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Abstract 

 

Recently, a tetrasubstituted bispyridinylidene (BPY) featuring methyl groups on the 

pyridyl nitrogens and four triphenyliminophosphorano groups at the para and ortho 

positions of the pyridine rings was reported.  This compound is a powerful electron donor 

but isolated only in low yield because of low solubility.  

 

One goal of this work was to improve solubility and isolated yield by modification of the 

N-alkyl substituents. An N-propyl derivative was synthesized, as evidenced by 31P NMR 

spectroscopy; however, this BPY derivative could not be isolated. The reduction potential, 

determined by cyclic voltammetry of the oxidized BPY, was -1.67 V vs SCE, which is a 

slight decrease in reduction strength compared to the N-methyl derivative (-1.70 V vs 

SCE). Because of challenges in isolating the compound, it was concluded that the N-propyl 

derivative gave no benefits over the N-methyl derivative.  

 

In order to develop new BPYs with increased reductive strength, the four 

triphenyliminophosphorano groups of the tetrasubstituted BPY were systematically 

changed to tricyclohexyliminophosphorano groups in pairs. 

Tricyclohexyliminophosphorano groups are stronger π-donors than 

triphenyliminophosphorano groups as shown by their Hammett constants (σp
+) of -1.82 and 

-2.21, respectively. The primary target was a BPY featuring four 

tricyclohexyliminophosphorano groups, which was prepared in four steps, and 

characterized by 31P, 1H, 13C and ROESY 2D NMR spectroscopy as well as cyclic 
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voltammetry.  Cyclic voltammetry showed a reduction potential of  -1.87 V vs SCE, which 

surpasses the tetrasubstituted triphenyliminophosphorano BPY derivative in reductive 

strength by 170 mV vs SCE, and makes the new compound the most powerful neutral 

organic electron donor ever reported.  

 

In addition, a BPY featuring triphenyliminophosphorano groups at the two para positions 

and tricyclohexyliminophosphorano groups at the two ortho positions was prepared in situ 

as evidenced by 31P NMR spectroscopy; however, was not isolated. Cyclic voltammetry 

analysis is pending, therefore reductive strength is unknown, but should fall between 

tetrakis(triphenyliminophosphorano) BPY and the 

tetrakis(tricyclohexyliminophosphorano) BPY.   

 

Lastly, the pyridinium salt precursor to the other targeted BPY, featuring two 

tricyclohexyliminophosphorano groups at the para positions and two 

triphenyliminophosphorano groups at the ortho positions, respectively, was prepared as 

evidenced by 31P and 1H NMR spectroscopy. Unfortunately, this compound could not be 

completely purified and the preparation of the new BPY remains to be done.    
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Chapter One: Introduction 

1.1 General Overview of Organic Electron Donors  

 

Metals and metal-based reducing agents have played an important part in the reduction of 

a wide range of organic molecules. The development of the reductants has been extensive, 

and has given rise to a large databank of various reducing agents with a wide range of 

reduction potentials, such that metals and metal-based compounds have a dominant role in 

reduction reactions. In addition, metals and metal-based reducing agents are easy to make 

or are readily available from commercial sources.1–3 Despite their extensive uses, metals 

and metal-based reducing agents often have low solubility in organic solvents, which 

require harsher conditions (solvents such as ammonia or higher temperatures) or longer 

reaction times.4,5 Another common drawback is trace amounts of metal-by products. The 

best example of this would be in the pharmaceutical industry, where some metals can be 

toxic to humans. This forces the pharmaceutical industry to do vigorous testing and 

additional rigorous processing to remove the undesired metal species.6,7 Organic reducing 

agents are ground-state, neutral organic molecules that are easily oxidized and are 

complimentary to metals and metal-based reducing agents with the advantage of being 

soluble in organic solvents, being easily tunable and at times offering unique selectivity 

(see below). Having a wider range of solvents in which the reductants are soluble leads to 

homogeneous mixtures that can facilitate reactions and allow for milder conditions. In 

addition, by changing the substituents or functional groups on the organic molecule, it was 

possible to alter the reduction potential.8–10 Currently, the biggest drawback of organic 
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reducing agents is the limited reduction potential ranges. As a relatively new field of 

research, there is a limited selection of reducing agents available, which in turn limits the 

organic molecules that can be reduced.  

 

The first demonstration of an organic compound able to do a reduction was in 1963 by 

Carpenter, who showed that tetrakis(dimethylamino)ethane, TDAE, 1.1, was able to reduce 

carbon tetrachloride to chloroform.11 There was no further work in the field of organic 

reducing agents until 1993 when Murphy and co-worker showed that tetrathiafulvalene, 

TTF, 1.2, was able to reduce arenediazonium salts to alcohols, ethers and amides.12–15 

Murphy and others have since further explored the reducing ability of TDAE16–25 and 

others more recently discovered organic reductants 1.3-1.6,26–29 (Figure 1.1).  
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Figure 1.1 First generation organic reducing agents and their oxidized species. 

 

The oxidation of compounds 1.1-1.6 are two electron processes with compound 1.1-1.3 

having a separate redox potential for the removal of each electron, and compound 1.4-1.6 

giving a single redox potential when both electrons are lost (Figure 1.1). Bispyridinylidene 

(BPY) 1.5 has a low reduction potential of -1.24 V vs saturated calomel electrode (SCE), 

which allows for the reduction of several organic substrates such as acyloin derivatives,30 

aryl halides,28 triflates,31 sulfones,28 Weinreb amides30 and triflamides31 (Scheme 1.1).  
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Scheme 1.1 Various reduction reaction using Murphy’s bispyridinylidene organic 

reducing agent 1.5. 
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However, other challenging substrates to reduce such as the alkyl chloride 1.19 and 

triflamide 1.21 showed no reaction with reducing agent 1.5, even at high temperatures 

(Scheme 1.2). Upon photoactivation of compound 1.5, alkyl chloride 1.19 was successfully 

reduced to arene 1.20, and reduction of 1.21 to piperidine 1.22 was also achieved. This 

technique was also successful on benzyl malonates, benzyl cyanoacetates benzylic esters 

and benzylic ethers.32  

 

Scheme 1.2  Reduction reaction of bispyridinylidene 1.5 by use of photoactivation. 

 

The unique selectivity of BPY 1.5 can be seen when reducing alkyl triflate 1.23 and dialkyl 

ester 1.26 (Scheme 1.3). Lithium aluminium hydride (LiAlH4) is a commonly used metal-

based reducing agent for alkyl triflates, and when used with 1.23, led to the expected 

oxygen-carbon bond cleavage to give arene 1.24. Contrary to lithium aluminium hydride, 

electron donor 1.5 resulted in cleavage of the oxygen-sulfur bond, producing phenol 1.25.31 

Reduction of compound 1.26 by sodium or potassium metals resulted in an ester functional 

group cleavage to give 1.27. When BPY 1.5 was used in conjunction with photoactivation, 

an loss of a phenyl group is observed, 1.29, under acidic work-up conditions, while under 

basic condition a conversion of an ester group to a carboxylic acid is also observed, 1.28.33 
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Scheme 1.3 Comparing metal and metal-based reducing agents to organic reducing agent 

1.5. 

 

Despite the great accomplishments with donor 1.5, there is still a need for stronger reducing 

agents to increase substrate scope. Clennan in 2006 found that the substituents attached to 

the oxidized BPY 1.30 has a strong effect on its reduction potential. The Clennan research 

group also saw that there was a direct correlation (Ered = 0.95σp
+

 - 0.745, R2 = 0.9631) 

between the reduction potential of the oxidized BPY 1.30a-e and the Hammett constant of 

the substituent (σp
+), Table 1.1.34,8  
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Table 1.1 Effects on reduction potential by various substituents on oxidized BPY 1.30. 

 

BPY R E½ (V vs SCE) Hammett constant (σp
+) 

1.30a NMe2 -1.34 -1.70 

1.30b OMe -0.97 -0.78 

1.30c H -0.76 0 

1.30d Cl -0.60 0.11 

1.30e CO2Me -0.26 0.50 

 

 

Hammett constants (σ) are quantitative values assigned to substituents that reflect the effect 

of substitution on the equilibrium constant (K) or rate constant (k) for a given process. 

Here, the substitution affects the redox potential of the BPY 1.30a-e/BPY 1.30a-e2+ redox 

couple, which is a thermodynamic property directly related to the equilibrium constant by 

the Nernst equation (E = -(RT/nF)lnK, where E = cell potential, R = gas constant, T = 

temperature, n = number of moles of electrons transferred, F = Faraday constant and K = 

equilibrium constant). The results presented in Table 1.1 demonstrate that more strongly 

donating substituents (more negative Hammett constant) lead to lower reduction potentials, 

and therefore relate to stronger bispyridinylidene reducing agents. Theoretical and 

experimental data shows that iminophosphorano groups are stronger π-donors than amino 

groups,35,36 thus stronger BPY’s with lower reduction potential could be synthesized. 
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Hanson synthesized several strong BPYs using various iminophosphorano groups and 

studied the effect of the substituents location on the pyridine ring.10,37 From his work, it 

was determined that tricyclohexyliminophosphorano BPYs 1.32 and 1.35, gave more 

negative reduction potentials than the triphenyliminophosphorano BPYs 1.31 and 1.34, 

which in turn were more negative than Murphy’s BPY 1.5. With the experimentally 

determined reduction potentials of the different BPYs, Hanson was able to determine the 

Hammett constants (σp
+) of triphenyliminophosphorano and 

tricyclohexyliminophosphorano substituents as -1.82 and -2.21, respectively.10 This 

indicates that tricyclohexyliminophosphorano groups are stronger π-donors than 

triphenyliminophosphorano groups. The effect of the location of the substituents was 

demonstrated by comparing compound 1.31 with substituents in the para positions with 

respect to the pyridyl nitrogen and compound 1.33 with substituents at the ortho positions. 

Results have shown a decrease in the reduction potential by 130 mV for compound 1.31 

compared to 1.33. This confirms that the position of the iminophosphorano groups on the 

pyridine rings does effect the reduction potential, and that the para positions was more 

sensitive to the effect of the π-donor. Tetrasubstituted BPY 1.36 was also synthesized and 

demonstrated an increase in reduction strength by 360 mV compared to the disubstituted 

BPY 1.34. This lead to the strongest reported neutral organic reducing agent made to 

date!38  
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Figure 1.2 Reduction potentials of BPY based reducing agents. 

 

The very low reduction potential of compound 1.36 has allowed for the reduction of 

sulfonamides, various aryl halides and malononitriles. In addition, compound 1.21 was 

reduced to 1.22 in a 75% yield without use of photoactivation. This was the first time an 

organic electron donor was able to reduce dialkyl arenesulfonamide from dialkyl 

methylsulfonamide 1.37 from its ground-state, admittedly in low yield. The main 

shortcoming of compound 1.36 was its poor solubility, leading to a poor isolated yield in 

the final step of the synthesis (44%). This is a big disadvantage due to the high molecular 

weight of the target leading to 1.36 being produced in situ for reduction reactions. 

Producing 1.36 in situ may be a disadvantage in certain reactions because stronger bases 

are required to prepare 1.36, and this base could react with the substrate. Despite the many 

successful reductions carried out by donor 1.36, reactions such as the Birch reduction of 

1.39 and decyanation of nitrile 1.41 still remain unachievable. Furthermore, many other 

substrates have not been tested such as alkenes, alkynes, ketones and aldehydes. 
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Figure 1.3 is a representation of reduction potentials of organic reducing agents mentioned 

in Chapter One and the reduction potentials of various metals and metal-based 

compounds.  The compounds with lower (more negative) reduction potentials are stronger 

electron donors, and therefore more powerful reductants. Lithium metal is the strongest 

metal reductant with a reduction potential of -3.29 V vs SCE.39 Advances in organic 

reducing agents are still needed to achieve comparably low reduction potentials as those of 

metals and metal-based electron agents.  

 

 

 

 

 

 

 

 

Scheme 1.4 Successful and unsuccessful reductions of challenging substrates with donor 

1.36. 
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Figure 1.3 Reduction potentials of metal, metal-based reagents (top, circles) and organic 

electron donors (bottom, squares) in V vs SCE. 

 

This thesis describes the synthesis of a more soluble derivative of BPY 1.36, namely N-

propyl substituted BPY 1.43, in order to increase the isolated yield but maintain a high 

reduction strength relative to 1.36 (Chapter Two). It has been shown for related 

aminosubstituted BPYs that substituting the methyl on the pyridyl nitrogen with a longer 

alkyl chain increases solubility while maintaining (or slightly increasing) reduction 

strength.40 In addition, compounds 1.44, 1.45 and 1.46 were targeted in order to bridge the 

gap between BPY 1.36 and the low reduction potentials of metals, such as alkali metals 

(Chapter Three). Changing the triphenyliminophosphorano groups of BPY 1.36 for 

tricyclohexyliminophosphorano groups should dramatically increase the reductant strength 

of the BPY due to the more negative Hammett constant (σp
+ = -2.21) of the 

tricyclohexyliminophosphorano groups.10 Additionally, substituents at the para positions 

of the pyridine rings have a larger effect on reduction potential then ortho positioned 

substituents. This would suggest that compound 1.44 would be the strongest electron donor 
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of the three, followed by 1.46 with para positions having a tricyclohexyliminophosphorano 

groups, and the weakest donor being 1.45.  

 

 

Figure 1.4 Targeted iminophosphorano substituted BPY reducing agents. 
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Chapter Two: A More Soluble Tetrakis(triphenyliminophosphorano)-

Substituted BPY 

2.1 Introduction 

 

This chapter will discuss the preparation and characterization of bispyridinylidene (BPY) 

1.43 (Figure 2.1). As discussed briefly in Chapter 1, BPY 1.36 (Figure 2.1) was 

successfully prepared and gained recognition as one of six molecules of the year in 2015 

by Chemistry and Engineering News for being the strongest neutral organic reducing 

agent.37,38 BPY 1.36 was able to reduce several substrates including sulfonamides, various 

aryl halides, malononitriles and more challenging substrates such as 

dialkylarylsulfonamide.37 Despite its many successful reactions, BPY 1.36 has a very low 

yield in its final step of synthesis (44%)37 and this has been attributed to its poor solubility. 

Julien Martin, a former member of the Dyker group, studied varying length alkyl chains on 

the pyridyl nitrogen of BPY 1.6 (Figure 2.1) and their effect on the reduction strength and 

solubility. Martin found that longer chains increased solubility and lead to high recovered 

yields, while maintaining the reductive strength of BPY 1.6.  For example, BPY 2.1 

(Figure 2.1), which features a propyl chain on the pyridyl nitrogen was isolated as dark 

red oil in 69% yield while retaining a negative reduction potential (-1.27 V vs SCE).40 In 

this thesis, the methyl group of BPY 1.36 will be substituted by a propyl chain in hopes 

that target BPY 1.43 will have increased isolated yield while maintaining a low reduction 

potential. 
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Figure 2.1 Previously synthesized BPYs and targeted more soluble derivative BPY 1.43. 

 

2.2 Synthesis of N,N’-Dipropyl-4,4’,6,6’-Tetrakis(triphenyliminophosphorano)-2,2’-

Bispyridinylidene,  1.43 

 

Following Hanson’s procedure37 (Scheme 2.1 A) for the preparation of the first 

triphenyliminophosphorano substituted chloropyridine 2.2, bromine was added dropwise 

to a solution of triphenylphosphine in dichloromethane to form 

dibromotriphenylphosphorane, which was subsequently reacted with 4-amino-2-

chloropyridine in the presence of trimethylamine to facilitate the loss of hydrogen bromide 

(Scheme 2.1 B). Chloropyridine 2.2 was prepared in a high yield of 89% and 31P, 1H and 

13C NMR spectroscopy of the isolated solid matched literature values (31P δ 9.0 ppm).37 
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Scheme 2.1 Comparing synthesis of BPY 1.36 (A) and the proposed N-propyl derivative 

BPY 1.43 (B). 

 

The next step towards 1.43 involved the introduction of the propyl group. Katelyn 

Hanscomb (CHEM 4000), tried several times to add the propyl chain by the addition of 1-

bromopropane to chloropyridine 2.2 in various solvent along with heat. Unfortunately these 

attempts were unsuccessful. In this thesis, 1-bromopropane was replaced with 1-

iodopropane, with the rationalization that iodide is a better leaving group and would 

facilitate the substitution reaction. Chloropyridinium salt 2.7 was successfully synthesized 

by reacting 1-iodopropane with chloropyridine 2.2 in acetonitrile (Scheme 2.2). The 31P 

NMR spectrum of chloropyridinium salt 2.7 showed a signal at 16.4 ppm, which matches 
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closely to that of compound 2.3 with a 31P chemical shift of 16.3 ppm.37 After work up, 

compound 2.7 was isolated in good yield of 89%. Looking at the 1H NMR spectrum of the 

isolated solid (Figure 2.2), the three signals corresponding to the propyl chain appear at 

0.97 ppm (triplet), 1.73-1.93 ppm (multiplet) and 4.45 ppm (triplet), while the three pyridyl 

hydrogens are observed at 6.47 ppm (doublet of doublets), 6.78 ppm (doublet) and 8.73 

ppm (doublet). Lastly the phenyl hydrogens result in the signal at 7.53-7.70 ppm 

(multiplet).  

 

Scheme 2.2 Synthesis on chloropyridinium salt 2.7. 

 

Figure 2.2 1H NMR spectrum of isolated chloropyridinium salt 2.7 in CDCl3. 



 

17 

 

With the propyl chain added to the pyridyl nitrogen, the next step was the addition of the 

second triphenyliminophosphorano group at the ortho position with respect to the pyridyl 

nitrogen from compound 2.8. This process requires the triphenylphosphinimine 

nucleophile 2.5, which will displace the chloride from the pyridine ring of 

chloropyridinium salt 2.7. This nucleophile was produced in situ by the deprotonation of 

aminotriphenylphosphonium bromide 2.4. The synthesis of compound 2.4 was performed 

following a modified literature procedure.41 Ammonia gas was bubbled through a mixture 

of dibromotriphenylphosphorane in acetonitrile. The resulting solid, a mixture of 2.4 and 

ammonium bromide, was prepared in a high yield and was used with no further purification 

from the ammonium salt byproduct in Hanson’s procedure for compound 2.6. However, it 

was also discovered that the crude solid is easily purified by aqueous extraction of the 

ammonium salts and precipitating 2.4 from the dried organic phase with excess diethyl 

ether. The purification afforded aminotriphenylphosphonium bromide 2.4 in a 82% yield, 

and 31P and 1H NMR spectra matched literature values (31P δ 36.6 ppm).41 The purification 

of 2.4 was performed since it was found to facilitate the subsequent purification of 

pyridinium salt 2.8. Compound 2.8 was prepared by deprotonating purified 

aminotriphenylphosphonium bromide 2.4 in situ by use of 1,8-diazabicyclo(5.4.0)undec-

7-ene (DBU) and reacting the resulting triphenylphosphinimine 2.5 with chloropyridinium 

salt 2.7 (Scheme 2.3). As shown in the 31P NMR spectrum (Figure 2.3), the reaction 

mixture contains disubstituted pyridinium salt 2.8, with peaks at 9.4 ppm and 12.3 ppm as 

well as triphenylphosphine oxide at 27.2 ppm, a mixture of unreacted 

triphenylphosphinimine 2.5, excess aminotriphenylphosphonium bromide 2.4 and 
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byproduct aminotriphenylphosphonium chloride 2.9 at 24.2 ppm along with other minor 

unknown impurities. The crude solid was dissolved in dichloromethane and washed with 

water to remove the majority of the impurities mentioned above. The recovered washed 

solid was lastly recrystallized from acetonitrile to produce pure pyridinium salt 2.8 in a 

52% isolated yield.  

 

Scheme 2.3 Synthesis of disubstituted pyridinium salt 2.8. 

   

Figure 2.3 31P NMR spectrum of the reaction mixture for the formation of disubstituted 

pyridinium salt 2.8 in acetonitrile. 
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Purified disubstituted pyridinium salt 2.8 showed only two peaks at 9.8 ppm and 12.5 ppm 

in the 31P NMR spectrum, which was consistent with the shifts seen for compound 2.6 of 

9.8 ppm and 12.1 ppm.37 The 1H NMR spectrum of disubstituted pyridinium salt 2.8 

(Figure 2.4), showed three signals for the propyl chain hydrogens at 0.98 ppm (triplet), 

1.81-1.91 ppm (multiplet) and 4.24 ppm (triplet); the phenyl signals at 7.32-7.46 ppm 

(multiplet) and 7.48-7.64 ppm (multiplet); and the two signals for the meta hydrogens of 

the pyridine ring at 5.36 ppm (doublet), 6.36 (doublet of doublets). Lastly, the unobserved 

signal for the ortho hydrogen of the pyridine ring was proposed to lie in the multiplet 

corresponding to the phenyl hydrogens at 7.48-7.64 ppm (multiplet) based on integration 

of the signal, however, 2D NMR spectroscopy is required for confirmation of this 

assignment.   
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Figure 2.4 1H spectrum of pyridinium salt 2.8 in CDCl3. 

 

The last step of the synthesis was forming the BPY 1.43 by deprotonation of disubstituted 

pyridinium salt 2.8 with potassium bis(trimethylsilyl)amide (KHMDS); (Scheme 2.4). 

Analysis of the 31P NMR spectrum of the reaction mixture after 3h shows BPY 1.43 peaks 

at 0.9 ppm and -7.3 ppm (Z isomer) and -0.7 ppm and -5.3 ppm (E isomer) in 2:1 ratio, 

respectively, Figure 2.5. The E and Z isomer assignments of BPY 1.43 are based on 

Hanson’s assignment for BPY 1.36, which was supported by ROESY 2D NMR 

spectroscopy. BPY 1.36 has an isomeric ratio of 2:1 Z to E with Z isomer peaks at 0.4 ppm 

and -7.8 ppm and the E isomer peaks at -1.3 ppm and -5.4 ppm. The broad peaks have been 

observed for BPY 1.36 as well, and are believed to be caused by partial oxidation of the 

highly air-sensitive BPY. Despite many attempts, isolation of pure BPY 1.43 was 

unsuccessful.  

 



 

21 

 

Scheme 2.4 Synthesis of BPY 1.43 from pyridinium salt 2.8. 

 

 

Figure 2.5 31 P NMR spectrum of the reaction mixture for the formation of BPY 1.43 in 

benzene. 

 

In order to obtain cyclic voltammetry of BPY 1.43, 1.43 was oxidized in situ using 

hexachloroethane in benzene to give 2.10 in a 50% yield (Scheme 2.5). The 31P NMR 

spectrum of oxidized salt 2.10 showed two signals at 11.1 ppm and 14.0 ppm. The 1H NMR 

spectrum, Figure 2.6, showed the pyridyl hydrogens at 5.41 ppm (doublet) and 6.60 ppm 
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(doublet); the phenyl hydrogens at the 7.35 ppm (doublet of doublets), 7.45 ppm (doublet of 

triplet of doublets) and 7.59 ppm (doublet of doublet of doublets); lastly, the methyl of the 

propyl chain was observed at 0.83 ppm (triplet), the middle methylene at 1.68-1.55 ppm 

(multiplet) and 1.81-1.93 ppm (multiplet) and the nitrogen bonded methylene at 3.33-3.42 ppm 

(multiplet) and 4.59-4.73 ppm (multiplet). It is assumed that the methylene protons are 

diastereotopic due to the restricted rotation along the carbon-carbon bond between the two 

pyridinium rings causing atropisomerism and therefore two inequivalent signals for each 

methylene. Similar atropisomerism of nitrogen bonded methylene hydrogens was seen in 

previously reported N-propyl BPY 2.1.40 However, this effect was not previously observed for 

the middle methylene group. This observation was not confirmed by variable temperature 

NMR experiment due to time constraints.  

 

Scheme 2.5 The in situ oxidation reaction of BPY 1.43 to oxidized salt 2.10. 
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Figure 2.6 1H NMR spectrum of the oxidized salt 2.10 and minor solvent impurities 

(diethyl ether, water and acetone) in CDCl3 . 

 

Cyclic voltammetry was performed for compound 2.10 giving a potential of -1.67 V vs 

SCE (ferrocene/ferrocenium used as external reference) for the redox pair (Figure 2.7). 

This shows that BPY 1.43 reduction potential is approximately the same as BPY 1.36             

(-1.70 V vs SCE) upon increasing the N-alkyl chain length. 
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Figure 2.7 Cyclic voltammogram of oxidized BPY salt 2.10 in 0.1 M 

tetrabutylammonium hexafluorophosphate in DMF at a scan rate of 50 mV s-1. 

 

2.3 Summary 

 

In conclusion, BPY 1.43 featuring a longer alkyl chain was synthesized, however, it was 

not isolated due to air-sensitivity and unsuccessful purification attempts. The effect of 

solubility by changing the alkyl chain length cannot be determined without isolating BPY 

1.43. Cyclic voltammetry was performed on the oxidized BPY salt 2.10 giving a reduction 

potential of -1.67 V vs SCE, which is 30 mV higher then BPY 1.36. N-propyl BPY 1.43 
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shows a slight decrease in reduction strength when compared to the N-methyl BPY 1.36 

upon increasing the N-alkyl chain length. 

 

Interestingly, the yield going from disubstituted pyridinium salt 2.8 to oxidized salt 2.10 

without isolation of BPY 1.43 was 50%, which is higher than Hanson’s yields of doubly 

oxidized BPY 1.36 over the same two steps. The yield of BPY 1.36 was of 44% and the 

oxidation with hexachloroethane gave a yield of 94%, resulting in an overall yield of 41% 

for both steps. The slight increase in yield could be due to the slight increase in solubility; 

however, this cannot be confirmed.  

 

Future work could include changing the alkyl group to a longer chain, for example butyl, 

hexyl, or dodecyl groups. This change could make purification and isolation of the resulting 

BPY easier; however, as shown in this thesis, reductive strength could be slightly affected. 

Nonetheless, 31P NMR spectrum of the in situ synthesis BPY 1.43 indicates full conversion 

from disubstituted pyridinium salt 2.7 to BPY 1.43 upon addition of KHMDS, and 

therefore this electron donor could be used for reduction reactions by generation in situ.  
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Chapter Three: Synthesis of a Stronger Tetrasubstituted BPY 

3.1 Introduction 

 

The preparation and characterization of stronger tetrasubstituted bispyridinylidene (BPY) 

electron donors will be discussed in this chapter. As mentioned briefly in Chapter 1 and 

Chapter 2, the strongest neutral organic reducing agent, BPY 1.36, was previously 

synthesized by Samuel Hanson, a former member of the Dyker group. In 2015, Chemistry 

and Engineering News announced BPY 1.36 as one of six molecules of the year due to its 

very negative reduction potential,38 facilitating the successful reduction of aryl halides, 

diakylsulfonamides and malononitriles.37 The reduction of more challenging substrates 

such as reduction of nitriles or the Birch reduction of naphthalene still remains 

inaccessible.42 The goal of this thesis was to synthesis stronger neutral organic reducing 

agents in hopes that they can reduce more challenging substrates such as nitriles and 

naphthalene, or potentially alkenes, alkynes, ketones and aldehydes that have not yet been 

investigated with other neutral organic reducing agents. 

 

In order to improve reduction strength, the targeted BPY 1.44 is obtained by replacement 

of the four triphenyliminophosphorano groups of BPY 1.36 by four 

tricyclohexyliminophosphorano groups. The tricyclohexyliminophosphorano groups have 

a lower Hammett constant (σp
+) than the triphenyliminophosphorano groups, -2.21 and         

-1.82 respectfully,10 indicating that the tricyclohexyliminophosphorano groups are stronger 

π-donors. Stronger π-donor groups are advantageous for the BPY based organic reducing 
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agents as this pushes electron density into the bispyridinylidene -system, which translates 

to a higher energy HOMO, easier donation of electrons, and thus a better reducing agent. 

 

In addition, the substituents at the ortho positions of the pyridine rings are known to exhibit 

a weaker effect on the strength of the reducing agents when compared to the substituents 

on the para positions. This effect can be seen by previously synthesized BPY 1.31 and 

1.33.37 Additionally BPY 1.44, Brandon Frenette (NSERC USRA, CHEM 2009) attempted 

the synthesis of mixed BPYs 1.45 and 1.46, which should have reductive strengths that are 

stronger than BPY 1.36 but weaker than 1.44, with BPY 1.46 being stronger than BPY 

1.45. Though not the strongest, the availability of BPY 1.45 and 1.46 could be convenient 

when the reductive strength needed for a particular reduction is between BPY 1.36 and 

BPY 1.44 or these reductants could exhibit unique selectivity (reducing one functional 

group over another, rather than all or none).  
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Figure 3.1 Reduction potentials of previously synthesized BPYs 1.31-1.36 and structures 

of targeted derivative BPYs 1.44, 1.45 and 1.46. 

 

3.2 Synthesis of N,N’-Dimethyl-4,4’,6,6’-Tetrakis(tricyclohexyliminophosphorano)-

2,2’-Bispyridinylidene, 1.44  

 

The synthesis of BPY 1.44 was performed similar to BPY 1.36.37 In Hanson’s preliminary 

work toward this compound,42 the introduction of the first iminophosphorano group on the 

pyridine ring via the reaction of 4-amino-2-chloropyridine and the dibromophosphorane in 

the presence of two equivalents of base was unsuccessful (the analogous conditions as BPY 

1.36, Scheme 3.1). Changing the oxidizing agent from bromine to hexachloroethane and 

adding two different bases, triethylamine and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 

seems to have improved the reaction. However, this reaction remained lengthy (12 days) 
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and low yielding, reflecting the poor Lewis acidity of [Cy3P-Cl]+ over [Ph3P-Br]+, Scheme 

3.1.42  

 

 

Scheme 3.1 Comparing synthesis of substituted chloropyridine 2.2 (A) and Hanson’s 

initial pathway for chloropyridine derivative 3.4 (B). 

 

Several reactions were conducted to improve yield and reduce reaction time (Table 3.1). 

All reactions were performed in an inert atmosphere and monitored by 31P NMR 

spectroscopy to give a rough estimate of relative amounts of the three known phosphorus 

containing compounds: unreacted dichlorotricyclohexylphosphorane 3.3, the desired 

substituted chloropyridine 3.4, and byproduct tricyclohexylphosphine oxide 3.5. In line 

with Hanson’s proposed pathway, entry 1 and 2 both use triethylamine and DBU as base. 

Entry 1 showed a 3:2 ratio of chloropyridine 3.4 to tricyclohexylphosphine oxide 3.5 

indicating a large amount of decomposition. The formation of tricyclohexylphosphine 

oxide 3.5 was most likely from phosphorane 3.3 reacting with moisture. Long reaction 

times and the requirement of a second addition of DBU led to the potential for air/moisture 
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to enter the system. In entry 2, both bases were added initially in order to minimize possible 

air contamination; however, this resulted in a decrease in production of chloropyridine 3.4. 

Due to the poor success, use of only one base, triethylamine, was considered with varying 

equivalents and reaction times, as described in entries 3-5. Using four equivalents of 

triethylamine resulted in a significant increase in chloropyridine 3.4 production, entry 3. 

Entry 4 showed the largest relative amount of desired chloropyridine 3.4; however, a 

second addition of base was needed to complete the reaction, giving a total of six 

equivalents. Eight equivalents of triethylamine were added from the beginning of the 

reaction, entry 5, which led to a minor decrease in product production compared to six 

equivalents of base in entry 4. For completion, addition of only DBU as a base was also 

tested, entry 6-7. Both trials led to a very small amount of chloropyridine 3.4 produced and 

were not further investigated. In conclusion, entry 4 showed the largest amount of desired 

product however, a second addition of two equivalents of base, for a total of six equivalents, 

was needed to complete the reaction. An initial addition of six equivalents of triethylamine 

was ultimately used as the optimised condition for further reactions.  
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Table 3.1 Summary of attempts of synthesizing pyridine 3.4.  

 

Entry A B 
(equivalents) 

Time and Heat 3.3 * 3.4 * 3.5 * 

1 DCM 
Et3N (2), 

DBU (1.5) 

5 days Et3N + 2 days DBU at 

35 °C 
- 60 40 

2 DCM 
Et3N (2), 

DBU (1.5) 
24h at 35 °C - 20 80 

3 DCM Et3N (4) 
36 h at 35 °C, 4 days rt, 8h 

at 35 °C 
- 70 30 

4 DCM Et3N (4+2) 
Et3N (4) 4 days + Et3N (2) 

24 h at 35 °C, 2 days at rt 
- 78 22 

5 DCM Et3N (8) 7 days at 35 °C - 76 24 

6 DCM DBU (2) 7 days at 35 °C 36 1 51 

7 MeCN DBU (2) 3 days at 70 °C 20 4 76 

*Estimated relative amounts based on integration of 31P NMR spectra of the reaction 

mixtures  
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To minimize the production of tricyclohexylphosphine oxide 3.5 further, the reactions were 

heated in a sealed Schlenk storage flask and placed under argon. This modification resulted 

in a very small amount of tricyclohexylphosphine oxide 3.5 being produced. The optimized 

procedure consists of using six equivalents of triethylamine and heating the mixture to        

30 °C in a closed system under inert atmosphere for 5 days. This procedure resulted in the 

isolation of chloropyridine 3.4 in a 57% yield after recrystallization. The isolated yield of 

chloropyridine 3.4 was noticeably low, however, the crude mixture indicates full 

conversion of dichlorotricyclohexylphosphorane 3.3 to the desired chloropyridine 3.4 with 

a low amount of tricyclohexylphosphine oxide 3.5 (Figure 3.2). This result indicated that 

a large amount of product was lost during purification.  

 

 

Figure 3.2 31P NMR spectrum for the reaction mixture for the formation of 

chloropyridine 3.4 in DCM. 
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The 31P NMR spectrum for isolated 3.4 showed a single peak at 28.0 ppm corresponding 

to phosphorus in the tricyclohexyliminophosphorano group. The 1H NMR spectrum, as 

seen in Figure 3.3, consists of three pyridyl peaks at 6.37 ppm (doublet of doublet of 

doublets), 6.49 ppm (doublet of doublet of doublets), 7.79 ppm (doublet of doublet of 

doublets) in addition to multiplets at 2.05-2.18 ppm, 1.21-1.29 ppm, 1.43-1.52 ppm, 1.76-

1.94 ppm, which corresponds to the cyclohexyl hydrogens. 

 

 

Figure 3.3 1H NMR spectrum of chloropyridine 3.4 in CDCl3. 

 

The next step towards BPY 1.44 was the methylation of the pyridyl nitrogen. Methyl iodide 

was added to chloropyridine 3.4 in acetonitrile and the mixture was heated in a closed 

system under inert atmosphere (Scheme 3.2). After 18 hours, the tan solid 3.6 was isolated 

in 94% yield and showed a single signal by 31P NMR spectroscopy at 38.0 ppm. The 

chemical shift from the chloropyridine 3.4 to the methylated chloropyridinium salt 3.6 (31P 
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δ 28.0 ppm to 38.0 ppm, respectively) is in the same direction and only slightly larger in 

magnitude than that of the triphenyliminophosphorano derivative chloropyridine 2.2 (31P 

δ 9.1 ppm) to methylated chloropyridinium salt 2.2 (31P δ 16.3 ppm).37 The 1H NMR 

spectrum of the chloropyridinium salt 3.6 matched closely chloropyridine 3.4 with a slight 

downfield direction in chemical shift and a new methyl singlet peak at 3.99 ppm. The 

pyridyl hydrogen signals are situated at 6.71 ppm (doublet), 6.86 ppm (doublet of 

doublets), 8.61 ppm (doublet); and cyclohexyl hydrogen signals at 1.31-1.52 ppm 

(multiplet), 1.71-1.93 ppm (multiplet), 2.34-2.46 ppm (multiplet); (Figure 3.4).  

 

 

Scheme 3.2 Methylation reaction of chloropyridine 3.4 to chloropyridinium salt 3.6. 
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Figure 3.4 1H spectrum of methylated chloropyridine 3.6 in CDCl3. 

 

The next step after methylation was the addition of the second 

tricyclohexyliminophosphorano group at the ortho position of the pyridine ring. This was 

done in an analogous fashion to the phenyl derivative using the 

tricyclohexylphosphinimine 3.8 nucleophile to displace the chloride from the pyridine ring 

of chloropyridinium salt 3.6. Tricyclohexylphosphinimine 3.8 was synthesized, following 

adapted literature procedures,43 by deprotonation of aminotricyclohexylphosphonium 

bromide 3.7. The synthesis of aminotricyclohexylphosphonium bromide 3.7 was 

completed in an analogous fashion to aminotriphenylphosphonium bromide 2.4, by 

bubbling ammonia gas through a mixture of dibromotricyclohexylphosphorane in 

acetonitrile (Scheme 3.3). The tan solid 3.7 was generated in acceptable yield of 78% after 

purification and displayed a single peak in 31P NMR spectrum at 55.1 ppm. In addition, a 

broad -NH2 signal is observed in the 1H NMR spectrum at 5.05 ppm along with multiplets 
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corresponding to the cyclohexyl hydrogens at 2.31-2.48 ppm and 1.17-2.09 ppm (Figure 

3.5).   

 

 

Scheme 3.3 Synthesis of aminotricyclohexylphosphonium bromide 3.7. 

 

 

Figure 3.5 1H NMR spectrum of aminotricyclohexylphosphonium bromide 3.7 in CDCl3. 

 

The purified aminotricyclohexylphosphonium bromide 3.7 was then deprotonated using 

potassium tert-butoxide (KOtBu) to generate the tricyclohexylphosphinimine 3.8 (Scheme 

3.4), along with a small amount of tricyclohexylphosphine oxide 3.5 as a hydrolysis 

byproduct. The volatiles were removed and the solid containing both 3.8 and 3.5 was used 

for the following step, (Figure 3.6).   
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Scheme 3.4 Synthesis of tricyclohexylphosphinimine 3.8. 

 

 

Figure 3.6 31P NMR spectrum of tricyclohexylphosphinimine 3.8 and 

tricyclohexylphosphine oxide 3.5 in C6D6.  

 

In order to form the disubstituted pyridinium salt 3.9, two and a half equivalents of 

tricyclohexylphosphinimine 3.8 was then added to chloropyridinium 3.6, where one 

equivalent of 3.8 is used as nucleophile and one as a base (plus excess to account for 
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hydrolysis); (Scheme 3.5).  This resulted in a crude mixture of desired disubstituted 

pyridinium salt 3.9, tricyclohexylphosphine oxide 3.5 and 

aminotricyclohexylphosphonium chloride 3.10 (Figure 3.7).  

 

Scheme 3.5 Synthesis of disubstituted pyridinium salt 3.9. 

 

 

Figure 3.7 31P NMR spectrum of the reaction mixture for the formation of disubstituted 

pyridinium salt 3.9 in acetonitrile. 

 

This mixture was not easily purified due to similar solubility of compound 3.9 and 3.10; 

however, purification was accomplished with help from Brandon Frenette (NSERC 
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USRA). Purification was accomplished by first filtering the reaction mixture to remove the 

majority of compound 3.10, which is poorly soluble in acetonitrile. The volatiles were 

removed and the crude solid was re-dissolved in toluene. The toluene solution was then 

washed with water to remove the residual amounts of compound 3.10. The dried organic 

phase was finally concentrated and the solid was precipitated using excess diethyl ether. 

The purified and dried disubstituted pyridinium salt 3.9 was isolated in a low yield of 36% 

and showed two peaks by 31P NMR spectroscopy (29.6 ppm and 32.2 ppm). The 1H NMR 

spectrum of the product showed the methyl peak at 3.63 ppm (singlet); the three pyridyl 

hydrogen signals at 5.59 ppm (doublet), 5.99 ppm (doublet of doublets) and 7.61 ppm 

(doublet of doublets); and lastly the multiplets corresponding to the cyclohexyl hydrogens 

at 1.17-1.55 ppm, 1.73-1.98 ppm and 2.08-2.25 ppm (Figure 3.8).  

 

 

Figure 3.8 1H NMR spectrum of disubstituted pyridinium salt 3.9 in CDCl3. 
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Due to difficulties with purification and poor isolated yield of disubstituted pyridinium salt 

3.9, synthesis of a different nucleophile was investigated in an effort to avoid the 

aminotricyclohexylphosphonium chloride 3.10 byproduct. The synthesis of the 

disubstituted pyridinium salt 3.9 with trimethylsilyl(tricyclohexyl)phosphinimine 3.11 

would result in the production of trimethylsilyl chloride, which could be easily removed in 

vacuo. Trimethylsilyl(tricyclohexyl)phosphinimine 3.11 was synthesised in a 88% yield 

following literature procedures (Scheme 3.6).44 Despite the potential advantages in 

purification of 3.9, there was no reaction between  

trimethylsilyl(tricyclohexyl)phosphinimine 3.11 (excess) and methylated pyridinium salt 

3.6 after 18h at 70 °C, and this route was not further explored (Figure 3.9).  

 

 

Scheme 3.6 Proposed synthesis of disubstituted pyridinium salt 3.9 using 

trimethylsilyl(tricyclohexyl)phosphinimine 3.11. 
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Figure 3.9 31P NMR spectrum of the reaction mixture of 

trimethylsilyl(tricyclohexyl)phosphinimine 3.11 and methylated pyridinium salt 3.6 in 

toluene. 

 

Finally, BPY 1.44 was synthesized in situ by deprotonation of purified disubstituted 

pyridinium salt 3.9 using potassium bis(trimethylsilyl)amide (KHMDS) in deuterated 

benzene (Scheme 3.7). A 31P NMR spectrum of the resulting dark red solution showed four 

major peaks, two peaks corresponding to the Z isomer and two peaks for the E isomer at 

12.9 ppm, 17.4 ppm, 18.9 ppm, and 19.2 ppm in a 1:1 isomeric ratio along with minor 

impurity peaks at 21.0 ppm, 24.3 ppm and 24.6 ppm (Figure 3.10). As for the 1H NMR 

spectrum, the Z isomers methyl signal was observed at 3.46 ppm and the two signals for 

each pyridyl hydrogen were observed at 4.58 ppm and 5.50 ppm. The E isomers methyl 

hydrogen peak is at 3.65 ppm and the two pyridyl hydrogen signals are at 4.70 ppm and 

5.33 ppm (Figure 3.11). The assignment of E and Z isomers in 1H NMR spectrum was 
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possible due to prior knowledge of BPY pyridyl hydrogen signal ranges and ROESY 2D 

NMR spectroscopy, which showed interaction between pyridinium hydrogen A and methyl 

hydrogens of the E isomer (Figure 3.12). The assignment of the isomeric phosphorus peaks 

was not performed due to time constraints.   

 

 

Scheme 3.7 Synthesis of BPY 1.44 from pyridinium salt 3.9. 

 

 

Figure 3.10 31P NMR spectrum of BPY 1.44 prepared in situ of in C6D6. 
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Figure 3.11 1H NMR spectrum of BPY 1.44 prepared in situ in C6D6 containing minor 

impurities and bis(trimethylsilyl)amine at 0.10 ppm. 
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Figure 3.12 ROESY 2D NMR spectrum showing the strong correlation between the 

pyridyl proton at 5.33 ppm and methyl hydrogen at 3.65 ppm for BPY (E)-1.44. 

 

Cyclic voltammetry was performed on BPY 1.44 by adding a few drops of the reaction 

mixture into an electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate in 

dimethylformamide (DMF). The cyclic voltammetry showed a reverse wave at -1.87 V vs 

SCE (ferrocene/ferrocenium used as external reference), which is 170 mV more negative 

then BPY 1.36, Figure 3.13. The low reduction potential confirmed that BPY 1.44 is a 

substantially stronger reducing agent then BPY 1.36. 
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Figure 3.13 Cyclic voltammogram of BPY 1.44 in 0.1 M tetrabutylammonium 

hexafluorophosphate in DMF at a scan rate of 50 mV s-1. 

 

3.3 Synthesis of N,N’-Dimethyl-4,4’-Bis(triphenyliminophosphorano),6,6’ 

Bis(tricyclohexyliminophosphorano)-2,2’-Bispyridinylidene, 1.45 

 

The synthesis of BPY 1.45 follows a combination of the known pathways for both BPY 

1.36 and BPY 1.44. The direct precursor to BPY 1.45, disubstituted pyridinium 3.12, was 

synthesized by reacting methylated chloropyridinium salt 2.3 (used in the preparation of 

BPY 1.36)37 with the isolated tricyclohexylphosphinimine 3.8 (Scheme 3.8). The desired 

mixed disubstituted pyridinium salt 3.12 was formed in a 30% yield, with a 

-0.015

-0.010

-0.005

0.000

0.005

0.010

-2.20 -2.00 -1.80 -1.60 -1.40

C
u
rr

en
t 

/ 
m

A

Working Electrode Potential vs SCE / V



 

46 

triphenyliminophosphorano group at the para position and a 

tricyclohexyliminophosphorano group at the ortho position as evidenced by two signals in 

the 31P NMR spectrum, at 8.8 ppm and 32.7 ppm respectively. The 31P NMR spectrum of 

the mixed disubstituted pyridinium salt 3.12 showed signals in similar regions as the 

disubstituted triphenyliminophosphorano pyridinium salt 2.6 (9.8 ppm and 12.1 ppm) and 

disubstituted tricyclohexyliminophosphorano pyridinium salt 3.9 (29.6 ppm and 32.2 

ppm). Comparing the signals for the three compounds indicates that the signal at 9.8 ppm 

of compound 2.6 is the result of the triphenyliminophosphorano group at the para position 

of the pyridinium ring, and 12.1 ppm is from the phosphorus in the ortho position. 

Analogously, the signal furthest upfield, 29.6 ppm, would correspond to the para position 

tricyclohexyliminophosphorano group for compound 3.9 and the more downfield signal, 

32.2 ppm, is assigned to the tricyclohexyliminophosphorano group in the ortho position. 

The 1H NMR spectrum of the isolated solid 3.12 showed that the cyclohexyl hydrogen 

multiplets at 1.02-1.46 ppm and 1.59-2.07 ppm; the phenyl hydrogen multiplet at 7.44-7.91 

ppm; methyl singlet at 3.64 ppm; and two of the three pyridyl hydrogens at 6.19 ppm 

(doublet) and 5.51 ppm (singlet); (Figure 3.14). The third is believed to be overlapping 

with the multiplet signal for the phenyl hydrogen (7.44-7.91 ppm), since this signal is found 

at 7.61 ppm for the tricyclohexyliminophosphorano disubstituted pyridinium salt 3.9; 

however, this has not yet been confirmed by 2D NMR spectroscopy.  
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Scheme 3.8 Synthesis of mixed disubstituted pyridinium salt 3.12 from chloropyridinium 

salt 2.3. 

 

 

Figure 3.14 1H NMR spectrum of the mixed disubstituted pyridinium salt 3.12 in CDCl3. 

 

The final step was synthesizing BPY 1.45 by deprotonation using potassium 

bis(trimethylsilyl)amide (Scheme 3.9). Carrying out the reaction in a J. Young NMR tube 

using deuterated benzene and monitoring by 31P NMR spectroscopy showed four broad 

peaks at 21.9 ppm, 20.1 ppm, -3.2 ppm and -6.0 ppm in a 2:1 ratio (Figure 3.15). In 

addition to the broad major and minor peaks, minor impurities are observed at 0.8 ppm, 6.4 
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ppm, 26.3 ppm and 28.6 ppm. Based on isomeric ratios of the four broad peaks, tentative 

assignments of BPY 1.45 major and minor isomer signals are as follows: -6.0 ppm and 

20.1 ppm (major isomer) and -3.2 ppm and 21.9 ppm (minor isomer). Isolation, 

purification, and full characterisation of BPY 1.45, including assigning major and minor 

isomers to E and Z configurations, was not performed due to time constraints. Cyclic 

voltammetry was also not performed, which means the reductive strength of BPY 1.45 

remains unknown, however, it is expected to have a reduction potential between the value 

of BPY 1.36 and BPY 1.44.  

 

 

Scheme 3.9 Synthesis of BPY 1.45 from the mixed disubstituted pyridinium salt 3.12. 
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Figure 3.15 31P NMR spectrum of the reaction mixture for BPY 1.45 in C6D6. 

 

3.4 Synthesis of N,N’-Dimethyl-4,4’-Bis(tricyclohexyliminophosphorano),6,6’ 

Bis(triphenyliminophosphorano)-2,2’-Bispyridinylidene, 1.46  

 

The final target of this thesis was BPY 1.46 featuring triphenyliminophosphorano groups 

at the para positions and tricyclohexyliminophosphorano groups at the ortho positions of 

the pyridine ring. BPY 1.46 preparation began by the synthesis of the disubstituted 

pyridinium salt 3.13. An analogous pathway to those described above was used for the 

synthesis of BPY 1.46, and began with the attempted synthesis of mixed disubstituted 

pyridinium salt 3.13. Chloropyridinium 3.6 (from the preparation of BPY 1.44) and 

triphenylphosphinimine 2.5, generated in situ from aminotriphenylphosphonium bromide 

2.4 and DBU, were reacted together to achieve desired mixed disubstituted pyridinium salt 
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3.13 (Scheme 3.10). The desired mixed disubstituted pyridinium salt 3.13 featuring a 

triphenyliminophosphorano group at the para position and a 

tricyclohexyliminophosphorano group at the ortho position, showed two signals in the 31P 

NMR spectrum of the reaction mixture, at 11.3 ppm and 30.1 ppm, respectively. The 31P 

NMR spectrum signals of mixed disubstituted pyridinium salt showed a signal in the 

similar regions as the bis(triphenyliminophosphorano)pyridinium salt 2.6 (9.8 ppm and 

12.1 ppm) and bis(tricyclohexyliminophosphorano)pyridinium salt 3.9 (29.6 ppm and 32.2 

ppm). This result further suggests that the signal at 9.8 ppm corresponds to the 

triphenyliminophosphorano group at the para position, and 12.1 ppm to the ortho position 

of compound 2.6. Analogously, 29.6 ppm for para and 32.2 ppm for the ortho position for 

the tricyclohexyliminophosphorano groups of pyridinium salt 3.9. Despite production of 

desired mixed disubstituted pyridinium salt 3.13, 31P NMR spectrum of the isolated solid 

showed several minor unknown impurities, Figure 3.16. It is known that the final 

deprotonation step to form the BPY is very sensitive to impurities, and therefore several 

attempts were performed to purify the precursor such as; recrystallization using various 

solvents or filtering over silica, celite or activated charcoal. However, purification was 

unsuccessful, and due to time constraints, this project was not further pursued.     
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Scheme 3.10 Synthesis of the mixed disubstituted pyridinium salt 3.13 from 

chloropyridinium salt 3.6.  

 

 

Figure 3.16 31P NMR spectrum of isolated mixed disubstituted pyridinium salt 3.13 and 

unknown impurities in CDCl3. 
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3.5 Summary 

 

In conclusion, a stronger tetrasubstituted BPY, BPY 1.44, was synthesized successfully 

and its reduction potential was recorded as -1.87 V vs SCE. The reductive strength of BPY 

1.44 exceeds that of BPY 1.36 by 170 mV, which held the record as the strongest organic 

reducing agent. Nonetheless, BPY 1.44 was not isolated, and although 31P and 1H NMR 

spectroscopies indicated a quite clean and nearly complete conversion of starting materials 

to the BPY, an isolated yield remains to be determined. In addition, the BPY 1.44 reductive 

strength has not yet been tested, however, extensive investigation as an organic reductant 

are planned to begin shortly.   

 

Along with BPY 1.44, the synthesis of mixed BPY 1.45 and 1.46 were also attempted. 

However, due to time constraints, BPY 1.45 was not isolated or fully characterised, 

although 31P NMR spectrum of the reaction mixture indicates that BPY 1.45 was 

successfully produced. As for BPY 1.46, precursor 3.13 was synthesised but not purified, 

and thus deprotonation to obtain BPY 1.46 was not yet attempted. The reductive strength 

of both BPY 1.45 and 1.46 remains unknown to date however, they are expected to be 

stronger than BPY 1.36 but weaker than BPY 1.44.  
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Chapter Four:  Conclusion and Future Work 

4.1 Conclusion  

 

In conclusion, a derivative of BPY 1.36 featuring a propyl chain on the pyridyl nitrogen, 

BPY 1.43, was synthesized. The first step of synthesis was the addition of a 

triphenyliminophosphorano group at the para position, and the NMR spectra matched that 

of literature37 provided by Hanson. Next, alkylation of the pyridyl nitrogen was performed 

in a high yield of 89% when 1-iodopropane was used. 1H NMR spectrum showed the newly 

installed propyl chain signals at 0.97 ppm (triplet), 1.73-1.93 ppm (multiplet) and 4.45 ppm 

(triplet). Subsequently, the addition of the second triphenyliminophosphorano group was 

successful as seen by two signals in 31P NMR spectrum at 9.8 ppm and 12.5 ppm; however, 

purification resulted in low isolated yield of 52% for compound 2.8. Once purified, 

deprotonation by potassium bis(trimethylsilyl)amide (KHMDS) resulted in BPY 1.43 as 

seen by four signals in 31P NMR spectrum at 0.9 ppm, -0.7 ppm, -5.3 ppm and -7.3 ppm. 

These signals are broad, which is believed to be caused by partial oxidation of the BPY. 

The effect of the propyl group on solubility was not investigated due to the inability to 

isolate BPY 1.43; however, it was oxidized in situ to generate salt 2.10. This allowed for 

the determination of reduction potential of BPY 1.43 by cyclic voltammetry of oxidized 

salt 2.10. The reduction potential was found to be -1.67 V vs SCE, which makes BPY 1.43 

30 mV weaker than BPY 1.36. Despite the disappointing results, the yield of oxidized salt 

2.10 from disubstituted pyridinium salt 2.8 without isolation of BPY 1.43 was 50%, which 

is higher than Hanson’s yields over the same steps for the preparation and oxidation of 

BPY 1.36 (41%). The slight increase in yield could be due to the slight increase in 
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solubility. Overall, the preparation of this compound shows no real benefit over the methyl 

derivative 1.36.  

 

In addition, a stronger reducing agent BPY 1.44 was synthesized in situ, but was not 

isolated. The tetrasubstituted BPY 1.44 features tricyclohexyliminophosphorano groups at 

both para and ortho positions and was synthesized by first adding a 

tricyclohexyliminophosphorano group at the para position in an analogous fashion to the 

pathway to BPY 1.36. The resulting product showed a 31P NMR spectrum signal at 28.0 

ppm corresponding to the newly installed tricyclohexyliminophosphorano group. Next, 

methylation of the pyridyl nitrogen was performed successfully as seen by a methyl peak 

at 3.99 ppm in the 1H NMR spectrum. Subsequently, the addition of the second 

tricyclohexyliminophosphorano group was successful as seen by two signals in 31P NMR 

spectrum at 29.6 ppm and 32.2 ppm; however purification resulted in very low isolated 

yield of 36% for compound 3.9. Lastly, the disubstituted pyridinium salt 3.9 was 

deprotonated in situ to give BPY 1.44 which showed four peaks by 31P NMR spectroscopy 

at 12.9 ppm, 17.4 ppm, 18.9 ppm and 19.2 ppm with an E to Z ratio of 1:1. The assignments 

of the isomeric ratios in 1H NMR spectrum was accomplished by ROESY 2D NMR 

spectroscopy, however assignments for signals in the 31P NMR spectrum were not possible 

and still remain unknown. A cyclic voltammogram of BPY 1.44 showed a record reduction 

potential of -1.87 V vs SCE which is 170 mV lower than BPY 1.36! This may appear like 

a small change, however, from the Nernst equation, Equation 4.1, an increase in 170 mV 

would result in an increased in the equilibrium constant (K) by a factor of 550 000! This 

means for a given reduction reaction, the products would be favored by a factor of 550 000 
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more when 1.44 is used as a reductant compared to 1.36 as a reductant. For electron transfer 

processes, this also typically leads to an increase in reaction rate as the reaction becomes 

more favored. 

 

𝐸1/2
0 =  

0.0592

𝑛
log 𝐾  (4.1) 

𝐸1/2
0 = Standard electrochemical cell potential (in V) 

𝑛 = Number of moles of electrons transferred 

 𝐾 = Equilibrium constant  

This equation can be rearranged in terms of equilibrium constant as follows 

𝐾 = 10(
𝐸1/2

0 𝑛

0.0592
)
 

When, n = 2,  𝐸1/2
0 =  𝐸1/2BPY 𝟏. 𝟒𝟒 −  𝐸1/2BPY 𝟏. 𝟑𝟔 = 0.170 V 

𝐾 = 10(
0.170∗2
0.0592

)
 

𝐾 = 550 000 

 

Furthermore, synthesis of BPY 1.45, featuring triphenyliminophosphorano groups at the 

para positions and tricyclohexyliminophosphorano groups at the ortho positions, was 

attempted. Disubstituted pyridinium salt 3.12 was synthesized by using methylated 

pyridinium salt 2.3 and triphenylphosphinimine generated in situ from 

aminotriphenylphosphonium bromide. The resulting disubstituted pyridinium salt 3.12 

showed two peaks by 31P NMR spectroscopy at 8.8 ppm and 32.7 ppm. The deprotonation 

of 3.12 gave BPY 1.45, which can be observed by four new peaks detected by 31P NMR 

spectroscopy at 21.9 ppm, 20.1 ppm, -3.2 ppm and -6.0 ppm in a 2:1 ratio. Unfortunately, 
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BPY 1.45 was not isolated, and the electrochemical analysis by cyclic voltammetry was 

not performed due to time constraints. Therefore further characterization and confirmation 

for the formation of BPY 1.45 remains.  

 

Furthermore, synthesis of BPY 1.46, featuring tricyclohexyliminophosphorano groups at 

the para positions and triphenyliminophosphorano groups at the ortho positions, was 

initiated. The mixed disubstituted pyridinium salt 3.13 precursor to this BPY was prepared 

but could not be purified. 31P NMR spectrum of disubstituted pyridinium salt 3.13 showed 

product peaks at 11.3 ppm and 30.1 ppm along with several impurity peaks. The problem 

of purification must be solved before the BPY can be generated by deprotonation of 3.13.  

 

4.2 Future Work 

 

In order to complete the projects introduced in this thesis, the isolation of BPY 1.43 should 

be attempted again in order to fully characterize it (1H, 13C, ROESY, HSQC NMR 

spectroscopy) and obtain a yield, which should give insight on solubility of BPY 1.43. In 

addition, signals in 31P NMR spectrum are broad and is believed to be due to partial 

oxidation of the BPY. Reduction of a pure sample of oxidized salt 2.10 with a strong metal 

reducing agent, such as potassium or sodium metal, could also be used to obtain BPY 1.43 

(Scheme 4.1). This may result in spectrum with sharper peaks since the presence of excess 

potassium or sodium would prevent such oxidation from occurring. The process of 

reducing the oxidized salt 2.10 to BPY 1.43 is counterproductive for applications as organic 
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reducing agents, however, full characterization of the BPY would help confirm that the 

broad peaks observed by deprotonation in fact belong to BPY 1.43.  

 

 

Scheme 4.1 Reduction of oxidized BPY salt 2.10 to BPY 1.43 by use of a strong metal 

reducing agent. 

 

BPY 1.45 was synthesized, however, cyclic voltammetry was not performed, and therefore 

its reduction potential remains unknown. Cyclic voltammetry should be completed by 

either analysing the reaction mixture or by analyzing the oxidized salt 4.1, prepared from 

BPY 1.45 and hexachloroethane (Scheme 4.2). Controlled oxidation of BPY’s are often 

performed since they are air-sensitive. In addition, the oxidized salts are easily purified by 

non air-sensitive techniques, which allow for better NMR spectra and facilitates obtaining 

a cyclic voltammogram.  
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Scheme 4.2 Proposed pathway to oxidized BPY 4.1 salt by oxidation using 

hexachloroethane. 

 

The synthesis of BPY 1.46 was not attempted due to the impurities in disubstituted 

pyridinium salt 3.13. The synthesis of the disubstituted pyridinium salt 3.13 was successful 

however, this reaction required heat and 7 days to complete. It was noticed that the addition 

of the ortho position substituent second by substitution of the chloride ion proved to be 

difficult when stronger substituent, i.e. tricyclohexyliminophosphorano group, were placed 

at the para position first. In addition, adding weaker π-donating substituent, i.e. 

triphenyliminophosphorano group, at the ortho position by substitution was slower because 

the triphenylphosphinimine is a weaker nucleophile. This effect can be seen by looking at 

the reaction time for the formation the four disubstituted pyridinium salts (via nucleophilic 

displacement of the 2-chloro group with R3P=NH, R=Ph, Cy) presented in this thesis 

(Figure 4.1).  
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Figure 4.1 Demonstrating various reaction time for forming of different disubstituted 

pyridinium salts. 

 

In order to avoid the lengthy reaction of disubstituted pyridinium salt 3.13, introduction of 

the stronger π-donor substituent at the para position second by chloride ion substitution 

may be achieved by reacting pyridinium salt 4.3 with tricyclohexylphosphinimine 3.8 

(Scheme 4.3). This method of addition could be used in synthesis of other tetrasubstituted 

BPY’s as well.  

 

Scheme 4.3 Alternative pathway to disubstituted pyridinium salt 3.13 

 

Moreover, purification of mixed disubstituted pyridinium salt 3.13 should be pursued 

further, since obtaining reduction potentials of all four tetrasubstituted BPYs (1.36, 1.44, 

1.45 and 1.46) would confirm suggested ordering of increasing reductant strength 

proposed in this thesis (1.36 < 1.45 < 1.46 < 1.44). This ranking is based on the fact that 
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tricyclohexyliminophosphorano groups are stronger π-donor than 

triphenyliminophosphorano groups as shown by their Hammett substituent constants 

(σp
+) of -2.21 and -1.82, respectively. In addition, the substituents at the para positions of 

the BPY has been shown to have a larger effect than the ortho positions. 

 

Lastly, the new synthesized BPY 1.44, featuring a reduction potential of -1.87 V vs SCE, 

should be tested on various reduction reaction. BPY 1.36 with reduction potential of -1.70 

V vs SCE, has successfully reduced aryl halides, diakylsulfonamides, and malononitriles; 

however, reductions of more challenging substrates such as nitriles or the Birch reduction 

of naphthalene still remains a challenge and could be attempted using stronger BPY 1.44.37 

In addition, other substrates that have not yet been tested by other BPY’s could be 

attempted using BPY 1.44 such as alkenes, alkynes, ketones and aldehydes.   
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Chapter Five: Experimental  

5.1 General Information  

 

All reactions 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. All solvents used were degassed and stored over 4 Å molecular sieves. Diethyl ether, 

tetrahydrofuran, dichloromethane and toluene, were taken from the SECA solvent system 

prior to being degassed and stored over 4 Å molecular sieves.  

 

5.2 Chemical Reagents Used in Synthesis 

 

Triphenylphosphine, bromine, 4-amino-2-chloropyridine, magnesium sulfate, diethyl 

ether, hexachloroethane, methyl iodide, and calcium hydride were purchased from Alfa 

Aesar and were used without further purification. Ferrocene was purchased from Alfa 

Aesar and recrystallized from hexanes. Isopropanol and dimethylformamide were 

purchased from Fisher scientific and were used without purification. 

Tricyclohexylphosphine, 1-iodopropane, potassium tert-butoxide, trimethylsilyl azide, 

potassium bis(trimethylsilyl)amide, chloroform, and tetrabutylammonium 

hexafluorophosphate were purchased from Sigma Aldrich and were used without 

purification. Acetonitrile, benzene, deuterated benzene and deuterated chloroform, were 

purchased from Sigma Aldrich, and triethylamine and 1,8-diazabicyclo[5.4.0]undec-7-ene 

were purchased from Alfa Aesar. Benzene, triethylamine, acetonitrile, 1,8-
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diazabicyclo[5.4.0]undec-7-ene, deuterated benzene and deuterated chloroform were all 

dried over calcium hydride and distilled before being degassed and stored over 4 Å 

molecular sieves. 

 

5.3 Standard Analyses 

 

Phosphorus (31P) nuclear magnetic resonance (NMR) spectroscopy were taken with a 

Varian UNITY INOVA 300 MHz set to 121.4 MHz and phosphoric acid (85%) was used 

as an external standard (δ 0 ppm). Proton (1H) NMR spectroscopy were performed with a 

Varian UNITY INOVA 300 MHz or Varian UNITY 400 MHz using deuterated chloroform 

(δ 7.26 ppm) or deuterated benzene (δ 7.16 ppm) as internal standards. Varian UNITY 400 

MHz was used for all carbon (13C) NMR spectroscopy using deuterated chloroform (δ 77.0 

ppm) or deuterated benzene (δ 128.0 ppm) as internal standards. The chemical shift (δ) 

were reported as part per million (ppm). Abbreviation of signal multiplicity are as follows: 

singlet, s; doublet, d; triplet, t; multiplet, m; coupling constant (J) are all report in Hertz 

(Hz). High resolution mass spectroscopy (HRMS) were conducted at the Mass 

Spectrometry Laboratory at Dalhousie University, Halifax, NS, Canada. The spectra were 

collected using electrospray ionization (EI) technique set in positive ion mode.  
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5.4 Electrochemistry  

 

Electrochemical studies were executed in an Innovative Technology glove box using a 

standard three electrode system connected to a Biologic SP-150 potentiostat. The three 

electrode consist of a working electrode (platinum disk, 0.07 cm2), counter electrode 

(platinum wire, 5 cm) and Ag/Ag+ reference electrode (0.01M sliver nitrate and 0.1 M 

tetrabutylammonium perchlorate in acetonitrile). The sample were run in 0.1 M 

tetrabutylammonium hexafluorophosphate in dimethylformamide (DMF) with a scan rate 

of 50 mV s-1. Recrystallized ferrocene was used as external standard. All potentials were 

converted to saturated calomel electrode (SCE) using the formal potential of 

ferrocene/ferrocenium in DMF which is 0.45 V vs SCE in 0.1 M tetrabutylammonium 

hexafluorophosphate.45   
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5.5 Experimental Procedures  

 

Synthesis of 2-chloro-4-(triphenyliminophosphorano)pyridine, 2.2 

 

2-chloro-4-(triphenyliminophosphorano)pyridine was prepared according to literature.37,42 

 

Triphenylphosphine (11.267 g, 42.989 mmol) was dissolved in dichloromethane (80 mL) 

and cooled to 0 °C for 5 mins. Bromine (2.20 mL, 42.9 mmol) was added dropwise to the 

solution to give rise to a yellow mixture. After stirring the solution at room temperature for 

30 mins, a mixture of partially dissolved 4-amino-2-cholorpyridine (5.002 g, 38.91 mmol) 

in triethylamine (13.50 mL, 96.86 mL) was added and stirred for 18h. The reaction mixture 

was washed with water (3 x 100 mL), and the organic layer was then dried with magnesium 

sulfate, filtered, concentrated and the product was precipitated by the addition of excess 

diethyl ether. The pale yellow solid was collected, washed with diethyl ether and dried in 

vacuo (13.440 g, 89%). 1H NMR (400 MHz, CDCl3): δ 6.45 (ddd, 1H, PyrH, J = 0.8, 2.1 

and 5.7 Hz), 6.59 (ddd, 1H, PyrH, J = 0.4, 0.7 and 1.9 Hz), 7.46-7.52 (m, 6H, PhH), 7.55-

7.61 (m, 3H, PhH), 7.67-7.74 (m, 6H, PhH), 7.78 (ddd, 1H, PryH, J = 0.3, 1.1 and 5.7 Hz). 

13C NMR (101 MHz, CDCl3): 117.72 (d, CH, J = 20.2 Hz), 117.82 (d, CH, J = 18.5 Hz), 

128.97 (d, CH, J = 12.3 Hz), 129.10 (d, C, J = 100.1 Hz), 132.52 (CH), 132.7 (d, CH, J = 

10.0 Hz), 148.8 (d, CH, J = 1.5 Hz), 151.6 (d, C, J = 3.5 Hz), 161.5 (d, C, J = 2.0 Hz). 31P 

NMR (121 MHz, CDCl3): δ 8.97 ppm. Melting point 173.2-174.1 °C.  
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Synthesis of N-propyl-2-chloro-4(triphenyliminophosphorano)pyridine, 2.7 

 

2-chloro-4-(triphenyliminophosphorano)pyridine (2.450 g, 6.301 mmol) was completely 

dissolved upon heating in acetonitrile (10 mL) with 1-iodopropane (1.23 mL, 12.6 mmol) 

in a closed system under inert atmosphere. The reaction was completed after heating at 70 

°C for 18h. The clear pale yellow solution was concentrated and the product was 

precipitated using an excess of diethyl ether. The resulting tan solid was collected by 

filtration and washed with more diethyl ether and lastly dried in vacuo (3.130 g, 89%). 1H 

NMR (400 MHz, CDCl3): δ 0.97 (t, 3H, Pr, J = 7.4 Hz), 1.73-1.93 (m 2H, Pr), 4.45 (t, 2H, 

Pr, J = 7.6 Hz),  6.47 (dd, 1H, PyrH, J = 2.6 and 7.3 Hz), 6.78 (d, 1H, PyrH, J = 2.6 Hz), 

7.53-7.70 (m, 15H, PhH)  8.73 (d, 1H, PryH, J = 7.3 Hz). 13C NMR (101 MHz, CDCl3): δ 

10.57 (CH3), 23.75 (CH2), 57.38 (CH2), 117.16 (d, CH, J = 17.0 Hz), 120.82 (d, CH, J = 

24.4 Hz), 125.64 (d, C, J = 101.5 Hz), 129.80 (d, CH, J = 12.7 Hz), 132.49 (d, CH, J =10.4 

Hz), 133.87 (d, CH, J = 2.9 Hz), 142.66 (d, CH, J = 4.7 Hz), 144.98 (C), 166.13 (d, C, J = 

2.3 Hz), . 31P NMR (121 MHz, CDCl3): δ 16.09 ppm. Melting point 174-175 °C. HRMS 

(ESI+): m/z found [2.7-I]+ 431.1423; calculated for C26H25ClN2P
+ 431.1444. 
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Synthesis of aminotriphenylphosphonium bromide, 2.4 

 

Aminotriphenylphosphonium bromide was prepared according to literature with slight 

modifications. 41  

 

In an ice bath, bromine (7.00 mL, 136 mmol) was added dropwise to solution of partially 

dissolved triphenylphosphine (35.175 g, 134.21 mmol) in acetonitrile (220 mL) resulting 

in a bright orange solution. While vigorously stirring, ammonia gas was bubbled thought 

the solution for 30 mins resulting in a tan solid in a pale yellow solution. An excess of 

diethyl ether was added to precipitate the solid further. The solid was then collected by 

filtration and washed with more diethyl ether (20 mL) before being dissolved in 

dichloromethane (100 mL). The organic phase was washed with water (4 x 100 mL) then 

dried with magnesium sulfate and filtered. The volatiles were removed in vacuo to give a 

white solid (39.152 g, 82%). The spectral data were consistent with the literature41 data 1H 

NMR (400 MHz, CDCl3): δ 6.86 (b, 2H, NH), 7.61-7.50 (m, 6H, PhH), 7.63-7.74 (m, 3H, 

PhH), 7.79-7.90 (m, 6H, PhH). 31P NMR (121 MHz, CDCl3): δ 36.59 ppm 
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Synthesis of N-propyl-2,4-bis(triphenyliminophosphorano)pyridinium iodide, 2.8 

 

N-propyl-2-chloro-4-(triphenyliminophosphorano)pyridine (15.081 g, 26.987 mmol) and 

aminotriphenylphosphonium bromide (10.684 g, 29.826 mmol) were combined and cooled 

in the freezer (-40 °C) along with a mixture 1,8-diazabicyclo[5.4.0]undec-7-ene (9.34 mL, 

62.5 mmol) in acetonitrile (40 mL). After cooling for 30 mins, 1,8-

diazabicyclo[5.4.0]undec-7-ene and acetonitrile mixture was added dropwise to the solids.  

The reaction was completed after heating at 70 °C for 4 days in a closed system under inert 

atmosphere. The volatiles were removed, and the resulting solid was re-dissolved in 

dichloromethane (40 mL) and washed with water (4 x 50 mL). The organic layer was then 

dried with magnesium sulfate, filtered, concentrated and the product was precipitated with 

excess diethyl ether. The tan solid was collected by vacuum filtration and recrystallized in 

acetonitrile (11.180 g, 52%). 1H NMR (400 MHz, CDCl3): δ 0.98 (t, 3H, Pr, J = 7.4 Hz), 

1.81-1.91 (m, 2H, Pr), 4.24 (t, 2H, Pr, J = 7.5 Hz),  5.36 (d, 1H, PyrH, J = 2.0 Hz), 6.36 

(dd, 1H, PyrH, J = 2.3 and 7.3 Hz), 7.32-7.46 (m, 24H, PhH), 7.48-7.64 (m, 6H + 1H, PhH 

+ PyrH). 13C NMR (101 MHz, CDCl3): δ 11.27 (CH3), 23.06 (CH2), 54.21 (CH2), 106.11 

(dd, CH, J = 7.4 and 14.8 Hz), 106.11 (dd, CH, J = 7.4 and 14.8 Hz), 114.21 (d, CH, J = 

24.6 Hz), 127.05 (d, C, J = 103.5 Hz), 127.71 (d, C, J = 100.8 Hz), 129.32 (d, CH, J = 12.4 

Hz), 129.58 (d, CH, J = 12.6 Hz), 132.12 (d, CH, J = 16.2 Hz), 132.22 (d, CH, J = 16.2 

Hz), 132.96 (d, CH, J = 2.9 Hz), 133.33 (d, CH, 2.9 Hz), 139.60 (dd, CH, J = 1.0 and 2.3 



 

68 

Hz), 155.22 (dd, C, J = 1.1 and 10.6 Hz), 164.13 (dd, C, J = 0.8 and 2.2 Hz). 31P NMR 

(121 MHz, CDCl3): δ 9.77 and 12.50  ppm. Melting point 250-251 °C. HRMS (ESI+): m/z 

found [2.8-I]+ 672.2682; calculated for C44H40N3P2
+ 672.2692. 

 

In situ synthesis of N,N’-dipropyl-4,4’,6,6’-tetrakis(triphenyliminophosphorano)-2,2’- 

bispyridinylidene, 1.43 

 

In the glovebox, N-propyl-2,4-bis(triphenyliminophosphorano)pyridinium iodide (0.200 g, 

0.250 mmol) was suspended in diethyl ether (5 mL), and potassium 

bis(trimethylsilyl)amide (0.055 g, 0.276 mmol) was subsequently added in eight small 

portions. Once addition completed, the resulting black solution was stirred for 3h. The 

mixture was filtered and the resulting black solid was extracted with deuterated benzene to 

allow for the collection of NMR spectra. The product was not isolated. 31P NMR (121.4 

MHz, C6D6): Major Isomer δ -7.29 and 0.89 ppm. Minor Isomer δ -5.29 and 0.65 ppm. 

Impurities δ -9.49 and -8.82 ppm. 
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Synthesis of N,N’-dimethyl-4,4’,6,6’-tetrakis(triphenyliminophosphorano)-2,2’-

bispyridinium dichloride, 2.10 

 

In the glovebox, N-propyl-2,4(triphenyliminophosphorano)pyridinium iodide (0.202 g, 

0.253 mmol) was suspended in diethyl ether (5 mL), and potassium 

bis(trimethylsilyl)amide (0.056 g, 0.281 mmol) was subsequently added in eight small 

portions. The mixture was filtered and the resulting black solid was extracted with benzene 

(10 mL). Hexachloroethane (0.045 g, 0.190 mmol) was added to the black solution and 

stirred for 18h. Diethyl ether was added to further precipitate the brown-green solid. The 

solution was filtered and the collected solid was dried in vacuo (0.175 g, 50%). Reduction 

Potential: -1.67 V vs SCE. 1H NMR (400 MHz, CDCl3): δ 0.83 ppm (t, 6H, Pr), 1.68-

1.55 (m, Pr, 2H), 1.81-1.93 (m, 2H, Pr), 3.33-3.42 (m, 2H, Pr), 4.59-4.73 (m, 2H, Pr), 5.41 

(d, 2H, PyrH, J = 1.7 Hz), 6.60 (d, 2H, PyrH, J = 2.3 Hz), 7.35 (dd, 24H, PhH, J = 8.1 and 

12.4 Hz), 7.45 (dtd, 24H, PhH, J = 3.3, 7.7 and 10.9 Hz), 7.59 (ddd, 12H, PrH, J = 3.9, 7.4 

and 8.1 Hz) . 13C NMR (101 MHz, CDCl3): δ 11.54 (CH3), 22.60 (CH2), 50.74 (CH2), 

108.61 (CH), 111.91 (CH), 126.26 (d, C, J = 103.68 Hz), 126.95 (d, C, J = 101.1 Hz), 

129.39 (d, CH, J = 12.4 Hz), 129.62 (d, CH, J = 12.7 Hz), 131.99 (d, CH, J = 10.4 Hz), 

132.10 (d, CH, J = 10.4 Hz), 133.14 (d, CH, J = 3.1 Hz), 133.53 (d, CH, J = 2.7 Hz), 142.05 

(C), 155.99 (d, C, J = 12.6 Hz), 162.77 (C). 31P NMR (121 MHz, CDCl3): δ 11.05 and 

13.99 ppm. HRMS (ESI+): m/z found [2.10-2Cl]2+ 671.2637; calculated for C88H78N6P4
2+ 

671.2614.  
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Synthesis of 2-chloro-4-(tricyclohexyliminophosphorano)pyridine, 3.4 

 

Tricyclohexylphosphine (11.848 g, 42.250 mmol) was partially dissolved in 20 mL of 

dichloromethane to which hexachloroethane (10.357 g, 43.748 mmol) was added in small 

portion. After 5 minutes of stirring, a mixture of partially dissolved 4-amino-2-

chloropyridine (5.054 g, 39.31 mmol) and triethylamine (32.8 mL, 235 mmol) was added 

dropwise. The reaction was completed after heating at 30 °C for 5 days in a closed system 

under inert atmosphere. The reaction mixture was washed with water (4 x 50 mL), and the 

organic layer was then dried with magnesium sulfate, filtered, concentrated and the product 

precipitated by the addition of excess diethyl ether. The solid was collected by vacuum 

filtration and recrystallized from isopropanol (9.158 g, 57%). 1H NMR (400 MHz, CDCl3), 

δ 1.21-1.29 (m, 9H, CyH), 1.43-1.52 (m, 6H, CyH), 1.76-1.94 (m, 15H, CyH), 2.05-2.18 

(m, 3H, CyH), 6.37 (ddd, 1H, PyrH, J = 0.5, 2.1 and 5.8 Hz), 6.49 (ddd, 1H, PyrH, J = 0.4, 

0.5 and 2.1 Hz), 7.79 (ddd, 1H, PyrH, J = 0.4, 1.1 and 5.8 Hz). 13C NMR (101MHz, 

CDCl3), δ 26.13 (d, CH2, J = 1.4 Hz), 27.20 (d, CH2, J = 11.7 Hz), 27.37 (d, CH2, J = 3.4 

Hz), 36.18 (d, CH, J = 57.3 Hz), 117.18 (d, CH, J = 16.4 Hz), 117.74 (d, CH, J = 15.0 Hz), 

148.60 (d, CH, J = 1.1 Hz), 151.74 (d, C, J = 3.0 Hz), 163.00 (d, C, J = 3.5 Hz). 31P NMR 

(121MHz, CDCl3), δ 27.99 ppm. Melting point 188.0-189.3 °C. HRMS (ESI+): m/z found 

[3.4+H]+ 407.2360; calculated for C23H37ClN2P
+ 407.2378.  
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Synthesis of N-methyl-2-chloro-4-(tricyclohexyliminophosphorano)pyridinium 

 iodide, 3.6 

 

2-chloro-4-(tricyclohexyliminophosphorano)pyridine (4.981 g, 12.24 mmol) was 

completely dissolved in acetonitrile (15 mL) upon heating. Methyl iodide (0.84 mL, 13 

mmol) was add to the solution, and after heating for 18h in a closed system under inert 

atmosphere at 70 °C the reaction was completed. The solution was concentrated and the 

solid was precipitated using an excess of diethyl ether. The resulting tan solid was collected 

by vacuum filtration, washed with more diethyl ether and dried in vacuo to give a pale 

yellow solid (6.282 g, 94%). 1H NMR (300 MHz, CDCl3): δ 1.31-1.52 (m, 15H, CyH), 

1.71-1.93 (m, 15H, CyH), 2.34-2.46 (m, 3H, CyH), 3.99 (s, 3H), 6.71 (d,1H, PyrH,  J = 2.7 

Hz), 6.86 (dd, 1H, PyrH, J = 2.7 and 7.4 Hz), 8.61 (d, 1H, PyrH, J = 7.4 Hz). 13C NMR 

(101 MHz, CDCl3): δ 25.81 (d, CH2, J = 1.4 Hz), 26.66 (d, CH2, J = 11.9 Hz), 27.17 (d, 

CH2, J = 3.7 Hz), 35.15 (d, CH, J = 54.1 Hz), 43.32 (CH3), 117.25 (d, CH, J = 10.9 Hz), 

120.69 (d, CH, J = 24.4 Hz), 142.2 (d, CH, J = 4.7 Hz), 145.09 (C), 166.91 (d, C, J = 4.7 

Hz). 31P NMR (121 MHz, CDCl3): δ 38.02 ppm. Melting point 216.4-217.7 °C. HRMS 

(ESI+): m/z [3.6-I]+ found 421.2523; calculated for C24H39ClN2P
+ 421.2534.  
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Synthesis of aminotricyclohexylphosphonium bromide, 3.7 

 

Aminotricyclohexylphosphonium bromide was prepared in analogous procedure to that of 

aminotriphenylphosphonium bromide.41  

 

In an ice bath, bromine (2.01 mL, 39.2 mmol) was added dropwise to solution of partially 

dissolved tricyclohexylphosphine (10.015 g, 35.713 mmol) in acetonitrile (200 mL) 

resulting in a bright orange solution. While stirring vigorously, ammonia gas was bubbled 

though the solution for 30 mins resulting in a tan solid in a pale yellow solution. An excess 

of diethyl ether was added to precipitate the solids further. The solid was then collected by 

filtration and washed with more diethyl ether (20 mL) before being dissolved in 

dichloromethane (50 mL). The organic phase was washed with water (4 x 50 mL), then 

dried with magnesium sulfate and filtered. The volatiles were removed in vacuo to give a 

white solid (10.509 g, 78%). 1H NMR (400 MHz, CDCl3): δ 1.17-2.09 (m, 30H, CyH), 

2.31-2.48 (m, 3H, CyH), 5.05 (b, 2H, NH). 31P NMR (121 MHz, CDCl3): δ 55.14 ppm 
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Synthesis of tricyclohexylphosphoranimine, 3.8 

 

Tricyclohexylphosphoranimine was prepared following adapted literature procedure for 

triphenylphosphoranimine (PPh3=NH).43 

 

In the glovebox, aminotricyclohexylphosphonium bromide (0.207 g, 0.550 mmol) was 

dissolved in tetrahydrofuran (10 mL). Potassium tert-butoxide (0.068 g, 0.601 mmol) was 

added in small portion to aminotricyclohexylphosphonium bromide mixture.  The mixture 

was stirred on high speed for 3 days before being filtered under vacuum filtration in the 

glovebox. The volatiles were removed in vacuo to give a tan solid 

(Tricyclohexylphosphoranimine 0.152 g, 94% and 0.010 g of Tricyclohexylphosphine 

oxide). This solid was used without purification. 1H NMR (400 MHz, C6D6): δ 1.16-1.44 

(m, 15H, CyH), 1.63-1.95 (m, 18H, CyH). 31P NMR (121 MHz, C6D6): δ 38.31 ppm, 

46.33ppm (oxide). Melting point 150.9-151.9 °C. HRMS (ESI+): m/z [3.8+H]+ found 

296.2506; calculated for C18H35NP+ 296.2502.   
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Synthesis of N-methyl-2,4-(tricyclohexyliminophosphorano)pyridinium iodide, 3.9 

 

N-methyl-2-chloro-4-(tricyclohexyliminophosphorano)pyridine (2.819 g, 5.136 mmol) 

and tricyclohexylphosphoranimine (3.783 g, 12.80 mmol) were partially dissolved in 

acetonitrile (25 mL). The reaction was completed after heating at 70 °C for 18h in a closed 

system under inert atmosphere. The resulting dark brown solution was filtered and the 

collected tan solid, aminotricyclohexylphosphonium chloride, was put aside for reuse. The 

filtrate’s volatiles were removed in vacuo to give a brown solid. The resulting solid was 

re-dissolved in toluene (75 mL) and the organic layer washed with water (3 x 25 mL). The 

organic layer was then dried with magnesium sulfate, filtered, concentrated and the product 

was precipitated with excess diethyl ether. The solid was collected by vacuum filtration 

and further dried in vacuo (1.503 g, 36%). 1H NMR (300 MHz, CDCl3): δ 1.17-1.55 (m, 

30H, CyH), 1.73-1.98 (m, 30H, CyH), 2.08-2.25 (m, 6H, CyH), 3.63 (s, 3H), 5.59 (d, 1H, 

PyrH,  J = 2.2 Hz), 5.99 (dd, 1H, PyrH, J = 2.3 and 7.3 Hz), 7.61 (dd, 1H, PyrH, J = 2.0 

and 7.3 Hz). 13C NMR (101 MHz, CDCl3): δ 25.95 (d, CH2, J = 1.2 Hz), 26.08 (d, CH2, J 

= 1.0 Hz), 26.98 (d, CH2, J = 11.9 Hz), 27.06 (d, CH2, J = 11.7 Hz), 27.28 (d, CH2, J = 3.3 

Hz), 27.37 (d, CH2, J = 3.6 Hz), 35.80 (d, CH, J = 57.7 Hz), 36.02 (d, CH, J = 57.0 Hz), 

40.42 (CH3), 106.98 (dd, CH, J = 3.7 and 19.2 Hz), 110.73 (d, CH, J = 11.4 Hz), 140.26 

(CH), 155.90 (dd, C, J = 2.9 and 8.1 Hz), 165.23 (d, C, J = 3.2 Hz). 31P NMR (121 MHz, 

CDCl3): δ 29.58 and 32.20 ppm. HRMS (ESI+): m/z [3.9-I]+ found 680.5169; calculated 

for C42H72N3P
+ 680.5196.   
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Synthesis of 1,1,1-Trimethyl-N-(triphenylphosphoranylidene)silanamine, 3.11 

 

1,1,1-Trimethyl-N-(triphenylphosphoranylidene)silanamine was synthesized according to 

literature44 

 

Trimethylsilyl azide (1.56 mL, 11.8 mmol) was added to tricyclohexylphosphine (3.089 g, 

11.02 mmol) and dissolved in toluene (35 mL). The mixture was refluxed for 5h. Volatiles 

were removed in vacuo to give a light pink solid (4.050 g, 88%). The NMR spectra data 

were consistent with the literature.44 1H NMR (300 MHz, C6D6): δ 0.44 (s, 9H, Me), 1.26-

1.92 (m, 33H, CyH). 13C NMR (101 MHz, C6D6): δ 5.33 (CH3), 26.77 (d, CH2, J = 1.3 

Hz), 27.35 (d, CH2, J = 2.7 Hz), 27.8 (d, CH2, J = 11.9 Hz), 37.07 (d, CH, J = 63.3 Hz). 

31P NMR (121 MHz, C6D6): δ 17.81 ppm 
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In situ synthesis of N,N’-Dimethyl-4,4’,6,6’-tetrakis(tricyclohexyliminophosphorano)-2, 

2’-bispyridinylidene, 1.44 

 

In the glovebox, N-methyl-2,4-bis(tricyclohexyliminophosphorano)pyridinium iodide 

(0.049 g, 0.061 mmol) was dissolved in deuterated benzene (1 mL). A solution of 

potassium bis(trimethylsilyl)amide (0.014 g, 0.070 mmol) in deuterated benzene (1 mL) 

was added dropwise over a period of a 1 min. After 4h, the contents of the vial was 

transferred to a J. Young NMR tube for analysis, the compound was not isolated. 1H NMR 

(300 MHz, CDCl3): δ 1.07-1.34 (36, H, CyH), 1.48-1.84 (m, 60H, CyH), 1.93-2.25 (m, 

36H, CyH). (E)-1.44 δ 3.65 (s, 6H), 4.70 (2H, PyrH), 5.33 (2H, PyrH). (Z)-1.44 δ 3.46 (s, 

6H), 4.58 (2H, PyrH), 5.50 (2H, PyrH).13C NMR (101 MHz, CDCl3): (E)-1.44 δ 26.65 (d, 

CH2, J = 7.6 Hz), 26.90 (d, CH2, J = 4.2 Hz), 27.57 (d, CH2, J = 11.4 Hz), 27.88 (d, CH2, 

J = 3.3 Hz), 28.02 (d, CH2, J = 10.4 Hz), 28.07 (d, CH2, J = 6.1 Hz), 36.69 (d, CH, J = 58.8 

Hz), 37.35 (d, CH, J = 58.1 Hz), 41.14 (CH3), 91.45 (dd, CH, J = 4.4 and 18.6 Hz), 93.28  

(d, CH, J = 3.7 Hz), 123.95 (C), 145.41 (d, C, J = 4.8 Hz), 155.98 (dd, C, J = 3.8 and 5.8 

Hz). (Z)-1.44 δ 26.65 (d, CH2, J = 7.6 Hz), 26.90 (d, CH2, J = 4.2 Hz), 27.57 (d, CH2, J = 

11.4 Hz), 27.88 (d, CH2, J = 3.3 Hz), 28.02 (d, CH2, J = 10.4 Hz), 28.07 (d, CH2, J = 6.1 

Hz),  36.69 (d, CH, J = 58.8 Hz), 37.22 (d, CH, J = 57.3 Hz), 36.14 (CH3), 93.45 (dd, CH, 

J = 3.1 and 19.2 Hz), 93.55 (d, CH, J = 9.2 Hz), 121.37 (C), 144.41 (d, C, J = 4.4 Hz), 

154.03 (dd, C, J = 2.5 and 6.2 Hz). 31P NMR (121 MHz, CDCl3): δ 12.93 ppm, 17.39 ppm, 

18.87 ppm and 19.19 ppm 
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Synthesis of N-methyl-2-(tricyclohexyliminophosphorano)-4-

(triphenyliminophosphorano)pyridinium iodide, 3.12 

 

N-methyl-2-chloro-4-(triphenyliminophosphorano)pyridinium iodide (0.988 g, 1.86 

mmol) and tricyclohexylphosphoranimine (1.227 g, 4.153 mmol) was partially dissolved 

in acetonitrile (25 mL). The reaction was completed after heating at 70 °C for 3h in a closed 

system under inert atmosphere. The resulting dark brown solution containing tan solid, 

aminotricyclohexylphosphonium chloride, was cooled to -40 °C then collected by filtration 

and put aside for regeneration of tricyclohexylphosphoranimine. The filtrate’s volatiles 

were removed in vacuo to give a brown solid. The resulting solid was stirred in distilled 

water (50 mL) for 1 h. The solid was collected by filtration, dissolved in dichloromethane 

(10 mL) and washed with water (5 x 20 mL). The organic layer was then dried with 

magnesium sulfate, filtered, concentrated and the product was precipitated with excess 

diethyl ether. The solid was collected by filtration and recrystallized in ethyl acetate (1.503 

g, 30%). 1H NMR (400 MHz, CDCl3): δ 1.02-1.46 (m, 15H, CyH), 1.59-2.07 (m, 18H, 

CyH), 3.64 (s, 3H, CH3), 5.51 (s, 1H, PyrH), 6.19 (d, 1H, PyrH, J = 6.8 Hz), 7.44-7.91 (m, 

16H, PhH + PyrH). 13C NMR (101 MHz, CDCl3): δ 25.81 (CH2), 26.78 (d, CH2, J = 12.0 

Hz), 27.20 (d, CH2, J = 3.5 Hz), 35.57 (d, CH, J = 57.3 Hz), 40.91 (CH3), 105.81 (dd, CH, 

J = 4.8 and 17.4 Hz), 112.09 (d, CH, J = 21.6 Hz), 128.66 (d, C, J = 100.6 Hz), 129.54 (d, 

CH, J = 12.4 Hz), 132.54 (d, CH, J = 10.0 Hz), 133.17 (d, CH, J = 2.7 Hz), 140.34 (CH), 
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156.04 (C) 164.34 (C). 31P NMR (121 MHz, CDCl3): δ 8.81 and 32.69 ppm. HRMS 

(ESI+): m/z [3.12-I]+ found 662.3768; calculated for C42H54N3P2
+ 662.3788.  

 

In situ synthesis of N,N’-Dimethyl-4,4’-bis(triphenyliminophosphorano),6,6’ 

bis(tricyclohexyliminophosphorano)-2,2’- bispyridinylidene, 1.45 

 

 

In the glovebox, in a J. Young NMR tube,  

N-methyl-2-(tricyclohexyliminophosphorano)-4-(triphenyliminophosphorano)pyridinium 

iodide (0.0051 g, 6.5 μmol) and potassium bis(trimethylsilyl)amide (0.0018 g, 9.0 μmol) 

was mixed in deuterated benzene (1 mL). The tube was shaken for thirty seconds and 

product was not isolated. 1H NMR (400 MHz, C6D6): Major Isomer- δ 3.39 (s, 6H, CH3), 

4.31 (s, 2H, PyrH), 5.66 (s, 2H, PyrH). Minor Isomer- δ 3.15 (s, 6H, CH3), 4.64 (s, 2H, 

PyrH), 5.43 (s, 2H, PyrH). Both Isomers- δ 0.10-0.52 (m, CyH), 0.92-1.14 (m, CyH), 1.51-

2.00 (m, CyH), 7.98-7.13 (m, PhH), 7.77-7.99 (m, PhH). 31P NMR (121.4 MHz, C6D6): 

Major Isomer δ -5.93 and 20.09 ppm. Minor Isomer δ, -3.16 and 21.88 ppm. 
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Attempted synthesis of N-methyl-2-(triphenyliminophosphorano)-4-

(tricyclohexyliminophosphorano)pyridinium iodide, 3.13 

 

 

N-propyl-2-chloro-4-(tricyclohexyliminophosphorano)pyridine (1.069 g, 1.947 mmol) and 

aminotriphenylphosphonium bromide (1.448 g, 4.042 mmol) were combined and cooled 

in the freezer (-40 °C) along with a mixture of 1,8-diazabicyclo[5.4.0]undec-7-ene (1.09 

mL, 7.29 mmol) and acetonitrile (10 mL). After cooling for 30 mins, 1,8-

diazabicyclo[5.4.0]undec-7-ene and acetonitrile mixture was added dropwise to the solids. 

The reaction was completed after heating at 70 °C for 7 days in a closed system under inert 

atmosphere. The volatiles were removed, and the resulting solid was re-dissolved in 

dichloromethane (20 mL) and washed with water (4 x 25 mL). The organic phase was dried 

with magnesium sulfate, filtered, concentrated and the product was precipitated with excess 

diethyl ether. The solid was collected by filtration and dried in vacuo. 1H NMR (400 MHz, 

CDCl3): δ 0.99-1.34 (m, 15H, CyH + diethyl ether), 1.59-2.00 (m, 18H, CyH + impurities), 

3.89 (s, 3H, CH3), 5.29 (d, 1H, PyrH, J = 2.1 Hz), 6.12 (dd, 1H, PyrH, J = 2.3 and 7.2 Hz), 

7.38-7.77 (m, 16H, PhH + PyrH + impurities). 31P NMR (121 MHz, CDCl3): δ 11.25 and 

30.14 ppm. 
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 Appendix A – NMR Spectra 

The NMR spectra are in order of appearance from experimental procedure in Chapter 5 

 

 

Figure A1 1H spectrum of compound 2.7 in CDCl3. 

 

 

Figure A2 13C spectrum of compound 2.7 in CDCl3. 
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Figure A3 31P spectrum of compound 2.7 in CDCl3. 

 

 

Figure A4 1H spectrum of compound 2.4 in CDCl3. 
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Figure A5 31P spectrum of compound 2.4 in CDCl3. 

 

 

Figure A6 1H spectrum of compound 2.8 in CDCl3. 
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Figure A7 13C spectrum of compound 2.8 in CDCl3. 

 

 

Figure A8 31P spectrum of compound 2.8 in CDCl3. 
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Figure A9 31P spectrum of compound 1.43 in C6D6. 

 

 

Figure A10 1H spectrum of compound 2.10 in CDCl3. 
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Figure A11 13C spectrum of compound 2.10 in CDCl3. 

 

 

Figure A12 31P spectrum of compound 2.10 in CDCl3. 
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Figure A13 1H spectrum of compound 3.4 in CDCl3. 

 

 

Figure A14 13C spectrum of compound 3.4 in CDCl3. 
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Figure A15 31P spectrum of compound 3.4 in CDCl3. 

 

 

Figure A16 1H spectrum of compound 3.6 in CDCl3. 
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Figure A17 13C spectrum of compound 3.6 in CDCl3. 

 

 

Figure A18 31P spectrum of compound 3.6 in CDCl3. 
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Figure A19 1H spectrum of compound 3.7 in CDCl3. 

 

 

Figure A20 31P spectrum of compound 3.7 in CDCl3. 
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Figure A21 1H spectrum of compound 3.8 in C6D6. 

 

 

Figure A22 31P spectrum of compound 3.8 in C6D6. 
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Figure A23 1H spectrum of compound 3.9 in CDCl3. 

 

 

Figure A24 13C spectrum of compound 3.9 in CDCl3. 
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Figure A25 31P spectrum of compound 3.9 in CDCl3. 

 

 

Figure A26 1H spectrum of compound 3.11 in CDCl3. 
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Figure A27 13C spectrum of compound 3.11 in CDCl3. 

 

 

Figure A28 31P spectrum of compound 3.11 in CDCl3. 
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Figure A29 1H spectrum of compound 1.44 in C6D6. 

 

 

Figure A30 13C spectrum of compound 1.44 in C6D6. 
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Figure A31 31P spectrum of compound 1.44 in C6D6. 

 

 

Figure A32 1H spectrum of compound 3.12 in CDCl3. 
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Figure A33 13C spectrum of compound 3.12 in CDCl3. 

 

 

Figure A34 31P spectrum of compound 3.12 in CDCl3. 
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Figure A35 1H spectrum of compound 1.45 in C6D6. 

 

 

Figure A36 31P spectrum of compound 1.45 in C6D6. 
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Figure A37 1H spectrum of compound 3.13 in CDCl3. 

 

 

Figure A38 31P spectrum of compound 3.13 in CDCl3. 
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Figure A39 ROESY 2D NMR spectrum of compound 1.44 in C6D6. 
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Appendix B – Mass Spectroscopy Spectra 

The high resolution mass spectroscopy spectra are in order of appearance from 

experimental procedure in Chapter 5 

 

 

 

Figure B1 High-resolution mass spectroscopy of 2.7. 
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Figure B2 High-resolution mass spectroscopy of 2.8. 

 

 

Figure B3 High-resolution mass spectroscopy of 2.10. 
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Figure B4 High-resolution mass spectroscopy of 3.4. 

 

 

Figure B5 High-resolution mass spectroscopy of 3.6. 
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Figure B6 High-resolution mass spectroscopy of 3.8. 

 

 

Figure B7 High-resolution mass spectroscopy of 3.9. 
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Appendix C – Cyclic Voltammograms 

The cyclic voltammograms are in order of appearance from experimental procedure in 

Chapter 5 

 

 

Figure C1 Cyclic voltammetry of 2.10 in 0.1 M tetrabutylammonium 

hexafluorophosphate in DMF at a scan rate of 50 mV s-1. 
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Figure C2 Cyclic voltammetry of 1.44 in 0.1 M tetrabutylammonium 

hexafluorophosphate in DMF at a scan rate of 50 mV s-1. 
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