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Abstract 

This study was focused on the preparation of new iminophosphorano substituted 

bispyridinylidenes (and related bispyridinium ions) as potent organic electron donors and 

new iminophosphorano substituted pyridines as potential powerful acylation catalysts. 

Correlations for the determination and prediction of the substituent constants of 

iminophosphorano groups has also been developed.  

New iminophosphorano substituted bipyridinium ions featuring phenoxy, 4-

methylphenoxy, and pyrrolidinyl groups on the phosphorus were found to have redox 

potentials of -1.13, -1.14, and -1.50 V vs SCE, respectively. The 

tris(pyrrolidinyl)iminophosphorano derivative was found to be on par in terms of reducing 

power with the previously prepared tricyclohexyliminophosphorano derivative (-1.51 V), 

which is the strongest 4,4’-substituted bispyridinylidene based organic electron donor 

developed to date.  The catalytic activity of iminophosphorano substituted pyridines 

towards the acylation of 1-ethynlcyclohexanol was assessed, with iminophosphorano 

substituted (R3P=N-) pyridines with R= O(p-tolyl), Ph, N(CH2)4, and Cy being found to 

catalyze the acylation of 1-ethynylcyclohexanol to 50% conversion in 798.9, 27.6, 7.6 and 

5.7 minutes, respectively, making the tris(pyrrolidinyl)iminophosphorano and 

tricyclohexyliminophosphorano substituted pyridines the most active pyridine based 

acylation catalysts developed to date. 

By establishing a relationship between Hammett’s σp
+ values and the redox 

potential of bipyridinium ions it was possible to determine the σp
+ values of 

iminophosphorano substituents from the redox potentials of iminophosphorano substituted 
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bipyridinium ions, with the substituent constants of iminophosphorano substituents (–

N=PR3), with R= OPh, O(p-tolyl), Ph, p-tolyl, N(CH2)4, and Cy being -1.30, -1.33, -1.82, 

-1.92, -2.20, and -2.23, respectively. It was found that iminophosphorano substituents with 

R= N(CH2)4, and Cy are the strongest neutral π-donating substituents reported to date. Two 

other linear correlations were found, which utilized the Tolman electronic parameter (TEP) 

of the phosphine component of the R3P=N- substituent, with the correlations being: TEP 

and the Hammett constants (σp
+) as well as TEP and the redox potentials of 

iminophosphorano substituted bipyridinium ions. These can be used for the prediction of 

new σp
+ values and redox potentials for iminophosphorano substituents and 

bispyridinylidenes, respectively.  
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Chapter One: Introduction 

1.1 General Overview of Substituents 

Substituents can be defined as a smaller part of a molecule, usually an atom or functional 

group, which can be introduced by a chemical operation formally through the replacement 

of one hydrogen atom attached to a parent structure; for instance, the replacement of one 

hydrogen on methane for a chlorine atom (Scheme 1.1).1–4 The result of substitution is a 

new molecule with new properties that can be similar to or greatly different from the 

compound that underwent formal substitution. For example, methane is a non-polar gas 

with a low boiling point (-161 °C), while chloromethane is a polar gas with a significantly 

higher boiling point (-24 °C). The understanding of the effects that a substituent can 

exhibit can allow for the prediction of the properties of new molecules that can be 

produced through the introduction of different substituents onto a parent structure.5 The 

types of effects that substituents exhibit can generally be described as either steric and/or 

electronic effects. 

 

Scheme 1.1 Introduction of a chloride substituent onto methane. 
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1.2 Steric Effects 

Steric effects are directly related to the amount of three dimensional space that a 

substituent encompasses and how the substituent is orientated in space, and are the result 

of repulsions between occupied valence shell orbitals on atoms which are not bonded to 

each other.6 Steric effects have been found to be related to bond angles,7 orbital overlap,8 

and reactivity,9 among others. An example of steric effects is the decrease in 

nucleophilicity from methoxide to tert-butoxide due to the increase in steric bulk around 

the oxygen (Figure 1.1).  

 

Figure 1.1 The effect of steric bulk on nucleophilicity. 

      

The design of extremely bulky substituents such as 1.3-1.8 (Figure 1.2) has led to 

the isolation of reactive species such as heavier element main group alkene,10 and alkyne 

analogues.11  Substituents such as 1.3 and 1.4 have been utilized for the stabilization of 

silicon-silicon alkene and alkyne analogues, respectively.12,13 The steric bulk of 1.3 is 

such that there was no observation of isomerization of the silicon alkyne analogue to form  

RRSi=Si type compounds,14 or the formation of polysilanes, which occurs when any 

substituent with less bulk is used in the attempted preparation of silicon-silicon alkene 

analogues.12 The use of other hindered substituents, such as 1.5-1.7, has led to the 

stabilization of otherwise reactive species such as a phosphorus-phosphorus alkene 
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analogue,15 and aluminum-aluminum,16 and gallium-gallium17 alkyne analogues, among 

others. The stabilization of main group alkene and alkyne analogues, through the use of 

steric bulk, was a remarkable feat, and has also led to important developments in the 

activation of small molecules such as hydrogen,18,19 and ammonia,18 and in C-H activation 

of alkenes.20,21,22 

 

Figure 1.2 Bulky substituents used for the stabilization of reactive main group alkene 

and alkyne analogues. 

 

The use of extremely bulky substituents has also led to the formation of stable 

radicals arising from bond dissociation due to steric repulsions, as observed with 

diphosphine 1.8 (Scheme 1.2).23 It was determined that the dimeric 1.8 was the solid state 

structure, while the radical species 1.9 was found to be preferred in solution and the gas 

phase.24,25 
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Scheme 1.2 Dissociation of diphosphine 1.8 to persistent radical 1.9 due to steric 

repulsions. 

  

One of the best examples of how steric effects can have a dramatic influence on 

the reactivity of a chemical substance is found in the concept of frustrated Lewis pairs. It 

is well established that when Lewis acids such as boranes (1.10) and Lewis bases such as 

amines (1.11) or phosphines (1.12) (Figure 1.3) are reacted with one another, they form 

Lewis acid/base adducts such as amino-boranes (1.13) and phosphine-boranes (1.14). 

However, when the Lewis bases and Lewis acids become sterically congested, adduct 

formation becomes sterically precluded (“frustrated”), which results in interesting 

reactivity. The combination of sterically hindered Lewis bases and Lewis acids such as 

phosphine/borane systems 1.15 and 1.16, amine/borane systems such as 1.17, and 

carbene/borane systems such as 1.18 (Figure 1.4), among others, have found utility in 

metal-free catalytic hydrogenations,26,27 the reduction of small molecules such as carbon 

dioxide,28 carbon monoxide,29 and in the capture of nitrous oxide,30 and sulfur dioxide.31 

All of this is made possible by the availability of unquenched sites of Lewis acidity and 

basicity. 
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Figure 1.3 Selected motifs for Lewis acids, Lewis bases and their corresponding 

adducts. 

 

 

Figure 1.4 Selected frustrated Lewis pairs. 
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1.3 Electronic Effects 

Electronic effects are substituent effects that primarily deal with the distribution 

of electrons in a chemical system and generally consist of inductive and resonance 

effects.1 The inductive effect arises from the electronegativity of the atoms present in the 

chemical scaffolds in question and is directly involved in the transmission of σ-electron 

density.32 Substituents are able to donate (electropositive elements) or withdraw σ-

electron density (electronegative elements) via induction. The pKa’s of halogenated acetic 

acids can be used to illustrate the σ type electronic effects of substituents, with the pKa’s 

of substituted acetic acids systematically decreasing when more electronegative atoms, 

and therefore stronger σ-withdrawing substituents are present. Thus, the fluorinated acids 

(1.19 and 1.20) are more acidic than their chlorinated (1.21 and 1.22) and brominated 

(1.23 and 1.24) congeners (Figure 1.5).33  The exploitation of inductive effects has led to 

the development of acids with extremely low pKa’s such as fluorosulfuric (1.25, pKa = -

14),34,35 and trifluoromethanesulfonic acid (1.26, pKa= -12),36,37 which are classified as 

superacids due to their acidity being greater than 100 % sulfuric acid (1.27, pKa1= -3) 

(Figure 1.6).  

 

Figure 1.5 Acid dissociation constants (pKa’s) of substituted acetic acids 1.19-1.24. 
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Figure 1.6 Acid dissociation constants of fluorosulfonic acid (1.25), 

trifluoromethanesulfonic acid (1.26), and sulfuric acid (1.27). 

 

Resonance effects are an electronic effect that involves the delocalization of 

electrons throughout a conjugated π-system and are related to how well a substituent can 

enter into conjugation with said π-system.4 In an identical fashion to inductive effects, 

substituents can either donate or withdraw π-electron density from a π-system. The π-

donating/withdrawing effect of the substituents can be readily observed in substituted 

benzoic acids (Figure 1.7), which show how resonance and induction operate 

independently. If inductive effects were dominant then it would be expected that the pKa 

of p-fluorobenzoic (1.28) would be lower than p-chlorobenzoic acid (1.29); however, the 

opposite is true with p-fluorobenzoic acid having a pKa of 4.14, while p-chlorobenzoic 

acid has a pKa of 3.98. The higher pKa of 1.28 is the result of π-donation from the lone 

pairs of the fluorine into the benzoic acid π-system, which results in the carboxylic acid 

region of the molecule becoming more electron rich and therefore less acidic (Scheme 

1.3). This donation is significant enough to overcome the expected decrease in pKa due 

to inductive effects. Even though there are electrons present on the chloride substituent, 

their donation into the benzoic acid π-system is limited compared to that of F because of 
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the poor 3p-2p orbital overlap vs 2p-2p overlap. Therefore the electron-withdrawing 

nature of the chloride substituent is the predominant electronic effect in 1.29 resulting in 

a lower pKa than both p-fluorobenzoic acid and the parent benzoic acid (pKa = 4.20). 

When stronger π-donating substituents are introduced onto the benzoic acid scaffold such 

as hydroxy (1.30) and amino (1.31) substituents, the pKa’s of the corresponding acids 

steadily increase to 4.48 and 4.87, respectively. As was previously stated, pKa’s are a 

result of both inductive and resonance effects and it is not clear which groups donate the 

most π-electron density. On the basis of substituted benzoic acids with substituents that 

have a filled 2p orbital the π-donor strength of the substituent varies. It is apparent 

however, that there is in an increase in the amount of electron density donated into the 

benzoic acid π-system in an increasing order for fluoro, hydroxy, and amino substituents. 

 

Figure 1.7 Acid dissociation constants of substituted benzoic acids (1.28-1.31). 

 

 

Scheme 1.3 π-Donation that leads to increase in pKa of substituted benzoic acids. 
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The effect that π-donation has on the acid dissociation constants of substituted 

benzoic acids is not very dramatic, with the pKas not changing substantially as stronger 

π-donating substituents are introduced. This is not to say, however, that resonance effects 

cannot have a dramatic effect on the properties exhibited by molecules. For instance, 

through the replacement of the hydrogen atom in chloroform (1.32) with a dimethylamino 

substituent (1.33), the molecular properties go from covalent (1.32) to ionic (1.33’) due 

to the π-donation from the dimethylamino substituent. The π-donation is sufficient enough 

that one of the carbon chlorine bonds will break and the carbon center will re-hybridize 

from sp3 in chloroform to sp2 in the iminium ion 1.33 (Scheme 1.4).   

 

Scheme 1.4 Dramatic effect of π-donating substituent on the properties of chloroform. 

 

Much like how steric effects were used for the stabilization of reactive species 

such as main group alkene/alkyne analogues,10,11 resonance effects have been exploited 

for the stabilization of reactive species such as carbenes.38,39 Attempts at their isolation 

started as early as 1835,40 and it was not until 1988 and 1991 that carbenes were stabilized 

and isolated by Bertrand,41 and Arduengo,39 respectively. The challenges associated with 
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the isolation of carbenes can be attributed to the difficulty of significantly stabilizing the 

less-reactive singlet state (Figure 1.8), over the more reactive triplet state (Figure 1.8), 

in order to eliminate radical reactivity.  

 

Figure 1.8 Different electronic states of carbenes. 

 

The introduction of strong π-donating substituents such as two NR2 substituents 

as in Arduengo’s carbene (1.36, Figure 1.9),39 onto the carbene carbon results in the 

singlet state being preferred, due to the empty pz orbital of the carbene carbon atom being 

filled by π-electron density from the two NR2 substituents. From a frontier molecular 

orbital perspective (Figure 1.10), the strong π-donating substituents form a low energy π-

bond with the empty pz orbital of the carbene carbon, which raises the energy of the lowest 

occupied molecular orbital (LUMO, π*). The increase in the energy is large enough that 

the energy required to promote an electron into the LUMO is too high and the diradical 

triplet state is strongly disfavored (Figure 1.10).38 The ability to stabilize and isolate 

singlet carbenes has led to a wide range of developments in the design of new ligands for 

transition metal catalysis,42–44 and nucleophilic organic catalysis, among other 

applications.45–48 

 



  

11 

 

 

Figure 1.9 The first isolated singlet carbene featuring two π-donating amino groups. 

 

Figure 1.10 The effect of π-donating substituents on the ground state of carbenes. 

 

1.4 Hammett Constants 

The understanding of the amount of electron density that is donated or withdrawn 

to/from a chemical system can lead to insights into chemical properties and allow for the 

rational design of new tailor-made molecules.  The most common method used to quantify 

the electron donating/withdrawing properties of a substituent has historically been 

through the determination of its Hammett constants (σ), with Hammett constants 

describing the combined inductive and resonance effects of a substituent. Hammett 

constants have typically been determined using Equation 1.1, with Equation 1.1 

consisting of parameters: ρ which describes the sensitivity of the scaffold being 
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investigated towards substitution, the Hammett constant parameter σ and the logarithm of 

the ratio of acid dissociation constants (Ka) or rate constants (k), with the acid dissociation 

of substituted benzoic acids to benzoic acid (K0)  being the original constants used for the 

determination of Hammett consrtants.49 Positive and negative values for σ constants 

indicate that a substituent withdraws and donates electron density from a chemical system, 

respectively. A number of different types of Hammett constants have been developed with 

the most extensively utilized constants being the σp, σm, σp
+, and σp

- constants,49,50 with 

the σp and σm constants describing the effect that a substituents exhibits at the para and 

meta position, respectively, while σp
+, and σp

- type constants describe the effect that para 

substituents have on systems that contain a positive and negative charge in direct 

conjugation with the substituent, respectively, and are therefore more of a resonance type 

of a substituent constant.50,51  Hammett constants have been found to correlate to other 

chemical properties such as: reaction rates,52,53 redox potentials,54 NMR chemical 

shifts,55–57 among others. Due to the number of correlations between Hammett constants 

and chemical properties, the study of new substituents and the determination of their 

corresponding Hammett constants is of particular interest, as the properties of a large 

number of chemical systems can be predicted using Hammett constants.   

𝐿𝑜𝑔 (
𝐾

𝐾0
) =  𝜌𝜎 (1.1) 

Equation 1.1 Hammett’s correlation for the elucidation of substituent constants. 
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1.5 Iminophosphorano Substituents 

One family of substituents that have been exploited in the design of ligands for 

use in transition metal catalysis is the iminophosphorano (-N=PR3) class of substituents, 

with their transition metal complexes finding utility as catalysts for olefin58–62 and ring-

opening polymerization.63–66 Unfortunately, iminophosphorano substituents have not 

been systematically studied as substituents and therefore their ability to behave as π-

donating substituents is unexplored.  Due to their dipolar nature (Scheme 1.5), however, 

it is expected that iminophosphorano substituents will have significant π-donating 

properties and they are therefore of particular interest.  

 

Scheme 1.5 Dipolar nature of iminophosphorano substituents. 

 

Recently, there has been theoretical and empirical evidence by Schoeller67 and 

Stephan,68 respectively, which suggests that the iminophosphorano functionality is a 

better π-donating substituent than the strongly π-donating dialkylamino groups. Schoeller 

studied computationally the effect that π-donating substituents have on the singlet-triplet 

energy differences for phosphino-nitrenes (1.37, Figure 1.11).67 Phosphino-nitrenes, 

much like carbenes are extremely reactive species with the possibility of having a di-

radical triplet state and a singlet state. Unlike carbenes however, the π-donating 

substituents in the phosphino-nitrene are not directly attached to the reactive nitrogen 
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(Figure 1.11), which makes the stabilization of the singlet state with strong π-donating 

substituents, through the raising of the energy of the pπ orbital much more challenging. It 

was determined that dialkylamino substituents are not strong enough π-donors to stabilize 

the singlet state of phosphino-nitrenes,69 and therefore other stronger π-donating 

substituents were investigated. The substituents studied by Schoeller included: amino 

(1.38), phosphanephosphinato (1.39), methyleneimino (1.40), and iminophosphorano 

(1.41), among others (Figure 1.12).67 It was determined that the iminophosphorano 

substituents stabilized the singlet state to a greater extent, by affording the greatest singlet-

triplet energy difference (ΔE) of 24.8 kcal/mol in comparison to the amino, 

phosphanephosphinato, and methyleneimino substituents, which afforded singlet-triplet 

energy differences of 17.5, 18.1, and 15.2 kcal/mol, respectively, making the 

iminophosphorano substituent the strongest π-donating substituents studied for the 

stabilization of phosphino-nitrenes.   

 

Figure 1.11 General scaffold for a phosphino-nitrene (1.37). 

 

 

Figure 1.12 Strong π-donating substituents studied computationally by Schoeller. 
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Stephan and co-workers investigated the substitution of iminophosphorano 

substituents onto chloro-boranes and observed that when two tri(tert-

butyl)iminophosphorano substituents were attached to a B-Cl unit, the compound exists 

as an ionic species,68 which contrasts with the covalent chloro(dialkylamino)-boranes 

(Figure 1.13).70 As 1.42 exists as an ionic species, the π-donation from the two 

iminophosphorano substituents is clearly great enough that the boron chlorine bond is 

unnecessary, and 1.42’ and 1.42’’ are likely the major resonance contributors (Scheme 

1.6). The contrasting covalency of all known derivatives of 1.43 supports that 

iminophosphorano substituents are stronger π-donors than their dialkylamino congeners. 

 

Figure 1.13 Di-iminophosphorano and di-dialkylamino substituted chloro-boranes. 

 

 

Scheme 1.6 Resonance contributors for 1.42. 

 

Recently, the Dyker group has introduced iminophosphorano substituents onto the 

bispyridinylidene scaffold whose properties are sensitive to the π-donor strength of 

substituents at the 4 and 4’ positions. It was observed that when 
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triphenyliminophosphorano (-N=PPh3) and tricyclohexyliminophosphorano (-N=PCy3) 

substituents were introduced onto the bispyridinylidene scaffold, the redox potentials for 

the  bispyridinylidenes (1.44, 1.45, 1.46 and 1.47, Figure 1.14) were lower than those of 

the dimethylamino substituted congeners (1.48, 1.49, Figure 1.14),71 which further 

supports that iminophosphorano substituents are stronger π-donating substituents than 

dialkylamino groups.  

 

Figure 1.14 Bispyridinylidenes featuring strong π-donating substituents. 

 

Although the theoretical and empirical evidence above suggests that 

iminophosphorano substituents are better π-donating substituent than amino groups, 

tables of Hammett constants (σp, and σp
+) indicate that dimethylamino (σp= -0.83, σp

+= -

1.70) is a better π-donating substituent, than the triphenyliminophosphorano substituent 

(σp= -0.77, σp
+= -1.65). The focus of this thesis will be on the preparation of new 

iminophosphorano substituted organic electron donors (Chapter 2) and to develop a 

means to determine the Hammett constants (σp
+) of known iminophosphorano 
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substituents and predict the related values of new iminophosphorano substituents 

(Chapter 2). Finally, the effect of the iminophosphorano functionality in the 4-position 

of pyridines will be investigated in relation to their performance as pyridine based 

acylation catalysts (Chapter 3).  
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Chapter Two: The Quantification of the Donor Effects of 

Iminophosphorano Substituents  

2.0 Preface 

In this chapter, the preparation and characterization data for bispyridinylidenes 

and bipyridinium ions featuring π-donating iminophosphorano (-N=PR3; R = OPh, O(p-

tolyl), N(CH2)4)) substituents and the development of methods for the elucidation of the 

iminophosphorano substituents Hammett constants (σp
+) are presented. In Section 2.2, 

work towards the preparation of  iminophosphorano substituted 

bispyridinylidenes/bipyridinium ions featuring phenoxy, ethoxy, piperidinyl, pyrrolidinyl 

and p-tolyl groups attached to phosphorus were performed by Jillian McNally (Chem 

2009, 2014), Madison Carroll (Chem 4000, 2015), Scott Mills (Chem 4000, 2015) and 

Sydney Hetherington (Chem 2009, 2016), respectively. I served in a mentorship role for 

the research performed by Jillian McNally, Scott Mills, and Sydney Hetherington, with 

preliminary studies being performed by me towards the preparation of the tri(phenoxy) 

and tri(pyrrolidinyl)iminophosphorano substituted derivatives prior to them starting and 

finishing their projects.  Section 2.4 is based on an article published in May of 2015 in 

Chemistry A European Journal (Samuel S. Hanson, Nicholas A. Richard, C. Adam Dyker, 

Chem. Eur. J. 2015, 21, 8052-8055). In said article, I synthesized all the N-methyl 

pyridinium precursors and bipyridinium ions featuring known substituents (OMe, SMe, 

N(CH2)4, and N(CH2CH2)O and determined the corresponding redox potentials of the 

bipyridinium ions. Also in the paper, Samuel Hanson (PhD 2016, Dyker group) prepared 

the triphenyl and tricyclohexyliminophosphorano substituted bispyridinylidenes and 
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bipyridinium ions and their corresponding redox potentials were used to determine the 

substituent constants for their respective iminophosphorano substituents. The formatting, 

compound numbering and order of presentation were modified to fit this thesis. The 

copyright agreement between the authors of the article and the publishers permits the 

inclusion of the article as a section (or sections) of a thesis provided it does not constitute 

more than fifty percent (50%) of the thesis. 

 

2.1 Introduction 

2.1.1 Introduction 

The reduction of organic molecules via electron transfer reactions has been 

commonplace in synthetic organic chemistry for decades. The typical methods used to 

facilitate these electron transfer reactions have been photochemical and electrochemical 

methods, with the predominantly used methods requiring the use of transition metal 

complexes72 in photo-chemically mediated reductions and metals such as sodium,73 and 

lithium,74 or metal based reagents such as lithium aluminum hydride to electrochemically 

reduce substrates.75,76 Metals and metal-based reagents are excellent at facilitating the 

reduction of organic substrates due to their inherent low reduction potentials and low 

ionization energies.76 One of the greatest problems associated with the use of metals and 

metal based reagents is their low solubility in organic solvents, which can lead to 

increased reaction times and the use of harsher reaction conditions like higher 

temperatures in order to better solubilize the metal-based reducing agents. The use of 

harsher reaction conditions can lead to a loss in selectivity of the reducing agents and can 
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potentially lead to the over reduction of substrates and the production of unwanted by-

products. A second major problem associated with the use of metal-based reducing agents 

is the resultant metal-containing by-products, which can be problematic for the 

pharmaceutical industry where the removal of trace metal contaminants is required due to 

strict standards and the inherent toxicity that some metals can have on the body, even in 

trace amounts.76  The removal of metal contaminants is often time consuming and costly.76 

The development of neutral organic molecules as reducing agents could offer great 

advantages over metal based reducing agents. The expected increase in their solubility in 

organic solvents should allow for the use of milder conditions and result in potential 

advantages for reaction selectivity, and the complete elimination of metallic by-products 

would address the issues associated with the removal of trace metals from pharmaceutical 

products (the oxidized organic molecules should be easy to remove from the desired 

products). The use of metal-based reducing agents should not be condemned as they are 

often the best choice of reducing agent for various applications and it should be noted that 

not all metal-based reducing agents suffer from lack of selectivity and toxicity. Therefore 

organic reducing agents should be viewed as complimentary to the traditional metal-based 

reagents and offer the potential for new reactivity, selectivity and possible improvements 

in terms of avoiding metal by-products.  

2.1.2 Organic Electron Donors 

Organic electron donors are a class of organic molecules that have characteristic 

low redox potentials, and have been utilized as organic reducing agents due to their ability 

to donate their electrons to other chemical species.77,78,79 The organic electron donors in 
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the literature are predominately based off of ethylene frameworks substituted with π-

electron donating substituents such as thiolate (-SR),80,81 alkoxy (-OR),54,71,82 and amino 

(-NR2) groups (Scheme 2.1).78,81,83–86 

. 

Scheme 2.1 General scaffolds for ethylene based organic electron donors. 

 

The electrochemical properties of organic electron donors are extremely sensitive 

to the substituents attached to the ethylene scaffold with it being found that when stronger 

π-electron donating substituents are present, the organic electron donor will generally 

have more negative redox potentials (i.e the compound is oxidized more easily). This is 

of great importance for the development of organic electron donors for applications as 

organic reducing agents as electron donors with more negative redox potentials are better 

able to facilitate the reduction of more challenging substrates.79,87,88 

 

2.1.3 The Effect of π-Donating Substituents on Organic Electron Donors 

The effect that π-electron donating substituents have on the redox properties of the 

organic electron donors can be explained by a molecular orbital (MO) approach. When π-
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electron donating substituents are conjugated to a π-system such as ethylene (Figure 2.1), 

the result is a bonding MO that is lower in energy than the Highest Occupied Molecular 

Orbital (HOMO) of the unconjugated system, and an antibonding MO that is higher in 

energy than the HOMO of the original π-system. The degree to which the bonding MO is 

lowered and the antibonding MO is raised is related to the strength of the π-donor 

substituent, with the separation of orbitals increasing when the π-donor is stronger.89 The 

two π-electrons of the donor atom add two electrons to the π-system and the antibonding 

orbital is therefore filled with electrons, making it the new HOMO.89 This increase in 

energy of the HOMO causes the organic electron donor to be more reactive towards 

oxidation.90 

 

Figure 2.1 Effect that strong π-electron donating substituents have on the HOMO 

(boxed) of substituted ethylenes. 

 

The effect that π-electron donating substituents have on the redox behaviour is 

readily apparent when the series of substituted ethylene based organic electron donors: 
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tetrathiafulvalene (2.1),91 diazadithiafulvalene (2.2),91 tetrakisdimethylamino ethylene 

(2.3),91 benzimidazolylidene (2.4),77 and imidiazolylidene (2.5)85 (Figure 2.2) are 

examined more closely.  

 

Figure 2.2 Organic electron donors containing π-electron donating SR and NR2 

substituents. 

 

Tetrathiafulvalene (2.1) exploits four weakly π-electron donating thiolate (-SR) 

substituents and was found to undergo two separate single electron redox events at 0.37 

V and 0.67 V vs the Saturated Calomel Electrode (SCE) in dichloromethane (DCM). It 

has been found that the redox behaviour of 2.1 can be altered dramatically when the 

thiolate (-SR) substituents are replaced with dialkylamino (-NR2) substituents, with a 

decrease of 0.67 V when two of the -SR substituents are replaced, and 1.13 V when four 

of the -SR substituents are replaced with -NR2 substituents, as shown by the redox 
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potentials of diazadithiafulvalene (2.2, E1
1/2= -0.3 V vs SCE) and tetrakisdimethylamino 

ethylene (2.3, E1
1/2= -0.78 V, E2

1/2= -0.61 V vs SCE), respectively. There is a strong 

driving force for 2.1 and 2.2 to become oxidized as the formation of two aromatic rings 

upon the removal of two electrons provides a great deal of stabilization relative to the 

neutral species (Scheme 2.2). There is no aromatic stabilization gained for the removal of 

two electrons in the oxidation of 2.3, however the resulting dication is stabilized through 

the delocalization of the positive charge through resonance involving the four -NMe2 

substituents. Through the replacement of the four -SR substituents attached to 2.1 with 

strong π-electron donating dialkylamino substituents it is readily apparent that the types 

of π-electron donating substituents have a great effect on the redox behaviour of the 

organic electron donors. In the case of organic electron donors, the introduction of 

stronger π-donating substituents results in lower redox potentials, which arise from the 

raising of the HOMO of the neutral organic electron donor, alongside the lowering of the 

energy of the oxidized species by resonance effects. 
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Scheme 2.2 Aromatic and resonance stabilization as a driving force for oxidation of 

organic electron donors. 

 

The degree of π-electron donation is directly related to the p-orbital overlap 

between the π-electron donating substituents and the adjacent π-system with the primary 

method used to increase the p-orbital overlap being to force the substituents into more 

planar conformations. This has been applied to the design of powerful organic electron 

donors and it has been found that when planar -NR2 substituents are used, like in the 

benzimidazole (2.4, E1
1/2 = -0.82 V, E2

1/2 = -0.72 V vs SCE) and imidazole (2.5, E1/2= -

1.20 V vs SCE) (Figure 2.2) derived donors, there is a significant decrease in reduction 

potential relative to 2.3. The strength of donor 2.5 relative to 2.4 can be rationalized 

through the analysis of the types of -NR2 substituents present in the two donors and 

through the degree of aromatic stabilization gained upon oxidation. The donor 2.5 is a 
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stronger organic electron donor relative to 2.4 owing to it having the two propyl bridges, 

which force the nitrogen atoms of the four -NR2 substituents into planarity and promotes 

conjugation with the ethylene unit, while in 2.4 only two of the four -NR2 substituents are 

coerced into a planar environment due to the presence of only one propyl bridge. Due to 

the absence of the additional propyl bridge, there is more opportunity for the unbridged 

amino groups to pyramidalize, which can lead to the interruption of the conjugation 

between the -NR2 substituents and ethylene scaffold. The breaking of conjugation also 

limits the donor atom’s ability to accommodate the resulting positive charge that forms 

upon oxidation. Another limitation introduced by the breaking of conjugation of the -NR2 

substituents with the ethylene scaffold is due to the electronegative nature of the N atom 

of the -NR2 substituents, which causes the inductive σ-withdrawing effect (that is always 

present) to not be as fully compensated for by the π-electron donating effect, which 

reduces the electron density present in the ethylene unit. The degree of aromaticity gained 

upon the oxidation of the neutral donors can also be used to explain the magnitude of the 

redox potential of donor 2.4 relative to 2.5. Donor 2.5 gains a greater amount of aromatic 

stabilization than 2.4 upon oxidation due to it gaining two new aromatic rings from a non-

aromatic system, while the aromatic system of 2.4 is just extended by gaining two new 

aromatic rings, and therefore the increase in aromatic stabilization energy is not as 

significant. 
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2.1.4 The Best of Both Worlds: Bispyridinylidene Derived Organic Electron Donors 

The next generation of organic electron donors were developed by Murphy and 

co-workers and exploited the characteristics previously described for donors 2.4 and 2.5 

(i.e four strong NR2 π-donors and a gain of aromaticity). Unlike 2.4 and 2.5, the 

bispyridinylidene based organic electron donor 2.6a (Figure 2.3) featured two 

dialkylamino substituents directly attached to the central ethylene fragment and two 

dialkylamino substituents further removed from the ethylene unit but still in conjugation 

at the 4, and 4’ position of the bispyridinylidene scaffold, rather than having four π-

donating substituents directly attached to the ethylene unit as seen in donors 2.1-2.5. It 

was found that there is a slight decrease in redox potential for donor 2.6a relative to 2.5, 

with 2.6a being found to undergo a two electron oxidation at -1.24 V vs SCE, which is -

0.04 V lower than 2.5.  

 

 

Figure 2.3 Bispyridinylidene based organic electron donor. 
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2.1.5 The Effect of the Geometry of the Exocyclic π-Electron Donating Substituents 

on the Redox Properties of Bispyridinylidene Based Organic Electron Donors 

Murphy and co-workers further developed bispyridinylidene derived organic 

electron donors through the modification of the exocyclic -NR2 substituents in order to 

see if they could prepare organic electron donors with even more negative redox 

potentials. It was found that when the -NMe2 substituent at the 4 and 4’ position is 

replaced with a cyclic -NR2 substituent such as the pyrrolidinyl (-N(CH2)4) substituent, 

that the redox potential is decreased from the two electron oxidation at -1.24 V vs SCE 

for 2.6a to two single electron oxidations at -1.33 and -1.24 V vs SCE for 2.6b (Figure 

2.4). The decrease in redox potential due to this substitution implies that pyrrolidinyl 

substituents are better able to conjugate with the bispyridinylidene π-system. 

 

 

Figure 2.4 Bispyridinylidene derived organic electron donors. 

 

When Murphy and co-workers changed the -NMe2 substituent to a guanidinyl (-

N=CR2) substituent as found in donor 2.6c (Figure 2.4), there was no change in the redox 
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potential of the organic electron donor. The lack of decrease in redox potential when the 

guanidinyl substituents are used was surprising, as such amino substituted guanidinyl 

groups are likely inherently stronger π-donors than most dialkylamino groups. Likely, 

there is a degree of sterically induced twisting between the methyl hydrogens of the –

N=CR2 substituent and the CH hydrogens at the 3 position of bispyridinylidene scaffold, 

which decreases the effectiveness of π-donation. The twisting is readily observed in the 

structure of the related 4-guanidinyl pyridine (2.7, Figure 2.5).92  

 

Figure 2.5 Optimized structure at the B98/6-31G(d) level of theory of 4-guanidinyl 

pyridine 2.7. 

 

Due to this lack of dramatic change in the redox potentials upon changing the 

amino substituents from -NMe2 groups to pyrrolidinyl and guanidinyl groups, Murphy 

and co-workers concluded that no significant change to the redox properties could be 

facilitated via changing the exocyclic substituents. This conclusion led Murphy and co-

workers to investigate new scaffolds with strong π-electron donating substituents such as 
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the tricyclic donor 2.8 (Figure 2.6), which was found to have a redox potential of -1.50 

V vs SCE, which made it the strongest reducing neutral organic compound at the time of 

its publication.93  

 

Figure 2.6 Tricylclic donor 2.8. 

 

2.1.6 Applications of Organic Electron Donors as Organic Reducing Agents 

The ability of organic electron donors to behave as organic reducing agents has 

been found to follow the trend that organic electron donors with more negative redox 

potentials are able to facilitate the reduction of more challenging substrates. Initial 

investigations into the use of organic electron donors as reducing agents were primarily 

focused on the use of the simple substituted ethylene donors 2.1-2.5, while recently donor 

2.6a has been successfully exploited for the reduction of a wide range of more challenging 

organic substrates.  

The first organic electron donors to be exploited as an organic reducing agent were 

the thiafulvalene derived donors 2.1, and 2.2, which were found to be able to reduce arene 

diazonium salts successfully to the corresponding indoles and tetrahydrofurans91,94,95 

(Scheme 2.3). Compound 2.1 was even used in the reduction of arene diazonium salts as 
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part of the total synthesis of the natural product (±)-aspidospermidine (Scheme 2.3).91 

Unfortunately, compounds 2.1 and 2.2 were unable to reduce more challenging substrates 

such as alkyl and aryl halides and therefore the reduction chemistry of organic electron 

donors with more negative redox potentials was pursued.  

 

Scheme 2.3  Selected reductions of thiafulvalene derived organic electron donors. 

 

The reduction chemistry of tetrakisdimethylaminoethylene (2.3) was found to be 

much more diverse than that of 2.1 and 2.2, with it being utilized in the reduction of more 

difficult substrates such as alkyl halides (Scheme 2.4).91 The success of 2.3 as a reducing 

agent was such that Vanelle and co-workers have exploited its reducing power in the 

synthesis of various synthetically relevant molecules such as substituted aziridines,83 
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quinoxalines,96 quinazolines,97 and indole-diones.98   Unfortunately, 2.3 was unable to 

reduce more challenging substrates such as aryl halides and therefore organic electron 

donors such as 2.4, 2.5 and 2.6 were exploited for use as more powerful organic reducing 

agents due to their exceptionally low redox potentials relative to 2.1-2.3.  

 

Scheme 2.4 Selected reductions of tetrakisdimetylamino ethylene. 

 

Murphy and co-workers explored the reduction chemistry of the benzimidazole 

(2.4) and imidazole (2.5) derived organic electron donors. Compound 2.4 was found to be 

the first organic electron donor capable of reducing aryl iodides to the corresponding aryl 

radicals (Scheme 2.5),77,78 while 2.5 was able to affect the reduction of aryl iodides to aryl 

anions via a two electron transfer (Scheme 2.6).78  
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Scheme 2.5 Selected reductions of aryl iodides by the benzimidazole derived organic 

electron donor 2.4. 

 

The generation of aryl anions via an organic reducing agent is of particular 

importance because the common methods used to generate aryl anions typically involve 

harsh reagents such as: tert-butyl lithium, sodium naphthalenide, and magnesium metal. 

Due to its ability to reduce aryl iodides to aryl anions, the reduction chemistry of 2.5 was 

further explored (Scheme 2.6) and it was found to reduce a wide range of more 

challenging substrates such as: aryl bromides and chlorides,78 activated sulfones,85 and 

activated sulphonamides.85 Even though 2.5 was successful in reducing a wide range of 

substrates, it was found to be of limited use in the reduction of alkyl sulfones,85 and 

sulphonamides.85 The challenges associated with the reduction of alkyl sulfones and 
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sulphonamides were overcome with using donor 2.6, which could reduce a variety of 

challenging substrates. 

 

Scheme 2.6 Select reductions of aryl iodides, sulfones and sulfonamides by the 

imidazole derived donor 2.5. 

 

The reduction chemistry of 2.6a has been the most explored of all the organic 

electron donors, due to its low redox potential and ease of preparation with it providing a 

very rich and exciting chemistry. Donor 2.6a has been able to reduce aryl halides and 

sulfones in a similar fashion to 2.5, alongside more difficult substrates such as: Weinreb 
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amides,99 acyloin derivatives,100 triflate esters,101 and triflamides (Scheme 2.7),101 

however in some specific instances 2.6a was found to reduce select triflamides and 

sulfonamides in a limited fashion. 

 

Scheme 2.7 Selected reductions of Weinreb amides, sulfones, sulfonamides, triflate 

esters and triflamides by 2.6a. 

 

Due to the significantly lower redox potential of the tricyclic donor 2.8 developed 

by Murphy and co-workers it was expected that it would be able to reduce more 
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challenging substrates than 2.6a. Donor 2.8 was able to reduce sulphonamides that 2.5 

and 2.6a showed limited reactivity towards using milder conditions, with only 3 

equivalents of 2.8 facilitating the reduction of substrate 2.38 to 2.39 in a 68% yield.  

 

2.1.7 The Effect of Substituents on the Reduction Potentials of Bipyridinium Salts 

Despite the assertion by Murphy, it should not be concluded that the types of 

substituents at the 4 and 4’ positions of the bispyridinylidene scaffold have no significant 

effect on the redox potentials of the organic electron donors. Clennan and co-workers 

showed that there is a correlation between the redox potentials of substituted bipyridinium 

tetrafluoroborates 2.402+a-g (Figure 2.7) and the corresponding substituent constants.54 

It was found that the trend for the redox potentials of the bipyridinium ions is qualitatively 

the same as that of the ethylene derived organic electron donors (Section 2.1.3), with 

bipyridinium ions with stronger π-donating substituents having more negative redox 

potentials.  
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Figure 2.7 Redox potentials of substituted bipyridinium tetrafluoroborates 2.40a2+-

2.40e2+ . 

 

Another interesting observation is that the redox potentials of the bipyridinium 

ions span a 1 V range, which greatly supports the fact that substituents have a significant 

role in the redox potentials of organic electron donors and based on the strong correlation 

(R2= 0.9845) between the redox potentials of the bipyridinium ions and Hammett 

constants (σp) of the substituents, it is expected that when stronger donating substituents 

are introduced onto the bispyridinylidene scaffold that organic electron donors with even 

more negative redox potentials should be possible.  
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2.1.8 Iminophosphorano-Substituted Bispyridinylidenes as a New Class of Organic 

Electron Donors 

As previously stated in Chapter 1, there is empirical and theoretical evidence that 

suggests that iminophosphorano substituents are stronger π-electron donating substituents 

than the predominantly used dialkylamino substituents, and therefore it was of particular 

interest to introduce these exotic substituents onto the bispyridinylidene scaffold to 

potentially develop organic electron donors with more negative redox potentials. Dyker 

and co-workers introduced triphenyliminophosphorano (-N=PPh3) and 

tricyclohexyliminophosphorano (-N=PCy3) substituents onto the bispyridinylidene 

scaffold (Figure 2.8), and found that there was a significant decrease in the redox 

potential relative to the dialkylamino substituted bispyridinylidenes (2.6a, 2.40e).  

 

Figure 2.8 Iminophosphorano substituted bispyridinylidene based organic electron 

donors. 
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By the introduction of the tricyclohexyliminophosphorano substituents onto the 

bispyridinylidene scaffold it was found that the redox potential was decreased to -1.51 V 

vs SCE, corresponding to slightly more reducing power than that of the tricyclic donor 

2.8 developed by Murphy and co-workers. Due to this decrease in redox potentials, the 

superior π-donating properties of iminophosphorano substituents relative to dialkylamino 

substituents were further supported. 

 A preliminary study of the reducing properties of the iminophosphorano 

substituted organic electron donors 2.40f and 2.40g was assessed via the reduction of 1-

bromonapthalene (Scheme 2.8), with donor 2.40e being used as a point of comparison. 

The reducing power of the iminophosphorano substituted bispyridinylidenes 2.40f and 

2.40g was determined to be superior to donor 2.40e, with the yields of naphthalene using 

two equivalents of 2.40e, 2.40f and 2.40g at 50 ⁰C being 14, 34, and 94%, respectively. 

The reducing power of 2.40g was such, that it was able to facilitate the reduction of 1-

bromonapthalene in a 93% yield after 20 hours, even at room temperature. 

 

Scheme 2.8 Reduction of 1-bromonapthalene. 

 

This chapter will focus on the design of new iminophosphorano substituted 

bispyridinylidenes as potential powerful organic electron donors with the primary focus 
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being on the introduction of substituents such as -NR2 and OR on to the phosphorus atom 

of the iminophosphorano unit. Alongside the development of new organic electron 

donors, a method to elucidate the Hammett constants of the corresponding 

iminophosphorano substituents will be developed, which builds off of the strong 

correlation between substituent constants and redox potentials of substituted bipyridinium 

ions previously described by Clennan.54 Lastly, a method that will allow for the prediction 

of the redox potentials of iminophosphorano substituted bispyridinylidenes will be 

developed through a linear fit between the Tolman electronic parameters (TEP) of the 

phosphines that form the PR3 fragment of the iminophosphorano substituent and the redox 

potentials of the related organic electron donors.  

 

2.2 Synthesis of Iminophosphorano Substituted Bispyridinylidenes and 

Bipyridinium Ions Featuring Stronger π-Donating Groups on Phosphorus 

Initial attempts for the preparation of novel bispyridinylidene organic electron 

donors featuring heteroatom substituents (OR and NR2) attached to the phosphorus of the 

iminophosphorano substituent followed an identical route to what was previously 

described by Dyker and co-workers for R= Ph, and Cy (Scheme 2.9).71  
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Scheme 2.9 Kirsanov condensation route for direct R3P=N- bond formation for the 

preparation of iminophosphorano substituted bispyridinylidenes. 

 

The first derivative that was targeted was the triphenoxy iminophosphorano 

derivative (2.44c). Following the route described in Scheme 2.9, 

dibromo(triphenoxy)phosphorane (2.43c) was generated in situ via the addition of 

elemental bromine to a solution of triphenyl phosphite. The generation of 2.43c was 

shown to be successful due to the presence of the signal at 3.5 ppm (lit: 4.6 ppm)102 in the 

31P NMR spectra of the reaction mixture (Figure 2.9),  however its generation was not 

clean as three other signals were observed in the 31P NMR with a major signal at -22.2 

ppm and two minor signals at  -17.0 and 199.9 ppm. 
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Figure 2.9  31P NMR spectrum of the reaction between bromine and triphenylphosphite 

to generate dibromo(triphenoxy)phosphorane  

 

After the addition of the 4-aminopyridine and triethylamine to the mixture 

containing 2.43c, followed by a water workup, it was found to be quite difficult to discern 

if the expected product (2.44c) was produced in the first step of the synthetic route due to 

the formation of an intractable mixture of seven products as shown via 31P NMR (Figure 

2.10), with three major signals at 128.5, -16.8, and -23.9 ppm. Of the seven products 

produced, the signal at -16.8 ppm was assigned as triphenyl phosphate (lit: -17.3 to -18.6 

ppm),103 while the species at 128.5 ppm was assigned as triphenyl phosphite due to strong 

agreement to the chemical shift of an authentic sample (128.4 ppm). The presence of 
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triphenyl phosphate was attributed to the hydrolysis of dibromo-tri(phenoxy)phosphorane 

due to trace amounts of water, while the presence of triphenylphosphite was surprising, 

implying the reduction of 2.43c under the reaction conditions. Even if the major species 

in the 31P NMR at -23.9 ppm was due to the desired product 2.44c, the low yield, difficulty 

in purification and the number of species produced made the route (Scheme 2.9) not ideal 

for the production of iminophosphorano substituted bispyridinylidenes containing 

aryloxy substituents. 

 

Figure 2.10 31P NMR spectrum of reaction mixture of the attempted preparation of 

tris(phenoxy)iminophorphorano substituted pyridine (2.44c). 

 

The tri(alkoxy)iminophosphorano substituted bispyridinylidenes are also not 

accessible via the Kirsanov condensation route (Scheme 2.9), because the requisite 
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precursor is a halo(trialkoxy)phosphonium salt (2.46) and is prone to undergo Michaelis-

Arbuzov rearrangements (Scheme 2.10) to produce dialkoxyhalophosphine oxides (2.47) 

and haloalkanes. 

 

Scheme 2.10 Michaelis-Arbuzov reaction of dihalo(trialkyl)phosphites. 

 

The next derivatives that were targeted were those featuring -NR2 substituents on 

the phosphorus as it was hypothesized that the π-donation from the -NR2 groups would 

result in bispyridinylidenes with more negative redox potentials than 2.40g. Early 

investigations towards the preparation of the tris(dimethylamino)iminophosphorano 

derivative were performed by Samuel Hanson (PhD 2016, Dyker Group) and it was 

determined that the synthetic route yielded the pyridinium hydrochloride salt (2.44d-HCl) 

rather than the neutral pyridine 2.44d (Scheme 2.11). The deprotonation of 2.44d-HCl 

was found to be unattainable when bases such as sodium hydroxide, 1,8-

diazabicycloundec-7-ene (DBU), potassium tert-butoxide (KOtBu), potassium 

bis(trimethylsilyl)amide (KHMDS) and n-butyl lithium were used, with either no reaction 

or the formation of multiple products occurring, which resulted in the abandonment of the 

preparation of 2.44d. 
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Scheme 2.11 Attempted preparation of tris(dimethylamino) iminophosphorano 

substituted pyridine via direct Kirsanov condensation. 

 

The failure to produce iminophosphorano pyridines featuring strong π-donating 

dimethylamino (NMe2) substituents and the high cost of other amino substituted 

phosphines such as tris(1-pyrroldinyl)phosphine (286.00 $ per 2.5 g) made the original 

Kirsanov condensation route unfeasible for the production of iminophosphorano 

substituted pyridines/bispyridinylidenes with dialkylamino groups, and led to the 

development of a slightly different route (Scheme 2.12) for their preparation. 
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Scheme 2.12 New synthetic route for the preparation of 

tris(pyrroldinyl)iminophosphorano pyridine (2.44e). 

 

The modified synthetic route (Scheme 2.12) was initiated by the preparation of 

tris(pyrrollidinyl)phosphine oxide (2.48, 87%), from readily available phosphoryl 

chloride and an excess of pyrrolidine, followed by the preparation of chloro-

tris(pyrrolidinyl) phosphonium hexafluorophosphate (2.43e’’, 80%) by the treatment of 

2.48 with additional phosphoryl chloride and potassium hexafluorophosphate. The final 

step towards tris(pyrrolidinyl)iminophosphorano substituted pyridine (2.44e) proceeded 

poorly with several attempts being performed using a variety of auxiliary bases such as: 

triethylamine, 1,8-diazabicycloundec-7-ene, and potassium bis(trimethylsilylamide), 

alongside various solvents (acetonitrile, benzene, dichloromethane, and 

dimethylformamide), which produced a varying number of products as summarized in 

Table 2.1. 
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Table 2.1 Summary of results for the attempted preparation of 2.44e using route described 

in Scheme 2.13. 

Solvent Base 31P signals in solution (% abundance) 

CH2Cl2 NEt3 

36.3 (5.6 %), 25.8 (1.2 %), 25.5 (39.0 %), 18.8 (33.0 %), 16.8 

(4.7 %), 14.18 (16.5 %) 

CH3CN NEt3 

36.7 (8.4 %), 26.3 (7.86 %), 25.9 (29.6 %), 19.6 (23.8 %), 17.6 

(1.4 %), 16.9 (1.0 %), 14.9 (27.9 %) 

DMF NEt3 14.5 (oxide, 100 %) 

CH2Cl2 DBU 36.5 (44.4 %), 24.7 (26.4 %), 14.6 (22.9 %), 13.02 (6.3 %) 

CH3CN N/A No reaction 

C6H6 KHMDS 

105.2 (24.1 %), 74.4 (5.8 %), 35.8 (3.1 %), 14.6 (30.3 %), 12.6 

(4.8 %), 9.8 (16.5 %) 

 

The limited success of the synthetic route described in Scheme 2.12 led to the 

development of a new, more general, route (Scheme 2.13) based off of work by Koppel 

and co-workers.104 The route developed by Koppel and co-workers was focused on the 

substitution of N-aryl-trichloroiminophosphoranes with pyrrolidine for the production of 

new monomeric phosphazene bases. Due to the lability of phosphorus-chlorine bonds, 

this new route, which starts with the preparation of trichloroiminophosphorano pyridine 

(2.44f), was envisioned to lead to the production of new iminophosphorano substituted 

bispyridinylidenes featuring amines, alkoxides, alkyl, and thiolate groups attached to 

phosphorus (Scheme 2.13).  
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Scheme 2.13 Kirsanov/substitution route for the production of novel iminophosphorano 

substituted pyridines. 

 

The trichloroiminophosphorano pyridine (2.44f) precursor, a previously unknown 

compound, was prepared in an 80% yield via the condensation of 4-aminopyridine with 

phosphorus pentachloride in the presence of two equivalents of triethylamine as the 

conjuate base. Interestingly, 2.44f was found to be in a concentration dependent 

equilibrium between monomeric (2.44f) and dimeric ((2.44f)2) species in solution, as 

evidenced by two characteristic 31P NMR chemical shifts at -35.1 and -83.4 ppm for the 
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monomeric and dimeric species, respectively (See Figures A1 and A4). The presence of  

two species in solution is consistent with similar observations for aryl 

trichloroiminophosphoranes, which also exist as monomers and dimers.105 In the solid 

state, 2.44f occurs exclusively as the dimeric form, as confirmed by X-ray crystallography 

(Figure 2.11), with the structure being very similar to that of the N-methyl-

trichloroiminophosphorane dimer previously described by Jacobson and co-workers.106 

The most notable structural features of (2.44f)2 were found to be the planar central four 

membered ring composed of alternating elongated (P1-N1 = 1.802, P2-N2-1.799 Å) and 

short (P1-N2 = 1.640, P2-N1 = 1.639 Å) P-N bonds, alongside the presence of one 

elongated P-Cl bond (P1-Cl3 = 2.116 and P2-Cl6 = 2.121 Å) on each PCl3 fragment due 

to steric repulsions between the quaternary carbons C1 and C6 of the pyridine rings and 

the chlorines Cl3 and Cl6, respectively. The non-elongated P-Cl bonds, P1-Cl1, P1-Cl2, 

P2-Cl4, and P2-Cl5 were found to have bond distances of 2.022, 2.038 2.031, 2.019 Å, 

respectively. 

 

Figure 2.11 Solid state structure of the dimer (2.44f)2 , with hydrogen atoms omitted for 

clarity and thermal ellipsoids at the 50% probability level. 
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The substitution chemistry of 2.44f was explored (Scheme 2.13) with targeted 

derivatives being the previously attempted phenoxy (2.44c) and pyrrolidinyl (2.44e) 

substituted derivatives, alongside derivatives featuring 4-methylphenoxy (2.44g), methyl 

(2.44h), morpholino (2.44i), piperidinyl (2.44j), methoxy (2.44k), ethoxy (2.44l), 

benzyloxy (2.44m), butanethiolate (2.44n), and iminophosphorano (2.44o) groups. The 

preparation of iminophosphorano substituted pyridines 2.44i-o was met with challenges 

and the targeted pyridines could not be definitively identified or isolated as detailed 

below. It was found that when methyl magnesium bromide and sodium benzoxide were 

used as the nucleophilic substituent that mixtures of 6 and 7 products were produced, 

respectively, as evidenced by the 31P NMR spectra (Figure 2.12 and Figure 2.13) with 

all of the signals being unidentifiable except for signals at -61.5 ppm and 139.4 ppm, 

which can be assigned as trimethylphosphine (lit: -62 ppm),107 and tribenzoxyphosphine 

(lit: 139.9).108 The formation of the tri-substituted phosphines, likely demonstrates that 

tri-substitution of the iminophosphorano phosphorus atom does occur, however the –

N=PCl3 fragment of 2.44f is quite fragile under the reaction conditions and is susceptible 

to reduction to the phosphine. 
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Figure 2.12 31P NMR spectrum of the reaction mixture of the attempted preparation of 

2.44h via the reaction of four equivalents of methyl magnesium bromide and 2.44f in 

tetrahydrofuran. 

 

Figure 2.13 31P NMR spectrum of the reaction mixture of the attempted preparation of 

2.44m via the reaction of six equivalents of sodium benzoxide and 2.44f in 

tetrahydrofuran. 
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For the attempted preparation of the morpholino (2.44i) and piperidinyl (2.44j) 

derivatives, the initial reaction mixture of 6 equivalents of morpholine and piperidine in 

diethyl ether showed one single resonance of 9.1 and 12.0 ppm in their respective 31P 

NMR spectra (Figure 2.14 and Figure 2.15), which are very clean, however when the 

diethyl ether was removed in vacuo a large number of signals was observed in both of the 

31P NMR spectra obtained (Figure 2.16 and Figure 2.17), which is consistent with the 

formation of a multitude of products due to hydrolysis of a P-Cl bond, which can only 

occur if not all of the chlorine atoms were replaced with amino groups.  

 

Figure 2.14 31P NMR spectrum of the reaction mixture of the attempted preparation of 

2.44i via the reaction of six equivalents of morpholine and 2.44f in diethyl ether. 
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Figure 2.15 31P NMR spectrum of the reaction mixture of the attempted preparation of 

2.44j via the reaction of 6 equivalents of piperidine and 2.44f in diethyl ether. 

 

Figure 2.16 31P NMR in CDCl3 of isolated solid from reaction mixture of the attempted 

preparation of 2.44i from reaction of 6 equivalents of morpholine and 2.44f in diethyl 

ether. 
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Figure 2.17 31P NMR spectrum in CDCl3 of isolated solid from reaction mixture of the 

attempted preparation of 2.44i via the reaction of 6 equivalents of piperidine and 2.44f 

in diethyl ether. 

 

From integrations in the 1H NMR (Figure 2.18 and Figure 2.19) of the reaction 

mixtures prior to removal of solvent in vacuo, it was determined that only two out of the 

three chlorine atoms were replaced, forming what is presumed to be chloro(dimorpholino) 

(2.50a) and chloro(dipiperidinyl) (2.50b) iminophosphorano substituted pyridines 

(Figure 2.20). The difficulty in introducing the third amino group onto the 

iminophosphorano functionality leads to the belief that the steric bulk associated with the 

introduction of two amino groups in six membered rings is sufficient to protect the 

phosphorus centre from further attack by the third amino group or slows the substitution 

as to allow for potential hydrolysis to occur before the third substitution can occur.  



  

55 

 

 

Figure 2.18 1H NMR of reaction mixture of 6 equivalents of morpholine and 2.44f in 

tetrahydrofuran. 

 

Figure 2.19 1H NMR of reaction mixture of six equivalents of piperidine and 2.44f in 

C6D6. 
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Figure 2.20 Chloro(di-dialkylamino)iminophosphorano substituted pyridines 2.50a and 

2.50b. 

 

Substitution of 2.44f with the alkoxide nucleophiles such as sodium methoxide 

and sodium ethoxide also produced di-substituted species and was confirmed through the 

relative integrations of the CH3 and CH2 protons to the pyridyl protons being 6:2 and 4:2 

rather than the expected 9:2 and 6:2 for the methoxide and ethoxide derivatives, 

respectively (Figure 2.21 and Figure 2.22).  
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Figure 2.21 1H NMR in CD3OD of isolated solid from the reaction of 2.44f with 

methanol. 

 

Figure 2.22 1H NMR in CDCl3 of isolated solid from the reaction of 3 equivalents 

sodium ethoxide and 2.44f in anhydrous ethanol. 
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The di-substituted products likely arise from Michaelis-Arbuzov type chemistry 

occurring as opposed to the phosphorus centre being sterically protected by the alkoxide 

substituents. Other evidence that suggests that the molecules produced in the attempted 

preparation of the ethoxy and methoxy derivatives contain P=O groups is that the isolated 

material is very stable in air, which contrasts with the stability of other iminophosphorano 

pyridines (R= Ph and Cy), which will slowly decompose in air.  It was hoped that 

Michaelis-Arbuzov type chemistry would not occur due to the phosphorus atom being in 

a –N=PR3 type environment as opposed to the phosphonium environments typically 

required in these rearrangements (Scheme 2.10). Due to the results, however and due to 

the ylidic nature of iminophosphoranes (Scheme 2.14), it is apparent that the bonding 

environment can be described as a combination of iminophosphorano (2.51) and the 

phosphonium zwitterion (2.51’), with resonance structure 2.51’ being a significant 

enough contributor for the Michaelis-Arbuzov type rearrangements to be possible.     

 

Scheme 2.14 Ylidic nature of iminophosphoranes. 

 

The formation of di-substituted alkoxide species could potentially proceed via the 

initial formation of tri(methoxy)iminophosphorano pyridine (2.44k), followed by a 

Michealis-Arbuzov type rearrangement with the formation of chloromethane and 2.52 

(Scheme 2.15).  
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Scheme 2.15 Proposed mechanism for Michaelis-Arbuzov type chemistry for formation 

of substation of 2.44f with alkoxide nucleophiles. 

 

 Substitution chemistry involving 2.44f and butanethiolate and 

triphenyliminophosphorane nucleophiles proceeded in an inconclusive manner, with 

predominantly unreacted starting material and > 10 products being observed for the 

attempted preparation of 2.44n and 2.44o, respectively, in the 31P NMR spectra of their 

corresponding reaction mixtures (Figure 2.23 and Figure 2.24). Some degree of 

substitution was observable for the attempted preparation of 2.44o, as shown by the 

presence of a number of doublets and a triplet at -2.4 ppm in the 31P NMR spectrum, 

which suggested mono and di-substitution were present in the reaction mixture. 

Nevertheless, due to the number of species observed in the reaction mixture further 

investigations into this substitution chemistry are required before a more confident 

conclusion can be drawn. 
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Figure 2.23 31P NMR spectra of the reaction mixture of 3 equivalents of NaSBu and 

2.44f in diethyl ether. 

 

 

Figure 2.24 31P NMR of reaction mixture of 3 equivalents of [H2N=PPh3
+][Br-], 6 

equivalents of DBU and 2.44f in dichloromethane. 
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The preparation of iminophosphorano substituted pyridines featuring phenoxy 

(2.44c), pyrrolidinyl (2.44e), and 4-methylphenoxy (2.44g) was successful. These 

compounds were prepared via the introduction of an excess of nucleophilic substituent 

(sodium phenoxide, pyrrolidine, and sodium 4-methylphenoxide) to a suspension of 

(2.44f)2 in diethyl ether and were isolated in 92, 59 and 90% yields, respectively. With 

pyridines 2.44c, 2.44e, and 2.44g in hand, they were next alkylated (Scheme 2.16) using 

an excess of iodomethane to afford the corresponding N-methyl pyridinium salts 2.45c, 

2.45d, and 2.45e in 51, 91, and 80% yields, respectively. The preparation of the 

bispyridinylidene based organic electron donors (2.40h-j) was next performed (Scheme 

2.16) via the deprotonation of the C2 position of these pyridinium salts (2.45c, 2.45d, and 

2.45e) using potassium bis(trimethylsilyl)amide and subsequent dimerization in a 

mechanism previously described by Murphy and co-workers.84 The formation of the 

bispyridinylidenes was determined to be successful through the observation of two 

distinct chemical shifts in the 31P NMR spectra of the reaction mixtures corresponding to 

the E and Z bispyridinylidene isomers (2.40h, R= -OPh, δ: -32 (E, minor), -33 (Z, major); 

2.40i, R= -O(p-tolyl), δ: -29 (E, minor) -30 (Z, major); 2.40j, R= -N(CH2)4, δ: 7.6 (E, 

minor) 6.2 (Z, major). The major and minor isomers for 2.40i and 2.40j were determined 

using nuclear Overhauser effect spectroscopy, while the major isomer for 2.40h was 

assigned as Z in accordance with the observations made for 2.40i and 2.40j and the 

previously reported 2.40f and 2.40g.71 The bispyridinylidenes 2.40h-j were made in situ, 

rather than being isolated, and were quickly oxidized to their corresponding bipyridinium 

ions (2.40h-j2+) with either hexachloroethane or bromine as the oxidant after their 

formation. Of the three bipyridinium ions prepared only 2.40j2+-2Cl- was isolated pure in 
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a 72% yield. Compounds 2.40h2+ and 2.40i2+ were found to form in intractable mixtures 

of 7 and 5 products, respectively after metathesis using lithium hexafluorophosphate. The 

bipyridinium hexafluorophosphate salts 2.40h2+-2PF6
- and 2.40i2+-2PF6

- were found to 

be the major products at 15.8 and 14.3 ppm in the 31P NMR spectra obtained in CDCl3 

(Figure 2.25 and Figure A45) and were further supported by 1H NMR as evidenced by 

the presence of the expected two doublets and one doublet of doublets.(Figure 2.26 and 

Figure A46).  

 

Scheme 2.16 Kirsanov/substitution route for the preparation of new bipyridinium 

dications via substitution of 2.44f. 
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Figure 2.25 31P NMR of isolated mixture of 7 products containing 2.40h2+-2PF6 in 

CDCl3. 

 

Figure 2.26 1H NMR of isolated mixture of 7 products containing 2.40h2+-2PF6 in 

CDCl3. 
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2.3 Electrochemical Characterization of Bipyridinium Ions 2.40h2+-j2+ 

With 2.40i2+-2Cl, crude 2.40h2+-2PF6 and crude 2.40j2+-2PF6
 in hand, 

electrochemical characterization was performed via obtaining their corresponding cyclic 

voltammograms (CV) in 0.1 M tetrabutylammonium hexafluorophosphate. Both of 

2.40i2+-2Cl and 2.40j2+-2PF6
 afforded well-behaved cyclic voltammograms (Figure 2.27) 

and the 2.40i/2.40i2+ and 2.40j/2.40j2+ redox couples were determined to be -1.50 V and 

-1.14 V vs SCE, respectively. The magnitude of the redox potentials shows that donor 

2.40j (E1/2 = -1.14 V vs SCE) is a significantly weaker organic electron donor relative to 

the dimethylamino substituted bispyridinylidene 2.40e (E1/2 = -1.27 V vs SCE), while 

donor 2.40i (E1/2 = -1.50 V vs SCE) is on par with Murphy’s tricyclic donor 2.8 (E1/2 =  -

1.50 V vs SCE) and the tricyclohexyliminophosphorano substituted bispyridinylidene 

2.40g (E1/2 = -1.51 V vs SCE) making it one of the strongest currently known mono-

substituted bispyridinylidene organic electron donors.  

 

Figure 2.27 Cyclic voltammogram of bipyridinium ions 2.40j2+-2PF6 and 2.40i2+-2Cl. 
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  The quality of the cyclic voltammogram (Figure 2.28) obtained for the mixture 

containing 2.40h2+-2PF6 was not ideal, however it did show a major pseudo-reversible 

redox wave at -1.13 V vs SCE, which is assigned as 2.40h2+-2PF6 due to it being in 

agreement with the potential of 2.40j2+-2PF6. Two other reversible redox waves were 

also observed at approximately -1.40 V and -1.65 V vs SCE, which are likely due to 

impurities present in the sample.   

 

Figure 2.28 Cyclic voltammogram of the mixture containing 2.40h2+-2PF6. 

 

Although stronger mono-substituted electron donors than 2.40g were not 

observed, it is evident that the redox potential of iminophosphorano substituted 

bispyridinylidenes are highly dependent on the R groups attached to the phosphorus. The 

change in redox potential when phenoxy and 4-methylphenoxy substituents are attached 

to the phosphorus is likely due to the large sigma withdrawing character of the aryloxy 

substituents overwhelming their π-donating ability and thereby imparting a greater 
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positive charge on phosphorus. This would disfavour the ylidic resonance structure (2.53’, 

Scheme 2.17) and consequently limits the amount of electron density donated into the 

bispyridinylidene π-system resulting in more positive redox potentials.  

 

Scheme 2.17 Sigma-withdrawing effects of tri(aryloxy)iminophosphorano substituent. 

 

Electron withdrawing characteristics can also be used to rationalize why 

triphenyliminophosphorano substituents are weaker π-donors than the 

tricyclohexyliminophosphorano substituents. Triphenylphosphine (2.54) is a 

considerably weaker donating phosphine than tricyclohexylphosphine and this 

observation is primarily due to the lone pair on the phosphorus being able to be 

delocalized throughout the three phenyl rings (Scheme 2.18), which significantly 

decreases the amount of electron density on the phosphorus centre. The decrease in 

electron density on the phosphorus centre has consequences when 

triphenyliminophosphorano substituents (2.55) are used as π-donors and results in a 

greater positive charge on the phosphorus atom in the zwitterionic species 2.55’ (Scheme 

2.19) and makes the neutral resonance structure more favoured thereby limiting the 

amount of extra π-electron density donated into the bispyridinylidene framework. The π-
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donation into the phenyl rings results in the triphenyliminophosphorano substituted 

bispyridinylidenes having higher redox potentials and are therefore weaker organic 

reducing agents.   

 

Scheme 2.18 Delocalization of electrons on phosphorus atom of triphenylphosphine into 

aromatic rings. 

 

Scheme 2.19 Resonance structures for the triphenyliminophosphorano substituent. 

 

The more negative redox potentials for the tris(pyrrolidinyl)iminophosphorano 

and tricyclohexyliminophosphorano substituted bispyridinylidenes arise from the ability 

of the pyrroldinyl and cyclohexyl substituents on the phosphorus atom to stabilize the 

resulting positive charge on the phosphorus atom of the iminophosphorano substituents 

through hyper-conjugation and direct π-donation into the phosphorus centre, respectively. 

The increased stabilization of the positive charge on the phosphorus atom leads to 
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increased electron density on the iminophosphorano nitrogen, which can be further π-

donated into the bispyridinylidene scaffold, leading to stronger organic reducing agents. 

Due to the similarities in redox potentials between 2.40g and 2.40j, it can be concluded 

that three cyclohexyl substituents on the phosphorus centre stabilize the positive charge 

to a similar degree as three pyrrolidinyl substituents do. 

The similarity of the π-electron donation abilities of the 

tricyclohexyliminophosphorano and tris(pyrrolidinyl)iminophosphorano substituents can 

be rationalized when metal complexes of tris(N-pyrroldinyl)phosphine are surveyed.  The 

X-ray structure of trans-[P(N-pyrr)3]2Rh(CO)Cl (2.56) determined by Mollay and 

Peterson displays two pyrrolidinyl groups of the P(N-pyrr)3 ligands in planar 

arrangements (sum of angles at nitrogen = 354 to 360°), indicating π-conjugation with 

phosphorus, while the third pyrroldinyl ring of the ligands is found to pyramidalize and 

adopt a trigonal pyramidal geometry (sum of angles at nitrogen = 347, and 350°) (Figure 

2.29).109 The pyramidalization of the third pyrroldinyl nitrogen completely breaks any 

conjugation between the pyrroldinyl nitrogen’s lone pair and the phosphorus atom, which 

causes the pyrrolidinyl substituent to only exhibit σ-withdrawing effects, thereby 

removing some electron density from the phosphorus atom. For this reason, 

tris(pyrrolidinyl)phosphine is a slightly weaker donating phosphine that 

tricyclohexylphosphine.110  The combination of two π-donating pyrrolidinyl substituents 

and one exclusively σ-withdrawing pyrrolidinyl substituent results in slightly inferior 

donation abilities compared to those of the three cyclohexyl groups (via 

hyperconjugation), and is the primary reason as to why the 
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tris(pyrrolidinyl)iminophosphorano substituted bispyridinylidene is a slightly weaker 

organic electron donor than the tricyclohexyliminophosphorano derivative.  

 

Figure 2.29 Molay and Peterson’s X-ray structure of trans-[P(N-pyrr)3]2Rh(CO)Cl. 

 

2.4 Determination of the Substituent Constants of Iminophosphorano Substituents 

It is apparent that the redox potentials of bispyridinylidenes featuring 

iminophosphorano substituents are very sensitive to the groups attached to the phosphorus 

atom, with redox potentials ranging from -1.13 V to -1.51 V as summarized in Table 2.2.  

Due to this sensitivity and the fact that redox potentials of substituted bipyridinium ions 

have been previously correlated to their corresponding Hammett constants by Clennan 

and co-workers,54 it was desirable to develop a similar type of fit in order to elucidate the 

substituent constants of the iminophosphorano substituents from the redox potential of 

the iminophosphorano substituted bispyridinylidenes.  
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Table 2.2 Redox potentials of iminophosphorano substituted bispyridinylidenes in 0.1 M 

[Bu4N]+[PF6]
- in DMF. 

 

Substituent 

(X) 

Redox Potential 

(V vs SCE) 

2.40a -N=PPh3 -1.34 

2.40b -N=PCy3 -1.51 

2.40h -N=P(OC6H5)3 -1.13 

2.40i -N=P(N(CH2)4)3 -1.50 

2.40j -N=P(OC6H4CH3)3 -1.14 

2.40k -N=P(p-tolyl)3 -1.38 

 

In order to elucidate the Hammett constants (σp
+) of the iminophosphorano 

substituents, it was first necessary to establish a correlation between the redox potential 

of bispyridinylidenes and the Hammett constants under conditions (electrode = Ag/Ag+ 

and electrolyte system = 0.1 M [Bu4N
+][PF6

-]) that are identical to those used to determine 

the redox potential of the iminophosphorano substituted bispyridinylidenes. A series of 

bipyridinium ions featuring π-donating substituents (R = -OMe (2.40d), -N(CH2)4 (2.40l), 

-SMe (2.40m) and -N(CH2CH2)O (2.40n)) that had known Hammett constants were 

prepared (Scheme 2.20) and their corresponding redox potentials were determined.  
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Scheme 2.20 Synthetic route for the preparation of new bipyridinium dications 

2.40d2+¬2PF6, 2.40l2+-2PF6, 2.40n2+-2PF6, 2.40m2+-2Cl. 

 

Pyridines 2.44p-s were alkylated using a slight excess (1.2 equivalents) of 

iodomethane to produce N-methyl pyridinium ions 2.45f, 2.45g, 2.45h, and 2.45i in 76, 

87, 88, and 87% yields, respectively, after re-crystallization. The preparation of the 

bispyridinylidenes (2.40d and 2.40l-n) was performed in situ via the introduction of an 

excess of potassium bis(trimethylsilyl)amide to a  suspension of the N-methyl pyridinium 

iodide precursors (2.45f-i) in tetrahydrofuran, and their formation was confirmed through 

the disappearance of  the two doublets for the pyridyl protons in the region of 6.80 – 9.06 

ppm and the appearance of three signals in the region of 5.10 – 6.10 ppm in the 1H NMR 

spectra of the reaction mixtures (Figures 2.30-2.33).  
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Figure 2.30 1H NMR spectrum of the reaction of one equivalent of 2.45f and one 

equivalent of potassium bis(trimethylsilyl)amide in THF. 

 

Figure 2.31 1H NMR spectrum of the reaction of one equivalent of 2.45g and one 

equivalent of potassium bis(trimethylsilyl)amide in THF. 
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Figure 2.32 1H NMR spectrum of the reaction of one equivalent of 2.45h and one 

equivalent of potassium bis(trimethylsilyl)amide in THF. 

 

Figure 2.33 1H NMR spectrum of the reaction of one equivalent of 2.45i and one 

equivalent of potassium bis(trimethylsilyl)amide in THF. 
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The bispyridinylidenes (2.40d and 2.40l-n) were next oxidized with 

hexachloroethane to produce the bipyridinium ions 2.40d2+ and 2.40l-n2+. The metathesis 

of the two chloride anions with lithium hexafluorophosphate was performed yielding the 

bipyridinium dihexafluorophosphate salts 2.40d2+, 2.40l2+, and 2.40n2+ in 27, 56 and 70% 

overall yields, respectively. The metathesis of 2.40m2+-2Cl was not performed as it 

formed an intractable mixture of three products after the oxidation of 2.40m with 

hexachloroethane. Despite having three products produced upon oxidation with 

hexachloroethane, the expected product, 2.40m2+-2Cl was determined to be present based 

on 2D NMR (COSY, HSQC, HMBC) (Figures A55-A57).  When a cyclic voltammogram 

of the intractable mixture containing 2.40m2+-2Cl was obtained it showed that only one 

electrochemically active species was present and therefore the redox potential of 2.40m2+ 

could be assigned as -0.83 V vs SCE (Figure 2.34).  Electrochemical characterization was 

performed on the three new bipyridinium salts 2.40d2+-2PF6,  2.40l2+-2PF6, 2.40n2+-2PF6 

and they were found to have redox potentials of -0.94 V, -1.35 V and -1.19 V vs SCE, 

respectively (Figure 2.34). The redox potentials of the new bispyridinylidenes 2.40d, and 

2.40l-n are summarized in Table 2.3, alongside the substituents constants (σp
+) of their 

corresponding substituents.  
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Figure 2.34 Cyclic voltammograms of bipyridinium ions 2.40d2+¬2PF6, 2.40l2+-2PF6, 

2.40n2+-2PF6, 2.40m2+-2Cl  in 0.1 M [Bu4N
+][PF6

-] in DMF. 

 

Table 2.3 Summary of electrochemical data of substituted bipyridinium ions 2.40d-e2+ 

and 2.40k-m2+ and their corresponding substituent constants. 

 

Substituent 

 (X) 

Substituent 

Constant 

(σp
+) 

Redox 

Potential 

(V vs SCE) 

2.40d2+ -OMe -0.785 -0.94 

2.40e2+ -N(CH3)2 -1.705 -1.24111 

2.40k2+ -N(CH2)4 -1.8052 -1.35 

2.40l2+ -SMe -0.605 -0.83 

2.40m2+ -N(CH2CH2)2O -1.5152 -1.19 
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With the redox potentials of 2.40d2+ and 2.40k-l2+, alongside the redox potential 

of Murphy’s dimethylamino substituted bipyridinium ion 2.40e2+ in hand, it could now be 

determined whether there was a correlation between the redox potential of the substituted 

bispyridinylidenes and the Hammett constants (σp
+) of the corresponding substituents. 

When the redox potentials of the bispyridylidenes were plotted against the corresponding 

Hammett constants (σp
+) (Figure 2.35) it was found that there is a good linear correlation 

(R2 = 0.992). Therefore, using this correlation, the substituent constants of the 

iminophosphorano substituents could be elucidated via fitting the redox potentials of the 

related bispyridinylidenes to the trend line (y = 0.4078x – 0.5988). The elucidated 

Hammett constants (σp
+) for the iminophosphorano substituents are summarized in Table 

2.4 

 

Figure 2.35 Plot of Hammett’s σp
+ constants (labels correspond to the substituents) 

against the reduction potential of bipyridinium ions 2.40d2+, 2.40e2+, and 2.40k-l2+. 
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Table 2.4 Elucidated Hammett constants (σp
+) of iminophosphorano substituents. 

Substituent Hammett Constant (σp
+) 

-N=PPh3 -1.82 

-N=PCy3 -2.23 

-N=P(OPh)3 -1.30 

-N=P(N(CH2)4)3 -2.21 

-N=P(O-p-tolyl)3 -1.33 

-N=P(p-tolyl)3 -1.92 

 

When the elucidated substituent constants are compared to the strongest donating 

amino groups, it is found that the tri(phenoxy)iminophosphorano (σp
+ = -1.30) and tri(4-

methylphenoxy)iminophosphorano (σp
+ = -1.33) substituents are significantly weaker π-

donating substituents than all of the dialkylamino substituents, while the 

triphenyliminophosphorano (σp
+ = -1.82) substituent was found to be comparable to 

pyrrolidinyl (σp
+ = -1.80) substituents. The tricyclohexyliminophosphorano (σp

+ = -2.23) 

and tris(pyrrolidinyl)iminophosphorano (σp
+ = -2.21) substituents were found to be the 

strongest neutral π-donating substituents developed to date, with their substituent constant 

being significantly more negative than the strongest annealed amino substituents (Figure 

2.36).  
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Figure 2.36 Hammett constants for strong π-donating amino groups. 

 

The ability to confidently elucidate new substituent constants is a very powerful 

tool for designing and tuning molecules as substituent constants are valuable for 

predicting the effect that substitution has on molecular properties. The redox properties 

of iminophosphorano substituted bispyridinylidenes are very sensitive to the R group of 

the iminophosphorano substituent. Unfortunately, other than the iminophosphorano 

substituents previously discussed in this chapter, the substituent constants of other 

iminophosphorano groups are unknown, yet  it would be very useful to have a way to 

predict their corresponding substituent constants so that new and stronger 

iminophosphorano substituted bispyridinylidenes could be prepared in a targeted fashion 

rather than by trial and error.  

In the literature there is no quantitative information pertaining to the effect that 

changing R has on the properties of R3P=N- groups; however, it has been well established 

in the literature that the donor strength of phosphines is very sensitive to the groups 

directly attached to the phosphorus atom.109,112–115 One of the most common scales used 

to describe the donor ability of phosphines (and other ligands) is the Tolman electron 

parameter (TEP),112 which is a parameter based on the carbonyl stretching frequency of 

Ni(CO)3L complexes with L being a ligand attached to the nickel metal centre. The basis 
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for the Tolman electronic parameter is that the more electron density donated to the nickel 

centre from the ligand results in greater electron donation from nickel into the antibonding 

π* orbital (Scheme 2.21) of the carbonyl ligand, which results in a decrease of the bond 

order of the C≡O and a lower stretching frequency. In the literature there are hundreds of 

phosphines that have had their Tolman electronic parameters determined. This makes the 

Tolman electronic parameter an attractive parameter to investigate if there is a relationship 

between the Tolman electronic parameter and the effect of changing the R group attached 

to the phosphorus on the iminophosphorano substituent constants and the redox potentials 

of iminophosphorano substituted bispyridinylidenes.  

 

Scheme 2.21 π-Backbonding in nickel carbonyl complexes related to Tolman electronic 

parameters. 

  

The Tolman electronic parameters of triphenylphosphine, 

tricyclohexylphosphine, triphenylphosphite, and tri(4-methylphenyl)phosphite are all 

known in the literature,112 while the parameter for tris(pyrrolidinyl)phosphine was 

determined indirectly from the correlation of the carbonyl stretching frequencies of the 

trans-L2Rh(CO)Cl complexes with the Tolman electronic parameter described by Roodt 

and co-workers.116 The values are summarized in Table 2.5, alongside the redox 
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potentials of the iminophosphorano substituted bispyridinylidenes, and the corresponding 

iminophosphorano substituent constants.116  

 

Table 2.5 Selected Tolman electron parameters for phosphines and the substituent 

constants and redox potentials for the related iminophosphorano groups and 

bispyridinylidenes, respectively. 

Iminophosphorano 

Substituent 

Tolman 

Electronic 

Parameter 

Hammmett 

Constant (σP
+) 

Redox Potential (V 

vs SCE) 

-N=PPh3 2068.9 -1.82 -1.34 

-N=PCy3 2056.4 -2.23 -1.51 

-N=P(OPh)3 2085.3 -1.30 -1.13 

-N=P(O(p-tolyl)3 2084.1 -1.33 -1.14 

-N=P(N(CH2)4)3 2059.0 -2.20 -1.50 

-N=P(p-tolyl)3 2066.7 -1.92 -1.38 

 

With the Tolman electronic parameters in hand alongside the substituent constants 

and redox potentials two plots (σp
+

 vs TEP, Figure 2.37  and redox potential vs TEP, 

Figure 2.38) were produced, and both displayed strong correlations (R2) of 0.997 and 

0.997, respectively. These correlations can therefore be used to elucidate new substituent 

constants for unknown iminophosphorano substituents and redox potentials for the 

corresponding substituted bispyridinylidenes directly from the Tolman electronic 

parameter of the related phosphine. When the two linear fits are used with the strongest 
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donating phosphines in the literature (2.57-2.60, Figure 2.39), which have Tolman 

electronic parameters of 2051.0, 2049.2, 2044.3, and 2038.6 cm-1, respectively, the 

predicted substituent constants (σp
+) of iminophosphorano substituents are -2.35, -2.41, -

2.57, -2.76, respectively, while the redox potentials of the iminophosphorano substituted 

bispyridinylidenes are predicted to be -1.65 V, -1.68 V, -1.74 V, and -1.82 V, respectively.  

Iminophosphorano substituents featuring these phosphines (2.57-2.60) would be the 

strongest neutral π-donating substituents ever produced and, if featured on the 4-4’-

substitued bispyridinylidene scaffold, would produce bispyridinylidenes with some of the 

most negative redox potentials ever. Indeed, the derivative featuring phosphines 2.59 and 

2.60 is predicted to have a more negative redox potentials (-1.74 V and-1.82 V vs SCE) 

than the current record holder 2,2’,4,4’-tetra(triphenyl)iminophosphorano substituted 

bispyridinylidene 2.61, which has a redox potential of -1.70 V vs SCE (Figure 2.40).   

 

Figure 2.37 Plot of Hammett’s σp
+ constants for iminophosphorano substituents against 

the Tolman electronic parameter of the corresponding phosphines. 
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Figure 2.38 Plot of reduction potential (V) of iminophosphorano substituted 

bispyridinylidenes (vs SCE) against the Tolman electronic parameter (υCO) of the 

corresponding phosphines. 

 

Figure 2.39 Tolman electronic parameters of strong donating phosphines 2.67-2.60. 
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Figure 2.40 Tetra-substituted triphenyliminophosphorano bispyridinylidene. 

 

2.5 Summary  

The class of bispyridinylidene based organic electron donors was further extended 

with three new iminophosphorano (–N=PR3, R= OPh, O(p-tolyl), N(CH2)4) substituted 

bispyridinylidenes being generated and characterized with redox potentials ranging from 

-1.13 to -1.50 V vs SCE.  These donors were prepared via the initial substitution of a 

trichloroiminophosphorano pyridine precursor (2.44f) with sodium phenoxide, sodium 4-

methylphenoxide, and pyrrolidine to produce pyridines 2.44c, 2.44e and 2.44g, 

respectively. Pyridines 2.44c, 2.44e, and 2.44g were next alkylated with iodomethane to 

produce N-methyl pyridinium salts 2.45c, 2.45e, and 2.45g. Bispyridinylidenes 2.40h-j 

were produced in situ from the treatment of 2.45c, 2.45e, and 2.45g with potassium 

bis(trimethylsilyl)amide and were subsequently oxidized with hexachloroethane to 

produce bispyridinium ions 2.40h2+, 2.40i2+, and 2.40j2+. It was determined that the 

electrochemical properties of the tris(pyrrolidinyl)iminophosphorano substituted 

derivative was on par with 4, 4’-tricyclohexyliminophosphorano substituted 

bispyridinylidene, which is the strongest mono-substituted bispyridinylidene based 

organic electron donor developed to date. Attempts at the preparation of 
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iminophosphorano substituted pyridines featuring three alkoxy, thiolate, alkyl, six 

membered cyclic dialkylamino, and iminophosphorano groups on the phosphorus were 

unsuccessful due to the formation of a large number of products and if they are to be 

prepared in the future another synthetic route must be devised.  

A series of 4, 4’- substituted bispyridinium ions featuring π-donor substituents 

(SMe, OMe, NMe2, N(CH2)4, N(CH2CH2)2O) with known substituent constants (σp
+) 

were synthesized and characterized and it was determined that there is a strong correlation 

between the redox potentials of the bipyridinium ions and their substituent constants. The 

correlation was used to elucidate the substituent constants (σp
+) for a series of 

iminophosphorano substituents –N=PR3 (R= Ph, p-tolyl, Cy, OPh, O(p-tolyl), N(CH2)4) 

and it was determined that iminophosphorano substituents (R= OPh, and O(p-tolyl)) are 

significantly weaker π-donating substituents than typical strong π-donating substituents 

such as dimethylamino and pyrrolidinyl groups, while the triphenyliminophosphorano, 

and tri(p-tolyl)iminophosphorano substituents were found to have comparable donor 

strength to the pyrrolidinyl group. Iminophosphorano substituents with R= Cy or N(CH2)4 

were determined to be the strongest neutral π-donating substituents developed to date. 

Correlations between the redox potential of the bispyridinylidenes, the substituent 

constants (σp
+) of iminophosphorano substituents, and the Tolman electronic parameters 

of the corresponding phosphine component of the iminophosphorano substituents were 

found, which makes it possible to predict new redox potentials and substituent constants 

for iminophosphorano substituted bispyridinylidenes and iminophosphorano substituents, 

respectively. Future targeted iminophosphorano substituted bispyridinylidenes will be 
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those that feature strong donating phosphines such as 2.57-2.60, with their 

electrochemical properties and the π-donating ability of the corresponding 

iminophosphorano substituents being expected to outperform the 

tricyclohexyliminophosphorano and tris(pyrrolidinyl)iminophosphorano substituted 

bispyridinylidenes and substituents, respectively. In a broader sense, the elucidation and 

prediction of the Hammett constants (σp
+) for iminophosphorano substituents should lead 

to their application and exploitation in other molecular systems that are sensitive to the π-

donor ability of the substituents attached and could potentially offer new properties and 

reactivity. 
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Chapter Three: Powerful Pyridine Acylation Catalysts Featuring 

Iminophosphorano Substituents  

3.0 Preface 

This chapter presents results obtained for the testing of 4-iminophosphorano 

substituted pyridines, with R= O(p-tolyl), Ph, N(CH2)4, and Cy attached to phosphorus, 

as catalysts for the acylation of 1-ethynylcyclohexanol with acetic anhydride. The 

development of a linear correlation between the catalytic activity of iminophosphorano 

substituted pyridines and the corresponding substituent constants (σp
+) of the 

iminophosphorano substituents will also be presented. In Section 3.2 of this chapter, the 

preparation and determination of the catalytic activities of 4-iminophosphorano 

substituted pyridines featuring phenyl and cyclohexyl groups attached to phosphorus were 

performed by Grant Charlton (Chem 2009, 2013) and Helen Clement (Chem 4000, 2014), 

while I synthesized and tested 4-tris(pyrrolidinyl)iminophosphorano substituted pyridine 

and 4-tri(4-methylphenoxyl)iminophosphorano substituted pyridine.  

 

3.1 Introduction 

 The utilization of organic molecules in sub-stoichiometric quantities to accelerate 

chemical reactions without the presence of metal atoms is known as organocatalysis, and 

is commonplace in synthetic organic chemistry. Dialkylamino substituted pyridines such 

as 4-dimethylaminopyridine (3.1) and 4-pyyrrolidinopyridine (3.2) make up a powerful 

family of potent nucleophilic organocatalysts that have found utility for acylation,117–121 



  

87 

 

the synthesis of esters,122,123 silylation,124–126 tritylation,127,128 Morita-Baylis-Hillman 

reactions,129–132 ring opening polymerizations,133 and in asymmetric synthesis.134–139 

Remarkably, 4-pyrrolidinynopyridine was the most active pyridine organocatalyst for 

over 30 years, and it wasn’t until 2003 that Steglich and co-workers reported that 9-

azajulolidine (3.3), a compound that was prepared 50 years earlier in the synthesis of 

Matrine alkaloids,140,141 was determined to be 2.5 times more active than 3.2 in the 

acylation of sterically hindered tertiary alcohols.142   

 

Figure 3.1 Dialkylamino substituted pyridine based organocatalysts: 4-

dimethylaminopyridine (3.1), 4-pyrrolidinylpyridine (3.2), and 9-azajulolidine (3.3). 

 

The increase in catalytic activity from 3.1 to 3.3 (Figure 3.1) is largely attributed 

to the increased electron density at the pyridyl nitrogen that arises from the greater ability 

of the lone pair of the exocyclic amino substituents (dimethylamino, pyrrolidinyl, and 

julolidin-9-yl) to enter into conjugation with the pyridine π-system. The degree of π-

donation is directly related to the ability of the substituents to become co-planar with the 

pyridyl ring,142,143 with the π-electron donating effect of the amino groups being 

maximized in 9-azajuloidine due to the conformational fixation of the amino group by 

annulation. Due to the dramatic increase in catalytic activity from conformational fixation, 



  

88 

 

further efforts to increase catalytic activity of the pyridine scaffold were focused on the 

combination of annulation and the introduction of additional dialkylamino groups to the 

periphery (3 and 5 positions) of the pyridine ring, as seen in pyridines of type 3.4-3.7 

(Figure 3.2) in hopes that the additional groups would provide more electron density to 

the pyridine π-system and make the pyridine more nucleophilic and catalytically active. 

Of the considerable number of derivatives of 3.4-3.7 that were prepared, only 3.6b was 

found to be slightly more active as an acylation catalyst than 9-azajulolidine.144  

 

Figure 3.2 Annealed pyridines acylation catalysts featuring 2 and 3 dialkylamino 

substituents. 

 

The potential for developing more potent pyridine based catalysts that feature 

strong π-donating substituents, other than the predominantly used dialkylamino groups, 

led Hassner and Zipse to develop and investigate a series of 4-guanidinyl substituted 

pyridines (3.8 and 3.9, Figure 3.3) as acylation catalysts.92,145 Of the large number of 4-

guanidinyl pyridines prepared and studied as acylation catalysts, no derivatives of 3.8 or 

3.9 were found to be more active catalysts than 9-azajulolidine (3.3). Nevertheless, the 4-

guanidinyl substituted pyridines were determined to be relatively active acylation 
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catalysts with 3.9b and 3.9c being found to have comparable catalytic activities to 4-

pyrrolidinylpyridine (3.2), while 3.9d was determined to be 1.5 times more active than 

3.2.  

 

Figure 3.3 4-Guanidinyl substituted pyridines studied as catalysts for the acylation of 

tertiary alcohols. 

 

The lack of increase in catalytic activity through the introduction of guanidinyl 

substituents at the 4-position of the pyridyl ring (3.8 and 3.9) is likely the result of steric 

interactions between the N-CH3 group and the hydrogens at the 3-position of the pyridine 

ring, which causes the relative orientation of the pyridyl and guanidinyl fragments to 

deviate from co-planarity. This is supported by the optimized structure of 3.8b at the 
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B98/6-31G(d) level of theory (Figure 3.4), which has a torsional angle (τ, C1-N2-C3-C4) 

of > 42°.92 The twisting of the two rings results in the full extent of the π-donating effects 

of the guanidinyl group’s nitrogen to not be realized (Scheme 3.1).  

 

Figure 3.4 Optimized structure of 3.8b at the B98/6-31G(d) level of theory 

demonstrating the non-planarity of the guanidinyl group and the pyridine ring. 

 

Scheme 3.1 π-Electron donation into pyridyl π-system by guanidinyl substituents. 

 

As discussed in Chapter 2, the π-donation capability of iminophosphorano 

substituents –N=PR3 (R= Ph, Cy, N(CH2)4, O(p-tolyl)) are comparable and even surpass 

the π-donation ability of even the stronger annealed amino substituents that have led to 

the most active pyridine based acylation catalysts developed to date. The X-ray structure 

of 4-triphenyliminophosphorano pyridine (2.44a) has already been determined, and 
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shows that the iminophosphorano and pyridyl fragments are in a nearly planar 

arrangement, as evidenced by the torsional angle (τ, P-N-C-C) of 4.4°.146 The planar 

arrangement of the two fragments indicates that steric interactions will not inhibit the 

ability of iminophosphorano substituents to enter into conjugation with the pyridine π-

system, as shown in resonance contributor 2.44a’’ (Scheme 3.2) and therefore the study 

of iminophosphorano substituted pyridines 2.44a, 2.44b, 2.44e, 2.44g (Figure 3.5) as 

acylation catalysts could potentially provide a new class of even more active catalysts.  

 

Scheme 3.2 Resonance contributors for iminophosphorano substituted pyridines. 

 

Figure 3.5 Iminophosphorano substituted pyridines studied as acylation catalysts 

 

3.2 Iminophosphorano Substituted Pyridines as Potent Nucleophilic Acylation 

Catalysts 

The acylation of 1-ethynlcyclohexanol (Scheme 3.3) was chosen to assess the 

catalytic activities of the iminophosphorano substituted pyridines: 2.44a, 2.44b, 2.44e, 
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and 2.44g as it has been widely utilized to assess the activity of a large number of pyridine 

derivatives under standardized conditions (Scheme 3.3).144,147 Pyridines: 2.44a, 2.44b, 

2.44e, and 2.44g were prepared via the methods described in Chapter 2, and the synthetic 

routes re-iterated in Scheme 3.4. Prior to the assessment of the catalytic activity of the 

new pyridines,  the stability of the iminophosphorano substituted pyridines in the presence 

of acetic anhydride (the source of the acyl group) was studied as iminophosphoranes are 

known to undergo aza-Wittig type reactions.148,149 Iminophosphoranes 2.44a, 2.44b and 

2.44e were mixed with equimolar amounts of acetic anhydride in CDCl3; After 15 

minutes, 2.44a, and 2.44e showed no reaction with acetic anhydride, while 2.44b showed 

a slight conversion (7 %) to tricyclohexylphosphine oxide. For 2.44b the rate of 

degradation was sluggish (0.005 min-1), which is roughly two orders of magnitude slower 

than the turnover frequency for the most active pyridine-based acylation catalysts for the 

same timeframe (0.3 min-1 for 3). The significant difference between the rate of 

degradation of 2.44b and the turnover frequency of 3 suggests that pyridines 2.44a, 2.44b, 

2.44e and 2.44g should be viable as long as the catalysts are of sufficient activity. 

 

Scheme 3.3 Pyridine catalyzed acylation of 1-ethynylcyclohexyl alcohol to 1-

ethynylcyclohexyl acetate. 
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Scheme 3.4 Synthetic routes for the preparation of iminophosphorano substituted 

pyridine catalysts. 

 

The catalytic activities of the 4-iminophosphorano substituted pyridines (2.44a, 

2.44b, 2.44e, and 2.44g) were assessed (Scheme 3.3), with the acylation of 1-

ethynlcyclohexanol being monitored by 1H NMR spectroscopy with a spectrum being 

obtained at 2 or 5 minute intervals over the course of 10 to 15 hours. The data was 

processed using methods previously described by Zipse and co-workers,144,147 and 

involved the integration of 1H NMR signals for: dioxane (internal standard), acetic 

anhydride, 1-ethynylcyclohexyl acetate (CH3), and triethylammonium acetate. A 1H NMR 

spectrum of a typical kinetic measurement is demonstrated in Figure 3.6. The percent (%) 

conversion for the acylation of 1-ethynlcyclohexanol was calculated from experimental 

data via two different methods (Equations 1 and 2), with the first method involving the 

integrations of 1-ethynylcyclohexyl acetate (IEster) and the dioxane internal standard 
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(IDioxane), while the second method utilized the integrations of the acetic anhydride 

(IAnhyride), triethylammonium acetate (IAcOHNEt3) and the 1-ethynylcyclohexyl acetate 

(IEster). The % conversions were fitted to the second order rate equation (Equation 3, 

which contained the initial concentration of 1-ethynylcyclohexanol ([ROH]), a correction 

factor c1 and the second order rate constant (k2). The values for c1 and k2 were obtained 

through the minimization of the sum of the squares of the differences of the experimental 

and fitted % conversion values. The fitted amount of time it takes for 50 % of the 1-

ethynylcyclohexanol to be converted to 1-ethynlcyclohexyl acetate, otherwise known as 

the reaction half-life (t1/2) was calculated for each catalyst using Equation 4, which 

contains the second order rate constant (k2) and the initial 1-ethynylcyclohexanol 

concentration ([ROH]).  

 

Figure 3.6 Representative 1H NMR spectrum of the catalyzed acylation of 1-ethynyl 

cyclohexanol. 
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Equations 1-4 used for the processing of catalytic data. 

 

The reaction half-lives (t1/2) using 10 mol % catalysts 2.44a, 2.44b, 2.44e, and 

2.44g were determined  for at least two catalytic runs, and their averaged half-lives were 

found to be 27.6 ± 0.5, 5.7 ± 0.1, 7.6 ± 0.3, and 798.9 ± 10.2 minutes,  respectively. The 

half-life of 10 mol % catalyst 3.3 was also determined for comparison due to it being one 

of the most active acylation catalysts to date. It was found to have a reaction half-life of 

12.7 ± 0.0 minutes, which is the fastest reported half-life reported for this catalyst to date, 

which has literature values of 14.7,144 and 26 minutes.142 The half-life of 3.3 has been 

previously shown to be very sensitive to the purity of the samples assessed,144 and 

therefore the discrepancy of the reaction half-life determined to literature is not a 

surprising result. All the reaction half-lives are summarized in Table 3.1, alongside the 

literature reaction half-lives of 10 mol % catalysts 3.1, and 3.2.  
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Table 3.1 Half-life times and loadings for various acylation catalysts. Times presented 

are based on at least two runs (Values in parenthesis are from cited reference). 

 

With a reaction half-life of 798.6 minutes, catalyst 2.44g exhibits very poor 

catalytic activity for the acylation of 1-ethynylcyclohexanol, with it being 5.3 times less 

active than dimethylaminopyridine (3.1, t1/2 = 151 min92). A reaction half-life of 27.6 

minutes was observed for 2.44a, with it being determined to be 5.5 and 2.5 times more 

active than traditional acylation catalysts 3.1 and 4-pyrrolidinylpyridine (3.2, t1/2 = 69 

min92), respectively, but 1.9 times less active than 9-azajulolidine (3.3, t1/2= 14.7 min144). 

The reaction half-lives of pyridines 2.44b and 2.44e were determined to be 5.7 and 7.6 

min respectively, with 2.44b and 2.44e being 2.6 and 1.9 times more active than 3.3, 

respectively, making them the two most active pyridine based acylation catalysts reported 

to date. Representative conversion versus time plots for catalysts 2.44a, 2.44b, 2.44e, 

2.44g and 3.3 are compiled in Figure 3.7. 

 

 

 

Catalyst mol % t1/2 (min) Catalyst mol % t1/2 (min) 

3.1 10 (151)92 2.44b 10 5.7 ± 0.1 

3.2 10 (69)92 2.44b 3 21.8 ± 1.4 

3.3 10 12.3 ± 0.0 (14.7144) 2.44e 10 7.6 ± 0.3 

2.44a 10 27.6 ± 0.5 2.44g 10 798.9 ± 10.2 
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Figure 3.7 Conversion vs. time plots for the acylation of 1-ethynylcyclohexanol using 

catalysts 3.3, 2.44a, 2.44b, 2.44e, and 2.44g at the indicated loading (mol %). The points 

represent the raw data, while lines represent the fitted data. 

 

Of particular note is that, in a similar fashion to what was observed with the 

magnitude of the redox potential of iminophosphorano substituted bispyridinylidenes 

(2.40f, 2.40g, 2.40i and 2.40j), the pyridines with stronger π-donating substituents such, 

as 2.40b and 2.40e, have much greater catalytic activities than those substituted with the 

weaker donating substituents, such as 2.44a and 2.44g. The fact that such a large impact 

on catalyst activity is observed by simply changing the groups attached to the phosphorus 

of the iminophosphorano substituents, from 4-aryloxy, to phenyl, to amino, and finally to 

alkyl as in 2.44g, 2.44a, 2.44e, and 2.44b, respectively, signifies that 4-iminophosphorano 
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substituted pyridines are easily tunable, which contrasts with the significant challenges 

associated with improving the catalytic activity of amino-substituted pyridines. An 

investigation into whether or not there is a correlation between catalytic activity and the 

donor abilities of the substituents was therefore of great interest. 

Zipse and co-workers have investigated whether or not there were correlations 

involving the reaction half-lives (t1/2) of substituted pyridine based catalysts and various 

theoretical Lewis basicity parameters such as: acetylation enthalpies (ΔHac, Scheme 3.5), 

methyl cation affinities (MCA, Scheme 3.5) and the experimentally determined 

nucleophilicity parameters (N). No correlations were observed between either the 

nucleophilicity or methyl cation parameters with the reaction half-lives, however 

correlations were observed between the acetylation enthalpies for substituted pyridines 

and their catalytic activities, with correlations (R2) of 0.9712, 0.7331, 0.6441, being 

observed for 4-dialkylamino-, 4-guanidinyl-, and 3,4-diamino-pyridines, respectively.147 

When a more general data set was used, it was found that the correlation between 

acetylation enthalpies and reaction half-life times breaks down, with a correlation of 

0.2733 being observed for a combined set of  4-dialkylamino, 3,4-diaminopyridine, and 

3,4,5-triaminopyridines.144 Due to the absence of a general correlation for catalytic 

activity, Zipse and co-workers investigated whether it was possible to predict catalytic 

rates using a multi-parameter QSAR model and used an initial set of eight different 

parameters: gas phase acetylation enthalpy (ΔHac), acetylation enthalpies including 

solvation terms in chloroform (ΔHac/solv), the charge of the ortho-hydrogen atom of the 

free and acylated catalyst (qortho-H and qortho-H_acyl), the charge of the pyridine nitrogen in 

the free and acylated catalyst (qN and qN_acyl), and the bond distance between the 
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nitrogenous substituent in the 4-position and the pyridine carbon at the same position for 

the free and acylated species (distN-C, and distN-C_acyl).144 It was found that the best 

correlation was found when a three parameter (ΔHac/solv , qortho-H, and  distN-C) QSAR 

model (Equation 5) was used for the prediction of the reaction half-lives for the catalyzed 

acylation of 1-ethynylcyclohexanol, with it having a good correlation (R2 = 0.9320)  with 

the experimentally determined reaction half-lives.144  

 

Scheme 3.5 Isodesmic reaction for the calculation of acetylation enthalpies and methyl-

cation affinity reaction. 

 

ln 1/𝑡1/2
= 85.867 − 0.080 ∗ ∆𝐻𝑎𝑐/𝑠𝑜𝑙𝑣 − 162.8 ∗ 𝑞𝑜𝑟𝑡ℎ𝑜−𝐻 − 44.0 ∗ 𝑑𝑖𝑠𝑡𝑁−𝐶  (5)  

Equation 5 Zipse’s three parameter QSAR model for the prediction of reaction half-

lives. 

 

Previously, a correlation (R2= 0.985) between the catalytic activity of para and 

meta substituted pyridines and the corresponding substituent constants (σp and σm) was 
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reported for the acylation of anilines.45 This makes the lack of correlation between 

nucleophilicity parameters and catalytic activity surprising because Mayr and co-workers 

have previously reported that the nucleophilicity parameters of substituted pyridines are 

correlated (R2 = 0.975) with their substituent constants.53 The lack of correlation between 

the nucleophilicity parameter (N) and the catalytic activities of the pyridine acylation 

catalysts is the result of the different rate determining steps for the more nucleophilic 

catalysts over their less nucleophilic counterparts.147  

It was thought that for the pyridines with only a single strong π-donating 

substituent at the 4-position, that there might be a correlation between the catalytic activity 

of the substituted pyridines and their substituent constants. Unfortunately, not all of the 

σp constants for the various substituents featured on the most active pyridine catalysts are 

known which makes the investigation of whether a correlation exists impossible. The σp
+ 

substituent constants for a large number of the substituents featured on the pyridine 

acylation catalysts have been previously determined,5,52 and the σp
+  values for the 

iminophosphorano substituents were previously determined in Chapter 2 of this thesis, 

and therefore the investigation of whether or not a correlation exists between reaction 

half-lives and σp
+ was pursued. The use of σp

+ as a parameter for correlation analysis 

makes sense, as the positive charge in the acyl intermediate (3.1’, Scheme 3.6) that is 

likely formed in  the rate determining step (3.1’’, Scheme 3.6) is stabilized through 

resonance and is very similar to the charge stabilization present in the hydrolysis of para-

substituted t-cumyl chlorides (3.10, Scheme 3.7),51 which was the original method for 

determination of σp
+ constants.  
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Scheme 3.6 Rate limiting step of catalyzed acylation of tertiary alcohols. 

 

Scheme 3.7 Hydrolysis of t-cumyl chlorides for the determination of σp
+ constants. 

  

A linear correlation for catalysts 2.44a, 2.44b, 2.44e, 2.44g and 3.1-3.3 (R2= 

0.960) (Figure 3.8) was observed between catalytic activity [ln(t1/2)] and the substituent 

constants for the pyridines, which is comparable to the correlation of 0.980 that was 

previously observed for the acylation of anlines,45 and therefore it is expected that 
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catalysts with greater activity will be produced when stronger π-donating substituents are 

featured at the 4-position of the pyridine.     

 

Figure 3.8 Plot of the ln(t1/2) for 4-substituted pyridines 2.44a, 2.44b, 2.44e, 2.44g and 

3.1-3.3 against Hammett’s σp
+ constants of the corresponding substituents (labels 

correspond to the substituents). 

 

With the exception of the poor performance of 2.44g as a catalyst, the 

straightforward preparative methods and high activities for iminophosphorano substituted 

pyridines 2.44a, 2.44b, and 2.44e are very advantageous in comparison to the methods 

used to prepare annealed pyridine derivatives such as 3.3 which has required 4 and 5 step 

synthetic procedures as shown by Wong,150 and Han,151 respectively. One disadvantage 

is the lower stability of pyridines 2.44a, 2.44b, and 2.44e to the reaction conditions, with 
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31P NMR spectra of the catalytic runs obtained after the complete conversion of 1-

ethynlcyclohexanol to 1-ethynlcyclohexyl acetate displaying considerable degrees of 

decomposition to the corresponding phosphine oxides.152,153 Catalyst 2.44a, was 

converted to triphenylphosphine oxide (25%) as evidenced by the signal at 29 ppm in the 

31P NMR spectra of the reaction mixture, alongside an unidentified impurity (3 %) at 14 

ppm after 16 hours (Figure 3.9). Catalyst 2.44b degraded to tricyclohexylphosphine oxide 

(47 %) at 51 ppm in the 31P NMR of the reaction mixture and an unidentified species (13 

%) at 34 ppm after 5.5 hours (Figure 3.10), while catalyst 2.44e was found to degrade to 

tris(pyrrolidinyl)phosphine oxide (34 %) at 14.4 ppm and unidentified impurities at 16.3 

ppm (10 %), 16.5 (28 %), and 17.4 ppm (7 %) (Figure 3.11). Interestingly, catalyst 2.44g 

was found to be completely stable over the course of 10 hours, with no evidence of tri(4-

methylphenyl)phosphate or any other impurities being observed in the 31P NMR spectrum 

(Figure 3.12).   

 

Figure 3.9 31P NMR spectrum after catalysis experiment with 2.44a in CDCl3. 
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Figure 3.10 31P NMR spectrum after catalysis experiment with 2.44b in CDCl3. 

 

Figure 3.11 31P NMR spectrum after catalysis experiment with 2.44e in CDCl3. 
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Figure 3.12 31P NMR spectrum after catalysis experiment with 2.44g in CDCl3. 

 

Even though 2.44g was found to be stable under the reaction conditions used for 

the acylation of 1-ethynlcyclohexanol, due to its limited catalytic activity, it is unlikely to 

find utility as an acylation catalyst.  The degradation of pyridines 2.44a, 2.44b, and 2.44e 

under the reaction conditions used show that they are not suitable for recovery and reuse. 

Nevertheless, due to 2.44b being the most active acylation catalyst developed to date, its 

activity at a lower concentration (3 mol%) was investigated with the 2.44b being found 

to be able to catalyze the acylation of 1-ethynylcyclohexanol to 100% conversion with 

reaction half-life being determined to be 21.8 minutes (Figure 3.7, Table 3.1). The high 

catalytic activity of 2.44b at lower catalyst loadings, makes it a very useful acylation 
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catalyst, even though it does suffer from degradation, as less catalyst can be used to obtain 

full conversion of 1-ethynylcyclohexanol to 1-ethynylcyclohexyl acetate.  

 

3.3 Summary 

 The class of iminophosphorano substituted pyridines (2.44a, 2.44b, 2.44e, and 

2.44g) was found to be active towards the acylation of 1-ethynylcyclohexanol with acetic 

anhydride, with reaction half-lives for 2.44a, 2.44b, 2.44e, and 2.44g being found to be 

27.6, 5.7, 7.6 and 798.9 minutes, respectively. Pyridines 2.44b (5.7 min) and 2.44e (7.6 

min) are the most active pyridine acylation catalysts reported to date with them being 2.5 

and 1.9 times more active than 9-azajulolidine (t1/2 = 14.7 min). The iminophosphorano 

substituted pyridines studied as acylation catalysts were found to be relatively unstable 

over extended periods of time in the reaction conditions used to evaluate catalytic activity, 

with only pyridine 2.44g being found to not degrade on the time scales of the acylation 

reactions. Nevertheless, the high activity for the tricyclohexyliminophosphorano and 

tris(pyrrolidinyl)iminophosphorano pyridines make them attractive catalysts that are easy 

to prepare.  

Due to the sensitivity of the catalytic activity to the R groups attached to the 

phosphorus center, iminophosphorano substituted pyridines are a class of catalysts that 

have the potential to be extremely tunable. The good correlation between catalytic activity 

and the Hammett constants (σp
+) for the various iminophosphorano substituents means 

that it is expected that derivatives that feature stronger donating iminophosphorano 

substituents such as 3.13-3.16 (Figure 3.13), which have predicted σp
+ constants of -2.35, 
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-2.41, -2.57, and -2.76, respectively, and will have predicted reaction half-lives of 2.7, 

1.9, 0.77, and 0.27 minutes, respectively, which are significantly more active than 

catalysts 2.44b and 2.44e.  

 

Figure 3.13 Potential strong donating iminophosphorano substituents for the design of 

new more active iminophosphorano substituted pyridine acylation catalysts. 

 

The tunability of iminophosphorano substituted pyridines also offers the 

opportunity for the design of new chiral derivatives which could have potential 

applications such as catalysts for the enantioselective addition of amines to ketenes,154 

kinetic resolution of alcohols,155 and the enantioselective synthesis of molecules such as 

oxindoles,156 and benzofurans,156 among others. Targeted chiral iminophosphorano 

substituted pyridines would feature iminophosphorano groups with chiral groups such as 

biphenyl (3.10 and 3.11), binapthalyl (3.12 and 3.13), or chiral amines such as (R)-(+)-N-

Benzyl-α-methylbenzylamine (3.14 and 3.15) and (+)-Bis[(R)-1-phenylethyl]amine (3.16 

and 3.17) (Figure 3.14), with the proposed route for their preparation being discussed in 

Section 4.4. Due to the significant distance between the site of chirality and the reaction 

site off the proposed chiral iminophosphorano substituted pyridine derivatives and the 

reaction site it is possible that the introduction of chiral iminophosphorano substituents 
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onto the scaffold will have no effect on the results of chiral transformations, however 

there is some precedent for asymmetric transformations occurring with the chirality of the 

pyridine catalyst being at the 4-position,157–159 and therefore it is of great interest to 

determine if chirality can be induced through pyridine catalysis using chiral 

iminophosphorano substituents as well. 

 

 

Figure 3.14 Potential phosphines for the development of new chiral iminophosphorano 

substituted pyridine acylation catalysts. 
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Chapter 4 Summary, Conclusion and Future Work 

 

4.1 Summary and Conclusion  

 The class of powerful bispyridinylidene/bipyridinium based organic electron 

donors featuring iminophosphorano substituents was further extended with three new 

derivatives featuring phenoxy (2.40h/2.40h2+), pyrrolidinyl (2.40i/2.40i2+) and 4-

methylphenoxy (2.40j/2.40j2+) groups attached to the phosphorus being prepared. Their 

synthesis was carried out in a total of four steps. The first step involved the substitution 

of 4-trichloroiminophosphorano pyridine (2.44f) with NaOPh, HN(CH2)4, or NaO(p-

tolyl) to produce pyridines 2.44c, 2.44e, and 2.44g in 51, 91, and 80% yields, respectively. 

Pyridines 2.44c, 2.44e and 2.44g were next alkylated with iodomethane to form the N-

methyl pyridinium precursors 2.45c, 2.45d, and 2.45e in 51, 91, and 80% yields, 

respectively. The N-methyl pyridinium precursors 2.45c, 2.45d and 2.45e were next 

deprotonated with KHMDS to produce the iminophosphorano substituted 

bispyridinylidenes 2.40h, 2.40i, and 2.40j in situ. The bispyridinylidenes (2.40h-j) were 

subsequently oxidized with hexachloroethane, with 2.40h2+ and 2.40j2+ being formed in 

mixtures of 7 and 5 products, respectively, while 2.40i2+ was isolated in a 72% yield.  The 

cyclic voltammograms of the new bipyridinium ions (2.40h-j2+) showed reduction 

potentials that ranged from -1.13 to -1.50 V vs SCE with the 

tris(pyrrolidinyl)iminophosphorano bispyridinylidene/bispyridinium ion redox couple 

being on par with the previously prepared tricyclohexyliminophosphorano 

bispyridinylidene (-1.51 V vs SCE), meaning it has one of the lowest redox potentials 
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reported to date for a neutral organic compound. Due to its low redox potential, 2.40i is 

expected to have similar reactivity as an organic reducing agent as 2.40b. 

The electrochemical results obtained show that the redox potentials of 

iminophosphorano substituted bispyridinylidene/bipyridinium ions are very sensitive to 

the R group on the phosphorus atom, with pyrroldinyl groups producing organic electron 

donors with significantly more negative redox potentials than aryloxy groups (OPh, O(p-

tolyl).  Attempts at preparing other 4-iminophosphorano substituted pyridines featuring 

methyl, morpholino, piperidinyl, methoxy, ethoxy, benzyloxy, butanethiolate and 

iminophosphorano groups on phosphorus were unsuccessful, and therefore the 

preparation of their corresponding bispyridinylidenes/bipyridinium ions was not possible.  

The donor ability of iminophosphorano substituents (R3P=N-) was quantified 

through the determination of their corresponding Hammett constants (σp
+), with the 

Hammett constants being determined to be -1.30, -1.33, -1.82, -1.92, -2.21, and -2.23 for 

R= OPh, O(p-tolyl), Ph, p-tolyl, N(CH2)2, and Cy, respectively. It was found that 

iminophosphorano substituents with OPh, and O(p-tolyl) groups attached to the 

phosphorus are weaker π-donating substituents than dialkylamino substituents, while 

substituents with Ph, p-tolyl, N(CH2)4 and Cy groups attached to the phosphorus had 

donor abilities that surpassed dialkylamino groups (NMe2, and N(CH2)), with 

iminophosphorano substituents with R = N(CH2)4 and Cy groups being the strongest 

neutral π-donating substituents reported to date. Other than the correlation used for the 

determination of Hammett constants (σp
+), two other linear relationships were found using 

the Tolman electronic parameter (TEP) of the phosphine component of the 

iminophosphorano substituent. Correlations were found between the redox potential of 
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the iminophosphorano substituted bispyridinylidenes and the TEP as well as the Hammett 

constant (σp
+) of the iminophosphorano substituents and TEP. The correlations using 

Tolman electronic parameters have the potential to predict the redox potential of new 

iminophosphorano substituted bispyridinylidenes and the Hammett constants (σp
+) for 

new iminophosphorano substituents, respectively.  

The strong donor ability of iminophosphorano substituents was applied to the 

design of new pyridine acylation catalysts, with the catalytic activity of four new 

iminophosphorano substituted pyridines being assessed towards the acylation of 1-

ethynylcyclohexanol. The catalytic activity of iminophosphorano substituted pyridines 

was determined to be very sensitive to the R groups, with iminophosphorano pyridines 

with Ph (2.44a), Cy (2.44b), N(CH2)4 (2.44e) and O(p-tolyl) (2.44g) groups having 

reaction half-lives for the acylation of 1-ethynylcyclohexanol of 27.6, 5.7, 7.6, and 798.9 

minutes, respectively. Pyridines 2.44b and 2.44e are the most active pyridine based 

acylation catalysts reported to date.   

The work described in this thesis clearly and quantitatively establishes that 

iminophosphorano substituents can be better π-donating substituents than amino groups. 

These strongly π-donating substituents should be further developed and applied to other 

chemical systems that require strong π-donating groups. 

 

4.2 Future Work 

4.2.1 Organic Electron Donors Featuring Stronger π-Donating Substituents 

As was previously discussed in Chapter 2, organic electron donors featuring 
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stronger π-donating iminophosphorano substituents that contain phosphines 2.57-2.60 

components are predicted to have even lower reduction potentials than the tricyclohexyl 

and tris(pyrrolidinyl)iminophosphorano derivatives. In order to prepare these derivatives, 

first phosphines 2.57-2.60 would be prepared following literature procedures (Scheme 

4.1),115 while the preparation of the iminophosphorano substituted bispyridinylidenes 

could be performed by either a Kirsanov condensation route (Scheme 4.2),71 or a 

Staudinger reaction (Scheme 4.3).148 With predicted redox potentials of -1.65, -1.68, -

1.74 and -1.82 for iminophosphorano substituted bispyridinylidenes (4.6a-4.6d), there use 

as potent organic reducing agents is of particular interest. This is especially true for 4.6d, 

which is predicted to have the lowest redox potential ever reported for a neutral organic 

compound and is expected to be a stronger reducing agent than the current redox potential 

record holder 2.61 (Figure 2.40). The development of stronger organic reducing agents 

should enable the reduction of more challenging substrates such as alkenes, alkynes, 

ketone or even the birch reduction of arenes with neutral organic molecules.  
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Scheme 4.1 Synthetic procedures for the preparation of strongly donating phosphines 

(2.60-2.63). 

  

Scheme 4.2 Direct Kirsanov condensation route for the preparation of new 

iminophosphorano substituted bispyridinylidenes. 
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Scheme 4.3 Staudinger route for the preparation of iminophosphorano substituted 

bispyridinylidenes. 

 

Building off of the tunability of the iminophosphorano substituents (-N=PR3), it 

is expected that other phosphorus based ylidic groups such as –CH=PR3 will also be very 

sensitive to the R groups attached to phosphorus. Based on early work in the Dyker group 

by Justin Chan (Chem 4000, 2011),160 and myself (Chem 4000, 2013),161 the 

methylenephosphorano substituent (-CH=PPh3) was found to result in lower reduction 

potentials for mono and di-substituted benzenes (4.8 and 4.10, Figure 4.1), than when 

triphenyliminophosphorano substituents (4.9 and 4.11) were used. Due to the lower redox 

potentials for the substituted benzenes, it is of interest to introduce methylenephosphorano 

substituents onto the bispyridinylidene scaffold in order to potentially design even 

stronger electron donors.    
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Figure 4.1 Redox potentials of benzenes substituted with one and two 

iminophosphorano and methylenephosphorano substituents. 

 

Previous attempts at the preparation of bispyridinylidenes featuring 

methylenephosphorano substituents were undertaken by Zachary Haines (Chem 4000, 

2012) (Scheme 4.4).162 Unfortunately, the synthetic route was never completed with the 

synthesis stopping at the preparation of 4.17, and therefore prior to undertaking any other 

synthetic routes for the preparation of methylenephosphorano substituted 

bispyridinylidenes, the completion of the route described in Scheme 4.4 should first be 

attempted. Another synthetic strategy (Scheme 4.5) for the preparation of 

methylenephosphorano substituted bispyridinylidenes would first involve the preparation 

of 4,4’-dichlorobipyridine (4.22) following literature procedures,54,82 followed by 

alkylation using trimethyloxonium tetrafluoroborate to form the N,N’-dimethyl-

4,4’(dichloro)bipyridinium ditetrafluoroborate salt (4.23). Next the substitution of the 
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chloride substituents would be performed using methylenephosphorane (CH2=PPh3) to 

form the N,N’-dimethyl-4,4’(di(triphenyl)phosphonium)bipyridinium ditetrafluoroborate 

dichloride salt (4.24). With 4.24 in hand, the oxidized organic electron donor 4.182+ could 

then be prepared through the treatment of 4.24 with two equivalents of potassium 

bis(trimethylsilyl)amide, and the neutral bispyridinylidene (4.18) can then be generated 

via chemical reduction with sodium or lithium metal. Once 4.18 or 4.182+ have been 

prepared, electrochemical characterization can be undertaken to evaluate the donor 

strength of the methylenephosphorano substituent via the determination of the redox 

potential of the substituted bispyridinylidene and determination of its corresponding 

substituent constant using the linear fit described in Chapter 2. Once 4.18 has been 

prepared via this route, the effect that the R group attached to phosphorus can then be 

explored in a similar fashion to what was done with iminophosphorano substituents, with 

new derivatives being accessible through the choice of phosphine used to generate the 

pyridinium phosphonium salts of type 4.13 (following Scheme 4.4), or the phosphine 

used to prepare the initial nucleophilic ylides (CH2=PR3) used in Scheme 4.5. 

 

 



  

117 

 

 

Scheme 4.4 Synthetic route towards the preparation of methylenephosphorano 

substituted bispyridinylidenes used by Zachary Haines (Chem 4000, 2012). 

 

Scheme 4.5 Alternate route for the preparation of methylenephosphorano substituted 

bispyridinylidenes. 
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4.2.2 Development of New More Active and Chiral Acylation Catalysts 

As was previously discussed in Chapter 3, it is expected that when 

iminophosphorano pyridines featuring strongly donating phosphines such as 2.57-2.60 

will result in catalysts with greater catalytic activities than the tricyclohexyl and 

tris(pyrrolidinyl)iminophosphorano substituted pyridines. From the linear correlation 

described in Chapter 3 of this thesis, pyridines 4.4a-4.4d (Figure 4.2) have predicted 

reaction half-lives of 2.7, 1.9, 0.77, and 0.26 minutes, respectively, for the acylation of 1-

ethynylcyclohexanol. These new pyridines will be prepared in the first step of the 

synthetic routes (Scheme 4.2 and 4.3) for the preparation of stronger organic electron 

donors and if the catalytic activity of these iminophosphorano substituted pyridines are as 

predicted, their catalytic activities towards the acylation of 1-ethynylcyclohexanol at 

lower catalyst loadings should be investigated.  

  

Figure 4.2 Future targets for potential powerful pyridine acylation catalysts. 
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The development of chiral iminophosphorano substituted pyridines (4.4e-l) as 

catalysts for the enantioselective addition of amines to ketenes,154 the kinetic resolution 

of alcohols,155 and the enantioselective synthesis of molecules such as oxindoles and 

benzofurans,156 among others, is attractive as they offer the potential of being the most 

active chiral pyridine catalysts ever produced. Prior to the preparation of the new 

iminophosphorano substituted pyridine catalysts, chiral phosphines (R)-3.10-(R)-3.13 

and 3.14-3.17 (Figure 3.14) must be prepared. The preparation of phosphines (R)-3.10-

(R)-3.13  has been reported,163,164 while phosphines 3.14-3.17 would be produced via the 

addition of commercially available chiral amines such as 4.25 and 4.28 to either 

diphenylchlorophosphine (4.26) or dicyclohexylchlorophosphine (4.27) (Scheme 4.6). 

With the chiral phosphines in hand, the chiral iminophosphorano substituted pyridines 

(4.4e-l) can be prepared by either of the synthetic routes described in Scheme 4.2 and 4.3.  
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Scheme 4.6 Preparation of chiral phosphines 3.16 and 3.17. 

 

4.2.3 Introduction of Iminophosphorano Substituents on to Other Scaffolds 

The use of strong π-donating substituents is not limited to substituted 

bispyridinylidenes and 4-substituted pyridines and therefore the potential for applying the 

strong π-donor ability of iminophosphorano substituents to other chemical scaffolds could 

offer new properties and reactivity. One scaffold that has the ability to be modified 

systematically with new strong π-donating substituents is the bipyridine ligand scaffold, 

which has found utility in the development of metal complexes as photosensitizers,165,166 

water-splitting catalysts,167 atomic radical transfer polymerization catalysts,168–171 and       

α-methylstyrene oligomerization catalysts,172 among others. 
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 It has been shown that the redox potentials of bipyridine ligands and the rates of 

atomic radical polymerization using copper complexes are very sensitive to the 

substituents attached to the 4, and 4’ positions of the bipyridine, with stronger donating 

substituents providing more negative redox potentials and faster rates of polymerization 

than when weaker π-donating substituents were present.171 It is expected that more 

negative redox potentials and greater rates can be achieved if stronger π-donating 

iminophosphorano groups are introduced onto the bipyridine scaffold. Before the 

iminophosphorano substituted pyridines can be prepared, 4,4’-diaminobipyridine (4.27) 

is required and can be prepared via literature procedures (Scheme 4.7).54,173 With 4.27 in 

hand, iminophosphorano substituents can be introduced onto the bipyridine scaffold via a 

Kirsanov condensation with two equivalents of a dibromophosphorane (4.3) (Scheme 

4.7). 

 

Scheme 4.7 Proposed route for the preparation of 4,4’-iminophosphorano substituted 

bipyridines. 
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By introducing strong π-donating iminophosphorano onto other chemical 

scaffolds that are sensitive to the nature of the substituents attached it is expected that new 

and interesting chemistry and properties can be developed. There is therefore a large 

amount of potential for the use of iminophosphorano substituents, and the availability of 

substituent constants for these groups (via correlation with TEP), should be very valuable 

in informing molecular design.  
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Chapter 5:  Experimental Section 

5.1 General Information 

All reactions involving air or moisture sensitive reagents were carried out in oven 

dried or flame-dried glassware under an argon atmosphere using standard Schlenk line 

techniques or in an Innovative Technology glove-box under an argon atmosphere, unless 

otherwise stated. All solvents used were dried, degassed and stored over 4 Å molecular 

sieves prior to use. Dimethylformamide, hexanes, and acetonitrile were distilled from 

calcium hydride and stored over 4 Å molecular sieves prior to use.  All other solvents 

(diethyl ether, tetrahydrofuran, dichloromethane, and methanol) were dried with a Seca 

solvent purification system, degassed using the freeze-pump-thaw procedures and stored 

over 4 Å molecular sieves prior to use. Deuterated solvents C6D6 and CDCl3 used for air 

and moisture sensitive compounds and experiments involving catalysis were distilled over 

calcium hydride, degassed using freeze-pump-thaw procedures and stored over 4 Å 

molecular sieves prior to use. Deuterated solvents CD3CN, CD3OD and O=S(CD3)2 were 

used as supplied without further purification.  

 

5.2 Chemical Reagents Used in Synthesis 

Triphenylphosphite (97%), phosphorus oxychloride (99%), phosphorus 

pentachloride (95%),  4-mercaptopyridine (95%), 4-methoxypyridine (97%), 4-

morpholinopyridine (97%), iodomethane (99%), sodium hydride 60% dispersion in 

mineral oil, potassium bis(trimethylsilyl)amide (95%), tetrabutylammonium 

hexaflurophosphate (>99.0%), methylmagnesium bromide solution (3.0M in diethyl 
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ether), sodium ethoxide (95%), potassium tert-butoxide (95%), and 4-aminopyridine 

(98%) were all purchased from Sigma Aldrich and used without further purification.  

Potassium hexafluorophosphate (98%), 4-(1-pyrrolidinyl)pyridine (98%), sodium 

phenoxide (98%), bromine (99.8%), p-cresol (99%), calcium hydride (90-95%), and 

hexachloroethane (99%) were all purchased from Alfa Aesar and used without further 

purification. Lithium hexafluorophosphate was purchased from Novolyte Technologies 

and used without further purification. Sodium metal was purchased from Scholar 

Chemistry and used without prior purification. Ferrocene was purchased from Alfa Aesar 

and recrystallized from hexanes prior to use. Ethanol (>99 %, Commercial Alcohols) was 

distilled after treatment with sodium and stored over 4Å molecular sieves for 24 hours 

prior to use. Pyrrolidine (99%, Sigma Aldrich), triethylamine (97%, Alfa Aesar), 1,8-

diazabicyclo[5.4.0]undec-7-ene (99%, Alfa Aesar), benzyl alcohol (99% BDH), 

morpholine (99%, Sigma Aldrich), piperidine (99%, Sigma Aldrich) were distilled from 

calcium hydride and stored over 4 Å molecular sieves for 24 hours prior to use.  

 

5.3 Standard Analyses 

Phosphorus (31P) NMR spectra were recorded at 25 oC on a Varian UNITY 

INOVA 300 MHz at 121.4 MHz and referenced to 85% phosphoric acid (H3PO4) as an 

external standard (at δ 0 ppm). Proton (1H) NMR spectra were recorded at 25 oC on a 300 

MHz Varian UNITY INOVA spectrometer or a 400 MHz Varian UNITY spectrometer 

and referenced to residual proton resonances of deuterated solvents (C6D6: 
1H, δ = 7.16; 

CDCl3: 
1H, δ = 7.26; DMSO-d6: 

1H, δ = 2.50; and CD3CN: 1H, δ = 1.94). Carbon NMR 
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(13C) spectra were recorded at 101 MHz on a 400 MHz Varian UNITY spectrometer and 

referenced to the residual 13C resonances of deuterated solvents (C6D6: 
13C, δ = 128.06; 

CDCl3: 
13C, δ = 77.16; DMSO-d6: 

13C, δ = 39.50; and CD3CN: 13C, δ = 1.32 and 118.26).  

(C6D6: 
1H, δ = 7.16, 13C; CDCl3: 

1H, δ = 7.26, 13C, δ = 77.0; DMF-d7: 
1H, δ = 8.03; 13C, 

δ = 163.15, DMSO-d6: 
1H, δ = 2.50; 13C, δ = 39.5). The chemical shifts (δ) are quoted in 

parts per million (ppm). Signal multiplicities are abbreviated as: s, singlet; d, doublet; t, 

triplet; m, multiplet; coupling constants are given in Hertz (Hz). The assignments of the 

compounds prepared were supported by two-dimensional (2D) NMR experiments such as 

correlation spectroscopy (COSY), nuclear Overhauser effect spectroscopy (NOESY), 

heteronuclear single-quantum correlation spectroscopy (HSQC) and heteronuclear 

multiple-bond correlation spectroscopy (HMBC). High resolution mass spectra were 

recorded at the Mass Spectrometry Laboratory at Dalhousie University, Halifax, NS, 

Canada. The spectra were recorded using electrospray ionization (ESI) techniques in the 

positive ion mode. 

 

5.4 Electrochemistry 

Electrochemical studies were performed using a Biologic SP150 potentiostat with 

a standard three electrode system which consisted of a working electrode (platinum disk, 

0.07cm2), counter electrode (platinum wire, 5cm) and Ag/Ag+ reference electrode (0.01 

M AgNO3 and 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6, [Bu4N
+][PF6

-

]) in acetonitrile. The cyclic voltammetry experiments were performed under an inert 

argon atmosphere in a glove box with H2O levels ≤ 0.5 and O2 levels ≤ 10 ppm in a 0.1 
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M TBAPF6 solution in DMF using ferrocene as an internal standard and a scan rate of 50 

mv/s. All reduction potentials were converted to the Saturated Calomel Electrode using 

the formal potential of Fc+/Fc in DMF which is 0.45 V vs SCE in 0.1M [Bu4N
+][PF6

-].174 

 

5.5 Catalytic Studies and Kinetic Measurements and Data Analysis Procedures 

Samples were prepared using the amounts and concentrations described by 

Zipse,147 and sealed in J. Young NMR tubes. Manipulations were carried out in an 

Innovative Technology glovebox under an argon atmosphere. NMR measurements were 

conducted on a Varian UNITY 400 MHz spectrometer with single free induction decays 

(FIDs) collected at defined intervals (2-10 mins) for 10-15 hours and the spectra were 

referenced to an internal 1,4-dioxane standard (δ = 3.50). The data array was processed 

using the Mestrelab Research NMR software (MNOVA). Conversions were determined, 

the data fitted, and kinetic half-lives calculated, according to the equations described by 

Zipse 147, 92. Every catalysis experiment was conducted at least twice and the kinetic half-

lives are given with standard deviations.  
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5.6 Experimental Procedures 

Synthesis of 4-trichloroiminophosphorano pyridine (2.44f) 

 

Triethylamine (7.5 mL, 53.8 mmol) was added dropwise to a solution of 

phosphorus pentachloride (4.981 g, 23.9 mmol) and 4-aminopyridine (2.25 g, 23.9 mmol) 

in dichloromethane (50 mL) and stirred for two hours resulting in a cloudy yellow 

mixture. The dichloromethane was removed in vacuo resulting in a pale yellow mixture 

of triethylammonium chloride and trichloroiminophosphorano pyridine (2.44f). 

Compound 2.44f was isolated by the washing of the triethylammonium chloride mixture 

three times with hot benzene (100 mL) in a bridged glass setup. Benzene was removed in 

vacuo at 70 °C yielding the dimeric (2.44f)2 as a pale yellow solid (4.716 g, 86%) mp: 

96.2- 96.8 °C. It was found that (2.44f)2 will revert to the monomeric species in solutions 

over time. The NMR spectra obtained for the dimer (2.44f)2 were obtained within 10 

minutes after dissolution in CDCl3, while NMR spectra obtained for the monomeric 2.44f 

were obtained after letting a solution of (2.44f)2 stir for 15 hours prior to acquisition.31P 

NMR (121 MHz, CDCl3): Monomer: δ -30.0; Dimer: δ -83.4. 1H NMR (400 MHz, 

CDCl3: Monomer: δ 8.43 (m, 2 CH), 6.89 (m, 2 CH); Dimer: δ 7.47 (m, 4 CH), 8.75 (d, 

4 CH, 3JHH= 5.6 Hz). 13C NMR (101 MHz, CDCl3): Monomer: δ 118.4 (d, 2 CH, JPC= 
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22.4 Hz), 149.7 (s, 2 CH), 150.9 (s, C); Dimer: δ 127.7 (t, 4 CH, 3JPC= 4.5 Hz), 143.7 (s, 

2C), 151.1 (t, 4 CH, 4JPC= 2.9 Hz). 

 

Synthesis of 4-triphenoxyiminophosphorano pyridine (2.44c) 

 

 

Sodium phenoxide (0.810 g, 6.976 mmol) was added over the course of five 

minutes to a suspension of 2.44f (0.500 g, 2.179 mmol) in diethyl ether (35 mL) and 

stirred for 25 minutes resulting in a cloudy white mixture. Excess sodium phenoxide and 

sodium chloride were separated via suction filtration and washed two times with diethyl 

ether (5 mL). The diethyl ether filtrate volatiles were removed in vacuo to yield an off 

while oil 2.44c (0.806 g, 92%). 31P NMR (121 MHz): δ -23.9. 1H NMR (300 MHz, 

CDCl3): 6.66 (m, 2H, CH, PyrH), 7.18-7.25 (m, 9 CH, OC6H5), 7.32-7.37 (m, 6 CH, 

OC6H5), 8.20 (m, 2 CH, PyrH). 13C NMR (101 MHz, CDCl3): 119.4 (d, 2 CH, Pyr, JPC= 

16.6 Hz), 120.3 (d, 6 CH, OC6H5, JPC= 5.0 Hz), 125.8 (d, 3 CH, OC6H5, JPC= 1.4 Hz), 

129.9 (d, 6 CH, OC6H5, JPC= 1.0 Hz ), 149.9 (s, 3 C, OC6H5), 150.6 (d, 2 CH, Pyr, JPC= 

9.3 Hz), 153.5 (d, 1 C, Pyr JPC= 8.6 Hz). 
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Synthesis of 4-tris(1-pyrrolidinyl)iminophosphorano pyridine (2.44e) 

 

 

Pyrrolidine (1.3 mL, 15.6 mmol) was added to a suspension of 2.44f (0.2994 g, 

1.30 mmol) in diethyl ether (10 mL). The reaction mixture was stirred for three days and 

the resulting solution was decanted from the pyrrollidinium salts, which were 

subsequently washed with 3 portions of diethyl ether (5 mL). Excess pyrrolidine and 

diethyl ether were removed in vacuo at 80 °C yielding a yellow solid 2.44e (0.2566 g, 

59%).  Mp: 79-80 °C. 31P NMR (121 MHz, C6D6): δ 11.5. 1H NMR (400 MHz, C6D6): δ 

1.40 (m, 6 CH2), 2.94 (m, 6 CH2), 6.91 (m, 2 CH, PyrH), 8.64 (m, 2 CH, PyrH).  13C 

NMR (101 MHz, C6D6): δ 26.5 (d, 6 CH, 3JPC= 7.6 Hz), 46.9 (d, 6 CH2, 
2JPC= 3.8 Hz), 

118.8 (d, 2 CH, Pyr, 3JPC= 5.9 Hz), 119.0 (d, 2 CH, Pyr, 3JPC= 5.9 Hz), 150.7 (m, 2 CH, 

Pyr) 159.2 (d, C, Pyr, 2JPC= 3.0 Hz). HRMS (ESI+):  m/z calculated for C17H28N5P: 

178.1101 [M+1] found: 178.1098.      
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Synthesis of Sodium 4-methylphenoxide 

 

A solution of 4-methylphenol (9.952 g, 92 mmol) in tetrahydrofuran (50 mL) was 

added to suspension of 60 % sodium hydride in mineral oil (7.6344 g, 190.86 mmol) in 

tetrahydrofuran (100 mL) at 0  °C and stirred for 16 hours at room temperature. Excess 

sodium hydride was removed by vacuum filtration and washed with tetrahydrofuran (50 

mL).  The tetrahydrofuran was removed in vacuo, and the resulting white solid was 

washed with hexanes (150 mL). Volatiles were removed in vacuo at 70 °C for 2 hours 

yielding sodium 4-methylphenoxide (9.8968 g, 83%). Mp: >300 °C. 1H NMR (400 MHz, 

DMSO-d6): δ 2.02 (s, 3 H, CH3), 6.05 (d, 2 CH, JHH = 8.4 Hz), 6.53 (d, 2 CH, JHH= 8.0 

Hz). 13C NMR (101 MHz, DMSO-d6): δ 20.3 (1 CH3), 114.7 (1 C), 118.5 (2 CH), 129.1 

(2 CH), 169.0 (1 C). 
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Synthesis of 4-tri(4-methylphenoxy)iminophosphorano pyridine (2.44g)

 

Sodium 4-methylphenoxide (1.1556 g, 8.88 mmol) was added to a suspension of 

2.44f (0.5037 g, 2.20 mmol) in diethyl ether (15 mL) and stirred for 45 minutes. Sodium 

chloride and sodium cresolate were removed via vacuum filtration and washed with 

diethyl ether (10 mL). The resulting filtrate was concentrated to 5 mL and residual sodium 

cresolate was separated via cannula filtration after precipitation with hexanes (50 mL). 

Hexanes was removed in vacuo at 70 °C resulting in an off white oil of 2.44g (0.872 g, 

90%). 31P NMR (121 MHz): δ -22.7. 1H NMR (400 MHz, CDCl3): δ 2.33 (s, 3 CH3, 

OC6H4CH3), 6.63 (m, 2 CH, PyrH), 7.04-7.13 (m, 12 CH, OC6H4CH3), 8.18 (m, 2 CH, 

PyrH). 13C NMR (101 MHz, CDCl3): δ 20.9 (s, 3 CH3), 119.5 (d, 2 CH, Pyr, 3JPC= 16.8 

Hz), 120.1 (d, 6 CH, OC6H4CH3, 
4JPC= 4.9 Hz), 130.4 (d, 6 CH, OC6H4CH3, 

3JPC= 1.1Hz), 

135.4 (d, 3 C, OC6H4CH3, 
5JPC= 1.6 Hz), 148.6 (d, 3 C, OC6H4CH3, 

2JPC= 9.3 Hz), 150.2 

(s, 2 CH, Pyr), 153.7 (d, 1 C, Pyr, 2JPC= 7.8 Hz). HRMS (ESI+):  m/z calculated for 

C26H25N2O3P2: 445.166 [M+1] found: 445.1681.     
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Synthesis of N-methyl-4-triphenoxyiminophosphorano pyridinium iodide (2.45c) 

 

A solution of 2.44c (0.769 g, 1.911 mmol) in acetonitrile (5 mL) was added over 

the course of 10 minutes to a solution of iodomethane (0.15 mL, 2.41 mmol) in acetonitrile 

at 65 °C and stirred for 30 minutes. The reaction mixture was concentrated to 5 mL and 

diethyl ether (35 mL) was added to precipitate 2.45c. Volatiles were removed in vacuo to 

yield the amorphous yellow solid 2.45c (0.535 g, 51 %). 31P NMR (121 MHz, CDCl3): δ 

-16.9. 1H NMR (400 MHz, CDCl3) 4.29 (s, CH3), 6.94 (m, 2 CH, PyrH), 7.19 (m, 6 H, 

OC6H5), 7.30 (m, 3 H, OC6H5), 7.38 (m, 6 H, OC6H5), 8.51 (m, 2 CH, PyrH). 13C NMR 

(101 MHz, CDCl3): δ 46.6 (s, 1 CH3), 119.9 (d, 6 CH, OC6H5, 
4JPC= 4.7 Hz), 120.8 (d, 2 

CH, Pyr, 3JPC= 19.2 Hz), 126.6 (d, 3 CH, OC6H5, 
5JPC= 1.5 Hz), 130.3 (d, 6 CH, OC6H5, 

3JPC= 1.0 Hz), 144.4 (d, 2 CH, Pyr 4JPC= 1.4 Hz), 149.7 (d, 3 C, OC6H5, 
2JPC= 10.0 Hz), 

161.7 (d, 1 C, Pyr, 2JPC= 8.7 Hz). 
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Synthesis of 4-tris(1-pyrrolidinyl)iminophosphorano pyridinium iodide (2.45d) 

  

Iodomethane (0.15 mL, 2.41 mmol) was added to a solution of 2.44e (0.640 g, 

1.92 mmol) in acetonitrile (20 mL) and stirred at 65 °C for 1 hour. The reaction mixture 

was concentrated to 5 mL and diethyl ether (50 mL) was added to precipitate 2.45e. 

Volatiles were removed in vacuo at 50 °C yielding a yellow solid 2.45d (0.834 g, 91%) 

mp: 137-137.5 °C.  31P NMR (121 MHz, CDCl3): δ 17.5. 1H NMR (400 MHz, CDCl3): 

δ 1.88 (m, 6 CH2), 3.16 (m, 6 CH2), 4.02 (s, CH3), 6.74 (m, 2 CH, PyrH), 8.04 (d, 2 CH, 

PyrH, 3JHH= 6.0 Hz). 13C NMR (101 MHz, CDCl3): 26.4 (d, 6 CH2, 
3JPC= 8.15 Hz), 45.3 

(s, 1 CH3), 46.9 (d, 6 CH2, 
2JPC= 4.32 Hz), 118.6 (d, 2 CH, Pyr, 3JPC= 20.9 Hz), 142.3 (s, 

2 CH, Pyr), 164.4 (s, 1 C, Pyr). HRMS (ESI+):  m/z calculated for C18H31N5P
+: 348.2312 

[M] found: 348.2310.      
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Synthesis of N-methyl-4-tri(4-methylphenoxy)iminophosphorano pyridinium iodide 

(2.45e) 

 

Sodium 4-methylphenoxide (1.8160 g, 13.9 mmol) was added to a suspension of 

2.44f (0.9997 g, 4.36 mmol) in diethyl ether (60 mL) and stirred for 1 hour and 45 minutes. 

Sodium chloride and unreacted sodium cresolate were separated via vacuum filtration and 

washed with diethyl ether (80 mL). The diethyl ether was removed in vacuo and the 

resulting colorless oil (2.44g, 2.0468g) was dissolved in acetonitrile (20 mL) without 

further purification. Iodomethane (0.36 mL, 5.8 mmol) was added to the solution of 2.44g 

and subsequently heated to 65 °C for 1 hour and 30 minutes. The reaction mixture was 

concentrated to 5 mL and diethyl ether (200 mL) was used to precipitate 2.45e as a white 

solid. Volatiles were removed in vacuo at 50 °C yielding 2.45g (2.0561 g, 80 %). 

mp:136.6-137 °C. 31P NMR (121 MHz, CDCl3): δ -15.8. 1H NMR (300 MHz, CDCl3): δ 

2.34 (s, 3 CH3, OC6H4CH3), 4.29 (s, 1 CH3), 6.91 (d, 2 CH, PyrH, 3JHH= 7.2 Hz), 7.05 (m, 

6 CH, OC6H4CH3), 7.16 (m, 6 CH, OC6H4CH3), 8.47 (m, 2 CH, PyrH). 13C NMR (101 

MHz, CDCl3): δ 20.9 (s, 3 CH3, OC6H4CH3), 46.8 (s, 1 CH3), 119.8 (d, 6 CH, OC6H4CH3, 

4JPC= 4.73 Hz), 120.8 (d, 2 CH, Pyr, 3JPC= 18.3 Hz), 130.9 (s, 6 CH, OC6H4CH3), 136.5 

(d, 3 C, OC6H4CH3 
5JPC= 1.51 Hz), 144.3 (s, 2 CH, Pyr), 147.8 (d, 3 C, OC6H4CH3, 

2JPC= 
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9.96 Hz), 162.3 (d, 1 C, Pyr, 2JPC= 8.44 Hz). HRMS (ESI+):  m/z calculated m/z for 

C27H28N2O3P
+: 459.1833 [M] found: 459.1824.      

 

Synthesis of N-methyl-4-methoxypyridinium iodide (2.45f) 

 

2.45f was prepared according to literature procedure with slight modifications.175 

 

Iodomethane (0.69 mL, 11 mmol) was added to a solution of 2.44p (1.00 g, 9.16 

mmol) in acetonitrile (25 mL). The resulting solution was stirred at 70 °C for 2 hours 

resulting in a clear yellow solution. The solvent was removed in vacuo at 70 °C and the 

resulting white solid was recrystallized from hot acetonitrile, washed with 100 mL of 

diethyl ether and dried in vacuo to give 2.45f as white solid (1.75 g, 76%) mp 137.5-138.9 

°C 1H NMR (400 MHz, CDCl3): δ 4.12 (s, 3H, CH3), 9.06 (d, 2H, PyrH, J=: 7.2 Hz), 7.47 

(d, 2H, PyrH, J= 7.6 Hz), 4.49 (s, 3H, CH3); 13C NMR (101 MHz, CDCl3): δ 47.8 (CH3), 

58.6 (CH3), 147.2 (CH2), 113.9 (CH2), 170.9 (C). 
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Synthesis of N-methyl-4-(pyrollidinyl)pyridinium iodide (2.45g) 

 

2.45g was prepared according to literature procedure with slight modifications.176 

 

Iodomethane (0.51 mL, 8.2 mmol) was added to a solution of 2.44q (1.00 g, 6.75 

mmol) in acetonitrile (20 mL) at room temperature. The reaction mixture was stirred at 

room temperature for 2 hours resulting in a cloudy white mixture. The solvent was 

removed in vacuo and the resulting white solid was recrystallized from hot acetonitrile, 

washed with 100 mL of diethyl ether and dried in vacuo resulting in a white solid of 2.45g 

(1.71 g, 87%). mp 203.9-204.0 °C 1H NMR (400 MHz, CDCl3): δ 2.13 (m, 4H, 2 CH2), 

3.54 (m, 4H, 2 CH2), 4.14 (s, 3H, CH3), 6.80 (d, 2H, PyrH, J= 7.6 Hz), 8.36 (d, 2H, PyrH, 

J = 7.6 Hz).  13C NMR (101 MHz, CDCl3):  δ 25.3 (2 CH2), 45.7 (2 CH2), 49.0 (CH3), 

109.0 (2 CH), 143.2 (2 CH), 153.5 (C).    
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Synthesis of N-methyl-4-methanethiolate pyridinium iodide (2.45h) 

 

2.45h was prepared according to literature procedure with slight modifications.177 

 

Iodomethane (1.31 mL, 21.0 mmol) was added to a solution of 2.44r (2.19 g, 14.5 

mmol) in acetonitrile (40 mL) at room temperature and stirred for 14 hours at 60 °C. The 

solvent was subsequently removed in vacuum and the resulting yellow solid was 

recrystallized from hot ethanol, washed with 100 mL of diethyl ether and dried in vacuum 

at 50 °C for 3 hours which gave a light yellow solid of 2.45h (4.10 g, 87.8%). 1H NMR 

(400 MHz, DMSO-d6): δ 8.64 (d, 2H, PyrH, J= 7.2 Hz), 7.91 (d, 2H, PyrH, J= 7.2 Hz), 

4.16 (s, 3H, CH3), 2.70 (s, 3H, SCH3). 13C NMR (101 MHz, d6-DMSO):  δ 14.0 (CH3), 

46.4 (CH3), 122.1 (2 CH), 143.1 (2 CH), 162.5 (C). 
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Synthesis of N-methyl-4-morpholinopyridinium iodide (2.45i) 

 

Iodomethane (0.46 mL, 6.9 mmol) was added to a solution of 2.44s (1.00 g, 6.09 

mmol) in acetonitrile (20 mL). The resulting solution was stirred at 60 °C for 16 h. The 

solvent was removed in vacuo at 70 °C and the resulting yellow solid was recrystallized 

from hot acetonitrile (3 mL), washed with 100 mL of diethyl ether and dried in vacuo 

giving a yellow solid of 2.45i (1.61g, 87%). mp 174.7-175.2 °C 1H NMR (400 MHz, 

CDCl3): 4.15 (s, 3H, CH3), 8.40 (d, 2H, PyrH, J= 8.00 Hz), 7.22 (d, 2H, PyrH, J=: 7.6 

Hz), 3.84 (m, 4H, 2 CH2), 3.69 (m, 4H, 2 CH2). 13C NMR (101 MHz, CDCl3) δ: 45.8 (2 

CH2), 46.8 (CH3), 66.1 (2 CH2), 109.2 (2 CH), 143.9 (2 CH), 156.0 (C) HRMS (ESI+):  

m/z calculated for C10H15N2O
+: 179.1179 [M] found: 179.1184.      
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In situ preparation of N, N’-dimethyl-(4-tris(pyrrolidinyl)iminophosphorano 

bispyridinylidene (2.40i) 

 

Potassium bis(trimethylsilyl)amide (0.0483 g, 0.242 mmol) was added to a 

suspension of 2.45e (0.0998 g, 0.210 mmol)  in C6D6 (1 mL) and stirred for 1 hour before 

an aliquot of the reaction mixture was placed into a J. Young tube for NMR analysis. It 

was determined through integrations of the 1H NMR (See Figure A39) that a mixture of 

Z and E isomers of 2.40i formed in a 8:1 ratio.31P NMR (121 MHz, C6D6): Z isomer: δ 

5.98 (major); E isomer: δ 7.65 (minor). 1H NMR (400 MHz, C6D6): Z isomer: 1.55 (m, 

12 CH2), 2.64 (s, 2 CH3), 3.16 (m, 12 CH2), 5.46 (dd, 2 CH, 3JHH= 7.20 Hz, 4JHH= 2.00 

Hz), 5.75 (s, 2 CH), 6.02 (dd, 2 CH, 3JHH= 7.20 Hz, 5JHH= 1.60 Hz);  E isomer: 1.41 (m, 

12 CH2), 2.88 (m, 12 CH2). 2.98 (s, 2 CH3), 5.59 (dd, 2 CH, 3JHH= 6.80 Hz, 4JHH= 1.20 

Hz), 5.71 (s, 2 CH), 6.11 (dd, 2 CH, 3JHH= 7.20 Hz, 5JHH= 1.60 Hz). 13C NMR (101 MHz, 

C6D6): Z isomer: δ 26.7 (d, 12 CH2, 
3JPC= 7.54 Hz), 38.4 (s, 2 CH3), 47.1 (d, 12 CH2, 

2JPC= 3.42 Hz), 102.3 (d, 2 CH, 3JPC= 14.98 Hz), 109.7 (d, 2 CH, 3JPC= 21.72 Hz), 119.3 

(2 C, 2JPC= 1.41 Hz), 137. 8 (d, 2 CH, 4JPC= 2.31 Hz), 139.8 (d, 2 C, 4JPC= 1.81 Hz); E 

isomer: δ 26.5 (d, 12 CH2, overlapped), 43.6 (s, 2 CH3), 46.9 (d, 12 CH2, 
2JPC= 3.52 Hz), 

103.6 (d, 2 CH, 3JPC= 12.67 Hz), 110.7 (d, 2 CH, 3JPC= 24.54 Hz), 120.6 (d, 2 C, 2JPC= 

2.01 Hz), 138.7 (d, 2 CH, 4JPC= 2.51 Hz), 140.8 (d, 2 C, 4JPC= 1.61 Hz). 
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In situ preparation of N, N’-dimethyl-4-tri(4-methylphenoxy)iminophosphorano 

bispyridinylidene (2.40j) 

 

Potassium bis(trimethylsilyl)amide (0.040 g, 0.201 mmol) was added to a 

suspension of 2.45g ( 0.112 g, 0.190 mmol)  in C6D6 (1 mL) and stirred for 1 hour before 

an aliquot of the reaction mixture was placed into a J. Young tube for NMR analysis. It 

was determined through (HH) NOESY and integrations of the 1H NMR (See Figure A36) 

that a mixture of Z and E isomers of 2.40j form in a 9:1 ratio. 31P NMR (121 MHz, C6D6): 

Z isomer: δ -29.8 (major); E isomer: δ -29.4 (minor). 1H NMR (400 MHz, C6D6): Z 

isomer: δ 1.92 (s, 9 CH3), 2.30 (s, 2 CH3), 5.23 (dd, 2 CH, 3JHH= 7.20 Hz, 4JHH= 2.00 Hz), 

5.75 (dd, 2 CH, 3JHH= 7.20 Hz, 5JHH= 1.60 Hz), 5.84 (dd, 2 CH, 5JHH= 2.00 Hz), 6.78 (d, 

12 CH, 3JHH= 8.39 Hz), 7.27 (d, 12 CH, 3JHH= 8.40 Hz); E isomer: 2.10 (s, 9 CH3), 2.58 

(s, 2 CH3), 5.29 (dd, 2 CH, 3JHH= 7.20 Hz, 4JHH= 2.00 Hz), 5.79 (dd, 2 CH, 5JHH= 1.60 

Hz), 5.80 (br dd, 2 CH), 2 CH resonances for aromatic signals are overlapped with Z 

isomer resonances at δ 6.78 and 7.20 respectively. 13C NMR (101 MHz, C6D6): Z isomer: 

δ 20.6 (s, 9 CH3), 37.9 (s, 2 CH3), 107.2 (d, 2 CH, 3JPC= 17.8) 107.4 (d, 2 CH, 3JPC= 16.9 

Hz), 120.2 (2 C, d, 2JPC= 2.41 Hz) 120.86 (d, 12 CH, 4JPC= 5.03 Hz), 130.4 (s, 12 CH), 

134.3 (d, 2 CH, 4JPC= 7.04 Hz), 134.6 (d, 2 C, 4JPC= 1.31 Hz), 138.4 (s, 6 C) 149.7 (d, 6 
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C, 8.95 Hz). The minor isomer did not appear in 13C NMR after 16 hours to an appreciable 

amount to confidently assign. 

 

Synthesis of N, N’-dimethyl-4-tris(pyrroldinyl)iminophosphorano bipyridinium 

dichloride (2.40i2+-2Cl) 

 

Potassium bis(trimethylsilyl)amide (0.1168 g, 0.585 mmol) was added to a 

suspension of 2.45e (0.2531 g, 0.532 mmol) in benzene (10 mL) and stirred for 2 hours. 

The purple-colored solution was filtered and the resulting potassium iodide was washed 

with benzene (15 mL).  A solution of hexachloroethane (0.1518 g, 0.641 mmol) in 

benzene (5 mL) was added and the reaction was stirred for 13 hours. The resulting 

red/purple solution was concentrated to approximately 5 mL and diethyl ether (100 mL) 

was added to precipitate 2.40i2+
.  Diethyl ether was separated via cannula filtration and 

volatiles were removed in vacuo yielding 2.40i2+ as a metallic black solid (0.1469 g, 72 

%) mp: 155-156 °C. 31P NMR ( 121 MHz, CDCl3): δ 17.0. 1H NMR (400 MHz, CDCl3): 

δ 1.92 (m, 12 CH2), 3.21 (m, 12 CH2), 3.83 (s, 2 CH3), 6.81 (d, 2 CH, 4JHH= 1.20 Hz), 6.88 

(dd, 2 CH, 3JHH= 7.20 Hz, 4JHH= 2.80 Hz), 8.44 (d, 2 CH, 3JHH= 7.60 Hz). 13C NMR (101 

MHz, CDCl3), 26.5 (d, 12 CH2, 
3JPC= 8.247 Hz ), 43.6 (s, 2 CH3), 47.2 (d, 12 CH2, 

2JPC= 

4.324 Hz), 118.1 (d, 2 CH, 3JPC= 15.29 Hz ), 122.1 (d, 2 CH, JPC= 27.356 Hz), 142.6 (d, 
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2 C, JPC= 4.224 Hz), 145.3 (s, 2 CH), 164.7 (d, 2 C, JPC= 1.51 Hz). HRMS (ESI+): m/z 

calculated for C36H60N10P2
2+: 347.2234 [M] found: 347.2246.      

 

Synthesis of N, N’-dimethyl-4-tri(4-methylphenoxy)iminophosphorano bipyridinium 

dichloride (2.40j2+-2PF6) 

 

Potassium bis(trimethylsilyl)amide (0.0686 g, 0.344 mmol) was added to a 

suspension of 2.45g (0.2009 g, 0.343 mmol) in benzene (5 mL) and stirred for 1 hour. 

Bromine (12.0 μL, 0.234 mmol) was added and the reaction was stirred for 15 hours. The 

purple solution was filtered and the resulting potassium iodide/bromide salts were washed 

with benzene (5 mL). The resulting purple solution was concentrated to 2 mL and diethyl 

ether (50 mL) was added to precipitate a mixture of products. The crude mixture was next 

dissolved in acetonitrile (1 mL) and a solution of lithium hexafluorophosphate (0.102 g, 

0.671 mmol) in water was added. Water (100 mL) was added to precipitate the resulting 

hexafluorophosphate salt and separated from the mixture via cannula filtration. The 

resulting purple solid was next dissolved in dichloromethane (5 mL) and dried with 

magnesium sulfate. The dichloromethane was removed in vacuo at 50 °C resulting in 

0.0559 g of a mixture of 4 products. Without further purification the reduction potential 
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was determined to be -1.14 V vs SCE in 0.1 M TBAH in dimethyl formamide.  31P NMR 

(121 MHz, CDCl3): Major product: δ -14.2 and -143.80 Minor products: δ -13.6, -14.3,  -

14.6, and -15.3. 1H NMR (400 MHz, CDCl3): δ 2.29 (s, 6 CH3, OC6H4CH3), 3.64 (s, 2 

CH3), 6.88 (d, 2 CH, JHH= 2.80 Hz), 6.99 (dd, 2 CH, 3JHH= 7.20 Hz 4JHH= 2.80 Hz), 7.03 

– 7.20 (m, 24 CH, OC6H4CH3), 8.07 (d, 2 CH, 3J\HH= 7.20 Hz). 13C NMR (101 MHz, 

CDCl3): δ 20.9 (s, 6 CH3, OC6H4CH3), 44.4 (s, 2 CH3), 120.0 (d, 12 CH, OC6H4CH3, 
4JPC= 

4.73 Hz), 121.5 (d, 2 CH, 3JPC= 15.29 Hz), 123.4 (2 CH, 3JPC= 24.2 Hz),  131.0 (d, 12 CH, 

OC6H4CH3, 
3JPC= 1.11 Hz), 136.6 (d, 6 C, OC6H4CH3, 1.71 Hz),  143.8 (d, 2 C, 2JPC= 1.61 

Hz), 146.7 (s, 2 CH)  147.7 (d, 6 C, OC6H4CH3, 
2JPC= 9.96 Hz), 163.5 (d, 2 C, 4JPC= 8.55 

Hz)  HRMS (ESI+):  m/z calculated for C54H54F6N4O6P3
+: 1061.3160 [M] found: 

1061.3170.      
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Synthesis of N, N’-dimethyl-(4-methoxy) bipyridinium dihexaflurophosphosphate 

(2.40d2+-2PF6) 

 

A solution of potassium bis(trimethylsilyl)amide (0.254 g, 1.27 mmol) in 

tetrahydrofuran (THF) (4 mL) was added to a suspension of 2.45f (0.290 g, 1.16 mmol) 

in THF (5 mL) and stirred for 3 hours at room temperature. The purple-colored solution 

was filtered and the resulting potassium iodide was washed with THF (15 mL). A solution 

of hexachloroethane (0.328 g, 1.39 mmol) in THF (4 mL) was added and the reaction was 

stirred for 15 hours. The THF was removed in vacuo resulting in a dark purple/red solid. 

The solid was next dissolved in water and a solution of lithium hexaflurophosphate (0.352 

g, 2.32 mmol) in water (4 mL) was added resulting in the precipitation of a dark purple 

solid The purple solid was washed with ethanol (1 mL), and 2-propanol (1 mL), and 

diethyl ether (30 mL) yielding 2.402+-2PF6 (0.084 g, 27%). mp: 203.9-205.0 °C. 

Reduction potential: -0.94 V vs SCE.  1H NMR (400 MHz, CD3CN): δ 3.86 (s, 6H, 2 

CH3), 4.17 (s, 6H, 2 CH3), 7.56 (d, 2H, PyrH, J= 3.2 Hz), 7.62 (dd, 2H, PyrH, J1= 7.2 Hz 

J2= 2.8 Hz), 8.67 (d, 2H, PyrH, J=7.20). 13C NMR (101 MHz, CD3CN): δ 46.3 (CH3), 

59.8 (CH3), 115.7 (2 CH), 118.3 (2 CH), 145.5 (2 CH), 150.7 (2 C), 173.0 (2 C). HRMS 

(ESI+):  m/z calculated for C14H18N2O2
2+: 123.0679 [M] found: 123.0683.      

 



  

145 

 

Synthesis of N,N’-dimethyl-(4-pyrrolidinyl) bipyridinium dihexaflurophosphosphate 

(2.40l2+-2PF6) 

 

A solution of potassium bis(trimethylsilyl)amide (0.227 g, 1.14 mmol) in 

tetrahydrofuran (THF) (4 mL) was added to a suspension of 2.45g (0.300 g, 1.03 mmol) 

in THF (5 mL) and stirred for 3 hours at room temperature. The purple-colored solution 

was filtered and the resulting potassium iodide was washed with THF (15 mL). A solution 

of hexachloroethane (0.299 g, 1.26 mmol) in THF (4 mL) was added to the reaction 

mixture and stirred for 15 hours. The solvent was removed in vacuo resulting in a 

burgundy solid. The solid was next dissolved in water and a solution of lithium 

hexaflurophosphate (0.314 g, 2.07 mmol) in water (4 mL) was added resulting in the 

precipitation of a burgundy solid. The burgundy solid was washed with water (2 mL), 2-

propanol (2 mL), and diethyl ether (30 mL) yielding 2.40l2+-2PF6 (0.176 g, 56%). mp 

155.2-157.2 °C. Reduction Potential: -1.35 V vs SCE. 1H NMR (400 MHz, CD3CN): δ 

2.06-2.11 (m, 8H, 4 CH2), 3.49 (m, 8H, 4 CH2), 3.67 (s, 6H, 2 CH3), 6.84 (dd, 2H, PyrH, 

J1= 7.6 Hz, J2= 3.2 Hz), 6.86 (d, 2H, PyrH, J= 2.8 Hz), 8.01 (d, 2H, PyrH, J= 7.6 Hz). 13C 

NMR (101 MHz, CD3CN): δ 25.8 (4 CH2), 43.7 (2 CH3), 50.0 (4 CH2), 109.8 (2 CH), 

112.7 (2 CH), 143.7(2 C), 145.6(2 CH), 154.5 (2 C). HRMS (ESI+):  m/z calculated for 

C20H28N4
2+: 165.1152 [M] found: 165.1157.      
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Synthesis of N, N’-dimethyl-(4-methylthiolate) bipyridinium dichloride (2.40m2+-2Cl) 

 

A solution of potassium bis(trimethylsilyl)amide (0.206 g, 1.03 mmol) in 

tetrahydrofuran (THF) (4 mL) was added to a suspension of 2.45h (0.251 g, 0.9381 mmol) 

in THF (5 mL) and stirred for 3 hours at room temperature. The purple-colored solution 

was filtered and the resulting potassium iodide was washed with THF (15 mL). A solution 

of hexachloroethane (0.266 g, 1.383 mmol) in THF (4 mL) was added and the reaction 

was stirred for 15 hours. The THF was removed in vacuo resulting in a dark purple solid. 

The purple solid was next purified using a soxhlet apparatus with boiling chloroform 

resulting in a mixture of 3 products with a yield 0.130 g. Without further purification the 

reduction potential was determined to be -0.83 V vs SCE. 1H NMR (400 MHz, DMSO-

d6): δ 2.77 (s, 6H, 2 CH3), 4.02 (s, 6H, 2 CH3), 8.24 (dd, 2H, PyrH, J1=  6.799 Hz, J2= 2.4 

Hz), 8.35 (d, 2H, PyrH, J= 2.4 Hz), 9.05 (d, 2H, PyrH, J= 7.2 Hz). 13C NMR (100 MHz, 

DMSO-d6):  14.6 (2 CH3), 45.7 (2 CH3), 124.0 (2 CH), 125.1 (2 CH), 141.25 (2 C), 145.5 

(2 CH), 164.5 (2 C). 13C NMR was assigned using HMBC and HSQC analysis. HRMS 

(ESI+):  m/z calculated for C14H18N2S2
2+: 139.0450 [M] found: 139.0455.      
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Synthesis of N, N’-dimethyl-(4-morpholino) bipyridinium dihexaflurophosphospate 

(2.40n2+-2PF6) 

 

Potassium bis(trimethylsilyl)amide (0.347 g, 1.74 mmol) was added to a 

suspension of 2.45i (0.500 g, 1.63 mmol) in tetrahydrofuran (THF) (10 mL) and stirred 

for 1 hour at room temperature. The dark red solution was filtered and the resulting 

potassium iodide was washed with THF (15 mL). A solution of hexachloroethane (0.427 

g, 1.80 mmol) in THF (4 mL) was added and stirred for 15 hours. The THF was removed 

in vacuo resulting in a red solid. The solid was next dissolved in dichloromethane (25 mL) 

and potassium hexaflurophosphate (0.311 g, 1.69 mmol) was added and the reaction 

mixture was stirred at 35 °C for 18 hours resulting in a clear dark red solution. The THF 

was removed in vacuo and the resulting solid was re-dissolved in 15 mL of acetonitrile 

and filtered. The acetonitrile was next removed in vacuo resulting in a dark red solid of 

2.40n2+-2PF6 (0.369 g, 70%) mp: 164.8-166.5 °C. Reduction Potential -1.19 V vs SCE. 

1H NMR (400 MHz, DMSO-d6): δ 3.65-3.85 (br, 22 H, 4 CH2 + 2 CH3), 7.42 (dd, 2H, 

PyrH, J1= 7.6 Hz, J2= 3.2 Hz), 7.55 (d, 2H, PyrH, J= 3.2 Hz, 2H), 8.52 (d, 2H, PyrH, J= 

7.60). 13C NMR (101 MHz, DMSO-d6): 42.7 (4 CH2), 46.5 (2 CH3), 65.5 (4 CH2), 108.5 

(2 CH), 111.1 (2 CH), 143.2 (2 C), 145.5 (2 CH), 155.4 (2 C). HRMS (ESI+):  m/z 

calculated for C20H28N4O2
2+: 178.1101 [M] found: 178.1098.      
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Synthesis of tris(pyrrolidinyl)phosphine oxide (2.48) 

 

2.48 was prepared according to literature procedures with slight modifications.178 

Pyrrolidine (18 mL, 215.6 mmol) was added to a solution of phosphoryl chloride 

(3.0 mL, 32.2 mmol) in benzene (25 mL) and stirred for 15 hours. The resulting orange 

solution was washed 3 times with 50 % w/w sodium hydroxide in water (5 mL) and once 

with water (5 mL) and dried with magnesium sulfate. Volatiles were removed in vacuo 

yielding 2.48 (6.553 g, 79%). 31P NMR (121 MHz, CDCl3): δ 14.7. 1H NMR (300 MHz, 

CDCl3): δ 1.80 (m, 6 CH2), 3.16 (m, 6 CH2). 13C NMR (101 MHz, CDCl3): δ 26.6 (d, 6 

CH2, 
3JPC= 8.0 Hz), 46.4 (d, 6 CH2, 

2JPC= 9.5 Hz). 
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Synthesis of chloro-tris(pyrrolidinyl)phosphonium hexafluorophosphate (2.43e’’) 

 

2.43e’’ was prepared according to a literature procedure with slight modifications.179 

 

Phosphoryl chloride (1.7 mL, 18.2 mmol) was added to a solution of 2.48 (4.667 

g, 18.1 mmol) in dichloromethane (10 mL) at 0 °C. The resulting dark orange solution 

was stirred for 15 minutes before a solution of lithium hexafluorophosphate (2.6601 g, 

17.5 mmol) in water (10 mL) was added and stirred for an additional 20 minutes. The 

organic phase and aqueous phases were washed 5 times with water (5 mL) and 

dichloromethane (5 mL) respectively. The organic fractions were combined and dried 

with magnesium sulfate and the dichloromethane was removed in vacuo producing a 

crude brown solid. The resulting brown solid was recrystallized from boiling isopropanol 

(10 mL) yielding 2.43e’’ as a tan solid (4.3404 g, 59%). mp: 147-149 °C. 31P NMR (121 

MHz, CDCl3): δ 36.3, 143.8 (sept). 1H NMR (300 MHz, CDCl3): δ 2.05 (m, 6 CH2), 3.37 

(m, 6 CH2). 13C NMR (101 MHz, CDCl3): δ 26.4 (d, 6 CH2, 
3JPC= 10.0 Hz), 48.6 (d, 6 

CH2, 
2JPC= 4.6 Hz) HRMS (ESI+):  m/z calculated for C12H24ClN3P

+: 276.1391 [M] 

found 276.1397.
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Appendix A 

Selected NMR Spectra 

In order of appearance from experimental procedure in Chapter 5. 

 

Figure A1 31P NMR spectrum of compound 2.44f in CDCl3. 
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Figure A2 1H NMR spectrum of compound 2.44f in CDCl3. 

 

Figure A3 13C NMR spectrum of compound 2.44f in CDCl3. 
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Figure A4 31P NMR spectrum of compound (2.44f)2 in CDCl3. 

 

Figure A5 1H NMR spectrum of compound (2.44f)2 in CDCl3. 
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Figure A6 13C NMR spectrum of compound (2.44f)2 in CDCl3. 

 

Figure A7 31P NMR spectrum of compound 2.44c in CDCl3. 
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Figure A8 1H NMR spectrum of compound 2.44c. 

 

Figure A9 13C NMR spectrum of 2.44c in CDCl3. 
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Figure A10 31P NMR spectrum of compound 2.44e in C6D6. 

 

Figure A11 1H NMR spectrum of compound 2.44e in C6D6. 
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Figure A12 13C NMR spectrum of 2.44e in C6D6. 

 

Figure A13 1H NMR spectrum of 2.52 in DMSO-d6. 
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Figure A14 13C NMR spectrum of 2.52 in DMSO-d6. 

 

Figure A15 31P NMR spectrum of 2.44g in CDCl3. 
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Figure A16 1H NMR spectrum of 2.44g in CDCl3. 

 

Figure A17 13C NMR spectrum of 2.44g in CDCl3. 
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Figure A18 31P NMR spectrum of 2.45c in CDCl3. 

 

Figure A19 1H NMR spectrum of 2.45c in CDCl3. 
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Figure A20 13C NMR spectrum of 2.45c in CDCl3. 

 

 

Figure A21 31P NMR spectrum of 2.45d in CDCl3. 
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Figure A22 1H NMR spectrum of 2.45d in CDCl3. 

 

Figure A23 13C NMR spectrum of 2.45d in CDCl3. 



  

175 

 

 

Figure A24 31P NMR spectrum of 2.45e in CDCl3. 

 

Figure A25 1H NMR spectrum of 2.45e in CDCl3. 
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Figure A26 13C NMR spectrum of 2.45e in CDCl3. 

 

Figure A27 13H NMR spectrum of 2.45f in CDCl3. 
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Figure A28 13C NMR spectrum of 2.45f in CDCl3. 

 

Figure A29 1H NMR spectrum of 2.45g in CDCl3. 
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Figure A30 13C NMR spectrum of 2.45g in CDCl3. 

 

Figure A31 1H NMR spectrum of 2.45h in DMSO-d6. 
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Figure A32 13C NMR spectrum of 2.45h in DMSO-d6. 

 

Figure A33 1H NMR spectrum of 2.45i in CDCl3. 
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Figure A34 13C NMR spectrum of 2.45i in CDCl3. 

 

Figure A35 31P NMR spectrum of 2.40i in C6D6. 
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Figure A36 1H NMR spectrum of 2.40i in C6D6. 

 

Figure A47 13C NMR spectrum of 2.40i in C6D6. 
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Figure A38 NOESY spectrum of 2.40i in C6D6. 

 

Figure A39 31P NMR spectrum of 2.40j in C6D6. 
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Figure A40 1H NMR spectrum of 2.40j in C6D6. 

 

Figure A41 13C NMR spectrum of 2.40j in C6D6. 
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Figure A42 31P NMR spectrum of 2.40i2+ in CDCl3. 

 

Figure A43 1H NMR spectrum of 2.40i2+ in CDCl3. 
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Figure A44 13C NMR spectrum of 2.40i2+ in CDCl3. 

 

Figure A45 31P NMR spectrum of 2.40h2+ in CDCl3. 
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Figure A46 1H NMR spectrum of 2.40h2+ in CDCl3. 

 

Figure A47 13C NMR spectrum of 2.40h2+ in CDCl3. 
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Figure A48 (CH) HSQCAD spectrum of 2.40h2+ CDCl3. 

 

Figure A49 1H NMR spectrum of 2.40d2+ in CD3CN. 
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Figure A50 13C NMR spectrum of 2.40d2+-2PF6 in CD3CN. 

 

Figure A51 1H NMR spectrum of 2.40l2+-2PF6 in CDCl3. 
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Figure A52 13C NMR spectrum of 2.4012+-2PF6 in CDCl3. 

 

Figure A53 1H NMR spectrum of 2.40k2+-2Cl in DMSO-d6. 
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Figure A54 13C NMR spectrum of 2.40k2+-2Cl in DMSO-d6. 

 

Figure A55 COSY spectrum of 2.40k2+-2Cl in DMSO-d6. 
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Figure A56 HSQCAD spectrum of 2.40k2+-2Cl in DMSO-d6. 

 

Figure A57 HMBCAD spectrum of 2.40k2+-2Cl in DMSO-d6. 
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Figure A58 1H NMR spectrum of 2.40n2+-2PF6 in DMSO-d6. 

 

Figure A59 13C NMR spectrum of 2.40n2+-2PF6 in DMSO-d6. 
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Figure A60  31P NMR spectrum of compound 2.50 in CDCl3. 

 

Figure A61  1H NMR spectrum of compound 2.50 in CDCl3. 
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Figure A62 13C NMR spectrum of compound 2.50 in CDCl3. 

 

Figure A63 31P NMR spectrum of compound 2.51 in CDCl3. 
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Figure A64 1H NMR spectrum of compound 2.51 in CDCl3. 

 

Figure A65 13C NMR spectrum of compound 2.51 in CDCl3. 



  

196 

 

Appendix B 

Selected High Resolution Mass Spectra 

In order of appearance from experimental procedure in Chapter 5 

 

Figure B1 High-resolution mass spectrum of 2.44e. 

 

 

Figure B2 High-resolution mass spectrum of 2.44g. 
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Figure B3 High-resolution mass spectrum of 2.45d. 

 

 

Figure B4 High-resolution mass spectrum of 2.45e. 
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Figure B5 High-resolution mass spectrum of 2.45i. 

 

 

Figure B6 High-resolution mass spectrum of 2.40i2+-2Cl. 
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Figure B7 High-resolution mass spectrum of 2.40j2+-2PF6. 

 

 

Figure B8 High-resolution mass spectrum of 2.40d2+-2PF6. 
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Figure B9 High-resolution mass spectrum of 2.40l2+-2PF6. 

 

 

Figure B10 High-resolution mass spectrum of 2.40m2+-2PF6. 
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Figure B11 High-resolution mass spectrum of 2.40n2+-2PF6. 

 

 

 

Figure B12 High-resolution mass spectrum of 2.49. 
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Appendix C 

Selected Cyclic Voltammograms 

In order of appearance from experimental procedure in Chapter 5 

 

Figure C1 Cyclic Voltammogram of 2.40i2+-2Cl. 

 

Figure C2 Cyclic Voltammogram of 2.40j2+-2PF6. 
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Figure C3 Cyclic Voltammogram of 2.40d2+-2PF6. 

 

Figure C4 Cyclic Voltammogram of 2.40l2+-2PF6. 
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Figure C5 Cyclic Voltammogram of 2.40m2+-2Cl. 

 

Figure C6 Cyclic Voltammogram of 2.40n2+-2PF6. 
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Appendix D 

X-Ray structure and data for (2.44f)2  

 

Figure D1. Solid state structure of (2.44f)2. 

 

Table 1.  Crystal data and structure refinement for AD140383. 

 

Identification code  AD140383 

Empirical formula  C10 H8 Cl6 N4 P2 

Formula weight  458.84 

Temperature  188(1) K 

Wavelength  0.71073 Å 

Diffractometer used Bruker AXS P4/SMART 1000 

Detector distance 5 cm 

Monochromator used Graphite 

Crystal size 0.45 x 0.40 x 0.20 mm3 

Colour and habit Colourless, irregular 

Crystal system  Triclinic 
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Space group  P-1 

Unit cell dimensions a = 8.8789(12) Å  = 76.642(2)° 

 b = 11.6709(15) Å  = 76.346(2)° 

 c = 17.931(2) Å  = 77.647(2)° 

Volume 1731.5(4) Å3 

Z 4 

Density (calculated) 1.760 Mg/m3 

Absorption coefficient 1.175 mm-1 

F(000) 912 

Theta range for data collection 1.82 to 27.50° 

Completeness to theta = 25.00° 99.2 %  

Scan type  and  

Scan range 0.3 

Exposure time 10s 

Index ranges -11  h  11, -13  k  15, -23  l  21 

Standard reflections 50 frames at beginning and end of data 

collection 

Crystal stability no decay 

Reflections collected 11888 

Independent reflections 7477 [R(int) = 0.0244] 

Solution Direct methods 

Hydrogen atoms Found, refined isotropically 

Absorption correction SADABS 

Max. and min. transmission 0.7990 and 0.6199 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7477 / 0 / 461 

Goodness-of-fit on F2 1.071 

Final R indices [I>2sigma(I)] R1 = 0.0445, wR2 = 0.1247 

R indices (all data) R1 = 0.0506, wR2 = 0.1329 
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Largest/mean shift/esd 0.001/0.000 

Largest diff. peak and hole 2.385 and -0.755 e.Å-3 

 

wR2 = ([w(Fo
2-Fc

2)2]/[wFo
4])1/2 

R1 = Fo- Fc/  Fo  

Weight = 1 / [2(Fo
2) + (0.0749  P)2 + (2.3092  P)] 

               where P = (max (Fo
2, 0) +2  Fc

2)/3 

 

Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters 

(Å2x 103) for AD140383.  U(eq) is defined as one third of  the trace of the orthogonalized 

Uij tensor. 

_______________________________________________________________________  

 x y z U(eq) 

_______________________________________________________________________ 

P(1) 8613(1) 4034(1) 2147(1) 22(1) 

P(2) 9479(1) 4414(1) 3378(1) 22(1) 

P(3) -1165(1) 9412(1) 60(1) 33(1) 

P(4) 4706(1) 8900(1) 5117(1) 19(1) 

Cl(1) 10107(1) 4544(1) 1140(1) 38(1) 

Cl(2) 8359(1) 2310(1) 2234(1) 32(1) 

Cl(3) 6642(1) 4663(1) 1608(1) 37(1) 

Cl(4) 7949(1) 4034(1) 4403(1) 40(1) 

Cl(5) 9859(1) 6107(1) 3215(1) 36(1) 

Cl(6) 11416(1) 3738(1) 3953(1) 37(1) 

Cl(7) -1563(1) 7626(1) 466(1) 46(1) 

Cl(8) -1632(1) 9424(1) -993(1) 44(1) 

Cl(9) -3153(1) 10003(1) 796(1) 45(1) 

Cl(10) 4793(1) 7997(1) 6220(1) 31(1) 

Cl(11) 5754(1) 7331(1) 4663(1) 28(1) 



  

208 

 

Cl(12) 2623(1) 8899(1) 4830(1) 33(1) 

N(1) 10145(3) 3575(2) 2713(1) 23(1) 

N(2) 7928(3) 4843(2) 2831(1) 22(1) 

N(3) 14188(3) 981(2) 2246(2) 31(1) 

N(4) 3844(3) 7452(2) 3107(2) 31(1) 

N(5) 624(3) 9125(2) 247(2) 35(1) 

N(6) 3605(4) 5870(2) 889(2) 37(1) 

N(7) 6010(3) 9689(2) 4569(1) 20(1) 

N(8) 10007(3) 8867(2) 2841(2) 28(1) 

C(1) 11541(3) 2705(2) 2581(2) 23(1) 

C(2) 11533(4) 1516(3) 2924(2) 28(1) 

C(3) 12876(4) 690(3) 2733(2) 31(1) 

C(4) 14176(4) 2139(3) 1938(2) 32(1) 

C(5) 12891(4) 3033(3) 2086(2) 29(1) 

C(6) 6546(3) 5726(2) 2930(2) 22(1) 

C(7) 5169(4) 5424(3) 3423(2) 27(1) 

C(8) 3857(4) 6322(3) 3487(2) 30(1) 

C(9) 5178(4) 7717(3) 2636(2) 29(1) 

C(10) 6557(4) 6889(3) 2530(2) 26(1) 

C(11) 1599(4) 8004(3) 477(2) 34(1) 

C(12) 1904(4) 7655(3) 1228(2) 36(1) 

C(13) 2916(4) 6593(3) 1398(2) 38(1) 

C(14) 3267(4) 6213(3) 176(2) 38(1) 

C(15) 2296(4) 7262(3) -59(2) 39(1) 

C(16) 7366(3) 9388(2) 3984(2) 20(1) 

C(17) 8810(3) 8905(3) 4188(2) 24(1) 

C(18) 10092(3) 8662(3) 3594(2) 27(1) 

C(19) 8595(4) 9318(3) 2663(2) 28(1) 

C(20) 7239(3) 9594(3) 3206(2) 24(1)
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 Table 3.   Bond lengths [Å] and angles [°] for  AD140383. 

_______________________________________________________________________  

P(1)-N(2)  1.643(2) 

P(1)-N(1)  1.804(2) 

P(1)-Cl(1)  2.0215(11) 

P(1)-Cl(2)  2.0380(10) 

P(1)-Cl(3)  2.1113(10) 

P(1)-P(2)  2.6560(11) 

P(2)-N(1)  1.639(2) 

P(2)-N(2)  1.796(2) 

P(2)-Cl(5)  2.0192(10) 

P(2)-Cl(4)  2.0311(11) 

P(2)-Cl(6)  2.1274(10) 

P(3)-N(5)  1.649(3) 

P(3)-N(5)#1  1.800(3) 

P(3)-Cl(8)  2.0218(13) 

P(3)-Cl(9)  2.0332(12) 

P(3)-Cl(7)  2.1194(13) 

P(3)-P(3)#1  2.6607(19) 

P(4)-N(7)  1.630(2) 

P(4)-N(7)#2  1.802(2) 

P(4)-Cl(10)  2.0259(10) 

P(4)-Cl(12)  2.0330(10) 

P(4)-Cl(11)  2.1168(9) 

P(4)-P(4)#2  2.6496(14) 

N(1)-C(1)  1.434(3) 

N(2)-C(6)  1.428(3) 

N(3)-C(4)  1.335(4) 

N(3)-C(3)  1.337(4) 

N(4)-C(9)  1.332(4) 
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N(4)-C(8)  1.337(4) 

N(5)-C(11)  1.437(4) 

N(5)-P(3)#1  1.800(3) 

N(6)-C(14)  1.334(4) 

N(6)-C(13)  1.338(4) 

N(7)-C(16)  1.437(3) 

N(7)-P(4)#2  1.802(2) 

N(8)-C(18)  1.333(4) 

N(8)-C(19)  1.334(4) 

C(1)-C(5)  1.381(4) 

C(1)-C(2)  1.384(4) 

C(2)-C(3)  1.391(4) 

C(2)-H(2)  1.04(4) 

C(3)-H(3)  0.95(4) 

C(4)-C(5)  1.392(4) 

C(4)-H(4)  0.96(5) 

C(5)-H(5)  0.82(4) 

C(6)-C(10)  1.382(4) 

C(6)-C(7)  1.390(4) 

C(7)-C(8)  1.392(4) 

C(7)-H(7)  0.91(4) 

C(8)-H(8)  0.96(4) 

C(9)-C(10)  1.392(4) 

C(9)-H(9)  0.93(4) 

C(10)-H(10)  0.93(4) 

C(11)-C(12)  1.388(5) 

C(11)-C(15)  1.389(4) 

C(12)-C(13)  1.384(5) 

C(12)-H(12)  0.94(5) 

C(13)-H(13)  1.20(5) 
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C(14)-C(15)  1.379(5) 

C(14)-H(14)  0.97(4) 

C(15)-H(15)  0.94(5) 

C(16)-C(17)  1.383(4) 

C(16)-C(20)  1.386(4) 

C(17)-C(18)  1.392(4) 

C(17)-H(17)  1.03(4) 

C(18)-H(18)  0.91(4) 

C(19)-C(20)  1.388(4) 

C(19)-H(19)  0.90(4) 

C(20)-H(20)  0.93(3) 

 

N(2)-P(1)-N(1) 78.87(11) 

N(2)-P(1)-Cl(1) 123.79(10) 

N(1)-P(1)-Cl(1) 93.52(9) 

N(2)-P(1)-Cl(2) 126.22(10) 

N(1)-P(1)-Cl(2) 92.00(8) 

Cl(1)-P(1)-Cl(2) 109.49(5) 

N(2)-P(1)-Cl(3) 94.07(9) 

N(1)-P(1)-Cl(3) 172.70(9) 

Cl(1)-P(1)-Cl(3) 91.99(5) 

Cl(2)-P(1)-Cl(3) 90.68(4) 

N(2)-P(1)-P(2) 41.58(8) 

N(1)-P(1)-P(2) 37.31(7) 

Cl(1)-P(1)-P(2) 111.80(4) 

Cl(2)-P(1)-P(2) 113.68(4) 

Cl(3)-P(1)-P(2) 135.65(4) 

N(1)-P(2)-N(2) 79.23(11) 

N(1)-P(2)-Cl(5) 123.40(10) 

N(2)-P(2)-Cl(5) 93.17(8) 
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N(1)-P(2)-Cl(4) 126.66(10) 

N(2)-P(2)-Cl(4) 92.21(9) 

Cl(5)-P(2)-Cl(4) 109.48(5) 

N(1)-P(2)-Cl(6) 94.18(9) 

N(2)-P(2)-Cl(6) 173.27(8) 

Cl(5)-P(2)-Cl(6) 91.61(4) 

Cl(4)-P(2)-Cl(6) 90.67(5) 

N(1)-P(2)-P(1) 41.85(8) 

N(2)-P(2)-P(1) 37.39(7) 

Cl(5)-P(2)-P(1) 111.34(4) 

Cl(4)-P(2)-P(1) 114.09(4) 

Cl(6)-P(2)-P(1) 136.03(4) 

N(5)-P(3)-N(5)#1 79.15(14) 

N(5)-P(3)-Cl(8) 123.79(11) 

N(5)#1-P(3)-Cl(8) 93.08(10) 

N(5)-P(3)-Cl(9) 125.02(11) 

N(5)#1-P(3)-Cl(9) 92.47(10) 

Cl(8)-P(3)-Cl(9) 110.77(6) 

N(5)-P(3)-Cl(7) 94.47(11) 

N(5)#1-P(3)-Cl(7) 173.59(11) 

Cl(8)-P(3)-Cl(7) 91.04(5) 

Cl(9)-P(3)-Cl(7) 90.65(5) 

N(5)-P(3)-P(3)#1 41.64(10) 

N(5)#1-P(3)-P(3)#1 37.51(9) 

Cl(8)-P(3)-P(3)#1 112.41(6) 

Cl(9)-P(3)-P(3)#1 112.64(6) 

Cl(7)-P(3)-P(3)#1 136.11(6) 

N(7)-P(4)-N(7)#2 79.04(11) 

N(7)-P(4)-Cl(10) 124.88(9) 

N(7)#2-P(4)-Cl(10) 92.64(8) 



  

213 

 

N(7)-P(4)-Cl(12) 123.34(9) 

N(7)#2-P(4)-Cl(12) 92.09(8) 

Cl(10)-P(4)-Cl(12) 111.24(5) 

N(7)-P(4)-Cl(11) 94.58(8) 

N(7)#2-P(4)-Cl(11) 173.62(8) 

Cl(10)-P(4)-Cl(11) 90.92(4) 

Cl(12)-P(4)-Cl(11) 91.55(4) 

N(7)-P(4)-P(4)#2 41.88(8) 

N(7)#2-P(4)-P(4)#2 37.16(7) 

Cl(10)-P(4)-P(4)#2 112.53(5) 

Cl(12)-P(4)-P(4)#2 111.28(5) 

Cl(11)-P(4)-P(4)#2 136.46(5) 

C(1)-N(1)-P(2) 132.0(2) 

C(1)-N(1)-P(1) 127.17(19) 

P(2)-N(1)-P(1) 100.83(12) 

C(6)-N(2)-P(1) 129.90(19) 

C(6)-N(2)-P(2) 128.88(18) 

P(1)-N(2)-P(2) 101.03(12) 

C(4)-N(3)-C(3) 116.6(3) 

C(9)-N(4)-C(8) 117.0(3) 

C(11)-N(5)-P(3) 130.4(3) 

C(11)-N(5)-P(3)#1 128.2(2) 

P(3)-N(5)-P(3)#1 100.85(14) 

C(14)-N(6)-C(13) 116.5(3) 

C(16)-N(7)-P(4) 131.16(18) 

C(16)-N(7)-P(4)#2 127.87(18) 

P(4)-N(7)-P(4)#2 100.96(11) 

C(18)-N(8)-C(19) 116.8(3) 

C(5)-C(1)-C(2) 119.1(3) 

C(5)-C(1)-N(1) 120.6(3) 
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C(2)-C(1)-N(1) 120.3(3) 

C(1)-C(2)-C(3) 118.3(3) 

C(1)-C(2)-H(2) 124.1(19) 

C(3)-C(2)-H(2) 117.6(19) 

N(3)-C(3)-C(2) 123.8(3) 

N(3)-C(3)-H(3) 119(2) 

C(2)-C(3)-H(3) 118(2) 

N(3)-C(4)-C(5) 124.1(3) 

N(3)-C(4)-H(4) 118(3) 

C(5)-C(4)-H(4) 118(3) 

C(1)-C(5)-C(4) 118.1(3) 

C(1)-C(5)-H(5) 122(3) 

C(4)-C(5)-H(5) 120(3) 

C(10)-C(6)-C(7) 119.1(3) 

C(10)-C(6)-N(2) 120.4(3) 

C(7)-C(6)-N(2) 120.5(3) 

C(6)-C(7)-C(8) 117.7(3) 

C(6)-C(7)-H(7) 122(2) 

C(8)-C(7)-H(7) 119(2) 

N(4)-C(8)-C(7) 124.1(3) 

N(4)-C(8)-H(8) 118(2) 

C(7)-C(8)-H(8) 117(2) 

N(4)-C(9)-C(10) 123.6(3) 

N(4)-C(9)-H(9) 116(2) 

C(10)-C(9)-H(9) 120(2) 

C(6)-C(10)-C(9) 118.5(3) 

C(6)-C(10)-H(10) 122(2) 

C(9)-C(10)-H(10) 120(2) 

C(12)-C(11)-C(15) 118.5(3) 

C(12)-C(11)-N(5) 121.0(3) 
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C(15)-C(11)-N(5) 120.4(3) 

C(13)-C(12)-C(11) 117.9(3) 

C(13)-C(12)-H(12) 115(3) 

C(11)-C(12)-H(12) 126(3) 

N(6)-C(13)-C(12) 124.4(3) 

N(6)-C(13)-H(13) 113(2) 

C(12)-C(13)-H(13) 122(2) 

N(6)-C(14)-C(15) 123.8(3) 

N(6)-C(14)-H(14) 121(2) 

C(15)-C(14)-H(14) 115(2) 

C(14)-C(15)-C(11) 118.8(3) 

C(14)-C(15)-H(15) 117(3) 

C(11)-C(15)-H(15) 124(3) 

C(17)-C(16)-C(20) 119.3(2) 

C(17)-C(16)-N(7) 120.6(2) 

C(20)-C(16)-N(7) 120.1(2) 

C(16)-C(17)-C(18) 118.1(3) 

C(16)-C(17)-H(17) 122(2) 

C(18)-C(17)-H(17) 119(2) 

N(8)-C(18)-C(17) 123.7(3) 

N(8)-C(18)-H(18) 115(2) 

C(17)-C(18)-H(18) 121(2) 

N(8)-C(19)-C(20) 124.3(3) 

N(8)-C(19)-H(19) 116(3) 

C(20)-C(19)-H(19) 119(3) 

C(16)-C(20)-C(19) 117.7(3) 

C(16)-C(20)-H(20) 122(2) 

C(19)-C(20)-H(20) 120(2) 

_______________________________________________________________________  

 



  

216 

 

Symmetry transformations used to generate equivalent atoms:  

#1 -x,-y+2,-z    #2 -x+1,-y+2,-z+1       

 

 Table 4.   Anisotropic displacement parameters  (Å2x 103) for AD140383.  The 

anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k 

a* b* U12 ]. 

_______________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

_______________________________________________________________________  

P(1) 21(1)  20(1) 25(1)  -9(1) -4(1)  2(1) 

P(2) 22(1)  18(1) 25(1)  -6(1) -5(1)  1(1) 

P(3) 34(1)  32(1) 26(1)  -6(1) -1(1)  4(1) 

P(4) 18(1)  18(1) 20(1)  -7(1) 0(1)  -2(1) 

Cl(1) 35(1)  42(1) 28(1)  1(1) -1(1)  -2(1) 

Cl(2) 32(1)  24(1) 41(1)  -13(1) -7(1)  -4(1) 

Cl(3) 33(1)  41(1) 41(1)  -23(1) -18(1)  12(1) 

Cl(4) 38(1)  52(1) 25(1)  -1(1) -2(1)  -7(1) 

Cl(5) 36(1)  22(1) 55(1)  -9(1) -18(1)  -4(1) 

Cl(6) 36(1)  35(1) 43(1)  -13(1) -20(1)  7(1) 

Cl(7) 47(1)  34(1) 48(1)  -2(1) -4(1)  -3(1) 

Cl(8) 61(1)  43(1) 30(1)  -8(1) -10(1)  -6(1) 

Cl(9) 37(1)  42(1) 42(1)  -8(1) 9(1)  4(1) 

Cl(10) 43(1)  24(1) 22(1)  -4(1) -2(1)  2(1) 

Cl(11) 32(1)  21(1) 30(1)  -13(1) 2(1)  -3(1) 

Cl(12) 25(1)  35(1) 46(1)  -19(1) -9(1)  -5(1) 

N(1) 20(1)  20(1) 28(1)  -9(1) -6(1)  5(1) 

N(2) 21(1)  20(1) 26(1)  -10(1) -6(1)  4(1) 

N(3) 26(1)  29(1) 36(1)  -11(1) -6(1)  6(1) 

N(4) 25(1)  34(1) 35(1)  -17(1) -7(1)  7(1) 

N(5) 36(2)  30(1) 30(1)  -4(1) -3(1)  4(1) 
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N(6) 40(2)  32(1) 37(2)  -11(1) -12(1)  8(1) 

N(7) 18(1)  18(1) 22(1)  -8(1) 3(1)  -2(1) 

N(8) 26(1)  28(1) 29(1)  -13(1) 5(1)  -4(1) 

C(1) 20(1)  18(1) 28(1)  -7(1) -5(1)  4(1) 

C(2) 26(1)  22(1) 33(2)  -2(1) -3(1)  -1(1) 

C(3) 30(2)  20(1) 38(2)  -5(1) -7(1)  5(1) 

C(4) 22(1)  34(2) 36(2)  -5(1) -2(1)  0(1) 

C(5) 27(2)  22(1) 36(2)  -1(1) -6(1)  -2(1) 

C(6) 19(1)  22(1) 25(1)  -11(1) -5(1)  2(1) 

C(7) 25(1)  24(1) 32(2)  -9(1) -3(1)  -4(1) 

C(8) 20(1)  38(2) 32(2)  -14(1) -1(1)  -2(1) 

C(9) 30(2)  22(1) 32(2)  -8(1) -7(1)  4(1) 

C(10) 24(1)  24(1) 27(1)  -6(1) -1(1)  1(1) 

C(11) 35(2)  32(2) 30(2)  -9(1) -6(1)  9(1) 

C(12) 46(2)  35(2) 22(2)  -9(1) -3(1)  7(1) 

C(13) 47(2)  34(2) 30(2)  -7(1) -11(1)  3(1) 

C(14) 44(2)  37(2) 31(2)  -14(1) -8(1)  10(2) 

C(15) 46(2)  40(2) 26(2)  -10(1) -8(1)  9(2) 

C(16) 19(1)  18(1) 22(1)  -8(1) 2(1)  -3(1) 

C(17) 22(1)  26(1) 25(1)  -10(1) -3(1)  -1(1) 

C(18) 18(1)  27(1) 38(2)  -16(1) -2(1)  0(1) 

C(19) 37(2)  26(1) 19(1)  -8(1) 0(1)  -4(1) 

C(20) 24(1)  24(1) 25(1)  -9(1) -4(1)  0(1) 

_______________________________________________________________________
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 Table 5.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 10 

3) for AD140383. 

_______________________________________________________________________  

 x  y  z  U(eq) 

_______________________________________________________________________  

 H(2) 10570(40) 1190(30) 3310(20) 28(9) 

H(3) 12860(40) -120(30) 2980(20) 27(9) 

H(4) 15070(50) 2360(40) 1560(30) 53(12) 

H(5) 12950(50) 3740(40) 1890(30) 43(11) 

H(7) 5060(50) 4650(40) 3640(20) 36(10) 

H(8) 2890(50) 6090(40) 3790(20) 41(11) 

H(9) 5150(50) 8500(40) 2380(20) 37(10) 

H(10) 7460(40) 7130(30) 2200(20) 24(8) 

H(12) 1570(50) 8100(40) 1630(30) 55(13) 

H(13) 3170(60) 6190(50) 2040(30) 70(15) 

H(14) 3640(50) 5690(40) -200(20) 41(10) 

H(15) 2060(60) 7390(40) -560(30) 59(13) 

H(17) 8940(50) 8650(40) 4760(30) 48(11) 

H(18) 11070(50) 8400(30) 3700(20) 32(9) 

H(19) 8530(50) 9410(40) 2160(30) 42(11) 

H(20) 6280(40) 9880(30) 3045(19) 21(8) 

_______________________________________________________________________  
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