7, 128.2, 127.8, 127.6, 125.2, 123.8, 

119.5, 114.5, 54.3;  
31P{1H} NMR (CDCl3, δ (ppm)): 191.0;  
19F {1H} NMR (CDCl3, δ  (ppm)):  -78.5;  

FT-IR (ranked intensities (cm-1)): 527(13), 635(5), 649(11), 724(12), 740(9), 824(8), 

1030(2), 1159(3), 1174(6), 1221(7), 1257(1), 1307(10), 1325(15), 1509(3), 1608(14);  

FT-Raman (ranked intensities (cm-1)): 633(9), 709(10), 736(12), 794(13), 1029(6), 

1180(5), 1325(14), 1366(15), 1433(7), 1491(1), 1605(4), 1892(8), 2115(3), 2609(2), 

3081(11);  

HRMS: (C24H18N2O2PS2)+ Calcd (found) 461.0547 (461.0538);   

Elemental Analysis (%) calc for C25H18F3N2O5PS3 · C0.25H0.5Cl0.5: C 48.00, H 2.95, N 

4.43, S 15.23; found C 47.91, H 3.03, N 4.43, S 15.39. 

Compound 3.9 

To a solution of 3.6 (0.18 g, 0.33 mmol) in CH2Cl2 (4 mL) 

the halide-abstracting agent Me3SiOTf (0.11 mL, 0.66 mmol) 

was added dropwise.  The solution was stirred for 45 min. at 

rt. during which time the solution turned red and a dark 

yellow solid precipitated from the solution.  The red solution was decanted and the 

remaining yellow solid was dried in vacuo.  The product was washed with Et2O (2 x 3 

mL) and dried.  

Yield: 93 % (0.20 g, 0.31 mmol);  

m.p.: >300 °C;   
1H NMR (CDCl3, δ  (ppm)): 7.68 (d, 4H, aryl, 3JHH=8.0), 7.27 (d, 2H, thienyl, 3JHH= 8.0) 

δ 7.15 (d, 4H, aryl, 3JHH=8.4), 6.34 (d, thienyl, 3JHH=4.8), 3.94 (s, 6H, CH3);   
13C{1H} NMR (CDCl3, δ  (ppm)): 161.4, 136.4, 135.1, 128.9, 125.7, 124.9, 122.2, 116.3, 

115.3, 55.7; 
19F {1H} NMR (CDCl3, δ  (ppm)): -78.2;   

FT-IR (ranked intensities (cm-1)): 521 (8), 635 (4) 715 (10), 738 (7), 819 (5), 1029 (3), 

1157 (5), 1173 (14), 1221 (15), 1256 (10), 1458 (13), 1508 (2), 1540 (11), 1606 (9), 3084 

(12);  
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HRMS: (C24H18N2O2AsS2)+ Calcd (found) 505.0020 (505.0003);  

Elemental Analysis (%) calc for C25H18AsClF3N2O5S3: C 45.88, H 2.77, N 4.28; found 

C 45.72, H 2.49, N 4.12. 

Compound 3.10.   

To an orange solution of 3.7 (0.10 g, 0.17 mmol) in CH2Cl2 

(3 mL) was added PMe3 (0.035 mL, 0.034 mmol) and 

Me3SiOTf (0.031 mL, 0.17 mmol).  The reaction mixture 

stirred at rt. for 1 h and was then concentrated. The CH2Cl2 

was decanted leaving a yellow solid, which was washed (2 x 

5 mL) with pentane.  

Yield: 36% (0.13 g, 0.06 mmol); 

d.p.: 223 - 225 °C;   
1H NMR (CDCl3, δ  (ppm)): 7.15 (m, 6H, aryl), 6.82 (d, 4H, aryl, 3JHH = 8.4), 6.68 (d, 

2H, thienyl,  3JHH = 5.4), 3.78 (s, 6H, CH3), 1.55 (d, 9H, CH3, 2JPH  = 12.0);   
13C{1H} NMR (CD3CN, δ  (ppm)): 156.4, 141.5, 140.8, 137.8, 125.6, 124.4, 123.0, 

114.2, 55.1, 9.5 (1JPC  = 106.8); 
19F {1H} NMR (CD3CN, δ  (ppm)): -78.2;   
31P{1H} NMR (CD3CN, δ (ppm)): δ -1.2;  

FT-IR (ranked intensities (cm-1)):  510(6), 633(4), 704(14), 732(6), 810(13), 901(9), 

956(8), 1024(3), 1109(12), 1161(7), 1237(1), 1291(5), 1386(10), 1453(15);  

FT-Raman (ranked intensities (cm-1)): 87(3), 194(10), 244(2), 674(12), 780(6), 

1025(11), 1221(8), 1262(15), 1312(7), 1361(5), 1387(9), 1452(13), 1497(1), 1606(4), 

2914(14);  

Elemental Analysis: (%) calc for C28H27F3N2O5PS3Sb · C0.5H1Cl1: C 41.75, H 3.44, N 

3.42, S 11.73; found C41.48, H 3.61, N 3.47, S 11.71. 
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Compound 3.11.   

To a solution of 3.8 (0.015 g, 0.032 mmol) in CH2Cl2 (2 mL) 

was added to a CH2Cl2 (2 mL) solution of Pt(PPh3)4 (0.04 g, 

0.032 mmol).  The solution turned from yellow to red and 

was stirred for 10 min at rt.  The CH2Cl2 was removed in 

vacuo, yielding a red oil.  After triturating the red oil with 

Et2O (3 mL) for 10 min. an orange solid precipitated from solution.  The Et2O was 

decanted off and dried under reduced pressure.   

Yield: 77% (0.028 g, 0.024 mmol);  

m.p.: 146 - 148 °C .   
1H NMR (CDCl3, δ (ppm)): 7.29 (t, 6H, aryl, 3JHH = 7.6), 7.21(d, 2H, thienyl, 3JHH = 

5.6), 7.10 (m, aryl, 12H), 6.91 (m, 15H, aryl), 6.82 (d, 2H, aryl, 3JHH = 5.5), 3.85 (s, 6H, 

CH3);  
13C{1H} NMR (CDCl3, δ  (ppm)): 160.9, 133.4, 131.6, 130.9, 129.3, 128.8, 128.7, 127.6, 

127.5, 125.9, 123.6, 120.6, 115.4, 55.8; 
31P{1H} NMR (CDCl3, δ  (ppm)): 47.4 (d, 2JP-P = 490.8, 1JP-Pt = 2358), 249.5 (t, 2JP-P = 

490.8, 1JP-Pt = 2326);   
19F {1H} NMR (CDCl3, δ  (ppm)): -78.4;  

FT-IR (ranked intensities (cm-1)): 514(5), 528(2), 636(3), 693(3), 743(9), 922(11), 

998(14), 1030(4), 1094(10), 1130(8), 1248(1), 1435(7), 1478(15), 1507(2), 1605(12);  

FT- Raman (ranked intensities (cm-1)): 174(6), 363(7), 999(3), 1027(12), 1096(14), 

1131(2), 1236(3), 1375(1), 1494(11), 1321(15), 1585(5), 1887(8), 2112(13), 2560(10), 

3057(9). 

Compound 3.12.  

To a solution of 3.9 (0.015 g, 0.032 mmol) in CH2Cl2 (2 mL) 

was added to a CH2Cl2 (2 mL) solution of Pt(PPh3)4 (0.04g, 

0.032 mmol).  The solution turned from orange to purple and 

was stirred for 10 min at rt.  The CH2Cl2 was removed in 

vacuo, yielding a purple oil.  After triturating the purple oil 
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with Et2O (3 mL) for 10 min a purple solid precipitated from solution.  The Et2O was 

decanted off and dried under reduced pressure.  

Yield: 92% (0.035  g, 0.029 mmol);  

d.p.: 225 °C;  
1H NMR (CDCl3, δ  (ppm)): 7.28 (m, 6H, aryl), 7.20 (m, 15H, aryl), 7.07 (m, 15H, aryl), 

6.81 (d, 4H, aryl, 3JHH = 8.8), 5.97 (d, 2H, aryl, 3JHH = 5.6), 3.87 (s, 6H, CH3);  
13C{1H} NMR (CDCl3, δ  (ppm)): 156.6, 134.6, 131.3, 129.1, 128.5, 124.5, 123.9, 122.9, 

114.5, 55.8; 
31P{1H} NMR (CDCl3, δ (ppm)): 41.9 (s, 1JPPt = 5347.6); 

19F {1H} NMR (CDCl3, δ  (ppm)): - 78.3;  

FT-IR (ranked intensities (cm-1)): 515(2), 538(10), 636(6), 695(4), 744(7), 1025(5), 

1097(11), 1157(8), 1222(12), 1263(1), 1303(13), 1386(14), 1435(9), 1478(15), 1506(3).  
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Chapter 4  

4 An N-Heterocyclic carbene containing a benzo[1,2-
b:5,6-b']dithiophene backbone: Synthesis and 
coordination chemistryΩ 

4.1 Introduction 

The discovery of conjugated polymers in the 1970's have since drawn significant interest 

in the field of materials science.1 Their ability to combine both the electronic and 

photophysical properties of inorganic semi-conductors along with the flexibility and 

processability of organic plastics have resulted in their wide use in many applications.1-3  

Conjugated organic polymer-based materials have found broad applicability in light 

emitting diodes (LED) or light emitting electrochemical cells (LEC), plastics, lasers, solar 

cells, field effect transistors and sensors.4,5  More specifically, thiophene based polymers 

are one of the most studied classes of organic conjugated polymers because of their 

synthetic versatility and their ability to be polymerized both chemically and 

electrochemically.5-7  It has been demonstrated that the incorporation of transition metals 

or main group elements into these thiophene-based systems can significantly heighten 

their conductivity  and optical properties, thus providing a potential handle by which one 

can tune the polymers for specific applications.8 Despite functional modifications of 

thiophene being well established in the literature, the synthetic challenges of designing a 

thiophene containing scaffold to support either metals or main group elements has proven 

to be challenging because of their rigid coordination sites, difficult carbon-carbon 

coupling chemistry and lengthy work-up procedures.9,10  

Inspiration for this work has come from the widely used bis(arylimino)acenaphthene (i) 

which has been shown to readily coordinate s-, p-, and d-block elements.11 We sought to 

synthesize a similar type of framework containing two fused thiophene rings in the 

                                                
Ω A version of this chapter has been previously published in Price, J. T., Jones, N. D. and Ragogna, P. J., 
Inorg. Chem.  2012, 51, 6776, and has been reproduced with permission. 
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backbone, supporting two flanking α-diamines (3.4).  This system would allow for 

chemical versatility at the donor nitrogen sites while maintaining conjugation between 

the thiophene fragments in the backbone, which have the potential to undergo 

polymerization in a subsequent step.   

N-Heterocyclic carbenes (NHC) have been extensively studied over the last two decades 

because of their ability to act as a strong two-electron donor for transition metals as well 

stabilizing highly reactive main group species.12-20  The use of an NHC would be an ideal 

fragment within a poly(thiophene) system because of its ability to act as a strong Lewis 

base.21 This would enable the facile incorporation of both Lewis acidic transition metals 

and main group elements into a polymeric system and enhance or modify the electronic 

and photophysical properties of the end compound.22,23 Incorporating a NHC into a 

conjugated polymer would allow for chemical versatility that is desirable but often 

difficult to achieve.  While there are many examples of polymeric NHCs, 16,24-29 there is 

only one recent example combining an NHC within a polythiophene framework, in which 

the NHC is orthogonal to the polymer backbone (ii, Figure 4.1).  Further 

functionalization of the system can be achieved via coordination of the NHC to a metal 

center.30,31 This is a substantial development in metal functionalized NHC polymers, 

however one downfall is that the thiophene rings are not conjugated. Conjugated 

thiophene polymers are desirable because they possess a characteristic reduced band gap 

and one of the most successful methods of achieving this has been the application of a 

fused thiophene ring system, giving a quinoidal structure (iii), resulting in significant 

reduction in the band gap.1  
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Figure 4.1: (i) bis(imino)acenaphthene, (ii) NHC orthogonal to the thiophene rings, 

quinoidalstructure of tert-thiophene(iii) and our NHC (4.2). 

 In this context, we report the synthesis of the first bithiophene-annulated backbone 

substituted imidazole-2-ylidene, 4.1.  The N-Heterocyclic carbene (4.2) can act as a 

Lewis base and form adducts with the Lewis acidic BPh3 and metal complexes with both 

silver and rhodium.  The donor ability of 4.2 was also determined by measuring IR 

stretching frequencies of the carbonyl ligands in (NHC)Rh(CO)2Cl (4.8). The 

photophysical properties of all compounds have been investigated, where the absorbance 

and emission is dominated by the benzo[1,2-b:5,6-b']dithiophene backbone and not by 

substitution at the carbenic carbon. 

4.2 Results and Discussion 

4.2.1 Synthesis 

The precursor (3.4) to the imidazolium salt (4.1) was synthesized via a benzoin 

condensation of the diimine (3.3) using NaCN in dimethylformamide (DMF) yielding the 

diamine as described in Chapter 3.  Compound 3.4 was placed in a pressure tube, with 2 

stoichiometric equivalents of 4M HCl in dioxane and triethylorthoformate at 145 ºC for 2 

min. (Scheme 4.1).  The yellow precipitate was isolated by filtration and washed with 

Et2O.  Upon examination of the redissolved powder by 1H NMR spectroscopy, the 

imidazolium proton was observed downfield (δH = 10.44) as well as the disappearance of 

the NH proton (δH = 5.63).  Single crystals suitable for X-ray diffraction studies were 

grown from vapor diffusion of Et2O into a concentrated CH2Cl2 solution of the bulk 

powder at rt. confirming the synthesis of 4.1 (Figure 4.2).   
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Scheme 4.1: Synthesis of the imidazolium salt 4.1; a) DMF, NaCN, rt., 48 h; b) 4M HCl, 

HC(OEt)3, 145ºC, 2 min. 

Compound 4.3 was synthesized from a 1:1 stoichiometric reaction between LiHMDS 

(lithium bis(trimethylsilyl)amide) and 4.1 in toluene.  This resulted in a color change 

from an orange to yellow solution with the formation of a white precipitate. The white 

precipitate was removed by centrifugation, the yellow solution was decanted and upon 

concentration of the supernatant, a yellow solid formed.    Examination of the redissolved 

solid by 1H NMR spectroscopy revealed the imidazolium proton (δH = 10.44) had 

disappeared and the aryl peaks shifted significantly upfield (ΔδH = 0.6). The successful 

deprotonation of the imidazaolium salt was sensitive to the base employed; when either 

the sodium or potassium salts of HMDS were used, multiple products were observed by 
1H NMR spectroscopy.  In solution, an equilibrium between the free carbene and the 

dimer was observed.  This was confirmed through 13C {1H} NMR spectroscopy and the 

addition of a Lewis acid. Heating the dimer to 80 ºC in a solution of C6D6 the carbenic 

carbene was observed (δC = 214.6). X-ray quality single crystals of compound 4.3 were 

grown from vapor diffusion of a pentane/benzene solution confirming the connectivity 

(Scheme 4.2, Figure 4.3).   
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Scheme 4.2: Synthetic scheme of the bithiophene substituted NHCs. 

Given the observed dimerization of the NHC, we sought to trap the free carbene by the 

addition of a Lewis acid (BPh3).   A THF solution of a 1:1:1 mixture of the imidazolium 

salt, LiHMDS and triphenylborane was stirred at room temperature for 45 min., where 

the solution turned from orange to yellow along with the formation of a white precipitate.  

The precipitate was separated by centrifuge and the volatiles were removed under 

reduced pressure yielding a yellow powder.  Examination of the redissolved yellow solid 

by 1H NMR spectroscopy revealed that the imidazolium proton (δH = 10.44) was again 

absent.  Signals belonging to the thiophene ring were shifted upfield  (δH = 7.48 and δH = 

6.79 to δH = 7.19 and δH = 5.88).  The 11B{1H} NMR spectrum showed a peak with an 

upfield shift from δB = 86.0 for free BPh3 to δB = -8.2 and is similar to other NHCs 

coordinated to triphenylborane.32 Single crystals were grown from vapor diffusion of n-

pentane/CH2Cl2 and X-ray diffraction studies confirmed the synthesis of the carbene → 

borane adduct (4.4, Scheme 4.2, Figure 4.3).   
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Access to the silver NHC complex (4.5) was obtained by metallation of the imidazolium 

chloride using Ag2O.  Upon collection of the 1H NMR spectrum, the imidazolium proton 

(δH = 10.44) was not observed and the aromatic signals shifted significantly upfield, 

reminiscent of the carbene triphenylborane adduct. The signal for the carbenic carbon 

was lacking in the 13C{1H} NMR spectrum at room temperature, suggesting a fast 

exchange in solution between 4.5 and 4.6 due to the silver carbon bond lability.33 This 

has previously been observed in other reported silver NHC species.31,33 Cooling the 

solution to -50 °C and recollecting the 13C{1H} NMR spectrum, two sets of doublets were 

observed as a result of carbon silver coupling  (δC = 183.9, 1J13C - 107Ag = 226.3 Hz and 
1J13C - 109Ag= 296.1 Hz). The NHC bis-carbene complex, (4.6) was also detected by ESI 

mass spectrometry providing further evidence that in solution the bis-carbenic species 4.6 

exists.   Single crystals of the silver complex containing one NHC ligand were grown in 

the dark from the vapor diffusion of Et2O into CH2Cl2 (Scheme 4.2, Figure 4.3). 

Synthesizing the NHC rhodium complex (4.8) provided the opportunity to evaluate the 

donor properties of my NHC ligand relative to others.  The (NHC)Rh(COD)Cl precursor 

(4.7) was made by the transmetallation of 4.5 with [Rh(COD)Cl]2 (COD = 1,5 

cyclooctadiene) in refluxing toluene for 12 h.34  In comparison to the starting material, 

the aryl protons  shifted downfield in the 1H NMR spectrum (δH = 8.04 to 8.51) and the 

vinyl protons belonging to the COD ligand were now distinct as separate multiplets (δH = 

3.04 (cis); δH = 4.00 (trans)).  Upon examination of the 13C{1H} NMR spectrum, the 

COD CCH for the rhodium complex 4.7, two doublets (δC = 67.9, 1J13C-103Rh = 14.9 Hz, 

trans to the carbene) and (δC 98.1, 1J13C-103Rh = 6.2 Hz, cis to the carbene) and the C(carbene) 

could only be observed at -40 ºC appearing as a doublet downfield (δC = 191.3, 1J13C - 103Rh 

= 49.2 Hz).  Single crystals suitable for X-ray diffractions studies were grown from 

vapour diffusion of Et2O into a concentrated CH2Cl2 solution of 4.7 could be obtained 

confirming the connectivity, however the quality of the full structure solution does not 

permit the discussion of the metrical parameters. The synthesis of 4.8, was accomplished 

by bubbling CO gas into a CH2Cl2 solution of 4.7 over a period of 2 h.  The yellow 

solution was concentrated under reduced pressure, yielding a yellow powder.  The 1H 

NMR spectrum of the redissolved yellow powder revealed that the COD peaks were no 
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longer present and the aryl peaks appeared as a broad singlet.  Similar to the other metal-

NHC complexes, the carbenic carbon, as well as the carbonyl carbons were not observed 

at room temperature.  When the sample was cooled to -50 ºC three sets of doublets 

appeared downfield, the CCO  (δC = 185.4, J13C-103Rh = 55.3 Hz and δC = 180.8, J13C-103Rh = 

42.9 Hz) and the Ccarbene  (δC = 182.4, J13C-103Rh = 75.2 Hz). The relative donor ability of 

the bithiophene NHC (4.2) was determined by the IR stretching frequencies of the 

carbonyl ligands and compared to other (NHC)Rh(CO)2Cl complexes.  The IR stretching 

frequencies of 4.8 (2074 cm-1 and 1991 cm-1, νavg. = 2033 cm-1) indicate that 4.8 is a 

stronger donor than the saturated and unsaturated 5-membered NHCs, however not quite 

as strong as the acyclic and 6-membered NHC derivatives (Table 4.1). 
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Table 4.1: Average CO stretching frequencies (νavg.) of various (carbene)Rh(CO)2Cl Complexes. 

 Entry Carbene νave/cm-1 Ref. Entry Carbene νave/cm-1 Ref. 

1 N N
iPr iPr

 
2012 35 5 N N

 

2033 36 

2 
N

N C

N

N

 
2014 37 6 N

 
2036 38 

3 
NN

iPr iPr

 
2020 39 7 N N

Mes Mes

 2038 40 

4 

SS

NN

O O

 

2033 This work 8 N N
iPriPr

 
2041 40 
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4.2.2 Photophysical properties 

The photophysical properties of the NHCs were examined and are summarized in Figure 

4.2 and Table 4.2.   All of the compounds were yellow in colour and absorbed UV-light 

in the 300 - 400 nm region.  Examination of the UV-spectrum for compound 4.1, two  

λmax values at 310, 323 nm and a broad peak of lower intensity at 410 nm were observed.  

A hypsochromic shift upon the formation of the enetetramine, 4.3, was observed with 

λmax values of 282, 308, 327, 342 nm along with a shoulder at 416 nm respectively.  

These bands are attributed to both π - π* transitions from the phenyl and thiophene rings 

and n - π* transitions from thiophene.  Upon coordination to a metal centre, a third 

absorption band appears at a lower energy for compound 4.4, (λmax = 307, 320 and 334 

nm) and compound 4.7, (λmax = 305, 318, 332 nm).  Compounds 4.7 and 4.8 also have 3 

intense bands similar to those observed in compounds 4.4 and 4.5 in addition to a smaller 

band at a lower energy appearing at 400 nm for compound 4.4 and 367 nm for compound 

4.5.  These peaks are also attributed to both the π - π* and n - π* transitions from the 

phenyl and thiophene rings.  Compounds 4.1, 4.3, 4.4 and 4.5 fluoresce when irradiated 

with light at 300 nm.  Compound 4.1 fluoresces at the longest wavelength (460 nm) 

whereas compounds 4.3 - 4.5 had two fluorescent bands in the blue region, between 330 

and 360 nm. 
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Table 4.2: Photophysical properties of compounds 4.1, 4.3 - 4.8. 

Compound λabs nm  εmax L mol-1 cm-1 λem (nm) 

4.1 

310 

323 

427 

1.5 x 104 

1.6 x 104 

4.4 x 103 

460 

4.3 

282 

308 

327 

342 

3.3 x 104 

2.5 x 104 

1.8 x 104 

1.7 x 104 

348 

362 

 

4.4 

307 

320 

334 

1.7 x 104 

1.8 x 104 

1.8 x 104 

336 

350   

364(sh) 

4.5 

305 

318 

332 

1.6 x 104 

1.7 x 104 

1.6 x 104 

333 

347  

364(sh) 

4.7 

293 

308 

344 

397 

1.5 x 104 

1.3 x 104 

1.2 x 104 

2.6 x 103 

- 

4.8 

307 

320 

332 

370 

1.8 x 104 

1.7 x 104 

1.8 x 104 

1.5 x 103 

- 

All UV-visible spectra were collected in a 5 x 10-5 M concentration in CH2Cl2 with the 

exception of compound 4.3, which was done in a 3.75 x 10-5 M solution of toluene.
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Figure 4.2: UV-visible spectra of compounds 4.1, 4.4, 4.5, 4.7 and 4.8 in CH2Cl2 and compound 4.3 in 

toluene. 
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4.2.3 X-ray crystallography 

Single crystals of compounds 4.1, 4.3, 4.4 and 4.5 were grown by vapor diffusion using 

various solvent combinations and their solid-state structures were determined by X-ray 

diffraction studies. The relevant crystallographic data, and connectivity for compounds 

4.1, 4.3, 4.4 and 4.5 are detailed in Table 4.3 and Figure 4.3, respectively. Examination of 

the solid-state structures of compounds 4.1, 4.3, 4.4 and 4.5 revealed that the metrical 

parameters of the C2N2 ring are consistent with two C - N single bonds (1.386 - 1.405 Å 

cf. 1.420 Å (avg.) and a C - C double bond (1.368 - 1.389 Å cf. 1.382 Å (avg.) in the free 

ligand (3.4)).  Upon coordination of the NHC to a metal center and in the NHC dimer, the 

metrical parameters of the C2N2 ring remain unchanged. 

The NHC dimer, 4.3 contains a shortened C - C double bond of 1.354(11) Å between the 

carbenic carbons C(7) - C(6).  There is a slight contraction in the bond angle between 

N(3) - C(7) - N(2) and N(4) - C(6) - N(1) (107.9(6)º and 108.2(6)º) in comparison to that 

found in the imidazolium salt 109.9(2)º.  The sum of the bond angles around N(1) and 

N(4) (∑ang = 339.2 and 339.6) are congruous with a pyramidal geometry whereas the 

geometry around N(2) and N(3) (∑ang = 352.1 and 349.2)  is more consistent with a 

trigonal planar arrangement.   

Compound 4.4 crystallizes with two independent molecules in the asymmetric unit and 

consists of a four coordinate boron(III) center with a C3 propeller like geometry about the 

boron atom (∑ang = 332.8°). The C(6) - B(1) bond length is 1.658(4) Å and a slight 

elongation in the C - N bonds (1.393(3)Å cf. 1.378 Å (avg.)) in the imidazole-2-ylidene 

from 4.1 is observed, along with a contraction of the N - C - N bond angle (104.3(2)° cf. 

109.9(2)º). 

Examination of the (NHC)AgCl complex, 4.5, consists of a two coordinate silver (I) ion 

in a linear environment with a C - Ag - Cl bond angle of 179.42(4)º.  The C - Ag bond 

length is 2.082(1) Å, which is in accordance with other silver mono or bis-carbene 

complexes.   The Ag - Cl bond length is 2.335(4) Å, and is within the range of other 

silver(I) chloride complexes reported.  In the solid-state, the silver complex is monomeric 
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with no evidence of argentophilic (Ag(I)….Ag(I)) interactions.  All distances between 

Ag(I) centers are greater than 3.44 Å, the sum of twice the van der Waals radius of 

Ag(I).34,41 

Table 4.3: Crystal data for compounds 4.1, 4.3, 4.4 and 4.5. 

aR1(F[I > 2(I)]) = ∑∥|Fo | - |Fc | ∥/∑|Fo|; wR2(F2 [all data]) = [w(Fo
2 - Fc

2 )2]1/2 ; S(all data) = [w(Fo
2 - Fc

2 
)2/(n - p)]1/2 (n = no. of data; p = no. of parameters varied; w = 1/[σ2 (Fo

2) + (aP)2 + bP] where P = (Fo
2 + 

2Fc
2)/3 and a and b are constants suggested by the refinement. 

Compound 4.1 4.3 4.4 4.5 

Empirical 
formula 

C27H23N2Cl5O2
S2 

C50H40N4O4 
S4 

C43H34N2O2S2
B1 

 
C26H20N2Ag1Cl1O2

S2 
 

FW (g/mol) 648.84 947.55 684.64 670.78 
Crystal system Triclinic Triclinic Monoclinic Monoclinic 
Space group P 1 P 1 P21/c P21/c 

a (Å) 9.2020(4) 10.3630(7) 20.285(4) 10.3668(4) 
b (Å) 9.2504(4) 14.7130(11) 12.280(3) 17.3763(6) 
c (Å) 17.1345(7) 16.9285(12) 28.040(6) 15.0656(5) 
α (deg) 95.675(2) 93.514(2) 90 90 
β (deg) 91.790(2) 96.846(2) 105.45(3) 103.229(2) 
γ (deg) 92.530(2) 99.525(2) 90 90 
V (Å3) 1449.03(11) 2518.7(3) 6832(2) 2639.30(16) 

Z 2 2 8 4 
Dc (mg m-3) 1.487 1.249 1.351 1.688 

Rint 0.0421 0.0690 0.0522 0.0261 
R1[I>2σI]a 0.0528 0.1077 0.1126 0.0379 
wR2(F2)a 0.1059 0.2094 0.1080 0.0607 
GOF(S)a 1.030 1.078 1.004 1.021 
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Figure 4.3: Solid state structures of compounds 4.1, 4.3, 4.4 and 4.5.  Ellipsoids are 

drawn to 50% probability and hydrogen atoms have been removed for clarity. 

4.2.4 Conclusions 

The successful synthesis of a novel imidazolium salt with a benzo[1,2-b:5,6-

b']dithiophene backbone was synthesized.   The imidazolium salt was generated from a 

diamine precursor using a sealed pressure tube and was complete in less then 5 minutes.  

The NHC could be used as a ligand for both BPPh3 and Ag(I) salts in which rapid 

exchange was observed in solution between (NHC)AgCl and (NHC)2Ag due to the labile 

C - Ag bond.  The Ag(I) salt was also used as a transfer reagent to synthesize the 

(NHC)Rh(COD)Cl complex, which was utilized in the synthesis of the 

(NHC)Rh(CO)2Cl.  A comparison of the donor abilities of our NHC compared to a 

selection of those reported, demonstrated that 4.2 is a stronger Lewis base than a 5-

 
4.1 

 
4.3 

 
4.4 

 
4.5 
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membered NHC, but weaker than the acyclic and 6-membered NHCs. Upon examination 

of the photophysical properties all of the compounds absorbed in the UV-visible region 

between 300 and 360 nm whereas only compounds 4.1 and 4.3 - 4.5 fluoresced when 

excited at 300 nm light. Future work will encompass the extension of the thiophene 

backbone and further exploring its potential in fluorescent and polymeric materials.  

4.3 Experimental  

4.3.1 General experimental 

General synthetic and crystallography experimental details can be found in Appendix 1. 

4.3.2 Synthetic procedures 
 

Compound 4.1 

In a 10 mL pressure tube, triethylorthoformate (6.00 mL), 3.4 

(2.00 g, 4.60 mmol) and 4M HCl in dioxane (2.30 mL, 9.20 

mmol) stirred at room temperature for 5 min.  The reaction 

mixture was then heated to 145ºC for 2 min. The resulting 

orange powder was isolated by filtration and washed with 

Et2O (3 x 5 mL). 

Yield: 72 % (1.60 g, 3.38 mmol); 

d.p.: 156 - 158 ºC; 
1H NMR (CDCl3 δ  (ppm)): 10.44 (s, 1H, CH), 8.04 (d, 4H, aryl, 3JHH = 8.0 Hz), 7.48 (d, 

2H, thienyl, 3JHH = 5.2 Hz), 7.16 (d, 4H, aryl, 3JHH = 8.4 Hz), 6.79 (d, 2H, thienyl, 3JHH = 

5.6 Hz), 3.92 (s, 6H, CH3); 
13C{1H} NMR (CDCl3 δ  (ppm)): 161.6, 140.0, 134.6, 128.7, 127.2, 126.0, 125.4, 122.7, 

120.2, 115.3, 55.7; 

FT-IR (ranked intensity (cm-1)): 656(10), 700(14), 752(8), 838(3), 879(6), 1027(7), 

1169(2), 1257(7), 1305(11), 1366(15), 1442(13), 1507(1), 1556(4), 1609(9), 3019(12); 

FT-Raman (ranked intensity (cm-1)): 659(12), 796(5), 1123(13), 1238(10), 1339(8), 

1363(2), 1405(3), 1433(9), 1462(6), 1491(1), 1586(4), 1608(7), 3099(11); 

HRMS: (C25H19N2O2S2)+ Calcd (found) 443.5600 (443.8661); 

Elemental Analysis (%) calc for C25H19N2O2S2Cl·0.5CH2Cl2: C 58.73, H 3.87, N 5.37, S 

12.61; found C 58.74, H 4.45, N 5.50, S 12.80. 
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Compound 4.3 

A 2 mL THF solution of LiHMDS (0.70 g, 0.42 mmol) was 

added to a 5 mL toluene solution of 4.1 (0.20 g, 0.42 mmol) at 

rt.  The reaction mixture stirred at room temperature for 2 h.  

Upon completion a white precipitate was removed by 

centrifugation and the resulting yellow solution was 

concentrated yielding a yellow solid.   

Yield: 48 % (0.09 g, 0.20 mmol); 

m.p.: 147 - 150 ºC; 
1H NMR (C6D6 δ  (ppm)): 7.25 (d, 4H, aryl, 3JHH = 8.9), 6.87 (d, 2H, thienyl, 3JHH = 5.5), 

6.71 (d, 2H, thienyl, 3JHH = 5.5), 6.53 (d, 4H, aryl, 3JHH = 8.9), 3.22 (s, 6H, CH3); 
13C{1H} NMR (C6D6 δ  (ppm)):  156.9, 138.7, 132.6, 129.1, 128.9, 128.1, 126.6, 124.9, 

124.0, 121.8, 113.6, 54.5;  

FT-IR (ranked intensity (cm-1)): 551(7), 599(13), 634(15), 730(6), 820(4), 856(12), 

1034(3), 1104(14), 1176(5), 1246(2), 1298(8), 1366(9), 1463(10), 1505(1), 1583(11); 

HRMS: (C50H37N4O4S4)+ Calcd (found) 885.1700 (885.1698); 

Elemental Analysis (%) calc for C50H36N4O4S4: C 67.85, H 4.10, N 6.33, S 14.40; found 

C 67.10, H 4.26, N 5.98, S 14.17. 

 Compound 4.4 

A 2 mL THF solution of LiHMDS (0.14 g, 0.63 mmol) was 

added dropwise to a 5 mL THF slurry of 4.1 (0.30 g, 0.63 

mmol).  The reaction mixture stirred for 10 min after which a 

3 mL THF solution of B(C6H5)3 (0.15 g, 0.63 mmol) was 

added.  The reaction stirred at rt. for 1 h.  The white precipitate 

was removed by centrifugation and the resulting yellow 

solution was concentrated yielding a yellow powder.   

Yield: 70 % (0.30 g, 0.43 mmol); 

m.p.: 136 - 138 ºC; 
1H NMR (CDCl3 δ  (ppm)): 7.19 (d, 2H, thienyl, 3JHH = 5.2 Hz), 7.07 (d, 6H, aryl, 3JHH = 

6 Hz), 6.88 (m, 12H, aryl), 6.50 (d, 4H, aryl, 3JHH = 8.8 Hz), 5.88 (d, 2H, thienyl, 3JHH = 

5.2 Hz), 3.77 (s, 6H, CH3);  
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13C{1H} NMR (CDCl3 δ  (ppm)): 159.5, 135.8, 132.5, 129.6, 127.6, 127.5, 126.1, 125.6, 

123.3, 123.1 120.7, 113.9, 55.4;  
11B{1H} NMR (CDCl3 δ (ppm)): -8.2 (br. s); 

FT-IR (ranked intensity (cm-1)) ν= 644(11), 706(10), 732(2), 821(5), 897(6), 1027(4), 

1107(15), 1167(8), 1251(3), 1300(7), 1361(12), 1440(14), 1510(1), 3031(13) cm-1;  

HRMS: (C43H34N2O2S2BNa)+ Calcd (found) 707.1974 (707.2006);   

Elemental Analysis (%) calc for C43H34N2O2S2B: C 74.07, H 5.13, N 4.32, S 9.89; 

found C 74.53, H 4.86, N 4.05, 9.24.  

Compound 4.5 

A 5mL CH2Cl2 solution of 4.1 (1.00 g, 2.10 mmol) was 

added dropwise to a 5 mL CH2Cl2 slurry of Ag2O (0.24 g, 

1.05 mmol).  The reaction stirred at rt. over 4 Å molecular 

sieves in the dark for 48 h.  The yellow powder was isolated 

by filtration and washed with Et2O (3 x 5 mL).   

Yield: 82 % (1.22 g, 2.08 mmol);   

d.p.: 195 - 197 °C;  
1H NMR (CDCl3 δ  (ppm)): 7.52  (d, 4H, aryl, 3JHH = 8.8 Hz), 7.38 (d, 2H, thienyl, 3JHH 

= 5.6 Hz), 7.14 (d, 4H, aryl, 3JHH = 8.8 Hz), 6.67 (d, 2H, thienyl, 3JHH = 5.6 Hz), 3.95 (s, 

6H, CH3);  
13C{1H} NMR (CDCl3 δ  (ppm)): 160.9, 132.3, 131.3, 128.8, 127.8, 126.0, 123.6, 115.3, 

55.8;  
13C{1H} NMR (- 50°C, CDCl3 δ  (ppm)): 183.9 (1J13C - 107Ag = 226.3 Hz and 1J13C - 109Ag= 

296.1 Hz). 

FT-IR (ranked intensity (cm-1)): 640 (12), 737(4), 802(9), 835(3), 887(6), 1027(5), 

1104(11), 1164(8). 1251(2), 1301(2), 1333(15), 1441(15), 1513(1), 1607(10), 3060(12);   

FT-Raman (ranked intensity (cm-1)): 640(12), 737(4), 802(9), 835(3), 887(6), 1027(5), 

1104(11), 1164(8), 1251(2), 1301(7), 1333(15), 1441(14), 1513(1), 1607(10), 3060(12);  

HRMS: (C50H36N4O4S4Ag)+ Calcd (found) 991.0654 (991.0697);  

Elemental Analysis (%) calc for C50H38N4O4S4Ag: C 51.16, H 3.26, N 4.77, S 10.93; 

found C 51.45, H 2.77, N 4.70, S 10.74. 
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Compound 4.7Ω 

 A 10 mL toluene solution of compound 4.5 (0.12 g, 0.20 

mmol ) and [Rh(cod)Cl]2 (0.10 g, 0.20 mmol) was heated to 

120 ºC in a pressure tube in the dark for 12 h.  Upon 

completion the yellow reaction mixture was filtered to 

remove the salt and concentrated yielding a yellow powder.   

Yield: 87 % (0.12 g, 0.17 mmol); 

d.p.: 164 ºC; 
1H NMR (CDCl3 (δ  (ppm)): 8.51 (dd, 2H, aryl, 3JHH = 8.7, 4JHH = 2.6), 7.44 (dd, 2H, 

aryl, 3JHH = 8.5, 4JHH = 2.6), 7.31 (d, 2H, thienyl, 3JHH = 5.5), 7.27 (dd, 2H, aryl, 3JHH = 

8.7, 4JHH = 2.9), 7.12 (dd, 2H, aryl, 3JHH = 8.5, 4JHH = 2.9), 6.72 (d, 2H, thienyl, 3JHH = 

5.5), 4.80 (t, 2H, COD, 3JHH = 2.96), 4.00 (s, 6H, CH3), 3.04 (t, 2H, COD, 3JHH = 2.40), 

1.87 (m, 2H, COD), 1.62 (m, 6H, COD); 
13C{1H} NMR (CDCl3 (δ  (ppm)): 159.9, 132.2, 131.6, 130.5, 128.5, 128.2, 125.3, 122.6, 

120.8, 114.0, 98.1 (1JC-Rh = 6.2), 68.0 (1JC-Rh = 14.5), 55.7;  
13C {1H} NMR (CDCl3 δ  (ppm)) at -50°C: 191.3 (1JCarbene-Rh = 50.1);  

FT-IR (ranked intensity (cm-1)): 557(9), 640(13), 702(3), 736(4), 802(5), 835(10), 

887(12), 1033(7), 11170(8), 1250(2), 1302(3), 1332(6), 1440(14), 1458(15), 1513(1) cm-

1;   

FT-Raman (ranked intensity (cm-1)): 440(3), 557(13), 797(6), 1119(15), 1233(14), 

1284(9), 1303(12), 1361(7), 1400(4), 1464(5), 1495(2), 1587(11), 1609(8), 3103(10);   

Elemental Analysis (%) calc for C33H27N2O2S2ClRh: C 57.77, H 3.97, N 4.08, S 9.35; 

found C 56.65, H 4.25, N 3.78, S 9.55.Ω  

Compound 4.8 

A 25 ml flask was charged with a 10 mL CH2Cl2 solution of 4.7 

(0.80 g, 0.12 mmol) and CO(g) was bubbled through for 2 h at rt.  

Upon completion the reaction mixture was concentrated yielding 

a yellow oil.  The yellow oil was triturated with hexanes 

                                                
Ω

 Several attempts were made to collect the elemental analysis but carbon was consistently low.  1H NMR 
verifying its synthesis can be found in Appendix 3. 
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precipitating a yellow solid.   The hexanes were decanted off and the yellow solid dried in 

vacuo.  

Yield: 58 % (0.045 g, 0.07 mmol); 

d.p.: 158 ºC; 
1H NMR (CDCl3 δ (ppm)): 7.67 (br. s, 4H, aryl), 7.36 (d, 2H, thienyl, 3JHH = 5.5), 7.18 

(d, 4H, aryl, 3JHH = 9.0), 6.60 (d, 2H, thienyl, 3JHH = 5.5), 3.99 (s, 6H, CH3). 
13C{1H} NMR (CDCl3 δ  (ppm)): 160.6, 131.7, 130.7, 128.6, 125.8, 122.9, 120.5, 114.7, 

55.6; 
13C{1H} NMR (- 50°C, CDCl3 δ  (ppm)): 185.4 (1JCO-Rh = 55.0), 182.5 (1JC-Rh = 75.4), 

180.8 (1JCO-Rh = 42.9);   

FT-IR (ranked intensity (cm-1)): 588(14), 640(13), 701(8), 731(5), 805(4), 835(3), 

889(9), 1030(6), 1106(15), 1167(12), 1251(2), 1301(11), 1512(1), 1995.0(10), 2074(7); 

FT-Raman (ranked intensity (cm-1)): 667(9), 797(6), 992(11), 1122(10), 1238(5), 

1286(13), 1348(3), 1367(14), 1404(1), 1466(15), 1494(2), 1610(8), 1991(7), 2076(4);  

Elemental Analysis (%) calc for C27H21N2O2S2RhCl: C 49.97, H 2.90, N 4.48, S 10.26; 

found C 50.43, H 2.81, N 4.19, S 10.00. 
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Chapter 5  

5 A versatile dithienylethene functionalized Ph-DAB 
ligand: From photoswitchable main group molecules to 
photochromic polymersΩ  

5.1 Introduction 

Within the past decade photochromic materials have received considerable attention 

because of their ability to function as a potential workhorse within photoswitchable 

molecular devices and optical memory storage systems.1 Among these materials, 

dithienylethenes (DTE) have proven to have the greatest promise in this field because of 

their excellent fatigue resistance and thermal irreversibility.1,2 Under irradiation of UV-

light the ring-open DTE chromophore, that exists in both the anti-parallel and parallel 

states, can undergo a conrotatory cyclization from the anti-parallel conformation 

generating the ring-closed isomer (Figure 5.1).  Extensive studies have focused on 

reversible DTE systems contained within organic frameworks, however recent 

explorations where the DTE fragment incorporates transition metal complexes have 

begun to emerge.  Such modifications have shown distinct enhancements in the stability 

of the photochromic system and in modulating their photochromic reactivity.3 
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Figure 5.1: The anti-parallel and parallel ring open isomers and the photo-switching to 

the ring closed-isomer. 

                                                
Ω A version of this chapter has been previously published Price, J. T. and Ragogna, P. J., Chem. Eur. J., 
2013, DOI: 10.1002/chem.201301086 and has been reproduced with permission. 
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While diazabutadiene (DAB) ligands are well known for their ability to be redox active, 

bind to transition metals and support low valent, low oxidation-state main group 

elements,4-6 there has been no report on the modification of this ligand class with a 

diarylethene.  We envision that the incorporation of a DTE functionality into the 

diazabutadiene framework would open up new pathways and opportunities for the 

development of photochromic materials, as this ligand set would have the potential to 

bind to a wide variety of elements spanning the periodic table. Ultimately this could 

reveal new discoveries for photochromic reactivity. The incorporation of p-block 

elements into DTE systems are particularly well suited for opteoelectronic materials and 

sensing,7-12 however such derivatives are limited. Yam and coworkers have tethered a 

diketonate onto a thiophene substituted DTE, which was used to incorporate B(III)7 and 

ultimately generated a gated "lock-unlock” system with triphenylborane.8 Another key 

development in main group DTE chemistry was reported by Bielawski et al., where they 

were able to attenuate the activity of their DTE functionalized NHC catalyst using UV-

light to promote  trans-esterfication and amidation reactions.  The catalytic activity of the 

corresponding organocatalyst could be remotely tuned by exposure to visible and UV 

light.13,14 These results have been critical in the expansion of DTE chemistry, however 

the synthesis of these compounds, (especially those containing the hexafluorocylopentene 

ring; e.g. Fig. 5.1) require costly starting materials, difficult metal catalyzed C-C coupling 

chemistry and lengthy purification steps, which can obviate their applicability in larger 

scale and broader applications.  In this context, we have developed a new diazabutadiene 

framework decorated with photochromic thiophene rings, which can be synthesized over 

a small number of simple, high yielding standard transformations.  We have demonstrated 

the potential versatility of this new ligand system by synthesizing both boron and 

phosphorus heterocycles.  A key feature in the development of our small molecules is that 

these units can be further functionalized with a polymerizable group without the need for 

any modification to the diarylethene framework and then subsequently converted to the 

corresponding polymer.  This final polymeric material retains the “switching” features 

one expects from DTE systems and as an added bonus has excellent recyclability with no 

apparent degradation once polymerized.  Substitution of our ligand system reveals varied 

photophysical properties, where one could envision a wide expansion by the 

incorporation of other p-, d- or f-block elements.  These results represent a wholly new 
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and versatile DTE ligand system that has the potential for the incorporation of a wide 

variety of elements through simple donor-acceptor chemistry. 

5.2 Results and Discussion 

5.2.1 Synthesis 

The diazabutadiene (5.2) was synthesized from a condensation reaction between 1,2-

bis(2,5-dimethyl-3thienyl)ethanedione (5.1) with aniline and TiCl4 in a 1:8:1 

stoichiometric ratio yielding the target product as a yellow solid in 78 % yield (Scheme 

5.1).  Single crystals suitable for X-ray diffraction studies were grown from a 

concentrated solution of EtOH confirming the synthesis of 5.2 (Figure 5.6). 
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Scheme 5.1: Synthesis of B(III) substituted DTE; a) TiCl4, CH2Cl2, 12 h, 76 %; b) Li(s), 

Et2O, 2 d, rt.; NEt3·HCl, 2 h; b) CH2Cl2, BBr3 or BCl2Ph, 12 h, rt.; c) Et(iPr)2N, 2 h, (X = 

Br, 32 %, X = Ph, 48 %). 

Upon examination of the 1H NMR spectrum of compound 5.2, all thiophene signals were 

shifted noticeably upfield (methyl group: δH = 2.72 and 2.35 to 2.59 and 1.90; 3-position: 

δH = 6.91 to 6.79). Subsequent reaction of compound 5.2 with BBr3 or BPhCl2 afforded 

the air sensitive boron(III) compounds 5.3 and 5.4, respectively as white solids in 32% to 

48 % yields (Scheme 1).  The synthesis of 5.3 and 5.4 were achieved by the reduction of 

5.2 with 3 stoichiometric equivalents of Li(s), where the resulting reaction mixture was 

then quenched with NEt3⋅HCl.  The product amine was redissolved in CH2Cl2 and 

subsequently BBr3 or BPhCl2 was added.  Upon completion, the reaction mixture was 

quenched with (iPr)2NEt, filtered, concentrated and washed with CH3CN resulting in a 

white solid.15 Subsequent 11B NMR spectroscopy of the product revealed a single broad 
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resonance at δB = 21 and 26, respectively for compounds 5.3 and 5.4. Crystals of 

compounds 5.3 and 5.4 suitable for X-ray diffraction studies were grown from a 

concentrated solution of benzene or in CH2Cl2 at -30°C respectively. X-ray diffraction 

experiments on these samples confirmed the expected connectivity (Figure 5.6).   

Ligand versatility was an important feature in the design and synthesis of this particular 

dithienylethene and the facile installation of different elements into the ligand framework 

was a key goal.  Thus from boron, our next target was the incorporation of phosphorus.  

This was accomplished through a two electron reduction of the ligand with PI3 as 

developed by Cowley et al. to give the corresponding phosphenium cation (5.5) as an 

orange powder in 78 % yield shown in Scheme 5.2.16 The orange powder was dissolved 

in CDCl3 and upon examination of the 31P{1H} NMR spectrum, two peaks were observed 

at δP = 191 and 192 attributed to both the parallel and anti-parallel conformations present 

in solution.2 X-ray quality single crystals were grown from a concentrated CH2Cl2 

solution confirming the structure of 5.5 (Figure 5.6).   Unfortunately upon exposure to 

UV light there was no observable change in the UV-vis spectrum and it was suspected 

that the presence of the I3
- anion quenches the desired ring-closing reaction. Therefore an 

alternate route was chosen to avoid this counter ion and we utilized the now established 

procedure of reacting the α-diimine of choice (5.2) with PBr3 and excess cyclohexene to 

give the cyclic diaminobromophosphine (5.6, Scheme 5.2).17  Upon the addition of PBr3 

the colourless solution turned orange and examination of the crude mixture by 31P{1H} 

NMR spectroscopy showed two new signals at δP = 163 and 164 ppm, again attributed to 

an equilibrium of parallel and anti-parallel conformation present in solution, along with a 

disappearance of the PBr3 resonance (δP= 220).  Upon no further change, the reaction 

mixture was concentrated and washed with pentane giving the desired product as a white 

solid, which was confirmed by X-ray diffraction studies, and was isolated in 92 % yield.  

The bromophosphine (5.6) was then dissolved in THF, and NEt3 and 

hydroxyethylacrylate (HEA) were added.  A crude 31P{1H} NMR spectrum of the 

reaction mixture revealed the disappearance of compound 5.6 (δP = 163 and 164) and the 

appearance of a new single peak (δP = 100).  To this mixture, 1/8 stoichiometric 

equivalents of S8 were added, and upon no further reaction as indicated by 31P{1H} NMR 

spectroscopy (12 hrs; δP = 68), a white solid (5.7) was isolated in 65 % yield (Scheme 

5.2). X-ray quality crystals were grown from a concentrated solution of hexanes and, 

where X-ray diffraction experiments confirmed the synthesis of 5.7 (Figure 5.6).  
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Scheme 5.2: Synthesis of compounds 5.5, 5.6 and 5.7; a) CH2Cl2, PI3, 12 h, 95 %; b) 

CH2Cl2, PBr3, 12 h, 92 %; c) THF, NEt3, HEA, S8, 65 %. 

Variable temperature 1H NMR spectroscopic studies were conducted on compounds 5.4, 

5.5, 5.6 to determine their respective coalescence temperature (Tc) and the activation 

energy between the anti-parallel and parallel conformations as both conformations were 

observed in the 1H NMR spectrum (Figures 5.2 - 5.4).  The Tc for compounds 5.4, 5.5 

and 5.6 were determined to be 20, 40 and 30 °C, respectively. The activation energy was 

determined by plotting ln(k) vs T-1 and using the Arrhenius equation, the activation 

energy was calculated as 64, 51 and 59 kJ mol-1 for compounds 5.4, 5.5 and 5.6, 

respectively. Substitution did not have dramatic effect on the parallel/anti-parallel energy 

barrier, which is not unexpected as steric, not electronic effects usually direct such a 

phenomenon.  This rationale explains why only one conformation was observed for 

compounds 5.7 and 5.8. 
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Figure 5.2: Variable temperature 1H NMR of compound 5.4 (top left); Simulated 

variable temperature 1H NMR of compound 5.4 (top right); Arrhenius plot of the rate of 

conversion between parallel and anit-parallel states vs. 1/T and the calculated activation 

energy required for the conversion between parallel and anti-parallel states for compound 

5.4. 
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Figure 5.3: Variable temperature 1H NMR of compound 5.5 (top left); Simulated 

variable temperature 1H NMR of compound 5.5 (top right); Arrhenius plot of the rate of 

conversion between parallel and anit-parallel states vs. 1/T and the calculated activation 

energy required for the conversion between parallel and anti-parallel states for compound 

5.5. 
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Figure 5.4: Variable temperature 1H NMR of compound 5.6 (top left); Simulated 

variable temperature 1H NMR of compound 5.6 (top right); Arrhenius plot of the rate of 

conversion between parallel and anit-parallel states vs. 1/T and the calculated activation 

energy required for the conversion between parallel and anti-parallel states for compound 

5.6. 

To synthesize the polymer, 5.8, reversible addition-fragmentation chain-transfer 

polymerization (RAFT) conditions were used to polymerize the acrylate functionalized 

monomer, (5.7). The side chain dithienylethene polymer was prepared using the side 

chain transfer reagent (5.9) in the presence of a radical initiator AIBN 

(azobisisobutylnitrile) in deoxygenated benzene at 80°C (Figure 5.5).  The reaction 

progress was monitored by 1H NMR spectroscopy and the formation of the polymer 

increased linearly with time, which is characteristic of a controlled polymerization.    

Examination of the 1H NMR spectrum of the polymer, 5.8, (Figure 5.5) shows the 

disappearance of the vinylic (5.7 - 6.3 ppm) protons and a general broadening of the 1H 



 

 98 

NMR spectrum.  Molecular weights and PDI's were determined by gel permeation 

chromatography (GPC), which indicate that 5.8 is a low molecular weight polymer (Mn = 

4200 g/mol) with a narrow PDI (1.1). The thermogravimetric analysis (TGA) of the 

polymer revealed that it was stable up to 292°C and differential scanning calorimetry 

(DSC) experiments measured a glass transition (Tg) temperature of 79.7°C.Ω 

 

Figure 5.5: Polymerization of monomer 5.7; a) AIBN; C6H6; 80 °C; 8 h; 42 %;  Proton 

NMR spectra of monomer (bottom) and polymer (top) in CDCl3. 

5.2.2 X-ray crystallography 

Single crystals of compounds 5.2, 5.3, 5.4 and 5.7 were grown from various vapour 

diffusion combinations and were analyzed by single crystal X-ray diffraction (Figure 5.4, 

Table 5.1). Compound 5.2 contains shortened C - N linkages (1.269(3) and 1.273(3) Å) 

consistent with double bonds and a lengthened C - C connection (1.516(4) Å).  The 

phenyl groups are arranged in a cis geometry, with the thiophene rings oriented parallel to 

each other (Figure 5.4).  The C2N2B five membered ring in compound 5.3 possesses two 

C - N single bonds (1.414(3) - 1.426(3) Å vs. 1.271Å (avg) double bonds, 5.2) and a C(5) 

- C(6) double bond (1.371(3) Å compared to 1.518(4) Å in 5.2).  The lengthening of the 

C - N and shortening of the C - C bonds is evidence of a two electron reduction of the 

diimine framework as expected from the reduction of 5.2 with lithium.  The thiophene 

                                                
Ω See Appendix 3 for the plot of polymer formation, the GPC, Tg and DSC trace. 
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rings have adopted an anti-parallel geometry and the planes of the thiophene rings are 

twisted with respect to the 5-membered borane ring with interplanar angles of 44.1 - 46.9 

°.  This is also observed within compound 5.4, where a shortening of the C(5) - C(6) bond 

(1.355(5) Å compared to 1.518(4) Å in 5.2 and a lengthening of the C - N to two single 

bonds (1.419(4) - 1.415(4) Å vs. 1.271Å (avg)) is observed. Also similar is the adoption 

of an anti-parallel geometry of the thiophene rings, which are twisted with respect to the 

C2N2B core with inter-planar angles of 55.33 and 56.75 ° (Figure 5.4).  Compound 5.7 

also exhibits the hallmarks of a 2 electron reduction of the ligand with a shortening of the 

C(5) - C(6) bond (1.341(4) Å) and lengthening of the C - N bond (1.43 avg.) compared to 

that of the free ligand and the thiophene rings having an interplanar angle of 57.12 and 

51.25° with respect to the five membered C2N2P ring. 
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Table 5.1: X-ray details for compounds 5.2, 5.3, 5.4 and 5.7. 

aR1(F[I > 2(I)]) = ∑∥|Fo | - |Fc | ∥/∑|Fo|; wR2(F2 [all data]) = [w(Fo
2 - Fc

2 )2]1/2 ; S(all 
data) = [w(Fo

2 - Fc
2 )2/(n - p)]1/2 (n = no. of data; p = no. of parameters varied; w = 1/[σ2 

(Fo
2) + (aP)2 + bP] where P = (Fo

2 + 2Fc
2)/3 and a and b are constants suggested by the 

refinement. 

 

 

Compound 5.2 5.3 5.4 5.7 

Empirical 

formula 

C26H24N2S2 C26H24B1Br1N2

S2 

C32H29B1N2 S2, 

C1H2Cl2 

C31H28N2O3PS

3 

FW (g/mol) 428.59 519.31 601.43 603.70 

Crystal system Orthorhombic Triclinic Monoclinic Triclinic 

Space group Pbca P 1 P21/c P 1 

a (Å) 15.276(3) 11.1005(7) 16.703(2) 9.7809(7) 

b (Å) 9.780(2) 11.3448(7) 9.3800(11) 11.3086(8) 

c (Å) 30.178(6) 11.5243(7) 21.751(3) 15.0139(11) 

α (deg) 90 91.024(4) 90 88.564(2) 

β (deg) 90 113.928(4) 117.506(3) 74.331(2) 

γ (deg) 90 112.193(4) 90 71.918(2) 

V (Å3) 4508.6(16) 1202.93(13) 3017.6(6) 1516.85(19) 

Z 8 2 4 2 

Dc (mg m-3) 1.263 1.434 1.324 1.322 

Rint 0.0478 0.0549 0.0638 0.0569 

R1[I>2σI]a 0.0955 0.1512 0.1141 0.1150 

wR2(F2)a 0.1333 0.1243 0.1462 0.1423 

GOF(S)a 1.029 1.002 1.028 1.045 
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5.2 5.3 

  

5.4 5.7 

Figure 5.6: Solid state structures of compounds 5.2, 5.3, 5.4 and 5.7.  Thermal ellipsoids 

are drawn to 50 %.  Hydrogen atoms and solvent were removed for clarity. 

5.2.3 Photophysical properties 

All complexes were found to be soluble in n-pentane with the exception of the polymer 

(5.8), which was soluble in toluene. The electronic spectra of compounds 5.2 - 5.8 show 

an intense absorption band at 270 - 300 nm attributed to both π - π* and n - π* 

transitions.  Upon the photoexcitation of compounds 5.4, 5.7 and 5.8, each exhitibited 

reversible photochromism, as revealed by changes in the UV-vis absorption spectra 

(Figures 5.7 and 5.9) with a well defined isosbestic point, whereas compounds 5.3, 5.5 

and 5.6 did not.  Photoexcitation of compound 5.4 with 254 nm light brings about the 

appearance of a lower energy absorption at λmax = 498 nm corresponding to the ring 
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closed isomer with an isosbestic point at 304 nm.  Ring opening of compound 5.4 is 

achieved by irradiation with visible light and is marked by the disappearance of the lower 

energy absorption at λmax = 498 nm.  When excited with 300 nm light compound 5.4 

fluoresces blue in the ring open state having a λmax = 378 nm and orange in the ring 

closed state with a λmax = 558 nm again with isosbestic points at 335 and 443 nm (Figure 

5.7). 
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Figure 5.7: Left) Changes in the UV-vis absorption spectra (5.4) when a n-pentane solution (5 x 10-5M) is irradiated with 254 nm light as a 

function of time; Right) Changes in the fluorescence spectra  (5.4) when a n-pentane solution (5 x 10-5M) is irradiated with 254 nm light as a 

function of time. 
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Examination of the 1H NMR spectra of compound 5.4 irradiated in cyclohexane-d12 with 

254 nm light, generated three new signals  (δH = 4.49, 2.00 and 1.65) from the reversible 

ring-closed isomer as well as signals (δH = 5.36, 2.43, 2.39, and 1.52) attributed to 

possibly a six membered irreversible rearrangement product (IR, 5.9 in Figure 5.8).  This 

was further confirmed after leaving the sample under ambient light, only those 

resonances consistent with the ring-closed isomer were no longer present, while those 

belonging to the irreversible rearrangement product remained. (Figure 5.8).18,19 

S S

N
B

N

possible Irreversible 
rearrangement 

product (IR)

5.9  

 

Figure 5.8: Stacked 1H spectra of compound 5.4, where o = open, c = closed and IR = 

irreversible rearrangement product. A) the ring open isomer before irradiation. B) after 

irradiation for 90 min with 254 nm light and C) after being left out in ambient light for 8 

h. 
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Figure 5.9: Left) Changes in the UV-vis absorption spectra of 5.7 when a pentane (1 x 10-5 M) solution is irradiated with 254 nm light and 

its decomposition after 5 cycles; Right) Changes in the UV-vis absorption spectra of 5.8 when a toluene (1 x 10-5 M) solution is irradiated 

with 254 nm light and its decomposition after 5 cycles.
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Irradiation of the phosphorus(V) monomer (5.6), and polymer (5.7) a new band was 

observed with a λmax = at 448 nm, signifying the formation of the ring closed isomer, 

which is at a shorter wavelength than the boron derivative (5.4). This was also confirmed 

by the 31P{1H} NMR spectra of an irradiated sample of compound 5.6, in which a new 

phosphorus peak was observed further downfield (δP = 69.0 to 69.5) in cylohexane-d12.   

Again these compounds were reversible and when exposed to a longer wavelength visible 

light, the ring open isomer was observed, which can be monitored by the disappearance 

of the low energy band at 448 nm.  The recyclability of these compounds were measured 

and it was found that the monomer (5.6) underwent a 65 % decomposition after 5 cycles 

however in the case of the polymer, very little decomposition is observed and after 5 

cycles only 5 % decomposition was detected (Figure 5.9) 

The quantum yields for both the photocyclization and photocycloreversion processes 

have been determined.  The φO→C values of the dithienylethenes containing either 

phosphorus or boron ranged from 0.12 - 0.17, where as the φC→O values were determined 

to be 0.012 - 0.027.  The DTE containing both boron (5.4), and phosphorus (5.7), had 

similar φO→C values of 0.16 and 0.17 respectively, however once compound 5.7 was 

incorporated into a polymer the φO→C decreased slightly to 0.12.  This, however was not 

the case in the φC→O,  as once compound 5.7 was incorporated into a polymer the φC→O 

increased from 0.012 to 0.027 respectively.   

An examination of the thermal stability of the closed form of compounds 5.4, 5.7 and 5.8 

were carried out and the plots of ln(A/Ao) vs. time for the absorbance decay at 498 for 

compound 5.4 and 448 for compounds 5.7 and 5.8 were measured at various temperature 

(Figure 5.10).  The half life for the closed forms at 298 and 343 K for compounds 5.4, 5.7 

and 5.8 were found to be 4877, 49738, 25662 and 737, 2547, 10124 min respectively.  

The activation energy of the thermal cycloreversion of compounds 5.4, 5.7 and 5.8 were 

determined by plotting ln(k) vs. T-1  using the Arrhenius equation were determined to be 

43.5, 52.5 and 30.7 kJ mol-1, suggesting the incorporation of the DTE functionality into a 

polymer increases the thermal stability of the closed form (Figure 5.10). 
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Compound 5.4 

 

Compound 5.4 

 

Compound 5.7 

 

Compound 5.7 

 

Compound 5.8 

 

Compound 5.8 

 

Figure 5.10: Left) Decay trace of the closed ring isomer by thermal cycloreversion at 

various temperatures in deoxygenated hexanes (5.4 and 5.7) and deoxygenated toluene 

(5.8) at 498 nm (5.4) and 448 nm (5.7 and 5.8); Right) Arrhenius plot of the thermal 

backward reaction of the closed ring isomer. 
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5.2.4 Conclusions 

In summary, a new class of dithienylethenes (DTEs) that are contained within a 

diazabutadiene ligand framework were prepared in high yields without the use of column 

chromatography or any C - C coupling reactions that often require expensive metal 

catalysts.  Being able to utilize the DTE as a ligand has enabled easy incorporation of 

different elements into the C2N2 framework without any modification to the parent 

ligand. The final compounds displayed vastly different photophysical properties 

depending on the nature of the incorporated main group element.  When B(III) was 

incorporated the ring closed isomer a λmax = 498 nm was observed,  whereas the P(V) 

monomer and polymer both had λmax = 448 nm, a hypsochromic shift of 50 nm.  Also the 

B(III) DTE fluoresced blue in the open conformation while orange in the closed state.  

The facile functionalization of the DTE with an acrylate group also enabled the formation 

of a side chain functionalized polymer, which had a very high recyclability with almost 

no decomposition after 5 cycles. Although these compounds have low quantum 

efficiencies, they were thermally stable upon heating especially compound 5.7 upon 

polymerization. These compounds represent the first example in which DTE has been 

used as a ligand in which different elements can easily be incorporated into its 

framework. Future work will consist of incorporating both transition and lanthanide 

metals into this manifold. 

5.3 Experimental  

5.3.1 General experimental 

General synthetic and crystallography experimental details can be found in Appendix 1. 
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5.3.2 Synthetic procedures 

Compound 5.2   

A 10 mL CH2Cl2 solution of aniline (10.87 mL, 119.80 mmol) was 

cooled to 0 °C in an ice bath.  To the reaction mixture TiCl4 (1.61 

mL, 14.80 mmol) was added via syringe and the reaction stirred for 

20 min. at 0 °C.  A 10 mL CH2Cl2 solution of 1,2-Bis(2,5-dimethyl-3-

thienyl)ethandione (4.15 g, 14.80 mmol) was then added via cannula and the dark red 

solution stirred at rt. for 12 hours.  Upon completion 5 mL of water was added to the 

reaction mixture and a white solid precipitated immediately, which was removed by 

filtration.  The orange filtrate was then subsequently washed with water and dried with 

MgSO4 and concentrated.  The resulting residue was crystallized from EtOH.   

Yield: 76 % (4.82 g, 11.20 mol);   

m.p.: 140 - 142 °C;  
1H NMR (C6D6, δ  (ppm)): 6.99 (m, 4H, aryl), 6.85 (m, 6H, aryl), 6.79 (s, 2H, thienyl), 

2.59 (s, 6H, CH3), 1.90 (s, 6H, CH3);  
13C NMR (CDCl3, δ  (ppm)): 160.9, 149.3, 141.4, 135.2, 134.8, 128.2, 126.6, 124.2, 

120.2, 15.6, 15.1; 

FT-IR (ranked intensity (cm-1)): 488(14), 535(9), 664(11), 694(2), 752(3), 789(13), 

833(5), 852(15), 1120(6), 1194(10), 1214(8), 1244(12), 1477(1), 1547(7);   

FT-Raman (ranked intensity (cm-1)): 219(1), 500(9), 687(7), 1005(3), 1031(10), 

1295(11), 1496(8), 1597(5), 1642(2), 2917(4), 3065(6); 

HRMS: (C26H24N2S2) Calcd (found) 428.1381 (428.1387).   

Compound 5.3.   

Lithium metal (0.05 g, 6.99 mmol) was added to a 10 mL Et2O 

solution of compound 5.2 (1.00 g, 2.33 mmol) and the reaction stirred 

at rt. for 2 days.  Upon completion the reaction mixture was filtered 

and NEt3·HCl (0.66 g, 4.80 mmol) was added and the reaction stirred 

for 1 h at rt., filtered through Elite and concentrated.  The residue was then taken up in 20 

mL of CH2Cl2 and cooled to 0 ºC and a 1 M CH2Cl2 solution of BBr3 (2.56 mL, 2.56 

mmol) was added via syringe and stirred for 12 h at rt.  The reaction was quenched using 

N N

S S

N N

S S

B

Br
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N(iPr)2Et (0.41 mL, 2.33 mmol) and concentrated.  The residue was taken up in 200 mL 

of hexanes, filtered through Celite and concentrated resulting in a red solid.  The red solid 

was then washed with 3 x 5 mL of CH3CN yielding the product, a white powder.   

Yield: 33 % (0.48 g, 0.92 mmol); 

m.p.: 179 - 180 °C;  
1H NMR (CDCl3, δ  (ppm)): 7.09 (m, 10H, aryl), 5.93 (s, 2H, thienyl), 2.11 (s, 6H, CH3), 

1.73 (s, 6H, CH3);  
13C{1H} NMR (CDCl3, δ  (ppm)): 140.1, 134.5, 127.1, 125.4, 123.9, 15.0, 13.7;  
11B{1H} NMR (CDCl3, δ  (ppm)): 21;  

FT-IR (ranked intensity (cm-1)): 492(14), 560(10), 695(2), 759(5), 802(7), 1028(6), 

1074(9), 1140(11), 1209(12), 1260(3), 1375(4), 1438(13), 1497(1), 1597(8), 2915(15);  

FT-Raman (ranked intensity (cm-1)): 203(2), 233(6), 502(12), 691(4), 930(13), 

1002(5), 1155(7), 1274(8), 1397(9), 1495(10), 1598(11), 1616(1), 2076(14), 2146(15).  

Compound 5.4.  

Lithium metal (0.05 g, 6.99 mmol) was added to a 10 mL Et2O 

solution of compound 5.2 (1.00 g, 2.33 mmol) and the reaction 

stirred at rt. for 2 d.  Upon completion the reaction mixture was 

filtered and NEt3·HCl (0.66 g, 4.80 mmol) was added the reaction 

stirred for 1 h at rt., filtered through Celite and concentrated.  The residue was then taken 

up in 20 mL of CH2Cl2 and cooled to 0 ºC and a 1 M CH2Cl2 solution of BPhCl2 (0.33 

ml, 2.53 mmol) was added via syringe and stirred for 12 h at rt.  The reaction was 

quenched using N(iPr)2Et (0.95 mL, 5.63 mmol) and concentrated.  The residue was then 

washed with 3 x 15 mL of CH3CN yielding the product, a white powder.   

Yield: 48 % (0.58 g, 1.4 mmol);  

d.p.: 163 °C;  
1H NMR (-20 ºC) (CDCl3, δ  (ppm)): 7.10 (m, 8H, aryl), 6.94 (m, 2H, aryl), 6.88 (m 5H, 

aryl), 5.98 (s, 1H, thienyl), 5.89 (s, 1H, thienyl), 2.22 (s, 3H, CH3), 2.15 (s, 3H, CH3), 

1.80 (s, 3H, CH3), 1.78 (s, 3H, CH3);  

N N
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13C NMR (-20 ºC)  (CDCl3, δ  (ppm)):  141.2, 141.0, 134.9, 134.8, 134.7, 134.3, 134.2, 

133.9, 128.7, 128.6, 128.1, 128.0, 127.4, 127.3, 127.1, 124.5, 123.3, 123.2, 15.4, 15.3, 

14.1, 14.0;  
11B{1H} NMR (CDCl3, δ  (ppm): 26;  

FT-IR (ranked intensity (cm-1)): 489(11), 547(9), 604(6), 656(14), 737(4), 756(10), 

791(15), 913(1), 1026(13), 1069(7), 1191(2), 1261(12), 1136(8), 2116(5), 3045(3);  

FT-Raman (ranked intensity (cm-1)): 225(1), 701(9), 1000(4), 1376(5), 1497(6), 

1597(3), 1629(2), 2911(7), 3057(8).  

HRMS: (C32H29N2S2B1Na1) Calcd (found) 539.1768 (539.1777).  

Compound 5.5.   

To a 5 mL CH2Cl2 solution of compound 5.2 (0.20 g, 0.46 

mmol) PI3 (0.17 g, 0.46 mmol) was added and the reaction 

stirred for 12 h at rt.  The reaction mixture was concentrated 

yielding the desired product as a red solid.   

Yield: 95 % (0.23 g, 0.39 mmol);  

m.p.:78 - 81 °C;  
1H NMR (CDCl3, δ  (ppm)): 7.51(m, 4H, aryl), 7.40(m, 6H, aryl), 6.32(s, 1H, thienyl), 

6.22(s, 1H, thienyl), 2.25(s, 3H, CH3), 2.19(s, 3H, CH3), 1.96(s, 3H, CH3), 1.92(s, 3H, 

CH3);  
13C NMR (CDCl3, δ  (ppm)): 139.9, 138.3, 137.3, 137.2, 134.9, 134.8, 134.7, 130.2, 

130.0, 129.8, 126.7, 126.5, 126.1, 123.2, 122.9, 15.1, 15.0, 14.7, 14.7;  
31P{1H} NMR (CDCl3, δ (ppm)): 193.7, 193.9;  

FT-IR (ranked intensity (cm-1)): 628(15), 689(1), 732(9), 754(2), 829(4), 865(14), 

908(13), 1029(8), 1140(7), 1265(5), 1437(10), 1484(3), 1543(12), 1590(6), 2914(11);  

FT-Raman (cm-1 (ranked intensity)): 421(1), 763(3), 1509(2), 2061(4), 2076(5), 

2185(6), 2362(7);  

HRMS: (C26H24N2S2P1+) Calcd (found) 459.1113 (459.1131);  

Elemental Analysis (%) calc for C26H24I3N2PS2: C 37.16, H 2.88, N 3.33, S 7.63; found 

37.04, H 2.90, N 3.21, S 7.70 
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Compound 5.6.   

Phosphorus tribromide (0.22 mL, 2.33 mmol) was added to a 10 mL 

CH2Cl2 solution of compound 5.2 (1.00 g, 2.33 mmol) and 

cyclohexene (1.41 mL, 13.9 mmol) and stirred for 12 h at rt.  The 

orange solution was concentrated yielding a yellow solid, which was 

washed with n-pentane (3 x 5 mL) yielding the desired product as a light yellow powder.   

Yield: 92 % (1.13 g, 2.1 mmol);  

m.p.: 180 - 183 °C;  
1H NMR (CDCl3, δ  (ppm)): 7.28 (m, 10H, aryl), 6.11 (s, 2H, thienyl), 2.18 (s, 3H, CH3), 

2.16 (s, 3H, CH3), 1.95 (s, 6H, CH3);  
13C NMR  (-20 ºC) (CDCl3, δ  (ppm)): 138.3, 137.4, 136.8, 136.0, 135.8, 129.4, 129.0, 

127.6, 127.4, 126.4, 126.3, 126.0, 125.6, 125.0, 124.9, 15.3, 15.1, 14.1. 14.0;  
31P{1H} NMR (CDCl3, δ (ppm)): 163.0, 162.0;  

FT-IR (ranked intensity (cm-1)): 536(8), 623(3), 665(11), 865(12), 900(5), 922(4), 

972(10), 1073(7), 1154(15), 1221(14), 1353(6), 1453(13), 2858(2), 2916(9), 3048(1);  

Elemental Analysis (%) calc for C26H24BrN2PS2: C 57.88, H 4.48, N 5.19, S 11.89; 

found C 57.50, H 4.64, N 5.13, S 11.76. 

Compound 5.7.   

Hydroxyethylacrylate (0.21 mL, 1.85 mmol) and NEt3 (0.39 mL, 

2.77 mmol) was added to a 10 mL THF solution of compound 5.6 

(1.00 g, 1.85 mmol) and a white solid precipitated from the 

reaction mixture immediately. The reaction was stirred for 3 h at rt.  

Upon completion the NEt3HBr salt was centrifuged off and the 

solution was concentrated yielding a white solid.  The product was 

then taken up in 10 mL of CH2Cl2 and charged with S8 (0.06 g, 0.23 mmol).  The reaction 

stirred for 12 h at rt. in the dark and upon completion the resulting yellow solution was 

concentrated yielding an off white solid.   

Yield: 65 % (1.20 g, 1.91 mmol);  

m.p.: 68 - 70 °C;  
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1H NMR (CDCl3, δ (ppm)): 7.11 (m, 10H, aryl), 6.34 (dd, 1H, 3JHH = 17.3, 2JHH = 1.4), 

6.02 (m, 3H), 5.77 (dd, 1H, 3JHH = 10.4, 2JHH = 1.4), 4.10 (m, 4H, CH2), 2.11 (s, 6H, CH3-

), 1.80 (s, 6H, CH3);  
13C NMR (CDCl3, δ  (ppm)): 165.8, 137.2, 135.6, 135.1, 131.3, 128.5, 127.9, 127.2, 

126.5, 126.0, 121.0, 66.5 (3JPC = 7.7), 63.3 (2JPC = 8.0), 15.1, 13.9;  
31P{1H} (CDCl3, δ (ppm)):  68.0;  

FT-IR (ranked intensity (cm-1)):  494(9), 583(11), 694(3), 775(5), 862(10), 1026(7), 

1185(13), 1274(2), 1342(15), 1407(12), 1489(4), 1595(6), 1636(14), 1727(1), 2915(8);  

FT-Raman (ranked intensity (cm-1)): 197(11), 696(6), 998(4), 1121(7), 1195(8), 

1216(5), 1479(3), 1549(2), 1591(1), 2913(9), 3055(10);  

HRMS: (C31H31N2NaO3PS3) Calcd (found) 629.1132 (629.1154);  

Elemental Analysis (%) calc for C31H31N2O3PS3: C 61.36, H 5.15, N 4.62, S 15.85; 

found C 59.19, H 5.15, N 4.38, S 15.95. 

Compound 5.8.   

A 2 mL benzene solution of compound 5.7 (0.46 g, 0.73 mmol), 

RAFT reagent, 5.9 (16.00 mg, 0.04 mmol) and AIBN (2.51 mg, 

0.01 mmol) was deoxygenated by bubbling N2 for 20 min.  The 

reaction mixture was heated to 80 °C for 8 h.  Upon completion 

the polymer was precipitated by the dropwise addition of the 

reaction mixture to a 50 mL solution of hexanes and was 

repeated three times until all the monomer was washed away.   

 

Yield: 48 % (0.22 g, 0.35 mmol);  

Tg: 79.7°C;  
1H NMR (CDCl3, δ (ppm)): 7.11 (br. m, 10 H, aryl), 6.04 (br. s, 2H, thienyl), 4.06 (br. s, 

2H, alkyl), 3.88 (br. s, 2H, alkyl), 1.82 (br. s, 6H, CH3);  
13C{1H} NMR (CDCl3, δ  (ppm)): 137.1, 135.6, 135.2, 128.6, 127.2, 126.6, 126.1, 121.0, 

45.9, 31.9, 29.6, 22.7, 15.1, 14.0, 8.6;  
31P{1H} (CDCl3, δ (ppm)):  68.1;  
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FT-IR (ranked intensity (cm-1)): 669(14), 695(5), 776(7), 864(10), 969(11), 1028(3), 

1148(8), 1223(15), 1277(1), 1346(16), 1451(12), 1491(4), 1596(6), 1737(2), 2981(9). 
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Chapter 6  

6 Conclusions and future work 

6.1  Conclusions 

This thesis discusses (i) the synthesis of three new N,N'-chelating ligands containing 

thiophene, (ii) their coordination to main group elements and (iii) their resulting 

photophysical properties.  The results outlined in the previous chapters highlight the need 

for new ligands that combine both the photophysical properties of thiophene with the 

reactivity of p-block atoms as an alternative way of tuning the photophysical properties in 

π conjugated molecules.  This work represents an ongoing theme in the field of main 

group chemistry; the incorporation of reactive main group elements with organic 

conjugated architectures for specific functional applications. 

Ligands containing a N,N'-chelating frameworks have been used extensively for the 

coordination of elements spanning the periodic table.  I saw this as an opportunity to 

combine the desirable polymerizable and photophysical properties of thiophene with the 

chemical versatility and inherent electronic properties of main group atoms. The first 

ligand synthesized N,N'-(thiophene-3,4-diyl(bimethylene)) suffered from poor selectivity 

because of flexible diamine arms.  The substitution on nitrogen (R = Mes or Dipp) 

dictated the resulting stoichiometric outcome of amine:chlorophosphine in the product.  

When R = Mes, only the acyclic bis(aminodichlorophosphine), 2.6, was isolated, 

however when R = Dipp a mixture of the desired cyclic diaminochlorophosphine (2.8) 

and the undesired acyclic bis(aminodichlorophosphine) (2.7) were isolated in a 4:1 ratio 

respectively.  Separation of the two substitution products was not possible because of 

similar solubilities. Slowing the addition of PCl3 and changing the solvent polarity from 

THF to toluene allowed for the exclusive synthesis of the cyclic aminochlorophosphine.  

The synthesis of the subsequent phosphenium cation, (2.9) was successful using 

SiMe3OTf as a halide-abstracting agent.  This ligand system did not contain any extended 

conjugation and no significant change in the UV-visible absorption spectra was observed 

upon the addition of phosphorus. 
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A second ligand consisting of a benzo[1,2-b:5,6-b']dithiophene backbone with a rigid 

N,N'-chelating pocket was used to support pnictenium cations (Pn = P, As and Sb).  The 

NHPn (Pn = P or As) were stable as the free pnictenium cations, however the stibenium 

cation required base stabilization.  The NHPn (Pn = P and As) were also able to act as 

cationic ligands to Pt. The geometry at the phosphenium was trigonal planar, and is 

consistent with both σ donation from the phosphorus atom and π-backdonation from the 

metal center. The geometry at the arsenium, however, is pyramidal and is consistent with 

a stereochemically active lone pair and consists primarily of metal to pnictenium π-

backdonation.  All of the chloropnictines and pnictenium cations had similar UV-visible 

absorption spectra with the photophysical properties dominated by the benzo[1,2-b:5,6-

b']dithiophene. The metal complexes were the exception; the Pt−NHP was a deep red  

(λmax = 466 nm) whereas the arsenic analogue was dark purple (λmax = 576 nm). 

The benzo[1,2-b:5,6-b']dithiophene core was also used to stabilize a NHC which is 

isovalent but the electronic inverse to the analogous NHPns. The imidazolium salt was 

synthesized in high yields, however the free carbene could not be isolated and only the 

dimer was observed.  The synthesis of a (NHC)AgCl salt and the successful transfer of 

the NHC onto rhodium forming the (NHC)Rh(CO)2Cl complex from the 

(NHC)Rh(COD)Cl precursor was achieved.  The donor strength of our NHC was 

measured and was found to be a stronger base then the 5-membered NHCs but weaker 

then the 6-membered and acyclic NHCs.  Attempts to oxdatively polymerize our NHC 

was unsuccessful and only decomposition was observed.  

A diazabutadiene with adjacent 2,5-dimethyl(thienyl) rings was synthesized and its 

coordination chemistry and photochromic reactivity was investigated.  The phosphenium 

cation and bromophosphine were synthesized from a redox reaction between the α-

diimine (5.2) with PI3 or PBr3 and cyclohexene respectively. The boron analogue (5.4) 

was synthesized from the lithium reduction of the α-diimine (5.2) and subsequent 

reaction with BCl2Ph or BBr3.  The DTE containing halogens did not display any 

photochromic activity. Fortunately the N,N'-DTE phenylborane complex and the 

phosphorane, functionalized with a polymerizable acrylate group did exhibit reversible 

ring-closing/-opening reactivity.  The acrylate functionalized phosphorane was also able 
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to undergo RAFT polymerization yielding a DTE side functionalized polymer which 

retained reversible photochromic activity with high cyclability.  The resulting 

photophysical properties of the ring-closed isomer was dependant on the heteroatom 

present in the N, N'-chelating pocket and there was a 50 nm bathochromic shift between 

the ring-closed phosphorus derivative (λmax = 448 nm) and boron (λmax = 500 nm), along 

with the boron DTE displaying varying florescence in the ring open (λmax = 378 nm) 

versus ring closed (λmax = 578 nm) states. 

6.2 Future work 

Future work in this area includes extending the number of thiophene rings in the 

benzo[1,2-b:5,6-b']dithiophene core from two to four.  This would lower the 

HOMO/LUMO band gap, increase flexibility and facilitate the oxidative 

electropolymerization of both the free ligand and the resulting main group or transition 

metal complexes.  Increasing the number of thiophene rings can be accomplished by the 

synthesis of 3,3'-dibromo-2,2':5',2":5",2'"-quaterthiophene (6.1), transformation to the 

aldehyde (6.2) and then onward synthesis to the diamine (6.3, Scheme 6.1).  From there 

both main group elements and transition metals (6.4) can be inserted and their ability to 

undergo electropolymerization examined (6.5).   

E = main group element
       or transition metal

S

SS
S

Br

Br

S SS S

N NAr Ar
E

6.1

6.4

S SS S

N NAr Ar
E

n

6.5

S

SS
S

CHO

OHC

S SS S

NH HNAr Ar

6.2
6.3

 

Scheme 6.1: Synthesis of thiophene polymers containing either main group or transition 

metal elements. 
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Future endeavors with the α-diimine, compound 5.2 include the addition of lanthanide 

metals.  Lanthanide metals in the +2 oxidation state can readily undergo a one-electron 

oxidation, which is ideal for our redox active α-diimine.  Lanthanide (III) complexes also 

have characteristic narrow emission bands and long emission lifetimes making these 

complexes ideal for photoswitchable probes for bioimaging (6.4).   A second project 

would include the reduction the diimine and subsequent addition of iodomethane yielding 

the air stable diamine (6.5) with the required ethene in the backbone. This would allow 

for the introduction of a wide range of both transition metals and main group elements 

into the DTE framework through simple donor-acceptor chemistry (Figure 6.2). 

S S

N N
M
Ln

M = Sm, Eu or Yb

S S

N N

6.6 6.7  

Figure 6.1: DTE lanthanide complexes (6.6) and a DTE diamine (6.7). 

In addition, recent work in the Ragogna lab has focused on Co(I) side chain 

functionalized polymers containing pendant CoCp(C4R4) units.1  The incorporation of 

DTEs into the cyclobutadiene ring on the Co(I) monomer would generate a photochromic 

Co(I) species that could be easily incorporated into a polymers and retain the optical 

switching properties of DTE systems.   This could be accomplished through the 

dimerization of bis(2,5-dimethyl-3-thienyl)acetylene (6.9) with compound 6.8 to generate 

the cyclobutadiene ring followed by further functionalization with a polymerizable group 

(6.11, Scheme 6.2).  The dimerzation of the bis(2,5-dimethyl-3-thienyl)acetylene (6.9) 

could further find utility, as this acetylene can also dimerize in the presence of n-BuLi 

and ZrCp2Cl2 forming compound 6.12. One could easily switch out the ZrCp2 for a 

variety of main group or transition metal elements through simple salt metathesis 

chemistry and alter the photochromic properties the resulting compound (6.13, Scheme 

6.3). 
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Scheme 6.2: Synthesis of CpCoCb side chain functionalized polymers with 

photochromic DTEs (6.11). 
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Scheme 6.3: Dimerization of compound 6.9 using ZrCp2Cl2 and the exchange of ZrCp2 

with either main group elements or transition metals. 

6.3 References 

 (1) Chadha, P.; Ragogna, P. J. Chem. Commun. 2011, 47, 5301-53 

 



 

 
121 

Appendices  

Appendix 1: General considerations 

A.1 General experimental considerations  

The synthesis of compounds 2.6 - 2.9, 3.4 - 3.12, 4.3 - 4.5 and 5.3 - 5.8 were performed 

in an inert atmosphere in a nitrogen filled MBraun Labmaster dp glovebox or using 

standard Schlenk techniques. Reagents were obtained from commercial sources. 

Triethylamine and n-methylmorpholine was distilled from CaH2, phosphorus(III) 

chloride and arsenic(III) chloride were distilled prior to use, while all other reagents were 

used without further purification. All solvents were dried using an MBraun controlled 

atmospheres solvent purification system and stored in Straus flasks under an N2 

atmosphere or over 4 Å molecular sieves in the glovebox (3 Å for acetonitrile). 

Chloroform-d was dried over CaH2, distilled prior to use, and stored in the glovebox over 

4 Å molecular sieves. Synthesis of 2’2-bithiophene,1 3,3’,5,5’-tetrabromo-2,2’-

bithiophene,1 3,3’-dibromo-2,2’-bithiophene1 and 2,2’-bithiophene-3,3’-

biscarboxaldehyde2, 3-Acetyl-2,5-dimethylthiophene,3 2-(2,5-Dimethyl-3-thienyl)-2-

oxoacetaldehyde,3 1,2-Bis(2,5-dimethyl-3-thienyl)-2-hydroxy-1-ethanone3 and 1,2-

Bis(2,5-dimethyl-3-thienyl)ethandione3 were synthesized following literature procedures. 

All 1H, 11B{1H}, 13C{1H}, 19F{1H} and 31P{1H} data were collected on a 400 MHz 

Varian Inova spectrometer (399.762 MHz for 1H, 128.27 MHz for 11B, 100.52 MHz for 
13C, 376.15 for 19F and 161.825 MHz for 31P). Spectra were recorded at room 

temperature, unless otherwise indicated, in CDCl3 using the residual protons of the 

deuterated solvent for reference and are listed in ppm, coupling constants (J) are listed in 

Hz. Phosphorus, boron and fluorine NMR spectra were recorded unlocked relative to an 

external standard (85% H3PO4, δP = 0.0; BF3•OEt2, δB = 0.00; CF3C6H5, δF = -63.9).   

 

FT-IR spectra were collected on samples as KBr pellets using a Bruker Tensor 27 

spectrometer, with a resolution of 4 cm-1. Samples for FT-Raman spectroscopy were 
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packed in capillary tubes and flame-sealed. Data was collected using a Bruker RFS 100/S 

spectrometer, with a resolution of 4 cm-1.  

UV-visible absorption spectra were recorded over a range of 200 - 700 nm using a Varian 

Cary 150 spectrometer and a hand held UV-vis lamp at 254 nm was used as the light 

source for the ring-closing reaction and a 100 W mercury lamp was used as the visible 

light source for the ring-opening reactions placed above a quartz cuvette.  Emission 

spectra were recorded on a Fluorolog (QM-7/2005) instrument with a slit width of 0.6 nm 

in pentane. SpinWorks 3.1 software was used to determine the rate constant for the 

activation energy between parallel and anti-parallel conformations and Fulgide 

Abercrhome 5404 was used as the standard to determine the quantum efficiencies in 

Chapter 5.  

Melting (m.p.) and decomposition (d.p.) points were recorded in flame sealed capillary 

tubes using a Gallenkamp Variable Heater. High resolution mass spectrometry (HRMS) 

was collected using a Finnigan MAT 8200 instrument. Elemental analyses (C, H, N, S) 

were performed by Laboratoire d’Analyse Élémentaire de l’Université de Montréal, 

Montréal, QC, Canada. 

A1.2 General crystallography considerations 

Single crystal X-ray diffraction data were collected on a Nonius Kappa-CCD area 

detector or a Bruker Apex II-CCD detector using Mo-Kα radiation (λ = 0.71073 Å) and 

at a temperature of 150(2) K. Suitable single crystals were selected under Paratone-N oil, 

mounted on MiTeGen micromounts or nylon loops then immediately placed in a cold 

stream of N2 on the diffractometer. Structures were solved by direct methods and refined 

using full matrix least squares on F2
 using the SHELXTL suite of software.5 Hydrogen 

atoms positions were calculated. 

A1.3 References 
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Appendix 3: Supplementary information 

 

 

Figure A. 1: 1{H} NMR spectrum of Compound 4.7.  
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Figure A. 2: TGA of polymer 5.8. 

 

Figure A. 3: GPC trace of polymer 5.8. 
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Figure A. 4: A linear plot of the amount of polymer/monomer vs. time for compound 

5.8. 
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