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ABSTRACT 

The superb π-electron donating effect of iminophosphorano groups (R3P=N-) has 

been previously demonstrated, and the use of these groups led to the preparation of the 

strongest bispyridinylidene (BPY) organic reducing agents (ORAs). The sensitivity of 

the redox potential of these molecules to the electronic properties of the R group of the 

R3P=N- substituent allows for their tunability, which is important for their selective use 

as ORAs. Recently, we have established two important correlations. The first relates the 

Tolman electronic parameter (TEP) of the phosphine component of Ph3P=N- group to 

the reduction potential (E1/2) of the substituted BPYs. A new phosphine with the lowest 

TEP value ever reported has been prepared and will be incorporated onto the BPY scaf-

fold. The synthesis of this BPY is anticipated to result in an ORA with the lowest reduc-

tion potential (E1/2= -1.88 V vs. SCE) to date, and is expected to validate the predictive 

use of the correlation over a wide range of potentials and TEPs. Additionally, we have 

explored the triphenylphosphonium ylidyl substituent (Ph3P=CH-) on a BPY scaffold 

and found that its reducing strength (E1/2= -1.55 V vs. SCE) exceeds that of its imino-

phosphorano counterpart (Ph3P=N-). The second correlation directly relates the Ham-

mett substituent constant (σp
+) to the E1/2 of the corresponding substituted-BPY. Extrap-

olation from the E1/2 allows for a Hammett-type substituent constant for the Ph3P=CH- 

group to be reported for the first time (σp
+= -2.33), which is the most donating neutral 

substituent known. The successful preparation of these new BPYs will expand the li-

brary of ORAs and should provide greater substrate scope in organic reductions. The 

ylidic substituents should be useful in other areas of chemistry due to their strong π-

electron donation, which provides a new option other than amino groups. 
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Chapter 1: Introduction  

1.1 General Introduction 

The reduction of organic molecules through electron transfer has been widely 

studied in synthetic organic chemistry and is an important fundamental process. Metals 

and metal-based reducing agents are the predominant choice as reagents in the reduction 

of organic molecules due to their low redox potentials (for the M/Mn+ couple), although 

photochemical activation1 and electrochemical processes are occasionally used.2–4 De-

spite their convenience in the reduction of organic molecules, the use of metals such as 

sodium and lithium, and metal-based reducing agents such as lithium aluminum hydride, 

samarium iodide and potassium graphite, have some notable drawbacks. The low solu-

bility of metals and metal-based reagents in organic solvents typically results in hetero-

geneous reaction mixtures that require longer reaction times and harsher reaction condi-

tions such as high temperatures.2 Trace amounts of metal by-products are also problem-

atic. Their removal is often tedious and costly, but poses an even greater disadvantage in 

the pharmaceutical industry due to their toxicity to humans and the strict regulations in 

place for these contaminants.2  

Organic reducing agents, which are neutral molecules that readily release elec-

trons, have the potential to offer some advantages when compared to metals and metal-

based reducing agents. Their neutrality allows for superior solubility and homogeneous 

reactions mixtures, resulting in shorter reaction times and milder conditions. The use of 

these all-organic based reagents would also avoid the costly removal of trace amounts of 

metal by-products. Examples of these compounds have been shown to successfully per-
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form reduction reactions that have previously only been carried out by metals, although 

the need for stronger organic reducing agents is required in order to tackle more chal-

lenging reductions. In addition, these organic reductants have shown their potential to 

have unique selectivity and reactivity that has not been previously achieved by metals or 

metal-based reducing agents.2 It is important to note that not all metal-based reducing 

agents display poor selectivity and toxicity, and are often the best choice when undergo-

ing challenging reductions. The goal in the development of neutral organic reducing 

agents is not to replace metals, but to compliment metals due to the potential for organic 

reductants to show new reactivity and selectivity, as well as their ability to avoid possi-

ble undesirable by-products when necessary. 

 

1.2 The Development of Neutral Organic Reducing Agents 

Organic reducing agents are a class of neutral molecules (D) that exhibit high 

oxidation potentials, though it is more common in electrochemistry to refer only to re-

duction potentials, and so they are more commonly discussed in relation to the low re-

duction potential of their oxidized partners (D+, or D2+). With this latter convention, 

there is an inverse relationship between reduction potentials and the reducing strength of 

a compound, therefore a lower reduction potential (more negative) results in a stronger 

reducing agent. Early work in the study of neutral organic electron donors (Scheme 1.1) 

involved the discovery of the bisdithiole, also known as tetrathiafulvalene (TTF, 1.1, 

E1
1/2= 0.32 V, E2

1/2= 0.71 V in CH3CN vs. SCE) and tetrakis(dimethylamino)ethane 

(TDAE, 1.2, E1
1/2= -0.78 V, E2

1/2= -0.61 V in CH3CN vs. SCE). Both TTF and TDAE 
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contain an electron rich alkene, which is an essential characteristic that has been incor-

porated into various skeletal designs for stronger organic reducing agents. 

 

 

 

 

 

 

 

  

 Scheme 1.1 The oxidation of TTF (1.1) and TDAE (1.2) to the radical cations and 

dications. 

 
 

The redox properties of TTF and TDAE have been studied since the early 1970s 

and it was found that these electron rich olefins undergo a radical mechanism for their 

reversible two-step oxidations at relatively low potentials.5 For both examples, they first 

undergo a one-electron oxidation to the radical cation (1.1+ and 1.2+), and subsequently 

undergo a second oxidation to the dications (1.12+and 1.22+, Scheme 1.1).6  

The reactivity of TTF and TDAE were of particular interest due to their ability to 

be easily oxidized to their radical cationic forms. The use of 1.1 in the reduction of arene 

diazonium salts (1.3 and 1.5) to aryl radicals was studied (Scheme 1.2). By choosing the 

appropriate solvent, the termination step can yield various products by transforming the 

intermediate alkyl radicals to amides, ethers or alcohols (1.4a-1.4c, respectively).7 TTF 
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4 

was also successful in the reduction of the arene diazonium salt 1.5 to the corresponding 

aryl radical, which results in 1.6 following cyclization. Intermediate 1.6 was especially 

interesting due to its role in the total synthesis of (±)-aspidospermidine (1.7), which is an 

important framework for many bioactive molecules.7,8 Despite the success when using 

TTF as an organic electron donor, it was found to have several limitations when applied 

to more challenging reductions. 

 

 

 

 

 

 

 

 

 

 Scheme 1.2 Selected examples for the reduction of arene diazonium salts using TTF 

(1.1). 

 

Since the four nitrogen atoms in TDAE (1.2) are better π-donors than the sulfur 

atoms in TTF (1.1), TDAE (1.2) consequently has a more electron rich system and a 
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lower reduction potential. It was therefore a reasonable starting point when attempting 

more difficult reductions. Early work when studying of TDAE’s usefulness in the reduc-

tion of organic substrates revealed that it was able to de-fluorinate perfluorinated com-

pounds, such as 1.8 (Scheme 1.3).7,8 Compound 1.2 was also successful in the activation 

of benzylic halides, such as 1.10, to the corresponding benzylic anions. These anions 

can be used as nucleophiles to attack carbonyl electrophiles, in particular, aldehydes and 

ketones, yielding the alcohol product 1.11.8 Unfortunately, neither 1.1 nor 1.2 could 

successfully reduce aryl iodides, which at the time, required photochemical activation 

when using all-organic reagents.9 The limitation in the substrate scope when using 1.1 

and 1.2 as reducing agents led to the desire to develop stronger neutral organic reducing 

agents that could achieve reductions with lower potentials, such as the reduction of io-

dobenzene (E1/2= -2.20 V).8 

 

 

 

 

 

 

 

 

 Scheme 1.3 Selected examples using TDAE (1.2) as an organic electron donor to re-

duce organic substrates. 

BnN
N

N

F3C F F CF3 1.2

heptane
100oC

BnN
N

N

F3C CF3

1.8 1.9

O

N

Br

F
F

O

Ar H

O

N F
F

Ar
HHO

1.10 1.111.10

1.2, DMF



 

 

 

6 

Murphy and co-workers designed a new scaffold for developing neutral organic 

reducing agents with superior electron donor abilities (Figure 1.1).8 Focus was given to 

understanding two principles in designing the most suitable skeleton. Firstly, they con-

sidered the driving force of the reaction, which was the aromatization of the rings when 

the reducing agent becomes oxidized. The second was that nitrogen plays an essential 

role in the stabilization of the oxidized cations due to better orbital overlap between car-

bon and nitrogen, compared to carbon and sulfur.8 The incorporation of four nitrogen 

atoms, rather than sulfur, also promotes better aromatic stabilization. Therefore, com-

pounds 1.12 and 1.13 were designed to take advantage of these features. 

 

 

 

 

 

 

 

 Figure 1.1 The development of scaffolds for stronger neutral organic electron do-

nors. 
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explored organic electron donors (E1
1/2= -0.82 V, E2

1/2= -0.76 V in CH3CN vs. SCE).8 It 

had the ability to reduce both alkyl- (1.14) and aryl- (1.16) iodides to their radicals, 

which rapidly undergo cyclization (Scheme 1.4). This transformation was not previous-

ly achievable with TTF or TDAE, indicating that 1.12 is a slightly stronger reducing 

agent. This was the first time that iodoarenes and alkyl iodides could be reduced with a 

ground state, neutral organic reducing agent.10 

 

 

 

 

 

 

 

 

 

 

 

  

  

 Scheme 1.4 Selected reductions of aryl- and alkyl- iodides using 1.12 and 1.13.8,7 
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An imidazole derivative (1.13) was also prepared and investigated, which lead to 

a stronger donor (E1/2= -1.20 V in CH3CN vs. SCE). The ability for 1.13 to reduce or-

ganic substrates was first compared with 1.12 by reducing the same aryl iodide (1.16) to 

an arene (Scheme 1.4). Although deiodination occurred, the uncyclized product 1.18 

was observed, instead of cyclized 1.17 which had been seen previously.8 Due to the fast 

rate of cyclization it is suggested that a different intermediate must have formed. The 

possibility of the formation of an aryl anion intermediate, from a two-electron reduction, 

as opposed to an aryl radical intermediate from single-electron transfer, was explored. 

Reducing 1.19 with donor 1.13, where the formation of the aryl anion would result in 

the anion cyclizing onto the ester, tested this theory (Scheme 1.4). The reaction yielded 

a mixture of products, the cyclized esterindanone (1.21, 51%) as well as the deiodinated 

uncyclized product (1.20, 21%), with the former indicating that an anion intermediate 

was involved. The reactivity of the imidazole derivative was found to also successfully 

reduce bis-sulfones to their sulfone-stabilized anion and a sulfinate salt, as well as 

deprotect arenesulfonamides.8 Compound 1.13 was found to be a stronger reducing 

agent than 1.12, but their differences in reactivity and selectivity were also demonstrat-

ed. 

Unfortunately, the synthesis of this donor (1.13) required a tedious purification 

due to formation of by-products, which prompted the need for a more easily obtainable 

donor with an efficient synthesis. The lack of tunability of the imidazole derivative 

(1.13) due to the two trimethylene bridges caused researchers to move away from this 

scaffold, while still keeping the principles of aromatic stabilization and the use of nitro-

gen-containing donors in mind when designing a new class of organic reducing agents.  
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1.3 The Discovery of the Bispyridinylidene Scaffold 

A new class of neutral organic reducing agents were introduced by Murphy and 

co-workers, with the report of the first amino-substituted bispyridinylidene (BPY, 1.22) 

derived from 4-dimethylaminopyridine (DMAP) (Figure 1.2).8 The four electron donat-

ing nitrogen atoms add electron density to the BPY 1.22 making it very electron rich, 

and the two-electron oxidation to 1.222+ is facilitated by gaining aromaticity.11 When 

comparing the reduction potentials of the donors between the benzimidazole-derivative 

(1.12, E1
1/2= -0.82 V, E2

1/2= -0.72 V vs. SCE) and the imidazole-derivative (1.13, E1/2= -

1.20 V vs. SCE) to the new BPY (1.22, E1/2= -1.24 V vs. SCE), the BPY is not only the 

simplest to prepare in multigram quantities, but it also has the lowest reduction poten-

tial.  

 

 

 

 

 

Figure 1.2 The two-electron oxidation of 1.22 to its respective dication 1.222+. 

 

The applicability of 1.22 as a reducing agent was explored through the reduction 

of various substrates, performing almost identically to 1.13 in the reduction of aryl hal-

ides and sulfones.8 However, 1.22 is the most extensively studied organic electron donor 

due to its low reduction potential, efficient synthesis and readily available starting mate-
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rials compared to other derivatives.12 Compound 1.22 was therefore used to expand the 

substrate scope, moving toward reactions such as the reduction of Weinreb amides 

(1.23)13, acyloin derivatives (1.25)14, and alkyl triflates (1.27)15, all of which were suc-

cessful (Scheme 1.5). The original bispyridinylidene scaffold also prompted extensive 

research in the modification of the skeleton, with the goal of achieving more negative 

reduction potentials. 

 

  

  

  

  

  

  

  

  

  

 Scheme 1.5 Selected reduction of Weinreb amides, acyloins and alkyl triflates using 

organic electron donor 1.22. 
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1.4 Substituent Effects on the Reduction Potentials of BPYÕs  

Investigation into the effects that substituents have on the reduction potential of 

bispyridinylidenes was important in order to make new advances in the design of new 

and stronger donors. Hammett substituent constants are a measure of the chemical prop-

erties of substituents and give insight into how much electron density is donated to or 

withdrawn by a substituent from a parent chemical system and there is a large library of 

known substituent constants for a variety of groups. This quantifiable measure describes 

both the resonance (π) and inductive (σ) effects of the substituent. The specific Hammett 

constant (σp
+) for a substituent will indicate if the group donates (negative value) elec-

tron density or withdraws (positive value) electrons from the system.  

Clennan and co-workers investigated the sensitivity of 1,1’-dimethyl-2,2’-

bipyridinium dications when the substituents are varied in the 4 and 4’ positions of the 

BPY scaffold (Figure 1.3).16,17 Upon the synthesis of several substituted derivatives 

(1.29a-e), the compounds were analyzed using cyclic voltammetry (CV) to gain insight 

into their reduction potentials. Clennan et al found that changing the substituent on the 

bipyridine backbone dramatically influences its reduction potential (e.g. E1/2= -0.76 V 

for H, E1/2= -1.35 V for N(CH3)2). When plotting the reduction potentials of the substi-

tuted bipyridinium ions against the corresponding Hammett substituent constants for the 

substituents, they discovered a linear correlation between the two values (R2=0.98).16 

This lead to the conclusion that when more strongly π-electron donating substituents 

(negative σp
+) are incorporated into the bipyridine scaffold, the resulting reduction po-

tentials are more negative. This correlation has allowed for significant progress in de-
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signing more powerful organic reducing agents by providing important information for 

the selection of appropriate substituents.  

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.3 Synthesized bipyridiniums and their corresponding reduction potentials 

(E1/2 vs. SCE) and the related Hammett substituent constants. 
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stituting dipolar ylidic groups into the 4 and 4’ position of the BPY scaffold in analogy 

to the work published by Clennan and co-workers.16,17  

 

 

 Figure 1.4 Dipolar nature of ylidic iminophosphorano substituents. 

 

It was found that when the BPYs were substituted with iminophosphorano 

groups, such as the triphenyliminophosphorano BPY (1.33) and tricyclohexylimino-

phosphorano BPY (1.34), the resulting redox potentials decreased significantly com-

pared to that of the dialkylamino derivative (1.32, Figure 1.5).21 It was also noted that 

when exchanging the propylene bridges (1.30 and 1.31) for methyl groups (1.33 and 

1.34) at the pyridine nitrogen atoms of several BPYs, the methyl derivatives consistently 

yielded lower reduction potentials (Figure 1.5).21  
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 Figure 1.5 Reduction potentials (E1/2 vs. SCE) of dimethylamino- and iminophospho-

rano-substituted bispyridinylidene derivatives. 

   

There is also the opportunity for further substitution of iminophosphorano sub-
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(1.35).21,22 The incorporation of the two additional iminophosphorano substituents dra-

matically increased the reducing strength of this neutral organic reducing agent (E1/2= -

1.70 V vs. SCE) when compared to the di-substituted derivative (1.33, E1/2= -1.34 V vs. 
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potentials shows that the groups on the phosphorus must contribute to the π-donating 

abilities of the iminophosphorano substituent. If groups such as cyclohexyl were to re-

place the phenyls on the phosphorus in the tetra-substituted BPY 1.35, a significant de-

crease in reduction potential would therefore be expected, as seen with the di-substituted 

derivatives. 

 

 

 

 Figure 1.6 The first tetra- iminophosphorano substituted bispyridinylidene.  

 

1.6 Tolman Electronic Parameters 

In the literature, there is no quantitative information suggesting how changing R 

of the iminophosphorano substituent (R3P=N-) will affect the properties of the group; 

however, it is well known that changing the R group directly bound to the phosphorus 

centre dramatically changes the electron donor strength of the phosphine (R3P) itself.23–

26 Phosphine ligands can be ranked by their electron donor strengths using the Tolman 

electronic parameter (TEP).24 The TEP of a phosphine is determined from the CO 

stretching frequencies of Ni(CO)3L complexes (where L = phosphine), (Scheme 1.6, 

left). As the electron donor strength of the ligand increases, more electrons can be do-

nated from the ligand to the nickel centre, which will be further donated into the π* or-

bital of the carbonyl (Scheme 1.6, right). This greater electron donation toward the car-
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bonyl results in a decrease in C≡O bond order and a decrease of the C-O stretching fre-

quency.  

 

 

 

 Scheme 1.6 Experimental determination of Tolman electronic parameters for a phos-

phine ligand from a carbonyl-nickel complex. 

 

1.7 Correlation between the Reduction Potential of BPYs and TEP 
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phorano-substituted bispyridinylidenes and the Tolman electronic parameter (TEP) of 

the corresponding phosphine (Figure 1.7) for six cases. The linear correlation shows 

that as the TEP of the phosphine decreases, the reducing strength of the BPY increases 

(more negative reduction potential). Beyond the studied compounds, this suggests that 

incorporating more strongly donating phosphine ligands into the iminophosphorano sub-

stituent can allow for targeting BPYs with more strongly reducing potentials. 
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Figure 1.7 Correlation graph between the reduction potential of iminophospho-

rano-substituted BPYs and the TEP of the corresponding phosphine. 

 

This correlation could be used for various practical purposes. It would allow us 

to predict the E1/2, and therefore reducing strength of a BPY before attempting the syn-

thesis if the TEP of the phosphine is known. This correlation would allow someone to 

selectively design a reducing agent of appropriate strength for a specific reduction. It 

could also be used for the determination of unknown TEP values for phosphines after 

the preparation of the substituted BPY and determining its redox potential from cyclic 

voltammetry.
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1.8 Superbasic !-donating Guanidine-substituted Phosphines 

From the correlation above, strong-donor phosphines are clearly important in or-

der to achieve our goal of synthesizing even stronger organic reducing agents featuring 

iminophosphorano substituents. When investigating the bond lengths of 

tris(alkylamino)phosphines, X-ray crystal structures revealed that these donors have two 

short P-N bonds with the nitrogen atoms in a planar geometry, and one long P-N bond 

where the nitrogen is non-planar (Figure 1.8, left).25 This suggests that sterics only al-

low for two of the three amino groups to act as π-donors, while the other acts as a σ-

acceptor (since N is more electronegative than P), which reduces the overall electron 

density around the phosphorus centre. To prevent this decrease in electron density, 

Clarke et al synthesized phosphines that contained two donating amino groups, and one 

electron donating alkyl group (Figure 1.8, right).25 The synthesis of these new phos-

phine ligands yielded the most electron-rich phosphines known at the time, and are 

stronger donors than tri-tert-butylphosphine, which was thought of as the benchmark 

electron-rich ligand.23,25,26  

 

 

 

 Figure 1.8 Electron donation of two alkyl amino groups and electron accepting of the 

third amino group.25 
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Mehlmann et al have recently developed a new strategy to increase the electron 

density at the phosphorus centre for a phosphine ligand by using imidazolin-2-

ylidenamino groups (Figure 1.9).27 The synthesis of imidazolin-2-ylidenamino phos-

phines (IAPs) yielded donors that are even stronger than alkylphosphines. Contrary to 

previous observations that one of the amino groups is acting as an electron-withdrawing 

group, these incredibly strong IAPs increase the basicity of the phosphine with 

increasing substitution (Figure 1.10).27 Since the nitrogen atoms directly bound to 

phosphorus in IAP phosphines are monocoordinate, compared to the dicoordinate 

nitrogen atoms directly bound to the phosphous in the alkyl amino phosphines that were 

previously mentioned, there is less steric bulk allowing for all three groups to conjugate 

with the phosphorus. 

 

 

 

 

 

 

 

 Figure 1.9 Electron-rich imidazolin-2-ylidenamino-substituted phosphines 1.37, 

1.38a-c, 1.39a-c and a representation of the NBiPr and NIiPr substituents. 
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When comparing the triisopropylphosphine (1.37, TEP= 2059.2 cm-1) to the 

mono-substituted 1.38a (TEP= 2053.6 cm-1) and 1.39a (TEP= 2047.5 cm-1), there is a 

decrease in the TEP by 5.6 cm-1 and 11.7 cm-1, respectively. With di-substitution, the 

TEP decreased by an additional 4.4 cm-1 for 1.38b (TEP= 2049.2 cm-1) and 8.9 cm-1 for 

1.39b (2038.6 cm-1) compared to the mono-substituted derivatives. Finally, with a third 

substitution, there is an undeniable decrease in TEP for 1.38c (TEP= 2044.3 cm-1) and 

1.39c (TEP= 2029.7 cm-1) by 4.9 cm-1 and 8.9 cm-1, respectively. Amongst all IAPs, the 

1,3-diispropyl-4,5-dimethylimidazolin-2-ylidenamino derivatives (1.39a-c) display the 

highest electron donating character, where the tri-substituted phosphine (1.39c) was suc-

cessfully prepared and is reported to have the lowest TEP (2029.7 cm-1) for all phos-

phine ligands.27 

 

 

  

 Figure 1.10 Tolman electronic parameters of IAPs 1.38a-c and 1.39a-c in compari-

son to selected strong alkylphosphines.28 
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extremely low reduction potentials, which can be predicted using the line equation from 

the previously established correlation (Figure 1.7, y = 0.0136x - 29.546; where x is the 

TEP and y is the E1/2 of the respective substituted BPY).  

The first goal of this thesis (Chapter 2) is to target the synthesis of an imino-

phosphorano-substituted bispyridinylidene with the lowest reduction potential to date. It 

will incorporate the IAP donor 1.39c into the iminophosphorano substituent. By select-

ing the phosphine that has the lowest known TEP (1.39c, TEP= 2029.7 cm-1), we predict 

that the BPY (1.40, Figure 1.11) will have a record-breaking reduction potential of -

1.88 V vs. SCE (based on the previously mentioned correlation). Interestingly, this di-

substituted derivative is expected to exceed the reducing power of the tetra-substituted 

BPY 1.35 by 180 mV!  

 

 

 

 

 Figure 1.11 Targeted IAP substituted bispyridinylidene. 

 

The synthesis of this BPY is not only important for its practical use in organic 

reductions, which should include reactions that were not previously achievable with the 

reducing agents currently available, such as the reduction of alkenes and alkynes, but it 
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measure for reduction potentials of BPYs and TEPs for phosphines. Having a phosphine 

N

N P(NIiPr)3(iPr IN)3P N

N

1.40



 

 

 

22 

that covers an extended range over the line of best fit will validate the predictive use of 

the correlation over a wide range of potentials and TEPs if the experimental E1/2 for 1.40 

is close to the predicted value (Figure 1.12, red data entry). Other BPYs containing any 

of the IAPs listed previously (1.38a-c/1.39a-b) could have also been targeted, however, 

synthesizing the strongest donor is the most rational choice. Upon completion of this 

target, all remaining IAPs can be fitted to the line and their reduction potentials could be 

accurately predicted.  

 

 Figure 1.12 Correlation between TEPs and their respective iminophosphorano-

substituted BPYs, including the predicted value for 1.40 (red). 
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1.9 Targeting Stronger ! -Electron Donor Substituents: The Triphenylphosphoni-

um Ylidyl  Group 

As discussed in the previous section, ylides have shown great promise in the syn-

thesis of new BPYs that exceed the current reduction potential records. Until now, 

iminophosphorano groups were the dominant focus when targeting stronger organic re-

ducing agents using the bispyridinylidene scaffold. It was suspected that substituting the 

BPY with a different ylidic group, such as a phosphonium ylidyl substituent (Figure 

1.13, left, R3P=CR-), would result in a more powerful organic reducing agent.  

 

 

 

 

Figure 1.13 Nature of the iminophosphorano- and phosphonium ylidyl- substituents 

(left) and their substitution on benzene rings (right). 
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MO) energies of optimized structures and electrochemical analysis of mono-substituted 
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lar orbital (MO) and an increase in the energy of the antibonding MO (Figure 1.14). For 

the ylide-substituted benzene derivatives 1.41a and 1.41b, the antibonding orbital is 

filled and is the HOMO because the substituents are strong ! -donors for this compound. 

Due to the higher energy of the HOMO, the electrons are more reactive toward oxida-

tion, resulting in a stronger reducing agent. 

 

 

 

 

 

 

 Figure 1.14 MO diagram of mono-substituted benzene rings 1.41a-b. 
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1.41a and 1.41b were also determined experimentally using cyclic voltammetry, where 

an increased oxidation potential (analogous to a stronger reducing agent) is indicative of 

! 1

! 2 ! 3

! 4 ! 5

! 6

Y

Bonding MO

Antibonding MO



 

 

 

25 

stronger π-donating substituent (Figure 1.15). The results obtained from CV were in 

agreement with the information obtained from the HOMO eigenvalues, supporting that 

the triphenylphosphonium ylidyl substituent is a stronger π-donor than iminophospho-

rano groups due to its higher experimental oxidation potential. 

 

 

 

 

 

 

 Figure 1.15 Comparison of oxidation potentials and HOMO eigenvalues for mono-

substituted benzene rings containing ylidic Ph3P=N- and Ph3P=CH- groups. 

 

Incorporating a triphenylphosphonium ylidyl substituent at the 4 and 4’ positions 

of the bispyridinylidene scaffold (1.42, Figure 1.16) is expected to surpass the reduction 

potential of the previously synthesized triphenyliminophosphorano derivative (1.33, less 

than -1.34 V) due to their stronger π-donating abilities. In the past, these groups have 

received little attention, which makes the investigation into their properties attractive. 

The synthesis and characterization of the triphenylphosphonium ylidyl derivative (1.42) 

will therefore be targeted (Chapter 3).  
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 Figure 1.16 Synthetic target for a new organic reducing agent containing tri-

phenylphosphonium ylidyl substituents.  

   

1.10 Determining a Hammett Substituent Constant for Ph3P=CH- 

In addition to the correlation between TEP and the reduction potential of substi-

tuted BPYs, a linear correlation (R2= 0.9920) between Hammett substituent constants 

(! p
+) and the reduction potential of the corresponding substituted BPYs has been previ-

ously published by members of our group (Figure 1.17).21 This correlation is useful for 

predicting the reducing strength of a bispyridinylidene, but just as importantly, it gives 

us a new way to elucidate new substituent constants by fitting reduction potentials to the 

line (y = 0.4078x - 0.5988 where x is the Hammett substituent constant and y is the E1/2 

of the respective substituted BPY). Since little information is known about the R3P=CH- 

substituents, upon the synthesis and electrochemical analysis of 1.42, this correlation 

will be used to determine a substituent constant for this type of group for the first time.  
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Figure 1.17 Plot showing the correlation between the reduction potentials of 

substituted bispyridinylidenes and the corresponding Hammett substituent constants 

(σp
+). 

 

In recent years, significant advances have been made in the field of neutral or-

ganic reducing agents. Incorporation of more strongly π-electron donating substituents 

has led to organic reducing agents with the lowest reported reduction potentials to date. 

The applicability of these molecules has been demonstrated by performing reductions 

that were only previously successful with metals and metal-based reducing agents. De-

spite the major advances, there is still a demand for even stronger donors. The strongest 

neutral organic reducing agent (1.35, E1/2= -1.70 V vs. SCE) reaches a reduction poten-

tial comparable to that of aluminum metal, but there remains a large gap toward metals 
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Figure 1.18 Comparing the reducing strength of metallic and organic reductants (E1/2 

vs. SCE). 

with stronger reducing power such as magnesium and sodium (Figure 1.18). The syn-

thesis of stronger organic reducing agents will begin to fill this void and increase the 

substrate scope of potential reductions that currently can only be accomplished through 

the use of metals. These stronger reagents will hopefully allow us to tackle more chal-

lenging reduction reactions such as the reduction of alkenes, alkynes and the Birch re-

duction of arenes, or the decyanation of nitriles (Figure 1.19). With these goals in mind, 

this thesis will focus on the preparation of two new bispyridinylidenes.  

 

 

 

 

 

 

 

 

 

 Figure 1.19 Possible more challenging reductions to be attempted. 
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Chapter 2: Targeting an Iminophosphorano-substituted Bispyridinyl i-

dene Based on an IAPÕs Tolman Electronic Parameter  

2.1 Introduction  

Very recently, a new phosphine (P(NIiPr)3, 1.39c) with an unprecedentedly low 

TEP (2029.7 cm-1) has been prepared.27 Our aim was to synthesize a new BPY (1.40), 

which contains an iminophosphorano substituent derived from this phosphine (Figure 

2.1). The successful preparation of the BPY is expected to result in the strongest neutral 

organic reducing agent to date, with a predicted E1/2= -1.88 V vs. SCE. As a reductant, 

this compound should therefore allow for greater substrate scope and milder reaction 

conditions, which will be an important advance for the field of organic reducing agents. 

If the experimental redox potential for 1.40 is as expected, the extreme value will also 

validate the use of TEP values to predict the reducing strength of iminophosphorano-

substituted BPY-based reducing agents. This correlation between TEP and the reduction 

potential has been established, but only for a relatively narrow range of BPYs (Figure 

1.12). 
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Figure 2.1 Phosphine 1.39c and the targeted iminophosphorano-substituted BPY 

1.40. 

 

2.2 Results and Discussion 

To reach the targeted BPY (1.40), the reported phosphine (1.39c) must first be 

synthesized. The literature procedure for the preparation of 1.39c,29 which will be dis-

cussed later in this chapter, requires the guanidine precursor 2.1 (Scheme 2.1). It is an-

ticipated that converting 2.1 into 1.40 will require many synthetic steps and it is there-

fore required for 2.1 to be prepared on a large scale. To accomplish this, several easily 

scalable schemes are outline in Scheme 2.2.   

 

  

  

 Scheme 2.1 Required precursor for the preparation of the phosphine (1.39c) for the 

synthesis of the target bispyridinylidene (1.40).  
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 All routes to 2.1 that were explored used the known thione 2.2, which was pre-

pared on a multigram scale in high yield following literature procedures.20,30 The halo-

genated imidazole (2.3) was first targeted following step (i), where the halogen would 

act as a good leaving group with a nitrogen containing nucleophile in the proceeding 

step (ii). Unfortunately, the proposed reactions in step (i) did not result in the formation 

of the desired product (2.3). When using oxalyl chloride, it was suspected, based on sol-

ubility and 1H NMR, that a dichloride adduct had formed, where two halogens are 

bound to the sulfur of the thione.31 When PCl5 was used as the halogen source it was 

concluded that no reaction took place based on NMR spectroscopy. Additionally, when 

Br2 or POCl3 were used, we were unable to confidently assign the products. The prepa-

ration of 2.3 was not investigated further following this route. 
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 Scheme 2.2 Proposed routes to guanidine 2.1 from the known thione 2.2. Reagents 

used: (i) C2O2Cl2 or PCl5 or Br2 or POCl3, (ii) NH4OH or NH3, (iii) CH3I, (iv) 

NH3(aq) or NH3(g). 

 

Alternative routes were attempted with the intent of converting the sulfur to a 

leaving group in step (iii). The thione was successfully methylated using iodomethane, 

resulting in the isolated alkylated thione (2.4) in high yield. It was thought that when the 
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alkylated thione was reacted with a nitrogen-based nucleophile in step (iv) that the guan-

idine precursor (2.5) would be obtained, which could be subsequently deprotonated to 

obtain the targeted guanidine (2.1). Unfortunately, there was no reaction observed in 

step (iv) when 2.4 was added to ammonium hydroxide, or when it was exposed to a 

stream of ammonia gas. 

Since the S-Me group on the alkylated thione (2.4) was not successful in acting 

as a leaving group under these conditions, an alternate route was targeted to obtain 2.1. 

In order to generate a nucleophile, the thione was reduced to a carbene (Scheme 2.3). 

Literature procedures for the reduction of the thione (2.2) to the extremely air and mois-

ture sensitive carbene 2.6 were reported using 70 mmol of 2.2 with an excess of 1:2 

Na/K alloy (210 mmol).20 In similar procedures using just potassium metal as the reduc-

ing agent, the scale was significantly smaller using only 5 mmol of 2.2 and 12.8 mmol 

of K. With the reality of a multistep synthesis in mind, the reaction using only potassium 

metal as the reducing agent was scaled significantly using 94.6 mmol of 2.2 and 240.4 

mmol of potassium metal resulting in a yield of 81% (12.8 g) of carbene 2.6. Following 

the successful isolation of carbene 2.6, the halogenated imidazole 2.3 was synthesized 

following literature procedures (Scheme 2.3).20 With 2.3 successfully obtained, the syn-

thesis of the guanidine precursor 2.5 could be attempted as in step (ii) (Scheme 2.2). 

Unfortunately, when using either ammonium hydroxide (NH3(aq)) or ammonia gas 

(NH3(g)) as the nucleophile with 2.3, no reaction was observed. 
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 Scheme 2.3 Proposed reactions toward the halogenated imidazole 2.3. 

 

It was decided that a slightly more costly route (Scheme 2.4) using carbene 2.6 

would be beneficial to obtain the desired phosphine 1.39c. Azidotrimethylsilane (TMS-

N3) was used to make the TMS-substituted guanidine 2.7 in comparable yield to the lit-

erature procedure.32 Despite the fact that the reported procedure for the synthesis of 

phosphine 1.39c uses guanidine 2.1, which is prepared from 2.7, it was thought that us-

ing the TMS-substituted guanidine 2.7 directly in the formation of the phosphine would 

be simpler and reduce the pathway by one step. 
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 Scheme 2.4 Proposed synthetic route toward chlorophosphonium 2.9. 

 

A modified synthesis (Scheme 2.4) was therefore undertaken based on the report 

by Mehlmann,29  where phosphorus trichloride (PCl3) was added to a cold solution of 

2.7 in THF to make protonated phosphine 2.8. In the literature reports, 2.8 was not iso-

lated and was used in situ for the following step. Attempts to do this led to a number of 

unwanted by-products, so we sought to isolate 2.8 before attempting to deprotonate. 

When comparing the 31P{1H} NMR of the reaction mixture to the literature reports, they 

were found to be in agreement with a singlet for 2.8 at -26.0 ppm. Additionally, this 

peak is split into a doublet with a large coupling constant of 528 Hz, consistent with a 

direct P-H bond, when the proton-phosphorus decoupler is turned off (Figure 2.2). The 

1H NMR of the isolated solid in CDCl3 also shows a doublet with the same large cou-

pling constant of 528 Hz at 7.75 ppm (Figure 2.3). The protonated phosphine 2.8 was 

successfully purified and isolated by concentrating the mixture and precipitating with 
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diethyl ether before filtration in a 68% yield. 

 

 

 

 

 

 

Figure 2.2 31P NMR of 2.8 with the proton-phosphorus decoupler on (left) and de-

coupler off (right). 
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Figure 2.3 1H NMR of 2.8 showing a doublet for a direct P-H coupling. 

 

Upon isolation of 2.8, it was deprotonated with potassium tert-butoxide (KOtBu) 

yielding a broad peak at 79.7 ppm in the 31P NMR, which is in agreement with the lit-

erature spectrum for free phosphine 1.39c.27 Instead of isolating the extremely air and 

moisture sensitive phosphine 1.39c according to literature procedures, the free phos-

phine was oxidized in situ using hexachloroethane (C2Cl6), yielding the chlorophospho-

nium salt 2.9 in a 94% isolated yield. The 31P NMR chemical shift moved from 79.7 to -

21.0 ppm upon oxidation. Although the 1H NMR peaks were in agreement with the ex-

pected multiplicities and integrals, the P-Cl moiety cannot be confirmed using NMR 

techniques. The suspected chlorophosphonium ion 2.9 was analyzed using high-

resolution mass spectroscopy (HRMS (ESI+)), where the calculated m/z for 

C33H60ClN9P+ was 648.4392 [M+1], which was in agreement with the experimentally 

determined value of 648.4417. 
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With the phosphorus centre in 2.9 being electrophilic due to the inductive effect 

from the chlorine, the chlorophosphonium ion was subject to nucleophilic attack by 4-

aminopyridine in the presence of triethylamine (NEt3) as a base (Scheme 2.5). Two new 

singlets were formed in the 31P NMR of the reaction mixture, the major peak (69%) at     

-31.8 ppm, which was tentatively assigned to the desired product 2.11, with a minor im-

purity (31%) at -12.2 ppm, which was tentatively assigned to the corresponding phos-

phine oxide. Upon workup of the product, an organic-aqueous extraction was used in an 

attempt to remove residual 4-aminopyridine; unfortunately, the product was soluble in 

water, which led us to believe that the resulting product may be ionic. To make the 

product insoluble in water, lithium hexafluorophosphate (LiPF6) was added to the reac-

tion mixture once the reaction was complete to affect an anion metathesis. With a hex-

afluorophosphate counter anion replacing the chloride anion, the product was no longer 

soluble in water and was separated from residual 4-aminopyridine using a chloroform-

water extraction. 
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Scheme 2.5 Proposed synthetic pathway toward BPY 1.40. 

 

The 1H NMR (Figure 2.4) revealed that the substituted pyridine ring (2.10) was 

found to be protonated on the pyridyl nitrogen in contrast to observations with other 

iminophosphorano derivatives.21,22 Rather than observing two doublets for the pyridine 
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protons for the expected product (2.11), there was a doublet and a doublet of doublets 

for the resulting pyridine protons for product 2.10. The doublet at 7.74 ppm was ob-

served for the meta protons of the pyridine ring, and the overlapping doublet of doublets 

was found at 7.90 ppm for the ortho protons due to their coupling to the meta protons, as 

well as the proton on the pyridyl nitrogen. Additionally, there is a broad peak for the NH 

proton at 9.45 ppm.  

 

 

 

 

 

 

 

 Figure 2.4 1H NMR of the protonated pyridine product 2.10. 

 

The protonation of the pyridine nitrogen can be rationalized by virtue of the fact 

that once the extremely strong π-electron donating group ((NIiPr)3P=N-) is formed on 

the pyridine ring, the electron density is donated toward the pyridine nitrogen, causing it 
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to become extremely basic. As a result, the pyridine nitrogen is a stronger base than tri-

ethylamine and is protonated. Previously synthesized iminophosphorano derivatives did 

not result in the protonated product, which further suggests the superior π-electron do-

nating ability of the (NIiPr)3P=N- group. With the exception of a small amount of single 

crystals that separated from the mixture in one instance (1H NMR shown in Figure 2.4), 

we were unable to separate 2.10 from what was suspected to be the related phosphine 

oxide (2.14, Scheme 2.6) using typical separation methods due to their similar solubili-

ty.  

To confirm the identity of the impurity at -12.2 ppm in the 31P NMR, the phos-

phine oxide (2.14) was purposefully generated by reacting 2.9 with water and triethyla-

mine and analyzed by NMR spectroscopy (Scheme 2.6). The 31P and 1H NMR of the 

resulting product matched the impurity peaks in the spectrum of 2.10, with a 31P NMR 

shift of -12.2 ppm and the characteristic doublet, singlet and septet peaks for the guani-

dine groups in the 1H NMR at 2.18, 1.44 and 5.29 ppm, respectively. The presence of 

phosphine oxide 2.14 in the formation of 2.10 is likely from trace amounts of water in 

the reaction solvent, therefore, further solvent drying techniques would need to be em-

ployed in order to avoid this result.     

 

 

  

 Scheme 2.6 Formation of phosphine oxide 2.14 from dichlorophosphine 2.9.  

P
O

iPr IN
NIiPr

NIiPr

2.14

H2O, 2 NEt3

CHCl3                    

 -2 NEt3HCl

PiPr IN
NIiPr

NIiPr

2.9

Cl Cl



 

 

 

42 

 Subsequent deprotonation of the protonated species (2.10) was attempted using 

several bases including: NaOH, DBU, KOtBu, NaH and KHMDS; unfortunately, there 

was no evidence of a reaction and therefore none of them yielded the free pyridine 2.11 

(Scheme 2.5). To combat the difficulties with the unwanted protonation of the pyridyl 

nitrogen, a new route was designed. In order to avoid protonation, 4-aminopyridine 

(2.15, Scheme 2.7) was alkylated to 2.16 using iodomethane (MeI) following literature 

procedures.33 The amino group of the N-methyl pyridinium 2.16 was subsequently 

deprotonated to the imine 2.17 using potassium tert-butoxide before performing the sub-

stitution reaction with 2.9. This method is considered a superior alternative compared to 

previously established procedures where alkylation occurs after substitution, as intro-

duction of the expensive phosphine occurs at a later step and this method avoids proto-

nation of the pyridyl nitrogen atom. At elevated temperatures the substitution of the 

phosphine was achieved, yielding the iminophosphorano-substituted pyridinium 2.18. 
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 Scheme 2.7 Alternate pathway toward the iminophosphorano-substituted BPY 1.40.  
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After workup, the 31P NMR for the resulting oil in CDCl3 showed two peaks, 

one at -16.9 ppm for the product 2.18 and at -12.2 ppm for the corresponding phosphine 

oxide 2.14 (4.44:1.00 ratio). The 1H NMR was in agreement with the expected peaks for 

the product. Two doublets for the pyridine proton peaks were observed at 7.23 (ortho) 

and 6.60 ppm (meta). The pyridine methyl group is observed as a singlet at 3.71 ppm, 

and the three guanidine peaks were also present at 1.23 (d), 2.09 (s) and 4.94 (sept) ppm. 

To further confirm that 2.18 was prepared, a high-resolution mass spectrum (HRMS 

(ESI+)) was obtained, where the calculated m/z for C33H60N9P+ was 720.5313 [M+1], 

which was in agreement with the experimentally determined value of 720.5301. Unfor-

tunately, we were unable to separate 2.18 from the phosphine oxide 2.14 due to their 

similar solubility. 

 With the direct BPY precursor 2.18 available, once purified, a deprotonation re-

action of 2.18 using a strong base such as KHMDS to form BPY 1.40 should be at-

tempted. Unfortunately, time constraints did not allow for this to be completed as part of 

this thesis. The resulting BPY should be characterized using NMR spectroscopy and its 

reduction potential determined using CV. The resulting BPY is expected to be extremely 

air and moisture sensitive; therefore, oxidation to the dication 2.13 with a reagent such 

as hexachloroethane (C2Cl6) may be useful to obtain CV and required characterization 

methods. 
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2.3 Conclusions and Future Work 

A new phosphine 1.39c with the lowest TEP value ever reported has been pre-

pared3 and was incorporated onto a pyridine ring to form the extremely strong π-electron 

donating ylidic iminophosphorano group ((NIiPr)3P=N-). A synthetic route was devel-

oped targeting the BPY 1.40, which required modifications from previously established 

pathways for iminophosphorano-substituted BPYs. The BPY precursor 2.18 was suc-

cessfully prepared; however, its isolation remains a challenge and must be completed 

before formation of the extremely sensitive BPY 1.40. With only one step remaining, 

the synthesis of 1.40 should result in an ORA with the lowest reduction potential (E1/2= -

1.88 V vs. SCE) to date, and will validate the predictive use of the correlation over a 

wide range of potentials and TEPs. 

With the targeted BPY 1.40 yet to be synthesized, the goal of validating the pre-

dictive use of the correlation between Tolman electronic parameter of the R3P groups 

and the reduction potential of the corresponding BPY (Figure 1.12) remains. Right now 

we have a good prediction from POPh3 (E1/2= -1.31 V vs. SCE) to PCy3 (E1/2= -1.51 V 

vs. SCE); however, we would like to further validate the line between -1.51 V to -1.88 V 

vs. SCE. Although we are optimistic that the reduction potential of 1.40 will fit the de-

rived formula, it may not. If it does not fit then it would be reasonable to synthesize oth-

er derivatives with known TEPs that are lower than the TEP for PCy3 (2056.4 cm-1), 

which is the lowest TEP tested to date. For example, other guanidine-type phosphines 

(1.38a-c/1.39a-b) could be synthesized since their TEPs range from 2059.2 to 2038.6 

cm-1. Synthesizing these derivatives over a wider range of low TEPs would allow for a 
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better understanding of where the correlation collapses and would help determine if 1.40 

is an outlier. Although the validation of the predictive use of the correlation would be 

useful, the synthesis of 1.40 would still result in an extremely powerful organic reducing 

agent. 

In addition to the substitution of the iminophosphorano IAP in the 4- and 4’-

positions of the BPY (1.40), there is also the possibility of the tetra-substituted deriva-

tive (2.19, Figure 2.5). In the case with triphenyliminophosphorano groups, the reduc-

tion potential significantly decreased (E1/2= -1.34 V to -1.70 V) when switching from di- 

to tetra-substituted derivatives (1.33 to 1.35). Based on this observation, if the imino-

phosphorano IAP ylide were incorporated into the tetra-substituted scaffold, the reduc-

tion potential should be even lower than the di-substituted, making it an exceedingly 

strong organic electron donor.  
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 Figure 2.5 Comparison of di-substituted and tetra-substituted BPYs and their reduc-

tion potentials. 

 

 The preparation of 2.19 is proposed in Scheme 2.8, which is a modified pathway 

for the synthesis of 1.35.22 Firstly, 2-chloro-4-aminopyridine would be alkylated with 

iodomethane to give 2.20, which has been previously prepared by our group. The chlo-

rophosphonium compound 2.9 would also be synthesized following previously estab-

lished protocols and would be used in two individual steps. The chlorophosphonium ion 

2.9 would first be used to form the iminophosphorano group at the 4-position of the ring 

(2.21) in the presence of triethylamine as base. The chlorophosphonium ion 2.9 would 

be used a second time in the generation of 2.22 through reaction with an excess of am-

monia gas. Subsequently, 2.22 would be deprotonated using a base such as KOtBu to 

generate the nucleophile 2.23. The nucleophile could be used in excess in situ, where 
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one equivalent would substitute at the 2-position of the pyridine ring, while a second 

equivalent would be used as a base, yielding compound 2.24. With the BPY precursor 

prepared (2.24), deprotonation of the proton ortho to the pyridine nitrogen would result 

in the tetra-substituted BPY 2.19.  

 

 

 

 

 

 

  

  

  

  

  

 Scheme 2.8 Proposed pathway toward the tetra-substituted iminophosphorano BPY 

2.19. 
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 The BPY 2.19 would be oxidized in situ using hexachloroethane to yield a more 

stable bispyridinium ion if necessary. If this tetra-substituted derivate continues to fol-

low the trend of lower reduction potential when substituted in both 2- and 4-positions, 

this should result in an extremely strong organic reducing agent, which would surpass 

the reduction potential of all known di- and tetra-substituted derivatives.  

 In addition to the synthesis of new derivatives, 1.40 and 2.19 could also be used 

to expand the substrate scope in the metal-free reduction of organic compounds. Due to 

the anticipated strength of these ORAs compared to previously synthesized derivatives, 

several reductions that were not previously achievable with the currently available 

ORAs could be attempted; for example, the Birch reduction of arenes. There also re-

mains the opportunity to reduce other functional groups that have not been previously 

attempted with BPY derivatives such as, aldehydes, ketones, alkenes and alkynes. 
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Chapter 3: A New Electron Donor via the Strong ! -Electron Donating 

Ability of a Triphenylphosphonium Ylidyl Group  

 

3.0 Preface 

This chapter is dedicated to the synthesis and electrochemical analysis of a 

bispyridinylidene containing ylidic triphenylphosphonium ylidyl (Ph3P=CH-) group in 

the 4- and 4’-positions. Modified experimental procedures from the work by Zachary 

Haines (Chem 4000, 2011) were followed for the first three synthetic steps. The remain-

der of the pathway was established in this chapter, with contributions from Thomas 

MacDougall (NSERC USRA, 2017) and Jordan Conrad (NSERC USRA, 2018) who 

worked under my supervision.  
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3.1 Introduction  

In the development of stronger organic reducing agents, our group has recently 

investigated the use of ylidic iminophosphorano groups (R3P=N-), rather than amino 

groups, as the π-donating substituent on the BPY scaffold.19,34 As previously mentioned, 

it was found that when triphenyliminophosphorano (1.33, -1.34 V vs. SCE) and tricy-

clohexyliminophosphorano (1.34, -1.51 V vs. SCE) groups were introduced, the result-

ing redox potentials decreased significantly compared to the dialkylamino derivative 

(1.32, -1.29 V vs. SCE).21,35 This increase in reducing power is attributed to the in-

creased donating strength of the iminophosphorano substituents, for which Hammett 

type σp
+ constants for Ph3P=N- (-1.82)21 and Cy3P=N- (-2.21)21 were determined (vs. –

0.83 for -NMe2)18. The value for Cy3P=N- shows it to be the most donating neutral sub-

stituent currently known. 

 

 

 

 

 

 Figure 3.1 Various di- and tetra-substituted BPYs and their reduction potentials. 
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In looking beyond iminophosphorano substituents, we were inspired by the work 

of Schmidpeter et al. that showed that bis(phosphonium ylidyl)phosphenium ions are 

ionic even with a chloride or bromide (3.1-3.2, Figure 3.2).36 This observation contrasts 

the covalency of all known diaminochlorophosphines (3.3) and demonstrates that the 

ylidyl groups are stronger π-donors than amino groups. The strong π-donor properties 

and lower σ-withdrawing nature of phosphonium ylidyl substituents compared to amino 

groups in the investigation of ylidyl carbenes37–45 and silylenes46–48 has been previously 

reported, but to our knowledge no quantitative substituent constants have been deter-

mined for these functionalities. We therefore sought to prepare a phosphonium ylidyl 

substituted bispyridinylidene 1.42 (Figure 3.1) with the goal of validating a new class of 

more powerful electron donors, and determining a Hammett-type substituent constant 

for the commonly employed Ph3P=CH- functionality. 

 

 

 

 

 Figure 3.2 Ionic nature of bis(phosphonium ylidyl)phosphenium ions (3.1-3.2) com-

pared to the covalency observed for diaminochlorophosphines (3.3).   
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3.2 Results and Discussion 

The preparation of 1.42 (Scheme 3.1) began with the introduction of the phos-

phonium moiety via the SN2 reaction of triphenylphosphine with 4-

(chloromethyl)pyridine hydrochloride (3.4), resulting in 3.5 (31P δ: 26.0 ppm) in a 87% 

isolated yield. The subsequent deprotonation of the pyridine nitrogen with potassium 

tert-butoxide (KOtBu) was followed by anion metathesis by use of lithium hexafluoro-

phosphate (LiPF6) to give pyridine 3.6 (31P δ: 23.8 ppm) in an 88% yield, which avoided 

the isolation of the hygroscopic chloride salt. The pyridyl nitrogen was methylated 

through the addition of iodomethane (MeI), and the pyridinium ion 3.7 (31P δ: 24.9 ppm) 

was isolated as the bis(hexafluorophosphate) salt in a 87% yield after anion metathesis 

with LiPF6. Careful addition of one equivalent of potassium bis(trimethylsilyl)amide 

(KHMDS) lead to mono-deprotonation of the CH2 group to afford the tri-

phenylphosphonium ylidyl pyridinium 3.8 (31P δ: 13.9 ppm) in a 83% yield, which is the 

direct precursor to 1.42.  
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 Scheme 3.1 Synthesis of the phosphonium ylidyl-substituted BPY 1.42. 

 

Strikingly, along with the doublet for the ylidyl CH at 4.60 ppm (2JPH = 18.2 

Hz), the 1H NMR spectrum of air and moisture-stable 3.8 (Figure 3.3) revealed four dis-

tinct doublets at 6.2, 7.1, 7.3 and 7.6 ppm for the protons on the pyridinium ring, in con-

trast to the two doublets observed for related iminophosphorano-substituted pyridinium 

ions 3.9a and 3.9b (Figure 3.4). This is interpreted as indicating restricted rotation be-

tween Cylidyl-Cpyridyl bond in 3.8 and already suggests that the Ph3P=CH- group is a 
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stronger π-donor substituent than even Cy3P=N-, such that 3.8Õ becomes the dominant 

resonance structure (Figure 3.4). 

 

 

 

 

 

 

 

  

  

 Figure 3.3 1H NMR of 3.8 showing four unique pyridine protons. 
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 Figure 3.4 Resonance contributors for compound 3.8 and the related iminophospho-

rano derivatives 3.9a and 3.9b. 

 

 This is corroborated by the solid-state structures for 3.7 and 3.8 shown in Fig-

ure 3.5, which shows for 3.8 a shortened P-C1 (P-Cylidyl) bond (1.737(4) Å vs. 1.830(2) 

Å), a shortened C1-C2 bond (1.404(4) Å vs. 1.511(3) Å) and longer C2-C3 bonds 

(1.430(5) Å vs. 1.392(3) Å), the latter of which shows increased single bond character 

involving C2 in the ring.49, 50 Additionally, the activation energy of the restricted rota-

tion around the Cylidyl-Cpyridyl double bond was also estimated using variable temperature 

NMR experiments collected at 50, 60, 70, 80 and 90°C. Preliminary results for the ΔG‡ 

was found to be 46 ± 2 kJ/mol, which is lower than the ΔG‡ for dimethylacetamide and 

dimethylformamide.51  
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 Figure 3.5 X-ray crystal structures of 3.7 and 3.8 (PF6
- anions omitted for clarity).  

Selected bond lengths (Å) 3.7: P1-C1 1.830(2), C1-C2 1.511(3), C2-C3 1.392(3), 

C3-C4 1.371(3), 3.8: P1-C1 1.737(4), C1-C2 1.404(4), C2-C3 1.430(5), C3-C4 

1.370(5). Selected bond angles (°) 3.7: C1-C2-C3 120.4(2), C2-C1-P1 109.85(15), 

3.8: C1-C2-C3 125.9(3), C2-C1-P1 127.7(3). 

 

In the final synthetic step, addition of KHMDS to a suspension of 3.8 in C6D6 re-

sulted in the formation of 1.42 through deprotonation at the 2- position of the pyridini-

um ring. The in situ 31P{1H} NMR analysis of this dark blue reaction mixture revealed 

clean and quantitative formation of two new products at 5.8 and 6.1 ppm (1.0:1.1 ratio). 

1H NMR spectra for the same mixture revealed two sets of all of the expected signals for 

1.42, including doublets for the ylidic methylene protons at 2.22 ppm (2JPH = 18.9 Hz) 
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and 2.27 ppm (2JPH = 20.0 Hz), which is consistent with the formation of 1.42 as a mix-

ture of Z and E isomers, respectively (Figure 3.6). A NOESY experiment was used to 

differentiate the Z and E isomers through observation of a cross peak for the interaction 

between a meta pyridine proton and the protons on the pyridine methyl group, which 

represents the E isomer (Figure 3.7). NOESY and COSY (see Appendix A) experiments 

were used to assign the 1H NMR signals to the individual E and Z isomers, and then 31P-

1H HMBC (Figure 3.8) allowed for assigning the 31P NMR signals as Z (5.8 ppm) and E 

(6.1 ppm). Interestingly, no hindered rotation of the Cylidyl-Cpyridyl bond was observed for 

1.42, consistent with poorer ! -acceptor properties of the pyridyl ring in the bispyridinyl-

idene compared to the pyridinium ring in 3.8. Attempts to isolate 1.42 as a pure com-

pound were not successful; however, when the reaction was performed in diethyl ether 

the extremely air and moisture sensitive navy blue solid precipitated as a mixture with 

the KPF6 by-product, and all of the expected solids could be collected by filtration in a 

99.4% yield.  
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 Figure 3.6 1H NMR of a reaction mixture of E and Z isomers of 1.42 in C6D6. 
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Figure 3.7 NOESY experiment for the mixture of E and Z isomers for 1.42 in C6D6.  

 

 

 

 

 

 

 

 

�����������������������	�����������������������������	�����������������������������	�����������������������������	�����������������������������	�
�����
�����
�����
����
�����
�������� ��

������

������

������

�����	

������

������

������

������

�����	

������

������

������

������

�����	

������

������

������

������

�����	

������

������

������

������

�����	

����
�
��

���
���

��

����������������������



 

 

 

61 

 

  

  

  

  

 Figure 3.7 2D 31P-1H NMR HMBC experiment to assign the E/Z isomers in the 31P 

NMR spectrum. 

 

Due to the sensitivity of 1.42, we chose to oxidize the compound in situ to the 

air- and moisture-stable dicationic bipyridinium salt 3.10 (Scheme 3.2), by the addition 

of hexachloroethane and LiPF6, before determining its redox potential. Interestingly, 

whereas the bipyridinium ion formed from the two-electron oxidation of a mixture of Z 

and E isomers of iminophosphorano-substituted BPYs (1.33 or 1.34) shows only a sin-

gle 31P NMR resonance, indicating free rotation about the C-C bond between pyridinium 

rings, 31P NMR spectroscopy of the isolated product from the two-electron oxidation of 

1.42 showed four distinct signals at 13.2, 13.37, 13.43, 13.9 ppm. In light of the hindered 
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Cylidyl-Cpyridyl bond rotation observed for 3.8, this observation is interpreted as three con-

formational isomers, 3.10a-c (Scheme 3.2), and is supported by 1H NMR (Figure 3.9). 

2D 31P-1H HMBC (Figure 3.10), NOESY and COSY experiments were performed to 

differentiate the isomers in the mixture. The major isomeric contributor was E/Z (3.10b) 

with peaks at 13.9 (P toward the bipyridinium centre) and 13.37 ppm (P away from cen-

tre), accounting for 58% of the mixture. The minor isomer, which constituted 10% of the 

mixture was found to be Z/Z (3.10c) at 13.2 ppm, with both phosphorus groups pointing 

toward the centre. Lastly the E/E isomer (3.10a), made up the remaining 32% of the 

mixture, and was assigned to the peak at 13.43 ppm.  

 

 

 

 

 

 

 

 

 

 

 Scheme 3.2 Two-electron oxidation of 1.42 to three conformational isomers 3.10a-c. 
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 Figure 3.8 1H NMR spectrum of the mixture of isomers 3.10a-c in CD3CN. 
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 Figure 3.9 31P-1H NMR HMBC experiment to assign 31P NMR spectrum of 3.10a-c. 

  

To determine the strength of the new organic electron donor (1.42), cyclic volt-

ammetry was carried out on the mixture of isomers 3.10a-c. A single reversible redox 

signal was observed with a E1/2 of -1.55 V vs. SCE (Figure 3.11), which is 210 mV low-

er than the corresponding triphenyliminophosphorano derivative (1.33, -1.34 V vs. 

SCE), and even 40 mV lower than the tricyclohexyliminophosphorano substituted 1.34 

(-1.51 V vs. SCE). This demonstrates the superior electron donor ability of the tri-

phenylphosphonium ylidyl group compared to related iminophosphorano groups. This 
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E1/2	(V	vs.	SCE)	

was quantified using the linear correlation between Hammett substituent constants (! p
+) 

and the reduction potential (E1/2) of the corresponding di-substituted BPY that has been 

previously established by our group (Figure 3.12).21 Extrapolation of the line of best fit 

to the observed E1/2 of -1.55 V vs. SCE leads to a ! p
+ value of -2.33 for the Ph3P=CH- 

functionality, which is lower than both Ph3P=N- (-1.82) and Cy3P=N- (-2.21). To the 

best of our knowledge, the result marks the triphenylphosphonium ylidyl group as the 

strongest neutral ! -donating substituent reported to date.  

 

 

Figure 3.10 Cyclic voltammogram of the mixture of isomers 3.10a-c in 0.1 M 

TBAPF6 in DMF.  
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 Figure 3.11 Correlation between the reduction potential of substituted BPYs and the 

corresponding Hammett substituent constants. 

 

In order to test the ability of 1.42 to act as an electron donor, it was assessed in 

the reduction of chlorophosphines (Scheme 3.3) to validate its use as an organic electron 

donor. Since it is not stronger than some of our other donors, rather than try to reduce 

more challenging compounds that we couldnÕt do before, instead we chose to reduce a 

substrate that we had never tried. The donor 1.42 was generated in situ by reacting 3.8 

with potassium bis(trimethylsilyl)amide (KHMDS) prior to the introduction of the sub-

strate. From 3.11, the formation of 3.12 was observed by 31P{1H} NMR with a change in 

chemical shift from 81.5 ppm to -14.4 ppm, which is in agreement with the literature 
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value of -13.6 ppm in C6D6 for 3.12.52 Additionally, the reduction of dichlorophospho-

ranes 3.13 (!: 103.6 ppm) and 3.15 (!: 62.4 ppm) to their corresponding free phosphines 

3.14 (!: -10.3 ppm) and 3.16 (δ: -4.71 ppm) was observed by 31P{1H} NMR. Although 

the reduced products 3.12, 3.14 and 3.16 were observed in their 31P{1H}  NMR of the 

reaction mixtures (>60% for 3.12 and 3.14, >30% for 3.16), attempts at isolation of the-

se compounds were not successful due to the formation of by-products that cannot be 

easily separated. Attempts for the reduction of chloro(di-tert-butyl)phosphine, dichloro-

phenylphosphine and the dichloroimidazolium 2.3 were attempted, however, the reac-

tions yielded indistinguishable products. Additionally, the oxidized BPY 3.10 is an iso-

lable by-product of the reactions. In the reaction with 3.11, it was isolated from the reac-

tion mixture in 51% yield as the three isomers 3.10a-c. The clean formation of 3.10a-c 

can be regarded as the first important step in the development of a project that involves 

using these organic reducing agents catalytically by regenerating 1.42 from 3.10a-c. 
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 Scheme 3.3 The reduction of various phosphines using 1.42 as an organic electron 

donor.
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3.3 Conclusions and Future Work 

 The first bispyridinylidene containing a phosphonium ylidyl substituent (1.42) 

was targeted and successfully synthesized, and it was found that phosphonium ylidyl 

groups (R3P=CH-) surpass the π-electron donating abilities of iminophosphorano groups 

(R3P=N-). The reduction potential for 1.42 (E1/2= -1.55 V vs. SCE) was determined us-

ing cyclic voltammetry, which was found to be lower than all currently known di-

substituted bispyridinylidenes, including the previous di-substituted record holder 1.34 

(E1/2= -1.51 V). Unfortunately, the reduction potential of 1.42 fell short of the tetra-

substituted derivative 1.35 (E1/2= -1.70 V). In addition to having a low reduction poten-

tial, the donor was also useful in determining a Hammett-type substituent constant for 

this substituent (Ph3P=CH-) by using a correlation that directly relates the Hammett sub-

stituent constant (σp
+) to the E1/2 of the corresponding substituted-BPY. Extrapolation 

from the E1/2 allowed for a Hammett-type substituent constant for the Ph3P=CH- group 

to be determined for the first time (σp
+= -2.33), which to our knowledge, is the most do-

nating neutral substituent known. The successful preparation of these new BPYs will 

expand the library of ORAs and should provide greater substrate scope in organic reduc-

tions. The utility of this new organic reductant can also be exhibited through its use in 

metal-free reductions. This new donor was successful in the reduction of chloro- and di-

chlorophosphines; however, the products have yet to be isolated. The ylidic substituents 

should be useful in other areas of chemistry as well due to their strong π-electron dona-

tion, which provides a new option as a superior alternative to amino groups. 
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With a new, stronger, π-electron donor substituent available, the possibility for 

future targets containing phosphonium ylidyl groups will be expanded. Changing the 

groups directly bound to phosphorus on the ylidic substituent (R3P=CH-) is expected to 

dramatically affect the reduction potential of the BPY donor, in a similar way that 

R3P=N- groups were shown to behave. Since tricyclohexylphosphine (PCy3) has a lower 

Tolman electronic parameter than triphenylphosphine (PPh3) (1943 and 1965 cm-1, re-

spectively),25 we expect that 3.22a (Scheme 3.4) should have an even lower reduction 

potential than 1.42 (-1.55 V vs. SCE).  More interestingly, there is also the potential to 

use the extremely strong π-electron donating phosphine (1.39c) in a phosphorus-carbon 

ylide ((NIiPr)3P=CH-) instead of an iminophosphorano ylide as seen in Chapter 2. Due 

to the superior donation of the phosphonium ylidyl substituent compared to its imino-

phosphorano counterparts, the substituted BPY (3.22b, Scheme 3.4) should result in an 

even stronger ORA compared to 1.40 (Chapter 2) and 1.42 (Chapter 3).  

The synthesis of these donors with varying R groups on the phosphine would be 

approached in a similar way to the synthesis of 1.42; however, some modifications 

would be necessary (Scheme 3.4). Work performed by Amar Bhardwaj (Chem 4000, 

2017) toward the synthesis of the tricyclohexylphosphonium ylidyl-substituted BPY 

(3.22a) revealed that the commercial pyridinium ion 3.17 must be deprotonated prior to 

the substitution of the phosphine. As more donating phosphines (lower TEPs) are used 

in the synthesis of these BPYs, their basicity is also increasing, which results in the nu-

cleophile deprotonating the pyridine nitrogen of 3.17 instead of fully substituting the 

chloride and forming the desired P-C bond. The deprotonated pyridinium 3.18 was easi-

ly prepared from 3.17 by using sodium hydroxide as a base. For the synthesis of the tri-
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cyclohexylphosphonium derivative, the tertiary phosphine (PCy3) was added to 3.18 to 

obtain 3.19a before alkylating the pyridine nitrogen, which results in 3.20a. The re-

mainder of pathway follows the previously established procedure for the preparation of 

1.42, where a methylene proton is deprotonated to form the ylidic group to make 3.21a 

before formation of the BPY 3.22a via deprotonation using KHMDS. The pathway us-

ing IAP 1.39c should follow the same pathway in the synthesis of 3.22b. Upon the suc-

cessful preparation of 3.22a-b, their reduction potentials could be measured using CV to 

determine their strength in relation to previous derivatives. 

 

 

 

 

 

 

 

 

 

 

Scheme 3.4 Proposed pathway toward stronger di-substituted BPYs by varying R on 

phosphorus. 
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Similar to the future work in Chapter 2, the triphenylphosphonium or tricyclo-

hexylphosphonium ylidyl substituents could also be incorporated into a tetra-substituted 

BPY scaffold (3.23c and 3.23a, respectively, Figure 3.13). Knowing that the phospho-

nium ylidyl substituents are stronger donors than iminophosphorano groups, the tetra-

substituted phosphonium ylidyl BPYs should have reduction potentials that are lower 

than E1/2= -1.70 V vs. SCE for compound 1.35. Additionally, if a phosphonium ylidyl 

substituent were derived using phosphine 1.39c, its substitution on the tetra-substituted 

scaffold (3.23b) should result in the strongest possible ORA to be synthesized with our 

current knowledge. 

 

 

 

 

  

 Figure 3.12 Possible targets incorporating phosphonium ylidyl substituents onto the 

tetra-substituted BPY scaffold.  

  

 

NN

R3P PR3

PR3R3P

 R= Cy (3.23a)
           NIiPr (3.23b)

       Ph (3.23c)



 

 

 

73 

Chapter 4: Summary and Future Work  

4.1 Summary 

 The field of organic reducing agents has made significant advances since the ini-

tial use of TDAE as an organic electron donor in 1962.53 Its discovery led to the investi-

gation of new scaffolds containing electron-rich alkenes and eventually, Murphy pub-

lished the first bispyridinylidene.11 The tunability of the scaffold allowed for our group 

to investigate the use of strong π-electron donors, such as iminophosphorano groups 

(R3P=N-), on the BPY scaffold. Introduction of the Ph3P=N- group in the 4 and 4’ posi-

tions of the BPY (1.33, E1/2= -1.34 V vs. SCE) resulted in a significant decrease in re-

duction potential compared to Murphy’s derivative 1.22 (E1/2= -1.24 V vs. SCE). Even 

more interestingly, when changing the R group directly on the phosphorus to a stronger 

electron donor, it dramatically affects the reduction potential of the BPY. For example, 

when using the tricyclohexyliminophosphorano group (Cy3P=N-) instead of the tri-

phenyliminophosphorano group (Ph3P=N-), the reduction potential decreased by 170 

mV. Additionally, our group synthesized the first tetra-substituted iminophosphorano 

BPY, which is the current record holder for all ORAs (1.35, E1/2= -1.70 V vs. SCE). 

 The preparation of phosphine 1.39c with the lowest TEP value ever reported was 

successful, and it was incorporated onto a pyridine ring to form the ylidic iminophos-

phorano group ((NIiPr)3P=N-). The goal of validating the predictive use of the correla-

tion between Tolman electronic parameter of the R3P groups and the reduction potential 

of the corresponding BPY (Figure 1.12) remains, and the synthesis of 1.40 would result 

in an extremely powerful organic reducing agent. This new substituent has the potential 
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to be used in the making of several new BPYs due to its extremely strong π-electron do-

nating character. If the predicted E1/2 of the substituted BPY (1.40) is accurate, the cor-

responding Hammett constant for the (NIiPr)3P=N- group should result in the strongest 

substituent to date (σp
+= -3.14 (predicted)).  

Moving beyond iminophosphorano groups, we found that phosphonium ylidyl 

groups (R3P=CH-) are strong π-electron donors. The reduction potential for the first 

phosphonium ylidyl substituted BPY 1.42 was -1.55 V vs. SCE, which is 240 mV lower 

than its iminophosphorano counterpart (1.33, E1/2= -1.34 V vs. SCE), and even 40 mV 

stronger than the previous di-substituted record holder 1.34 (E1/2= -1.51 V). By combin-

ing the findings from both Chapters 2 and 3, where a new phosphonium ylidyl subsitu-

ent would contain phosphine 1.39c, should result in the strongest π-electron donating 

substituent ever ((NIiPr)3P=CH-). The use of this new substituent will be useful in the 

making of new bispyridinylidenes, but could also be incorporated into new parent struc-

tures that we plan to investigate.  

 

4.2 Future Work   

Despite our advancements in the development of bispyridinylidenes with lower 

reduction potentials, there remains the need for even stronger donors in order to reach 

the reducing strength of commonly used metal and metal-based reducing agents. With 

this in mind, we have not only targeted new iminophosphorano derivatives, such as the 

iminophosphorano group containing phosphine 1.39c, but we have also begun to inves-

tigate other ylidic groups, such as phosphonium ylidyl groups, to further grow the field. 
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The suggested targets outlined in the future work sections in Chapters 2 and 3 are all 

based on the bispyridinylidene scaffold; however, these compounds are not only chal-

lenging to synthesize, but they also have very high molecular weights which necessitates 

a large amount of the ORA in its application as a reductant. In order for these BPYs to 

continue to be useful an efficient, a catalytic process will need to be designed (Figure 

4.1). By using a sub-stochiometric amount of organic reducing agent (ORA) that effects 

a reduction of the organic substrate, the ORA can be regenerated from its oxidized form 

(ORA2+) using a sacrificial electron donor (SD). 

 

 

 

 

 

  

 Figure 4.1 Catalytic cycle showing the regeneration of the ORA using a sacrificial 

electron donor following the reduction of an organic substrate. 

 

Beyond bispyridinylidenes, we are interested in moving toward scaffolds that are 

easier to make, cheaper and require fewer synthetic steps, but that still contain some of 

the strong substituents that we have investigated previously. Some examples are out-

lined in Figure 4.2, where an electron rich alkene remains key in the design of strong 
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donors. Compounds 4.1a-e and 4.2a-e are new scaffolds that are expected to have low 

redox potentials for a two-electron oxidation. Additionally, we are inspired by the work 

of Eberle et al who synthesized di-, tetra- and hexa- guanidino substituted benzene de-

rivatives, where an increasing amount of substitution results in lower reduction poten-

tials. With this knowledge, hexa-substituted benzene derivatives containing even strong-

er π-donors should result in a four-electron donor with a low reduction potential.54  

 

  

 

 

 

 

 Figure 4.2 New scaffolds containing electron rich alkenes. 

 

The development of neutral organic reducing agents has progressed significantly 

since the discovery of TDAE. We will continue our aim in making bispyridinylidenes 

with lower reduction potentials through the use of stronger π-donating substituents for 

both the di- and tetra- substituted species; however, we may realize the limit of the re-

dox potential for this scaffold once these donors have been synthesized, so new parent 

structures should be investigated. Moving forward, we will target new derivatives that 

require fewer synthetic steps, which should allow us to expand our library of neutral or-
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ganic reducing agents more easily and hopefully, continue to fill in the gap between the 

reduction potentials of metals and ORAs. Since the new parent structures in Figure 4.2 

will require strongly π-donating substituents as seen with the bispyridinylidene scaffold, 

the findings in this thesis will be key to many future projects. The use of both the 

iminophosphorano substituent ((NIiPr)3P=N-) containing the guanidine-based phosphine 

1.39c, as well as phosphonium ylidyl substituents (R3P=CH-) will allow us to synthesize 

the strongest derivatives from the new parent structures. Additionally, the development 

of new organic electron donors could potentially offer new discoveries in the selectivity 

and reactivity of these ORAs when used in various reductions of organic substrates. 

With new donors in hand, we will be able to continue to expand the substrate scope and 

continue to push the limits for organic reducing agents.  
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Chapter 5: Experimental Procedures 

5.1 General Considerations 

All air and moisture sensitive reactions were performed under inert argon 

atmosphere using standard Schlenk line techniques or an Innovative Technology 

glovebox in oven or flame-dried glassware. All reaction solvents were dried with a Seca 

solvent purification system, degassed and stored over 4 Å molecular sieves under argon 

atmosphere. Deuterated solvents (CDCl3 and C6D6) used for air and moisture senstitive 

compounds and experiments were dried over calcium hydride, degassed and stored over 

4 Å molecular sieves under an argon atmosphere. For non-sensitive reactions, CDCl3 

and CD3CN were used as supplied without further purification. All isolated compounds 

were dried under vacuum at room temperature unless otherwise stated. Reactions cooled 

to -36°C were cooled in a glovebox freezer.  

 

5.2 Chemical Reagents Used in Syntheses 

Maleic anhydride (99%), tricyclohexyl phosphine (>94%), trimethylsilyl azide 

(95%), phosphorus oxychloride (99%), phosphorus pentachloride (96%), oxalyl chloride 

(96%), 3-hydroxybutanone (98%), potassium tert-butoxide (98%), potassium 

bis(trimethylsilyl)amide (95%), 4-aminopyridine (98%), tetrabutylammonium hexaflu-

rophosphate (99%) and 1,3-diisopropyl-2-thiourea (99%) were purchased from Sigma 

Aldrich and used without further purification. Phosphorus trichloride (99%) that was 

purchased from Sigma Aldrich was distilled and stored under inert atmosphere. Bromine 
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(99.8%), 4-(methylchloropyridine) hydrochloride (98%), triphenylphosphine (99%), io-

domethane (99%) and hexachloroethane (99%) were all purchased from Alfa Aesar and 

used without further purification. Triethylamine (99%), 1,8-Diazabicyclo(5.4.0)undec-7-

ene (99%) and chlorodiphenylphosphine (97%) were purchased from Alfa Aesar and 

distilled under inert atmosphere prior to use. Ammonium hydroxide was purchased from 

EMD Millipore. Lithium hexafluorophosphate was purchased from Novolyte Technolo-

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

and recrystallized from hexanes before use. Potassium metal was purchased from Alfa 

Aesar and used without further purification. Sodium hydride (60%) was purchased from 

Sigma Aldrich and washed with hexanes prior to use. 

 

5.3 Standard Analyses 

Phosphorus (31P) NMR spectra were recorded on a Varian UNITY INOVA 300 

MHz at 121.4 MHz at 25°C. All 31P NMR were externally referenced to 85% 

phosphoric acid (H3PO4) at δ 0 ppm. Proton (1H) NMR were recorded on a Varian 

UNITY INOVA 300 MHz spectrometer or a 400 MHz Varian UNITY spectrometer at 

25°C. Deuterated solvents were referenced internally (C6D6: 1H, δ= 7.16, CDCl3: 1H, δ= 

7.26; CD3CN: 1H, δ= 1.94). Carbon (13C) NMR were recorded on a 400 MHz Varian 

UNITY spectrometer at 101 MHz at 25°C. Deuterated solvents were referenced 

internally (C6D6: 13C, δ= 128.06, CDCl3: 13C, δ= 77.16; CD3CN: 13C, δ= 1.32 and 

118.26). Chemical shifts are reported in parts per million (ppm), and multiplicties were 

abbreviated to: singlet (s), doublet (d), septet (sept), doublet of doublets (dd) and 
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multiplet (m). All coupling constants were reported in Hz. Two dimensional NMR 

(COSY, NOESY and HSQC) were recorded on a Varian UNITY INOVA 400 MHz. 

31P-1H HMBC experiments were recorded on a 300 MHz spectrometer. High resolution 

mass spectroscopy were recorded at the Mass Spectroscopy Lab at Dalhousie 

University, Halifax, NS, Canada. The spectra were recorded using electrospray 

ionization (ESI) techniques in the positive ion mode. Melting points were obtained 

experimentally using a Digimelt 160, which is limited to a maximum temperature of 

260°C. 

 

5.4 Electrochemistry 

Cyclic voltammograms were recorded using a Biologic SP150 potentiostat. The 

standard three electrode system included a working electrode (platinum disk, 0.07 cm2), 

a counter electrode (platinum wire, 5 cm) and an Ag/Ag+ reference electrode (0.01 M 

AgNO3) in 0.1 M solution of tetrabutylammonium hexafluorophosphate (TBAPF6) in 

DMF with an interal ferrocene reference with a scan rate of 50 mV/s.The 

electrochemical experiments were preformed in a Innovative Technology Glovebox 

under inert argon atmosphere. All reduction potentials were converted to the Standard 

Calomel Electrode (SCE) using the formal potential of Fc/Fc+ in DMF of 0.45 V vs. 

SCE in 0.1 M TBAPF6 electrolyte.55 
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5.5 Experimental Procedures for Chapter 2  

 

Synthesis of thione 2.2 

 

 

Compound 2.2 was prepared following literature procedures.20 Acetoin (9.697 g, 110.0 

mmol) was added to a suspended solution of 1,3-diisopropyl-2-thiourea (16.048 g, 100.0 

mmol) in 1-pentanol (65 mL). The bright yellow mixture was heated to reflux for 24 

hours using a Dean Stark apparatus. The dark orange reaction mixture was allowed to 

cool to room temperature before further cooling in the freezer overnight. The crystals 

was isolated via vacuum filtration and washed three times with cold methanol (3 × 30 

mL) yielding opaque crystals. (17.488 g, 87%). 1H and 13C NMR were in agreement 

with literature reports.20  
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Synthesis of alkylated thione 2.4 

 

 

Iodomethane (0.340 g, 2.40 mmol) was added dropwise to a solution of 2.2 (0.402 g, 

2.01 mmol) in acetonitrile (15 mL) at 0°C. Once warmed to room temperature, the reac-

tion mixture was heated to reflux at 85°C for 1.5 hours. The solvent was removed in 

vacuo and the white solid was dried under vacuum in an oil bath for 20 minutes at 65°C. 

(0.454 g, 64%), mp: 198.7-202.5°C. 1H NMR  (400 MHz, CDCl3): δ 1.72 (d, 12H, CH3-

iPr, 3JHH= 8 Hz), 2.43 (s, 6H, CH3-guan), 2.70 (s, 3H, CH3), 5.25 (sept, 2H, CH-iPr, 

3JHH= 8 Hz). 13C NMR  (101 MHz, CDCl3): δ 11.2 (s, CH3-guan), 21.84 (1 CH3-S), 21.82 

(s, CH3-iPr), 53.0 (CH-iPr), 130.1 (CCH3-guan), 136.4 (Cquat-S).  
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Synthesis of carbene 2.6 

 

 

Compound 2.6 was prepared following a modified procedure.20 Potassium metal (8.679 

g, 240.4 mmol) was added in chunks to a solution of 2.2 (20.090 g, 94.60 mmol) at 0°C 

in THF (250 mL). The mixture was heated to reflux for four hours, yielding a purple 

cloudy mixture with potassium beads. The reaction was stirred vigorously overnight at 

room temperature, resulting in a light blue cloudy mixture with one chunk of potassium. 

The mixture was filtered over celite to remove excess potassium and K2S salts, yielding 

a pale yellow filtrate. The solvent was removed in vacuo, yielding an off white solid. 

The carbene was dried under vacuum for an hour (12.820 g, 81%). 1H and 13C NMR da-

ta were in agreement with the literature reports.30  

2.6

N N
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Synthesis of dichloro- imidazole  2.3 

 

 

Compound 2.3 was prepared following a modified literature procedure.20 Carbene 2.6 

(0.272 g, 1.62 mmol) was cooled in toluene (10 mL) to -36°C before the addition of 

hexachloroethane (0.383 g, 1.62 mmol). A white solid precipitated instantaneously and 

the reaction was stirred for 3 hours. The solid was separated from the mixture via vacu-

um filtration and washed with diethyl ether (10 mL). Residual solvents were removed in 

vacuo (0.296 g, 73%). 1H and 13C NMR were in agreement with literature reports.20 
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Synthesis of TMS guanidine 2.7 

 

 

Compound 2.7 was prepared following literature procedures.32 Azidotrimethylsilane 

(2.49 g, 21.6 mmol) was added to a cloudy mixture of 2.6 (2.90 g, 17.3 mmol) in tolu-

ene (36 mL). The bright yellow solution was heated to reflux for 19 hours, resulting in a 

dark yellow reaction mixture. The product was cannula filtered and the solvent was re-

moved in vacuo, yielding a yellow oil (3.800 g, 82%). 1H and 13C NMR were in agree-

ment with literature reports.32 

 

Note: In order to avoid the formation of toxic hydrazoic acid, the following procedure 

was carried out. Excess azidotrimethylsilane (0.497 g, 4.31 mmol) was heated at 60°C 

with maleic anhydride (0.665 g, 6.78 mmol) in toluene (20 mL) overnight, which can be 

safely discarded in non-halogenated waste. 
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Synthesis of protonated phosphonium 2.8 

 

 

Compound 2.8 was prepared following a modified literature procedure.29 TMS guani-

dine 2.7 (8.600 g, 32.2 mmol) was dissolved in THF and cooled to 0°C. Phosphorus tri-

chloride (0.632 g, 4.60 mmol) was added dropwise to the cooled solution and stirred 

overnight at room temperature. The mixture was concentrated (~4 mL) and a solid pre-

cipitated using diethyl ether (80 mL). Fast stirring in ether for an hour yielded a free 

flowing powder. The off-white solid was filtered and residual solvent was removed in 

vacuo for two hours (1.368 g, 46%). 31P and 1H NMR were in agreement with literature 

reports.29   
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Synthesis of dichloro- phosphonium 2.9 

 

 

KOtBu (0.306 g, 2.73 mmol) was added to a suspended mixture of 2.8 (1.360 g, 2.10 

mmol) in toluene (50 mL) cooled to -36°C. The reaction mixture was stirred at room 

temperature for 2 hours before removing the salts via vacuum filtration. The filtrate was 

cooled to -36°C again before the addition of hexachloroethane (0.544 g, 2.30 mmol) in 

situ. Solvents were removed in vacuo for two hours, yielding a pale brown solid. 

(1.3421 g, 94%) mp: 150.1°C (decomp) 31P NMR (121 MHz, CDCl3): δ -21.1 (s, 1P). 

1H NMR  (400 MHz, CDCl3): δ 1.39 (d, CH3-iPr, 3JHH= 8 Hz), 2.21 (s, CH3 guan), 5.03 

(sept, CH-iPr, 3JHH= 8 Hz). 13C NMR  (101 MHz, CDCl3): δ 10.1 (s, CH3-guan)), 21.5 

(s, CH3-iPr), 47.5 (s, CH-iPr), 119.1 (s, CCH3 guan), 144.3 (s, C-N guan). HRMS 

(ESI+): m/z calculated for C33H60N9ClP+: 648.4392 [M+1] found: 648.4417 
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Synthesis of protonated pyridinium 2.10 

 

 

4-aminopyridine (0.060 g, 0.64 mmol) and triethylamine (0.129 g, 1.25 mmol) were 

added to a mixture of 2.9 (0.435 g, 0.64 mmol) in chloroform (10 mL). The mixture was 

stirred at room temperature for three days. LiPF6 (0.097 g, 0.64 mmol) was added to the 

reaction mixture and was stirred for an additional 30 minutes. The reaction mixture was 

extracted with water (10 mL), and the aqueous phase was sequentially washed with 3 

portions of chloroform (3 × 5 mL). After drying the organic phase over MgSO4, vacuum 

filtration was performed to collect the filtrate, and the solvent was removed in vacuo 

resulting in a brown oily product. Diethyl ether (30 mL) was added to precipitate the 

product, which resulted in a pale brown solid that was collect via vacuum filtration 

(0.238 g was isolated of the product-oxide mixture, 0.179 g of the mixture is product by 

1H NMR integration). The remaining phosphine oxide could not be removed from the 

sample due to its similar solubility to the product. The following data is for the product 

only. 31P NMR (121 MHz, CDCl3): δ -31.8 (s, 1P). 1H NMR  (400 MHz, CDCl3): δ 1.30 

(d, 36H, CH3-iPr, 3JHH= 8 Hz), 2.19 (s, 18H, CH3-guan), 4.69 (sept, 6H, CH-iPr, 3JHH= 8 

Hz). 13C NMR  (101 MHz, CDCl3): δ 10.2 (s, CH3-guan), 21.4 (s, CH3-iPr), 47.8 (s, CH-

N

N
P(NIiPr)3
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iPr), 110.8 (s, PyrH meta), 119.3 (s, CCH3), 139.2 (s, PyrH ortho), 142.8 (s, PyrH para), 

160.4 (s, C-N guan). HRMS (ESI+): m/z calculated for C38H65N11P+: 706.5157 [M+1] 

found: 706.5151. 



 

 

 

90 

Synthesis of alkylated 4-aminopyridinium 2.16 

 

 

Compound 2.16 was prepared following a literature procedure.33 4-aminopyridine 

(0.660 g, 7.01 mmol) was fully dissolved in acetone (40 mL). Iodomethane (2.986 g, 

21.0 mmol) was added to the solution and a white precipitate formed instantaneously. 

The reaction mixture was stirred for 30 minutes before the solid was separated via 

vacuum filtration and washed with diethyl ether (2 × 25 mL). The solid was dried under 

vacuum for 1 hour to remove any residual solvents. (1.353 g, 82%), m.p: exp 187.5-

188.8°C, lit 179-182°C.33 1H NMR  (400 MHz, CD3CN): δ 3.52 (s, 3H, CH3), 6.42 (s 

(broad), 2H, NH2), 6.59 (d, 2H, PyrH meta, 3JHH= 8 Hz), 7.53 (d, 2H, PyrH ortho, 3JHH= 

8 Hz). 13C NMR  (101 MHz, CD3CN): δ 41.34 (s, CH3), 112.87 (s, PyrC meta, CH3), 

137.14 (s, PyrC ortho), 163.59 (s, PyrC para). 
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Synthesis of imine 2.17 

 

 

Potassium tert-butoxide (0.541 g, 4.82 mmol) was added to a solution of 2.16 (0.948 g, 

4.00 mmol) in benzene (30 mL). The cloudy white solution was left to stir overnight. 

The resulting bright yellow reaction mixture was filtered and the solvent was evaporated 

from the filtrate in vacuo, resulting in a yellow solid. (0.389 g, 90%), mp: 197.8-

100.0°C.  1H NMR  (400 MHz, CD3CN): δ 3.29 (s, 3H, CH3), 5.79 (d, 2H, PyrH meta, 

3JHH= 8 Hz), 6.71 (d, 2H, PyrH ortho, 3JHH= 8 Hz). 13C NMR  (101 MHz, CD3CN): δ 

44.52 (s, CH3), 109.41 (s, PyrC meta, CH3), 143.37 (s, PyrC ortho), 186.35 (s, PyrC pa-

ra). 
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Synthesis of alkylated pyridinium 2.18 

 

 

A mixture of 2.17 (0.064 g, 5.9 mmol) and 2.9 (0.201 g, 2.9 mmol) were added to a 

sealed Schlenk bulb in dry acetonitrile and heated at 84°C overnight. The dark brown 

mixture was vacuum filtered to remove the 2.16 salt. Diethyl ether (30 mL) was added 

to the filtrate to precipitate other by-products, which were separated via a second vacu-

um filtration. The solvents were removed in vacuo from the resulting filtrate, which 

yielded a red/orange oil. The resultant oil is a mixture of product 2.18 and phosphine 

oxide 2.14, which was not successfully removed from the mixture (0.205 g was isolated 

of the product-oxide mixture, 0.161 g of the mixture is product by 1H NMR integration). 

The following data is for the product only. 31P NMR (121 MHz, CDCl3): δ -16.9 (s, 1P). 

1H NMR  (400 MHz, CDCl3): δ 1.23 (d, 36H, CH3-iPr, 3JHH= 8 Hz), 2.09 (s, 18H, CH3-

guan), 3.71 (s, 3H, CH3-pyr) 4.94 (sept, 6H, CH-iPr, 3JHH= 8 Hz). 13C NMR  (101 MHz, 

CDCl3): δ 10.1 (s, CH3-guan), 21.6 (s, CH3-iPr), 43.5 (s, CH3-pyr), 46.4 (s, CH-iPr), 

110.0 (s, PyrH meta), 117.0 (s, CCH3), 138.5 (s, PyrH ortho), 145.5 (s, PyrH para), 
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160.6 (s, C-N guan). HRMS (ESI+): m/z calculated for C38H65N11P+: 720.5313 [M+1] 

found: 720.7301.  
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Synthesis of phosphine oxide 2.14 

 

 

 

 

Dichlorophosphine 2.9 (0.049 g, 0.072 mmol) was stirred in chloroform (2 mL) and 2 

drops each of water and triethylamine were added. The mixture was stirred overnight 

and full conversion to the phosphine oxide was observed by NMR spectroscopy. 31P 

NMR  (121 MHz, CDCl3): δ -12.2 ppm (s, 1P). 1H NMR  (400 MHz, CDCl3): δ 1.39 (d, 

CH3-iPr, 3JHH= 6 Hz), 2.18 (s, CCH3 guan), 5.31 (sept, CH-iPR, 3JHH= 6 Hz). 13C NMR  

(101 MHz, CDCl3): δ 10.0 (s, CH3-guan)), 21.6 (s, CH3-iPr), 47.3 (s, CH-iPr), 118.3 (s, 

CCH3 guan), 144.8 (s, C-N guan). 
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5.6 Experimental Procedures for Chapter 3 

 

Synthesis of protonated pyridinium 3.5 

 

 

Triphenylphosphine (6.480 g, 24.8 mmol) was added to a suspension of 4-

(methylchloro)pyridine hydrochloride (4.064 g, 24.8 mmol) in acetonitrile (50 mL). The 

mixture was heated to reflux for 24 hours open to air. The solid was separated via vacu-

um filtration and washed with cold diethyl ether (3 × 25 mL). The off white solid was 

dried under vacuum for 30 minutes, (9.193 g, 87%). mp: 213°C (decomp). 31P NMR 

(121 MHz, CDCl3): δ 26.0 (s, -PPh3). 1H NMR  (300 MHz, CDCl3): δ 6.74 (d, 2H, CH2, 

2JPH= 17.3 Hz), 7.55-7.62 (m, 6H, C6H5), 7.77-7.84 (m, 9H, C6H5), 8.20 (dd, 2H, PyrH 

meta, 3JHH= 6.5, 4JPH= 2.0 Hz), 8.41 (d, 2H, PyrH ortho, 3JHH= 6.5 Hz); 13C NMR (101 

MHz, CD3CN): δ 30.0 (d, CH2, 1JPC= 55.6 Hz), 116.3 (d, C6H5 ipso, 1JPC= 87.9 Hz), 

130.2 (d, PyrC meta, 3JPC= 4.0 Hz), 130.5 (d, C6H5, 2JPC= 12.1 Hz), 134.3 (d, C6H5, 3JPC= 

11.1 Hz), 135.8 (d, C6H5, 4JPC= 3.0 Hz), 140.3 (d, PyrC ortho, 4JPC= 1.0 Hz). Quaternary 

carbon (PyrC para) was not observed.  
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Synthesis of pyridinium 3.6 

 

       

Potassium tert-butoxide (2.651 g, 23.8 mmol) was added to a suspended solution of 3.5 

(9.193 g, 21.6 mmol) in diethyl ether (40 mL) at 0°C. The ice bath was removed and the 

reaction was stirred for four hours before the solid was collected by filtration and 

washed with diethyl ether (15 mL). The yellow solid was dissolved in water (50 mL) 

and a solution of LiPF6 (3.599 g, 23.7 mmol) in water (5 mL) was added. After stirring 

for 1.5 hours, the off-white precipitate was collected by filtration and washed with water 

(20 mL), 2-propanol (20 mL) and diethyl ether (15 mL). The solid was dried under vac-

uum for 30 minutes, (9.525 g, 88%). mp: 190.0-193.7°C. 31P NMR (121 MHz, 

CD3CN): δ 23.8 (s, -PPh3), -143.6 (sept, PF6
-). 1H NMR  (300 MHz, CD3CN): δ 4.67 (d, 

2H, CH2, 2JPH= 15.6 Hz), 6.94 (dd, 2H, PyrH meta, 3JHH= 6.5, 4JPH= 2.3 Hz), 7.59-7.71 

(m, 6H, C6H5), 7.72-7.76 (m, 6H, C6H5), 7.89-7.95 (m, 3H, C6H5), 8.43 (d, 2H, PyrH 

ortho, 3JHH= 6.5 Hz). 13C NMR (101 MHz, CD3CN): δ 30.7 (d, CH2, 1JPC= 49.5 Hz), 

117.3 (d, C6H5 ipso, 1JPC= 87.9 Hz), 129.1 (d, PyrC meta, 3JPC= 4.0 Hz), 131.5 (d, C6H5, 

2JPC= 13.1 Hz), 135.2 (d, C6H5, 3JPC= 10.1 Hz), 136.8 (d, C6H5, 4JPC= 3.0 Hz), 145.9 (d, 

PyrC ortho, 4JPC= 3.0 Hz), 146.0 (d, PyrC para, 2JPC= 20.2 Hz).  
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Synthesis of  alkylated pyridinium 3.7 

 

 

 

Iodomethane (1.300 g, 9.16 mmol) was added to a solution of 3.6 (3.809 g, 7.63 mmol) 

in acetonitrile (40 mL). The tan suspension was stirred for 3 days at room temperature, 

resulting in a cloudy yellow mixture. The solvent was removed in vacuo to yield a crude 

yellow solid before the addition of water (20 mL) and acetonitrile (3 mL). LiPF6 (1.739 

g, 11.4 mmol) was added and the mixture was heated at 70°C for 2.5 hours, cooled to 

room temperature, and put in the freezer at -15°C for 45 minutes. The reaction mixture 

was filtered and the precipitate was washed with cold water (10 mL), cold 2-propanol 

(10 mL) and cold diethyl ether (10 mL) resulting in an off-white solid that was dried un-

der vacuum for 30 minutes, (4.396 g, 87%), mp: 242.4°C (decomp). 31P NMR (121 

MHz, CD3CN): δ 24.8 (s,  -PPh3), -143.2 (sept,  PF6
-). 1H NMR  (300 MHz, CD3CN): δ 

4.23 (s, 3H, CH3), 4.91 (d, 2H, CH2, 2JPH= 16.5 Hz), 7.51 (d, 2H, PyrH meta, 3JHH= 5.9 

Hz), 7.60-7.65 (m, 6H, C6H5), 7.72-7.76 (m, 6H, C6H5), 7.95 (m, 3H, C6H5), 8.42 (d, 

2H, PyrH ortho, 3JHH= 5.9 Hz). 13C NMR (101 MHz, CD3CN): δ 30.8 (d, CH2, 1JPC= 

48.8 Hz), 49.3 (s, CH3), 116.9 (d, C6H5 ipso, 1JPC= 87.2 Hz), 130.8 (s, PyrC meta), 131.5 
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(s, C6H5), 135.4 (s, C6H5), 136.9 (s, C6H5 para), 146.5 (s, PyrC ortho), 149.2 (d, PyrC 

para, 2JPC= 7.4 Hz). X-ray crystal structure data available (See Appendix D). 
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Synthesis of pyridinium ylide 3.8 

 

 

Potassium bis(trimetylsilyl)amide (0.534 g, 2.68 mmol) was dissolved in acetonitrile (20 

mL) and added to 3.7 (1.726 g, 2.62 mmol) suspended in acetonitrile (20 mL) at -36°C. 

The reaction mixture was allowed to warm while stirring for 4 hours at room tempera-

ture. The reaction mixture was concentrated (5mL) and diethyl ether (120 mL) was add-

ed to precipitate the product. The off white solid was filtered and washed with water (2 

× 10 mL), 2-propanol (10 mL), diethyl ether (2 × 15 mL) and dried under vacuum, 

(1.104 g, 83%), mp: 206°C (decomp). 31P NMR (121 MHz, CD3CN): δ 13.5 (s,  -PPh3), 

-143.2 (sept, PF6
-). 1H NMR  (300 MHz, CD3CN): δ 3.91 (s, 3H, CH3), 4.60 (d, 1H, CH, 

2JPH= 18.2 Hz), 6.20 (dd, 1H, PyrH meta, 3JHH= 7.4, 4JPH= 2.7 Hz), 7.10 (m, 1H, PyrH 

meta), 7.31 (m, 1H, PyrH ortho), 7.55 (m, 1H, PyrH ortho), 7.62-7.81 (m, 15H, C6H5). 

13C NMR (101 MHz, CD3CN): δ 43.8 (s, 1C, CH3), 57.2 (d, 1C, CH, 1JPC= 114.3 Hz), 

111.53 (d, 1C, PyrC meta, 3JPC= 8.0 Hz), 117.9 (d, 1C, PyrC meta, 3JPC= 8.0 Hz), 124.4 

(d, 3C, C6H5, 1JPC= 90.2 Hz), 130.79 (d, 6C, C6H5 ortho, 2JPC= 12.6 Hz), 133.9 (d, 6C, 

C6H5 meta, 3JPC= 10.2 Hz), 134.6 (d, 3C, C6H5 para, 4JPC= 3.0 Hz), 138.7 (d, 1C, PyrC 

ortho, 4JPC= 3.0 Hz), 139.7 (s, 1C, PyrC ortho), 156.6 (d, 1C, PyrC para, 2JPC= 6.7 Hz). 
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HRMS (ESI+): m/z calculated for C25H23NP+: 368.1563 [M+1] found: 368.1549. X-ray 

crystal structure data available (See Appendix D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

101 

Synthesis of bispyridinylidene 1.42 

 

 

Potassium bis(trimetylsilyl)amide (0.0065 g, 0.0326 mmol) was added to a suspension 

of 3.8 (0.0120 g, 0.0234 mol) in C6D6 (1 mL) in a J. Young tube. The navy blue reaction 

mixture was inverted to mix and immediately analyzed by NMR spectroscopy. 31P 

NMR  (121 MHz, C6D6): Z Isomer: δ 5.8. E Isomer: δ 6.2. 1H NMR  (400 MHz, C6D6): 

Z Isomer: δ 2.22 (d, 1H, CH, 2JPH= 18.9 Hz), 2.51 (s, 6H, CH3), 5.19 (dd, 1H, PyrH, 

3,4JHH= 7.1, 1.8 Hz), 5.60 (d, 1H, PyrH, 4JHH= 1.8 Hz), 5.81 (d, 1H, PyrH ortho, 3JHH= 

7.1 Hz), 6.95-7.04 (m, 24H, C6H5), 7.67-7.75 (m, 6H, C6H5). E Isomer: δ 2.17 (d, 1H, 

CH, 2JPH= 20.0 Hz), 2.27 (s, 6H, CH3), 5.34 (d, 1H, PyrH, 4JHH= 7.1, 1.9 Hz), 5.40 (dd, 

1H, PyrH, 3,4JHH= 7.1, 1.9 Hz), 5.81 (d, 1H, PyrH ortho, 3JHH= 7.1 Hz), 6.95-7.04 (m, 

24H, C6H5), 7.67-7.75 (m, 6H, C6H5).  
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Synthesis of bispyridinylidene 1.42 with KPF6 salts 

 

 

The BPY 1.42 could only be isolated as a solid in the presence of the KPF6 by-product. 

When potassium bis(trimetylsilyl)amide (0.049 g, 0.245 mmol) was added to a suspen-

sion of 3.8 (0.126 g, 0.245 mmol) in diethyl ether (10 mL) a navy blue solid precipitated 

from the reaction mixture which was isolated via vacuum filtration and the resulting na-

vy blue solid was dried under vacuum for 30 minutes. (0.089 g, 99.2%), mp: 150.2°C 

(decomp.).  The solid was stable in an inert atmosphere for over 2 weeks, however, it 

was found to be unstable in solution for extended periods of time, therefore hindering 

the ability to obtain a 13C NMR. The 31P and 1H NMR spectra matched the reported val-

ues for the KPF6-free compound. 

N N

PPh3Ph3P

1.42 . 2 KPF6
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Synthesis of oxidized bispyridinylidene 3.10a-c 

 

 

Potassium bis(trimetylsilyl)amide (0.102 g, 0.51 mmol) was added to 3.8 (0.294 g, 0.57 

mmol) suspended in benzene (15 mL). The navy blue reaction mixture containing 1.42 

was stirred for one hour before hexachloroethane (0.271 g, 1.15 mmol) and LiPF6 (0.348 

g, 2.29 mmol) were added simultaneously. The reaction mixture was stirred overnight. 

The solvent was decanted and dichloromethane (40 mL) was added to dissolve the solid. 

The organic layer was extracted with water (3 × 20 mL) and the combined aqueous frac-

tions were washed with dichloromethane (3 × 10 mL). The organic layers were com-

bined and dried over magnesium sulfate, which was subsequently removed by vacuum 

filtration. The filtrate was concentrated (to ~3 mL) and the product was precipitated with 

diethyl ether (40 mL). The solvent was removed in vacuo and the resulting orange solid 

was dried under vacuum for three hours, (0.188 g, 39%) mp: 170.4°C (decomp.). E1/2= -

1.55 V vs. SCE. 31P NMR (121 MHz, CD3CN): E/Z Isomer: δ 13.86, 13.37, E/E Iso-

mer: δ 13.43, Z/Z Isomer: δ 13.16. 1H NMR  (300 MHz, CD3CN): E/Z Isomer: δ 3.05 

(s, 3H, CH3), 3.33 (s, 3H, CH3), 4.22 (d, 1H, CH, 2JPH= 17.9 Hz), 4.48 (d, 1H, CH, 2JPH= 

17.6 Hz), 5.69 (d, 1H, PyrH, 3JHH= 2.7 Hz), 5.71 (dd, 2H, PyrH, 3JHH= 7.5, 2.7 Hz ), 

6.20 (d, 1H, PyrH, 3JHH= 2.7 Hz), 6.76 (dd, 1H, PyrH, 3JHH= 7.5, 2.7 Hz), 6.82 (d, 1H, 

N N

PPh3Ph3P

PF6 PF6

3.10a-c
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PyrH, 3JHH= 7.5 Hz), 7.25 (dd, 1H, PyrH, 3JHH= 7.5, 2.1 Hz), 7.60-7.82 (m, 30H, C6H5), 

E/E Isomer: δ 3.33 (s, 6H, CH3), 4.44 (d, 2H, CH, 2JPH= 17.6 Hz), 5.86 (dd, 2H, PyrH, 

3,4JHH= 7.5, 2.7 Hz), 6.75 (d, 2H, PyrH, 3JHH= 2.7 Hz), 7.01 (d, 2H, PyrH, 3JHH= 7.5 Hz), 

7.60-7.82 (m, 30H, C6H5), Z/Z Isomer: δ 2.92 (s, 6H, CH3), 4.37 (d, 2H, CH, 2JPH= 17.1 

Hz), 5.46 (d, 2H, PyrH, 3JHH= 2.7 Hz), 6.64 (dd, 2H, PyrH, 3,4JHH= 7.5, 2.7 Hz), 7.06 (d, 

2H, PyrH, 3JHH= 7.5), 7.60-7.82 (m, 30H, C6H5). HRMS (ESI+): m/z calculated for 

C50H44N2P2
2+: 367.1484 [M+1] found: 367.1474.  
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5.7 Synthesis of Precursors for Reductions 

 

Synthesis of dichloro- phosphonium 3.13 

 

 

Tricyclohexylphosphine (0.503 g, 1.79 mmol) was dissolved in benzene (7 mL) before 

the slow addition of hexachloroethane (0.422 g, 1.78 mmol), which formed a white pre-

cipitate instantaneously. The reaction mixture was allowed to stir for 5 minutes before 

isolating the white solid via vacuum filtration. The product was washed with benzene (2 

× 5 mL) and residual solvents were removed in vacuo to yield the white solid (0.325 g, 

59%). 31P NMR (121 MHz, CD3CN): δ 78.6 (s, 1P). 13C NMR  (101 MHz, CH3CN): δ 

25.6 (s, C para), 26.6 (d, C ortho, 2JPC= 14 Hz), 26.7 (s, C meta), 36.0 (d, C-P, 1JPC= 31 

Hz) 
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Synthesis of dichloro- phosphonium 3.15 

 

 

Triphenylphosphine (1.013 g, 3.86 mmol) was dissolved in chloroform (30 mL) before 

the addition of hexachloroethane (0.9078 g, 3.86 mmol). The reaction mixture was 

stirred for one hour before the white precipitate was collected using vacuum filtration 

and was washed with diethyl ether (2 × 10 mL). Residual solvents were removed in 

vacuo (0.998 g, 79%). 31P and 13C NMR were in agreement with reported values.56 
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5.8 Reductions Using BPY 1.42 

 

Reduction of Chlorodiphenylphosphine 

 

The in situ generation of donor 1.42 followed previously established procedures earlier 

in this chapter, where 3.8 (0.084 g, 0.16 mmol) was suspended in toluene (7 mL) before 

the addition of potassium bis(trimethylsilyl)amide (0.033 g, 0.16 mmol). The reaction 

mixture instantaneously turned a dark blue and was stirred for 45 minutes. The mixture 

was then cooled to -36°C before dropwise addition of chlorodiphenylphosphine (0.036 

g, 0.16 mmol). The mixture was stirred overnight, resulting in an orange solid suspend-

ed in a bright yellow liquid. The reaction mixture was filtered to isolate the solid, which 

is the oxidized BPY 3.10a-c. Attempts of isolation of the product in the filtrate were not 

successful and only a 31P NMR of the filtrate was able to identify the dichlorotetra-

phenylphosphine by comparing to literature spectra.52 31P NMR (121 MHz, toluene): δ -

14.4 ppm (s, 2P).    

 

The oxidized BPY 3.10a-c that was previously removed from the reaction mixture was 

dissolved in chloroform (50 mL) and was purified using an organic-aqueous extraction. 

The organic phase was extracted with water (3 × 20 mL) before being dried over mag-
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nesium sulfate, which was subsequently removed via vacuum filtration. The filtrate was 

concentrated (to ~3 mL) and precipitated with diethyl ether (30 mL). Residual solvents 

were removed in vacuo, yielding an orange solid (0.073 g, 51%). 31P, 1H and 13C NMR 

were in agreement with 3.10a-c that was previously characterized. 
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Reduction of Dichlorotriphenylphosphorane 

 

 

The donor 1.42 was generated following the same method outlined earlier in this chap-

ter, by reacting 3.8 (0.082 g, 0.16 mmol) with KHMDS (0.035 g, 0.17 mmol) in toluene 

(7 mL) After cooling to -36°C, tricyclohexyldichlorophosphine (0.060 g, 0.17 mmol) 

was added to the mixture and was stirred for 30 minutes before a brown precipitate was 

observed. The solid (3.10a-c) was filtered off from the reaction mixture and purified fol-

lowing previously established protocols. Attempts at isolating tricyclohexylphosphine 

from the reaction mixture were not successful, although its formation was observed us-

ing 31P NMR, which matched the reference value for the product.57 31P NMR (131 MHz, 

toluene): δ 10.4 ppm (s, P).   
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Reduction of Dichlorotriphenylphosphorane 

 

 

The donor 1.42 was generated following the same method outlined earlier in this chap-

ter, by reacting 3.8 (0.173 g, 0.34 mmol) with KHMDS (0.067 g, 0.34 mmol) in toluene 

(9 mL). After cooling to -36°C, triphenyldichlorophosphine (0.074 g, 0.34 mmol) was 

added to the mixture and was stirred for 30 minutes before a brown precipitate was ob-

served. The solid (3.10a-c) was filtered off from the reaction mixture and purified fol-

lowing previously established protocols. Attempts at isolating triphenylphosphine from 

the reaction mixture were not successful, although its formation was observed by 31P 

NMR as a broad singlet, where the chemical shift matched the reference value for the 

product.58 31P NMR (131 MHz, toluene): δ -4.7 ppm (s, P).   
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Appendix A 

Selected NMR Spectra 

 In order of appearance from the experimental procedures in Chapter 4. 

 

 

 

 

 

 

 

 

 

 Figure A1 1H NMR of compound 2.4 in CDCl3. 
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 Figure A2 13C NMR of compound 2.4 in CDCl3.  

  

  

  

  

  

  

  

  

 Figure A3 31P NMR of 2.8 in CDCl3 with the 31P-1H decoupler on. 
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 Figure A4 31P NMR of 2.8 in CDCl3 with the 31P-1H decoupler off. 

 

 

 

 

 

 

  

 Figure A5 1H NMR of 2.8 in CDCl3.  
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 Figure A6 13C NMR of 2.8 in CDCl3. 

 

 

 

 

 

 

 

  

 Figure A7 31P NMR of compound 2.9 in CDCl3.
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 Figure A8 1H NMR spectrum of compound 2.9 in CDCl3. 

 

 

 

 

 

 

 

  

 Figure A9 13C NMR spectrum of compound 2.9 in CDCl3. 
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 Figure A10 31P NMR spectrum of 2.10 crystals in CDCl3.  

 

 

 

 

 

 

 

 Figure A11 1H NMR spectrum of 2.10 crystals in CDCl3.  
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 Figure A12 13C NMR spectrum of 2.10 crystals in CDCl3. 

 

 

 

 

 

 

 

 

Figure A13 1H NMR spectrum of compound 2.16 in CDCl3. 
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 Figure A14 13C NMR spectrum of compound 2.16 in CDCl3.  

 

 

 

 

 

 

 Figure A15 1H NMR spectrum of compound 2.17 in CD3CN. 
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 Figure A16 13C NMR spectrum of compound 2.17 in CD3CN.  

 

 

 

 

 

 

 Figure A17 31P NMR of 2.18 in CDCl3.
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 Figure A18 1H NMR of 2.18 in CDCl3. 

 

 

 

 

 

 

 

 

 Figure A19 13C NMR of 2.18 in CDCl3. 
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 Figure A20 31P NMR of phosphine oxide 2.14 in CDCl3.  

 

 

 

 

 

 

 Figure A21 1H NMR of phosphine oxide 2.14 in CDCl3. 
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 Figure A22 13C NMR of phosphine oxide 2.14 in CDCl3.
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 Figure A23 31P NMR spectrum of 3.5 in CDCl3.  

 

 

 

 

 

 

 

 

 

 Figure A24 1H NMR spectrum of 3.5 in CDCl3. 
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 Figure A25 13C NMR spectrum of 3.5 in CDCl3. 

 

 

 

 

 

 

 

 Figure A26 31P NMR spectrum of 3.6 in CDCl3. 
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 Figure A27 1H NMR spectrum of compound 3.6 in CDCl3. 

 

 

 

 

 

 

 

 

 Figure A28 13C NMR spectrum of compound 3.6 in CDCl3.
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 Figure A29 31P NMR spectrum of compound 3.7 CD3CN.  

 

 

 

 

 

 

 

 

  

 Figure A30 1H NMR spectrum of compound 3.7 in CD3CN. 
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 Figure A31 13C NMR spectrum of 3.7 in CD3CN. 

  

  

  

  

  

  

  

 Figure A32 31P NMR spectrum of 3.8 in CD3CN. 
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 Figure A33 1H NMR spectrum of 3.8 in CD3CN.  

  

  

  

  

  

  

  

  

 Figure A34 13C NMR of 3.8 in CD3CN. 
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 Figure A35 31P NMR spectrum of a mixture of isomers 1.42 E/Z in C6D6 

  

 

 

 

 

 

 

 

 Figure A36 1H NMR spectrum of a mixture of isomers 1.42 E/Z in C6D6. 
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 Figure A37 2D NOESY experiment of a mixture of isomers 1.42 E/Z in C6D6.  

 

 

 

 

  

 

 

 

 

 Figure A38 1H-31P HMBC experiment of 1.42 E/Z in C6D6.  
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 Figure A39 31P NMR of 3.10a-c in CD3CN.  

 

 

 

 

 

 

 

 

 

 Figure A40 31P NMR of 3.10a-c in CD3CN enlarged to show isomer resonances. 
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 Figure A41 1H NMR spectrum of 3.10a-c in CD3CN. 

 

 

 

 

 

 

 

 

 

 Figure A42 13C NMR of 3.10a-c in CD3CN.  
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 Figure A43 2D 31P-1H HMBC of 3.10a-c in CD3CN.  

 

 

 

 

 

 

 

 

 

Figure A44 2D NOESY of 3.10a-c in CD3CN. 
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 Figure A45 2D COSY of 3.10a-c in CD3CN. 

 

 

 

 

 

 

 

 

 Figure A46 2D 1H-13C HSQC of 3.10a-c in CD3CN. 

�����������������������������������������������	�����
�����������������������������������������������������	�����
������������������
�����
�������� ��

������

������

������

������

������

������

������

�����	

�����


������

������

������

������

������

������

������

������

�����	

�����


������

������

������

������

���

�
��

���
���

��

�����������������������	�����������������������������	�����������������������������	�����������������������������	�����������������������������	������������������
�����
�������� ��

�	

�
�	

���	

���	

���	

���	

���	

���	

���	

���	

�
�	�	

�
�
�	

�
���	

�
���	

�
���	

�
���	

�
���	

�
���	

�
���	

�
���	

���

�
��

���
���

��



 

 

 

139 

 

 

 

 

 

 

 

 Figure A47 31P NMR of 3.13 in CD3CN. 

 

 

 

 

 

 

 

 

Figure A48 13C NMR of 3.13 in CH3CN. 
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 Figure A49 31P NMR of the reaction mixture for the reduction of 3.11 to 3.12.  

 

 

 

 

 

 Figure A50 31P NMR of the reaction mixture for the reduction of 3.13 to 3.14. 
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 Figure A51 31P NMR of the reaction mixture for the reduction of 3.15 to 3.16. 
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Appendix B 

Selected High Resolution Mass Spectra 

 

 Figure B1 High resolution mass spectrum of 2.9.  

 

 

 

 Figure B2 High resolution mass spectrum of 2.10.  
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 Figure B3 High resolution mass spectrum of 2.18.  

 

 

 Figure B4 High resolution mass spectrum of 3.8.  
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 Figure B5 High resolution mass spectrum of 3.10a-c.  
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Appendix C 

Selected Cyclic Voltammograms  

 

 

 Figure C1 Cyclic voltammogram of 3.10a-c in 0.1 M TBAPF in DMF. 
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 Figure C2 Cyclic voltammogram of 3.10a-c in 0.1 M TBAPF in DMF.
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Appendix D 

Selected Solid State Crystal Structures 

 

X-ray crystal data for 3.7. 

 

 

 

 

 

 

 

 

 Figure D1 Solid state structure of 3.7 (PF6
- anion omitted for clarity).  

   

Table 1.  Crystal data and structure refinement for MBDICAT. 

 

Identification code  AD170874 

Empirical formula  C25 H24 F12 N P3 

Formula weight  659.36 

Temperature  173(1) K 

Wavelength  0.71073 Å 

Diffractometer used Bruker AXS P4/SMART 1000 

Detector distance 5 cm 

Monochromator used Graphite 
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Crystal size 0.75 x 0.30 x 0.10 mm3 

Colour and habit Colourless, plate 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 36.731(9) Å "  = 90° 

 b = 9.552(2) Å # = 104.527(6)° 

 c = 16.611(4) Å $ = 90° 

Volume 5642(2) Å3 

Z 8 

Density (calculated) 1.553 Mg/m3 

Absorption coefficient 0.308 mm-1 

F(000) 2672 

Theta range for data collection 2.21 to 27.50° 

Completeness to theta = 25.00° 99.9 %  

Scan type % and & 

Scan range 0.3¡ 

Exposure time 10s 

Index ranges -45 '  h '  47, -12 '  k '  12, -21 '  l '  21 

Standard reflections 50 frames at beginning and   end of data       

collection 

Crystal stability no decay 

Reflections collected 18818 

Independent reflections 6302 [R(int) = 0.0351] 

Solution Direct methods 

Hydrogen atoms Found, refined isotropically 

Absorption correction SADABS 

Max. and min. transmission 0.9699 and 0.8020 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6302 / 0 / 466 
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Goodness-of-fit on F2 1.051 

Final R indices [I>2sigma(I)] R1 = 0.0415, wR2 = 0.0999 

R indices (all data) R1 = 0.0624, wR2 = 0.1156 

Largest/mean shift/esd 0.001/0.000 

Largest diff. peak and hole 0.605 and -0.367 e.Å-3 

 

wR2 = (( [w(Fo
2-Fc

2)2]/( [wFo
4])1/2 

R1 = ( ) ) Fo) - ) Fc) ) / (  ) Fo )  

Weight = 1 / [* 2(Fo
2) + (0.0453 + P)2 + (8.0096 + P)] 

               where P = (max (Fo
2, 0) +2 + Fc

2)/3 
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 Table 2.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement parame-

ters (Å2x 103) for MBDICAT.  U(eq) is defined as one third of  the trace of the orthog-

onalized Uij tensor. 

_______________________________________________________________________ 

 x y z U(eq) 

_______________________________________________________________________ 

P(1) 1136(1) 5006(1) 2991(1) 24(1) 

N(1) 1637(1) 2440(2) 792(1) 40(1) 

C(1) 1289(1) 5793(2) 2126(1) 32(1) 

C(2) 1423(1) 4665(2) 1632(1) 30(1) 

C(3) 1175(1) 4054(3) 950(1) 36(1) 

C(4) 1285(1) 2944(3) 544(2) 40(1) 

C(5) 1886(1) 3028(3) 1436(2) 47(1) 

C(6) 1788(1) 4147(3) 1856(2) 39(1) 

C(7) 1743(1) 1211(4) 345(2) 62(1) 

C(8) 866(1) 3496(2) 2573(1) 26(1) 

C(9) 488(1) 3691(3) 2164(2) 38(1) 

C(10) 288(1) 2595(3) 1713(2) 48(1) 

C(11) 462(1) 1321(3) 1669(2) 44(1) 

C(12) 836(1) 1125(2) 2070(2) 35(1) 

C(13) 1041(1) 2209(2) 2526(1) 29(1) 

C(14) 1539(1) 4550(2) 3815(1) 28(1) 

C(15) 1520(1) 3431(3) 4337(2) 36(1) 

C(16) 1820(1) 3158(3) 5015(2) 46(1) 

C(17) 2136(1) 3983(3) 5168(2) 51(1) 

C(18) 2153(1) 5118(3) 4660(2) 58(1) 

C(19) 1856(1) 5403(3) 3981(2) 46(1) 

C(20) 838(1) 6210(2) 3360(1) 27(1) 

C(21) 838(1) 7645(2) 3197(2) 35(1) 

C(22) 609(1) 8521(3) 3520(2) 44(1) 
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C(23) 376(1) 7982(3) 3981(2) 44(1) 

C(24) 373(1) 6553(3) 4139(2) 39(1) 

C(25) 606(1) 5665(2) 3835(1) 32(1) 

P(2) 657(1) 8099(1) 224(1) 31(1) 

P(3) 3003(1) 5621(1) 7178(1) 46(1) 

F(1) 449(1) 6618(2) 138(1) 61(1) 

F(2) 871(1) 9568(2) 312(1) 62(1) 

F(3) 647(1) 8158(2) 1182(1) 44(1) 

F(4) 668(1) 8014(2) -739(1) 43(1) 

F(5) 266(1) 8885(2) -38(1) 51(1) 

F(6) 1052(1) 7304(2) 482(1) 68(1) 

F(7) 2719(1) 6250(3) 6373(1) 98(1) 

F(8) 3290(1) 4981(3) 7950(2) 105(1) 

F(9) 3025(1) 4217(2) 6686(2) 116(1) 

F(10) 2979(1) 7054(2) 7635(2) 90(1) 

F(11) 2662(1) 5042(2) 7495(2) 107(1) 

F(12) 3346(1) 6238(2) 6857(1) 66(1) 
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Table 3.   Bond lengths [Å] and angles [°] for MBDICAT. 

_____________________________________________________  

P(1)-C(8)  1.789(2) 

P(1)-C(14)  1.799(2) 

P(1)-C(20)  1.799(2) 

P(1)-C(1)  1.830(2) 

N(1)-C(5)  1.344(3) 

N(1)-C(4)  1.344(3) 

N(1)-C(7)  1.491(3) 

C(1)-C(2)  1.511(3) 

C(1)-H(1A)  0.93(3) 

C(1)-H(1B)  0.98(3) 

C(2)-C(3)  1.392(3) 

C(2)-C(6)  1.389(3) 

C(3)-C(4)  1.371(3) 

C(3)-H(3)  0.93(3) 

C(4)-H(4)  0.92(3) 

C(5)-C(6)  1.373(4) 

C(5)-H(5)  0.90(3) 

C(6)-H(6)  0.90(3) 

C(7)-H(7A)  0.96(4) 

C(7)-H(7B)  0.92(4) 

C(7)-H(7C)  1.01(5) 

C(8)-C(13)  1.399(3) 

C(8)-C(9)  1.397(3) 

C(9)-C(10)  1.385(3) 

C(9)-H(9)  1.00(3) 

C(10)-C(11)  1.385(4) 

C(10)-H(10)  0.93(3) 

C(11)-C(12)  1.384(3) 
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C(11)-H(11)  0.94(3) 

C(12)-C(13)  1.387(3) 

C(12)-H(12)  0.93(3) 

C(13)-H(13)  0.93(2) 

C(14)-C(15)  1.389(3) 

C(14)-C(19)  1.392(3) 

C(15)-C(16)  1.388(3) 

C(15)-H(15)  0.93(3) 

C(16)-C(17)  1.373(4) 

C(16)-H(16)  0.97(3) 

C(17)-C(18)  1.385(4) 

C(17)-H(17)  0.95(3) 

C(18)-C(19)  1.384(4) 

C(18)-H(18)  0.96(4) 

C(19)-H(19)  0.92(3) 

C(20)-C(21)  1.397(3) 

C(20)-C(25)  1.400(3) 

C(21)-C(22)  1.387(3) 

C(21)-H(21)  0.93(2) 

C(22)-C(23)  1.383(4) 

C(22)-H(22)  0.94(3) 

C(23)-C(24)  1.391(4) 

C(23)-H(23)  0.91(3) 

C(24)-C(25)  1.386(3) 

C(24)-H(24)  0.96(3) 

C(25)-H(25)  0.91(3) 

P(2)-F(5)  1.5823(15) 

P(2)-F(1)  1.5970(16) 

P(2)-F(6)  1.5987(16) 

P(2)-F(2)  1.5970(17) 



 

 

 

154 

P(2)-F(3)  1.6023(15) 

P(2)-F(4)  1.6115(15) 

P(3)-F(8)  1.566(2) 

P(3)-F(11)  1.576(2) 

P(3)-F(10)  1.578(2) 

P(3)-F(9)  1.583(2) 

P(3)-F(7)  1.592(2) 

P(3)-F(12)  1.5978(18) 

 

C(8)-P(1)-C(14) 111.76(10) 

C(8)-P(1)-C(20) 108.75(10) 

C(14)-P(1)-C(20) 110.49(10) 

C(8)-P(1)-C(1) 106.05(10) 

C(14)-P(1)-C(1) 109.94(11) 

C(20)-P(1)-C(1) 109.73(10) 

C(5)-N(1)-C(4) 120.3(2) 

C(5)-N(1)-C(7) 121.0(2) 

C(4)-N(1)-C(7) 118.7(2) 

C(2)-C(1)-P(1) 109.85(15) 

C(2)-C(1)-H(1A) 110.8(16) 

P(1)-C(1)-H(1A) 111.5(17) 

C(2)-C(1)-H(1B) 109.0(16) 

P(1)-C(1)-H(1B) 105.9(15) 

H(1A)-C(1)-H(1B) 110(2) 

C(3)-C(2)-C(6) 117.4(2) 

C(3)-C(2)-C(1) 120.4(2) 

C(6)-C(2)-C(1) 122.2(2) 

C(4)-C(3)-C(2) 120.7(2) 

C(4)-C(3)-H(3) 119.6(17) 

C(2)-C(3)-H(3) 119.7(17) 
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N(1)-C(4)-C(3) 120.5(2) 

N(1)-C(4)-H(4) 115.3(18) 

C(3)-C(4)-H(4) 124.2(18) 

N(1)-C(5)-C(6) 121.1(2) 

N(1)-C(5)-H(5) 118(2) 

C(6)-C(5)-H(5) 120(2) 

C(5)-C(6)-C(2) 120.1(2) 

C(5)-C(6)-H(6) 117.3(17) 

C(2)-C(6)-H(6) 122.5(17) 

N(1)-C(7)-H(7A) 108(3) 

N(1)-C(7)-H(7B) 109(2) 

H(7A)-C(7)-H(7B) 106(3) 

N(1)-C(7)-H(7C) 109(3) 

H(7A)-C(7)-H(7C) 106(4) 

H(7B)-C(7)-H(7C) 118(4) 

C(13)-C(8)-C(9) 120.30(19) 

C(13)-C(8)-P(1) 120.81(15) 

C(9)-C(8)-P(1) 117.95(16) 

C(10)-C(9)-C(8) 119.3(2) 

C(10)-C(9)-H(9) 121.9(15) 

C(8)-C(9)-H(9) 118.8(15) 

C(9)-C(10)-C(11) 120.3(2) 

C(9)-C(10)-H(10) 117.1(18) 

C(11)-C(10)-H(10) 122.6(18) 

C(10)-C(11)-C(12) 120.6(2) 

C(10)-C(11)-H(11) 121.6(17) 

C(12)-C(11)-H(11) 117.7(17) 

C(13)-C(12)-C(11) 119.9(2) 

C(13)-C(12)-H(12) 118.7(16) 

C(11)-C(12)-H(12) 121.2(16) 
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C(12)-C(13)-C(8) 119.5(2) 

C(12)-C(13)-H(13) 119.2(15) 

C(8)-C(13)-H(13) 121.1(15) 

C(15)-C(14)-C(19) 119.7(2) 

C(15)-C(14)-P(1) 120.12(16) 

C(19)-C(14)-P(1) 119.83(18) 

C(16)-C(15)-C(14) 119.9(2) 

C(16)-C(15)-H(15) 120.5(16) 

C(14)-C(15)-H(15) 119.6(16) 

C(17)-C(16)-C(15) 120.2(3) 

C(17)-C(16)-H(16) 120.2(16) 

C(15)-C(16)-H(16) 119.6(17) 

C(16)-C(17)-C(18) 120.1(2) 

C(16)-C(17)-H(17) 119.1(17) 

C(18)-C(17)-H(17) 120.8(17) 

C(17)-C(18)-C(19) 120.3(3) 

C(17)-C(18)-H(18) 121(2) 

C(19)-C(18)-H(18) 119(2) 

C(18)-C(19)-C(14) 119.7(3) 

C(18)-C(19)-H(19) 117.5(17) 

C(14)-C(19)-H(19) 122.8(17) 

C(21)-C(20)-C(25) 120.3(2) 

C(21)-C(20)-P(1) 122.06(17) 

C(25)-C(20)-P(1) 117.63(16) 

C(22)-C(21)-C(20) 119.1(2) 

C(22)-C(21)-H(21) 118.5(15) 

C(20)-C(21)-H(21) 122.4(15) 

C(21)-C(22)-C(23) 120.7(2) 

C(21)-C(22)-H(22) 120.0(17) 

C(23)-C(22)-H(22) 119.3(16) 
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C(24)-C(23)-C(22) 120.3(2) 

C(24)-C(23)-H(23) 116.7(18) 

C(22)-C(23)-H(23) 122.8(18) 

C(23)-C(24)-C(25) 119.8(2) 

C(23)-C(24)-H(24) 120.6(18) 

C(25)-C(24)-H(24) 119.5(18) 

C(24)-C(25)-C(20) 119.8(2) 

C(24)-C(25)-H(25) 120.1(16) 

C(20)-C(25)-H(25) 120.1(16) 

F(5)-P(2)-F(1) 90.84(10) 

F(5)-P(2)-F(6) 179.65(9) 

F(1)-P(2)-F(6) 89.19(11) 

F(5)-P(2)-F(2) 90.00(10) 

F(1)-P(2)-F(2) 179.16(10) 

F(6)-P(2)-F(2) 89.97(11) 

F(5)-P(2)-F(3) 90.56(8) 

F(1)-P(2)-F(3) 89.42(8) 

F(6)-P(2)-F(3) 89.79(8) 

F(2)-P(2)-F(3) 90.65(9) 

F(5)-P(2)-F(4) 89.93(8) 

F(1)-P(2)-F(4) 89.89(8) 

F(6)-P(2)-F(4) 89.72(8) 

F(2)-P(2)-F(4) 90.03(9) 

F(3)-P(2)-F(4) 179.16(8) 

F(8)-P(3)-F(11) 91.11(13) 

F(8)-P(3)-F(10) 92.99(15) 

F(11)-P(3)-F(10) 90.00(13) 

F(8)-P(3)-F(9) 88.86(16) 

F(11)-P(3)-F(9) 91.35(14) 

F(10)-P(3)-F(9) 177.69(16) 
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F(8)-P(3)-F(7) 177.94(14) 

F(11)-P(3)-F(7) 90.35(13) 

F(10)-P(3)-F(7) 88.47(14) 

F(9)-P(3)-F(7) 89.66(15) 

F(8)-P(3)-F(12) 89.43(11) 

F(11)-P(3)-F(12) 178.90(12) 

F(10)-P(3)-F(12) 89.02(11) 

F(9)-P(3)-F(12) 89.61(13) 

F(7)-P(3)-F(12) 89.13(12) 

 

Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for MBDICAT. The aniso-

tropic displacement factor exponent takes the form:  -2! 2[ h2 a*2U11 + ...  + 2 h k a* 

b* U12 ] 

_______________________________________________________________________ 

 U11 U22  U33 U23 U13 U12 

_______________________________________________________________________ 

P(1) 28(1)  22(1) 22(1)  -2(1) 4(1)  0(1) 

N(1) 50(1)  40(1) 34(1)  1(1) 19(1)  8(1) 

C(1) 42(1)  26(1) 28(1)  0(1) 11(1)  -2(1) 

C(2) 39(1)  28(1) 26(1)  4(1) 13(1)  -4(1) 

C(3) 42(1)  38(1) 25(1)  0(1) 6(1)  7(1) 

C(4) 51(1)  40(1) 27(1)  -1(1) 8(1)  5(1) 

C(5) 34(1)  59(2) 50(2)  2(1) 16(1)  7(1) 

C(6) 32(1)  50(2) 37(1)  -4(1) 10(1)  -7(1) 

C(7) 82(2)  57(2) 54(2)  -6(2) 33(2)  24(2) 

C(8) 28(1)  24(1) 24(1)  -1(1) 4(1)  -2(1) 

C(9) 32(1)  36(1) 41(1)  -12(1) 0(1)  5(1) 

C(10) 30(1)  53(2) 54(2)  -20(1) -5(1)  1(1) 

C(11) 41(1)  38(1) 51(2)  -18(1) 5(1)  -10(1) 

C(12) 42(1)  24(1) 39(1)  -5(1) 9(1)  -1(1) 

C(13) 31(1)  25(1) 30(1)  1(1) 7(1)  0(1) 

C(14) 28(1)  30(1) 25(1)  -3(1) 4(1)  1(1) 

C(15) 31(1)  43(1) 32(1)  4(1) 3(1)  -3(1) 

C(16) 49(1)  49(2) 35(1)  7(1) 2(1)  6(1) 

C(17) 38(1)  65(2) 40(2)  -4(1) -8(1)  5(1) 

C(18) 39(1)  70(2) 56(2)  -4(2) -5(1)  -18(1) 

C(19) 44(1)  46(1) 40(1)  2(1) 0(1)  -15(1) 

C(20) 30(1)  26(1) 23(1)  -4(1) 5(1)  1(1) 

C(21) 46(1)  26(1) 34(1)  1(1) 13(1)  1(1) 

C(22) 61(2)  28(1) 47(2)  1(1) 18(1)  11(1) 
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C(23) 48(1)  41(1) 45(2)  -4(1) 15(1)  14(1) 

C(24) 38(1)  43(1) 40(1)  -2(1) 14(1)  1(1) 

C(25) 37(1)  28(1) 32(1)  -1(1) 8(1)  -1(1) 

P(2) 35(1)  30(1) 27(1)  0(1) 6(1)  8(1) 

P(3) 29(1)  38(1) 65(1)  6(1) 2(1)  -4(1) 

F(1) 97(1)  36(1) 59(1)  -11(1) 36(1)  -14(1) 

F(2) 73(1)  58(1) 50(1)  -1(1) 8(1)  -27(1) 

F(3) 58(1)  43(1) 32(1)  0(1) 13(1)  9(1) 

F(4) 51(1)  49(1) 30(1)  3(1) 11(1)  12(1) 

F(5) 44(1)  61(1) 48(1)  2(1) 9(1)  21(1) 

F(6) 59(1)  104(1) 46(1)  30(1) 21(1)  46(1) 

F(7) 63(1)  123(2) 85(2)  7(1) -21(1)  23(1) 

F(8) 55(1)  161(2) 94(2)  69(2) 10(1)  20(1) 

F(9) 74(1)  65(1) 201(3)  -55(2) 22(2)  -4(1) 

F(10) 93(2)  76(1) 112(2)  -39(1) 46(1)  -20(1) 

F(11) 47(1)  83(2) 201(3)  43(2) 50(1)  -4(1) 

F(12) 57(1)  71(1) 72(1)  3(1) 21(1)  -14(1) 
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 Table 5. Hydrogen coordinates (x104) and isotropic displacement parameters (Å2x10 3) 

for MBDICAT. 

_______________________________________________________________________ 

 x  y  z  U(eq) 

_______________________________________________________________________ 

H(1A) 1476(7) 6460(30) 2313(17) 45(7) 

H(1B) 1066(8) 6240(30) 1775(17) 46(7) 

H(3) 931(8) 4390(30) 772(17) 44(7) 

H(4) 1131(8) 2480(30) 104(18) 52(8) 

H(5) 2117(9) 2650(30) 1602(19) 61(9) 

H(6) 1963(7) 4480(30) 2296(17) 44(7) 

H(7A) 1977(12) 850(40) 680(30) 103(14) 

H(7B) 1791(11) 1500(40) -150(30) 93(13) 

H(7C) 1550(14) 450(50) 320(30) 140(20) 

H(9) 372(7) 4630(30) 2190(16) 45(7) 

H(10) 40(8) 2770(30) 1429(18) 54(8) 

H(11) 331(8) 560(30) 1362(18) 54(8) 

H(12) 960(7) 290(30) 2016(16) 40(7) 

H(13) 1296(7) 2080(20) 2769(15) 30(6) 

H(15) 1307(7) 2870(30) 4229(16) 40(7) 

H(16) 1802(8) 2390(30) 5389(18) 52(8) 

H(17) 2341(8) 3760(30) 5623(18) 50(8) 

H(18) 2373(10) 5690(40) 4750(20) 85(11) 

H(19) 1877(7) 6170(30) 3665(17) 46(7) 

H(21) 989(7) 8040(30) 2883(15) 33(6) 

H(22) 614(7) 9500(30) 3433(16) 46(7) 

H(23) 230(8) 8530(30) 4225(18) 56(8) 

H(24) 213(8) 6170(30) 4463(19) 60(9) 

H(25) 614(7) 4740(30) 3960(16) 40(7)  
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X-ray crystal data for 3.8. 

 

 

 

 

 

 

 

 

 

 Figure D2 Solid state structure of 3.8 (PH6
- ion omitted for clarity). 

 

Table 1.  Crystal data and structure refinement for AD04. 

 

Identification code  AD170764 

Empirical formula  C25 H23 F6 N P2 

Formula weight  513.38 

Temperature  173(1) K 

Wavelength  0.71073 Å 

Diffractometer used Bruker AXS P4/SMART 1000 

Detector distance 5 cm 

Monochromator used Graphite 

Crystal size 0.60 x 0.40 x 0.10 mm3 

Colour and habit Colourless, irregular 

Crystal system  Triclinic 
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Space group  P1 

Unit cell dimensions a = 7.773(5) Å "  = 78.697(9)° 

 b = 8.960(6) Å # = 76.144(8)° 

 c = 9.546(6) Å $ = 69.086(9)° 

Volume 598.5(6) Å3 

Z 1 

Density (calculated) 1.424 Mg/m3 

Absorption coefficient 0.242 mm-1 

F(000) 264 

Theta range for data collection 2.21 to 27.50° 

Completeness to theta = 25.00° 99.6 %  

Scan type % and & 

Scan range 0.3¡ 

Exposure time 10s 

Index ranges -9 '  h '  9, -11 '  k '  11, -12 '  l '  12 

Standard reflections 50 frames at beginning and end of data   

collection 

Crystal stability no decay 

Reflections collected 6798 

Independent reflections 4901 [R(int) = 0.0370] 

Solution Direct methods 

Hydrogen atoms Calculated positions, riding model 

Absorption correction SADABS 

Max. and min. transmission 0.9762 and 0.8682 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4901 / 9 / 321 

Goodness-of-fit on F2 1.100 

Final R indices [I>2sigma(I)] R1 = 0.0566, wR2 = 0.1433 

R indices (all data) R1 = 0.0692, wR2 = 0.1536 
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Largest/mean shift/esd 0.000/0.000 

Absolute structure parameter 0.13(11) 

Largest diff. peak and hole 0.535 and -0.352 e.Å-3 

 

wR2 = (( [w(Fo
2-Fc

2)2]/( [wFo
4])1/2 

R1 = ( ) ) Fo) - ) Fc) ) / (  ) Fo )  

Weight = 1 / [* 2(Fo
2) + (0.0901 + P)2] 

               where P = (max (Fo
2, 0) +2 + Fc

2)/3 
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 Table 2.  Atomic coordinates  (x 104) and equivalent  isotropic displacement parame-

ters (Å2x103) for AD04.  U(eq) is defined as one third of  the trace of the orthogo-

nalized Uij tensor. 

_______________________________________________________________________  

 x y z U(eq) 

_______________________________________________________________________  

P(1) 2730(1) 5399(1) 4555(1) 31(1) 

C(1) 1685(5) 4438(4) 6107(4) 35(1) 

C(2) -210(5) 4901(4) 6783(4) 34(1) 

C(3) -1649(5) 6328(4) 6357(4) 36(1) 

C(4) -3449(5) 6681(4) 7121(4) 38(1) 

C(5) -2676(5) 4286(5) 8695(4) 41(1) 

C(6) -839(5) 3886(4) 7998(4) 40(1) 

C(7) -5932(6) 6113(6) 9059(5) 51(1) 

C(8) 5055(5) 3985(4) 4097(4) 31(1) 

C(9) 6209(5) 3572(4) 5122(4) 44(1) 

C(10) 7991(5) 2409(5) 4906(5) 53(1) 

C(11) 8592(5) 1673(4) 3646(5) 46(1) 

C(12) 7461(5) 2082(5) 2630(4) 46(1) 

C(13) 5670(5) 3236(4) 2840(4) 37(1) 

C(14) 1461(4) 5903(4) 3062(4) 37(1) 

C(15) 948(6) 4703(5) 2684(5) 49(1) 

C(16) -65(7) 5062(7) 1559(5) 60(1) 

C(17) -589(6) 6599(6) 860(5) 58(1) 

C(18) -69(6) 7803(6) 1210(5) 57(1) 

C(19) 996(6) 7434(5) 2302(4) 47(1) 

C(20) 3061(5) 7225(4) 4789(4) 36(1) 

C(21) 4416(7) 7805(5) 3810(4) 50(1) 

C(22) 4651(8) 9218(6) 3953(5) 63(1) 

C(23) 3526(8) 10086(5) 5103(6) 62(1) 
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C(24) 2193(6) 9525(5) 6061(5) 55(1) 

C(25) 1934(5) 8110(5) 5925(4) 44(1) 

N(1) -3964(4) 5688(4) 8266(3) 40(1) 

P(2) 4487(2) 741(1) 9543(1) 51(1) 

F(2) 3922(8) 2553(4) 8894(5) 120(2) 

F(1) 5061(5) -1099(3) 10220(4) 86(1) 

F(3) 5480(20) 1124(15) 10615(11) 153(5) 

F(4) 6444(17) 178(15) 8378(15) 180(5) 

F(5) 3500(20) 392(15) 8459(12) 153(5) 

F(6) 2668(16) 1041(17) 10559(16) 180(5) 

F(3A) 6265(16) 848(14) 9923(16) 101(4) 

F(4A) 5470(20) 390(16) 8065(11) 121(4) 

F(5A) 2685(17) 536(14) 9196(18) 101(4) 

F(6A) 3180(20) 1119(19) 11153(12) 121(4) 
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 Table 3.   Bond lengths [Å] and angles [°] for AD04. 

_____________________________________________________  

P(1)-C(1)  1.737(4) 

P(1)-C(8)  1.808(3) 

P(1)-C(20)  1.807(4) 

P(1)-C(14)  1.820(4) 

C(1)-C(2)  1.404(4) 

C(1)-H(1)  0.9500 

C(2)-C(3)  1.430(5) 

C(2)-C(6)  1.430(5) 

C(3)-C(4)  1.370(5) 

C(3)-H(3)  0.9500 

C(4)-N(1)  1.345(5) 

C(4)-H(4)  0.9500 

C(5)-N(1)  1.358(5) 

C(5)-C(6)  1.373(5) 

C(5)-H(5)  0.9500 

C(6)-H(6)  0.9500 

C(7)-N(1)  1.484(5) 

C(7)-H(7A)  0.9800 

C(7)-H(7B)  0.9800 

C(7)-H(7C)  0.9800 

C(8)-C(13)  1.390(4) 

C(8)-C(9)  1.393(5) 

C(9)-C(10)  1.401(5) 

C(9)-H(9)  0.9500 

C(10)-C(11)  1.386(6) 

C(10)-H(10)  0.9500 

C(11)-C(12)  1.374(6) 

C(11)-H(11)  0.9500 
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C(12)-C(13)  1.403(5) 

C(12)-H(12)  0.9500 

C(13)-H(13)  0.9500 

C(14)-C(19)  1.385(5) 

C(14)-C(15)  1.404(5) 

C(15)-C(16)  1.402(6) 

C(15)-H(15)  0.9500 

C(16)-C(17)  1.370(7) 

C(16)-H(16)  0.9500 

C(17)-C(18)  1.398(7) 

C(17)-H(17)  0.9500 

C(18)-C(19)  1.402(6) 

C(18)-H(18)  0.9500 

C(19)-H(19)  0.9500 

C(20)-C(25)  1.399(5) 

C(20)-C(21)  1.408(6) 

C(21)-C(22)  1.378(6) 

C(21)-H(21)  0.9500 

C(22)-C(23)  1.401(7) 

C(22)-H(22)  0.9500 

C(23)-C(24)  1.379(7) 

C(23)-H(23)  0.9500 

C(24)-C(25)  1.387(6) 

C(24)-H(24)  0.9500 

C(25)-H(25)  0.9500 

P(2)-F(4A)  1.470(9) 

P(2)-F(6)  1.479(12) 

P(2)-F(3A)  1.549(10) 

P(2)-F(5)  1.559(9) 

P(2)-F(3)  1.572(9) 
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P(2)-F(2)  1.562(3) 

P(2)-F(4)  1.633(10) 

P(2)-F(5A)  1.592(10) 

P(2)-F(1)  1.590(3) 

P(2)-F(6A)  1.650(11) 

 

C(1)-P(1)-C(8) 104.41(16) 

C(1)-P(1)-C(20) 115.58(17) 

C(8)-P(1)-C(20) 105.86(15) 

C(1)-P(1)-C(14) 112.88(17) 

C(8)-P(1)-C(14) 111.26(16) 

C(20)-P(1)-C(14) 106.68(17) 

C(2)-C(1)-P(1) 127.7(3) 

C(2)-C(1)-H(1) 116.2 

P(1)-C(1)-H(1) 116.2 

C(1)-C(2)-C(3) 125.9(3) 

C(1)-C(2)-C(6) 119.6(3) 

C(3)-C(2)-C(6) 114.5(3) 

C(4)-C(3)-C(2) 120.9(3) 

C(4)-C(3)-H(3) 119.5 

C(2)-C(3)-H(3) 119.5 

N(1)-C(4)-C(3) 122.1(3) 

N(1)-C(4)-H(4) 118.9 

C(3)-C(4)-H(4) 118.9 

N(1)-C(5)-C(6) 120.8(3) 

N(1)-C(5)-H(5) 119.6 

C(6)-C(5)-H(5) 119.6 

C(5)-C(6)-C(2) 121.8(3) 

C(5)-C(6)-H(6) 119.1 

C(2)-C(6)-H(6) 119.1 
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N(1)-C(7)-H(7A) 109.5 

N(1)-C(7)-H(7B) 109.5 

H(7A)-C(7)-H(7B) 109.5 

N(1)-C(7)-H(7C) 109.5 

H(7A)-C(7)-H(7C) 109.5 

H(7B)-C(7)-H(7C) 109.5 

C(13)-C(8)-C(9) 119.8(3) 

C(13)-C(8)-P(1) 123.2(3) 

C(9)-C(8)-P(1) 116.8(2) 

C(10)-C(9)-C(8) 121.0(3) 

C(10)-C(9)-H(9) 119.5 

C(8)-C(9)-H(9) 119.5 

C(11)-C(10)-C(9) 118.7(4) 

C(11)-C(10)-H(10) 120.7 

C(9)-C(10)-H(10) 120.7 

C(12)-C(11)-C(10) 120.5(3) 

C(12)-C(11)-H(11) 119.7 

C(10)-C(11)-H(11) 119.7 

C(11)-C(12)-C(13) 121.3(3) 

C(11)-C(12)-H(12) 119.4 

C(13)-C(12)-H(12) 119.4 

C(8)-C(13)-C(12) 118.7(3) 

C(8)-C(13)-H(13) 120.6 

C(12)-C(13)-H(13) 120.6 

C(19)-C(14)-C(15) 119.9(4) 

C(19)-C(14)-P(1) 121.5(3) 

C(15)-C(14)-P(1) 118.6(3) 

C(14)-C(15)-C(16) 120.0(4) 

C(14)-C(15)-H(15) 120.0 

C(16)-C(15)-H(15) 120.0 
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C(17)-C(16)-C(15) 119.5(4) 

C(17)-C(16)-H(16) 120.3 

C(15)-C(16)-H(16) 120.3 

C(16)-C(17)-C(18) 121.2(4) 

C(16)-C(17)-H(17) 119.4 

C(18)-C(17)-H(17) 119.4 

C(19)-C(18)-C(17) 119.5(4) 

C(19)-C(18)-H(18) 120.3 

C(17)-C(18)-H(18) 120.3 

C(14)-C(19)-C(18) 119.9(4) 

C(14)-C(19)-H(19) 120.1 

C(18)-C(19)-H(19) 120.1 

C(25)-C(20)-C(21) 118.9(3) 

C(25)-C(20)-P(1) 120.4(3) 

C(21)-C(20)-P(1) 120.7(2) 

C(22)-C(21)-C(20) 121.3(4) 

C(22)-C(21)-H(21) 119.3 

C(20)-C(21)-H(21) 119.3 

C(21)-C(22)-C(23) 119.2(5) 

C(21)-C(22)-H(22) 120.4 

C(23)-C(22)-H(22) 120.4 

C(24)-C(23)-C(22) 119.7(4) 

C(24)-C(23)-H(23) 120.2 

C(22)-C(23)-H(23) 120.2 

C(23)-C(24)-C(25) 121.7(4) 

C(23)-C(24)-H(24) 119.1 

C(25)-C(24)-H(24) 119.1 

C(24)-C(25)-C(20) 119.2(4) 

C(24)-C(25)-H(25) 120.4 

C(20)-C(25)-H(25) 120.4 
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C(4)-N(1)-C(5) 119.8(3) 

C(4)-N(1)-C(7) 120.4(3) 

C(5)-N(1)-C(7) 119.8(3) 

F(4A)-P(2)-F(6) 145.1(8) 

F(4A)-P(2)-F(3A) 91.5(7) 

F(6)-P(2)-F(3A) 123.3(7) 

F(4A)-P(2)-F(5) 58.7(7) 

F(6)-P(2)-F(5) 86.6(6) 

F(3A)-P(2)-F(5) 150.1(7) 

F(4A)-P(2)-F(3) 120.8(8) 

F(6)-P(2)-F(3) 93.9(6) 

F(3A)-P(2)-F(3) 29.5(5) 

F(5)-P(2)-F(3) 178.8(5) 

F(4A)-P(2)-F(2) 86.4(6) 

F(6)-P(2)-F(2) 90.5(6) 

F(3A)-P(2)-F(2) 90.7(5) 

F(5)-P(2)-F(2) 89.8(5) 

F(3)-P(2)-F(2) 89.1(5) 

F(4A)-P(2)-F(4) 30.2(5) 

F(6)-P(2)-F(4) 171.7(7) 

F(3A)-P(2)-F(4) 62.7(7) 

F(5)-P(2)-F(4) 87.5(6) 

F(3)-P(2)-F(4) 92.1(6) 

F(2)-P(2)-F(4) 95.4(5) 

F(4A)-P(2)-F(5A) 89.0(6) 

F(6)-P(2)-F(5A) 56.4(7) 

F(3A)-P(2)-F(5A) 177.0(5) 

F(5)-P(2)-F(5A) 30.3(4) 

F(3)-P(2)-F(5A) 150.3(7) 

F(2)-P(2)-F(5A) 92.3(4) 
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F(4)-P(2)-F(5A) 117.3(8) 

F(4A)-P(2)-F(1) 94.1(6) 

F(6)-P(2)-F(1) 89.2(6) 

F(3A)-P(2)-F(1) 89.0(4) 

F(5)-P(2)-F(1) 90.6(5) 

F(3)-P(2)-F(1) 90.4(5) 

F(2)-P(2)-F(1) 179.4(2) 

F(4)-P(2)-F(1) 85.0(5) 

F(5A)-P(2)-F(1) 88.0(4) 

F(4A)-P(2)-F(6A) 173.7(7) 

F(6)-P(2)-F(6A) 28.6(5) 

F(3A)-P(2)-F(6A) 94.8(6) 

F(5)-P(2)-F(6A) 115.0(8) 

F(3)-P(2)-F(6A) 65.5(8) 

F(2)-P(2)-F(6A) 93.6(6) 

F(4)-P(2)-F(6A) 155.8(8) 

F(5A)-P(2)-F(6A) 84.7(6) 

F(1)-P(2)-F(6A) 86.0(6) 

 

Symmetry transformations used to generate equivalent atoms:  
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 Table 4.   Anisotropic displacement parameters  (Å2x 103) for AD04.  The anisotropic 

displacement factor exponent takes the form:  -2! 2[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 

_______________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

_______________________________________________________________________  

P(1) 28(1)  33(1) 28(1)  -12(1) 0(1)  -4(1) 

C(1) 29(2)  34(2) 33(2)  -7(1) 0(1)  -1(1) 

C(2) 30(2)  38(2) 30(2)  -12(1) 1(1)  -8(1) 

C(3) 31(2)  40(2) 32(2)  -6(1) -2(1)  -9(1) 

C(4) 33(2)  42(2) 33(2)  -8(1) -6(1)  -4(1) 

C(5) 40(2)  50(2) 30(2)  -6(1) 1(2)  -14(2) 

C(6) 40(2)  44(2) 29(2)  -9(1) -2(2)  -5(2) 

C(7) 37(2)  59(2) 44(2)  -8(2) 6(2)  -8(2) 

C(8) 29(2)  30(2) 32(2)  -11(1) 2(1)  -7(1) 

C(9) 37(2)  47(2) 47(2)  -22(2) -8(2)  -3(2) 

C(10) 34(2)  58(2) 65(3)  -27(2) -16(2)  1(2) 

C(11) 30(2)  43(2) 60(2)  -21(2) -3(2)  1(1) 

C(12) 40(2)  43(2) 44(2)  -22(2) 6(2)  -2(2) 

C(13) 31(2)  41(2) 35(2)  -14(1) -1(1)  -7(1) 

C(14) 24(2)  49(2) 31(2)  -16(1) 2(1)  -4(1) 

C(15) 47(2)  59(2) 47(2)  -2(2) -13(2)  -25(2) 

C(16) 55(3)  85(3) 55(3)  -3(2) -16(2)  -37(2) 

C(17) 33(2)  91(3) 39(2)  -17(2) -7(2)  -5(2) 

C(18) 55(2)  55(2) 41(2)  -11(2) -16(2)  14(2) 

C(19) 51(2)  41(2) 40(2)  -18(2) -9(2)  4(2) 

C(20) 43(2)  30(2) 34(2)  -10(1) -9(2)  -4(1) 

C(21) 71(3)  45(2) 39(2)  -7(2) -6(2)  -26(2) 

C(22) 96(4)  55(2) 50(3)  3(2) -20(3)  -40(3) 

C(23) 85(4)  36(2) 75(3)  -9(2) -41(3)  -13(2) 

C(24) 55(2)  46(2) 63(3)  -29(2) -27(2)  6(2) 
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C(25) 33(2)  50(2) 43(2)  -22(2) -10(2)  6(2) 

N(1) 34(2)  46(2) 33(2)  -13(1) 3(1)  -8(1) 

P(2) 71(1)  43(1) 46(1)  -8(1) -30(1)  -12(1) 

F(2) 198(5)  60(2) 124(3)  18(2) -98(4)  -39(2) 

F(1) 96(2)  55(2) 111(3)  1(2) -42(2)  -19(2) 

F(3) 267(15)  130(5) 120(6)  -8(4) -129(8)  -78(8) 

F(4) 112(5)  146(6) 195(11)  -2(7) 41(7)  8(5) 

F(5) 267(15)  130(5) 120(6)  -8(4) -129(8)  -78(8) 

F(6) 112(5)  146(6) 195(11)  -2(7) 41(7)  8(5) 

F(3A) 100(5)  65(4) 165(12)  12(6) -96(7)  -26(4) 

F(4A) 133(9)  125(6) 53(4)  -40(4) 11(5)  18(6) 

F(5A) 100(5)  65(4) 165(12)  12(6) -96(7)  -26(4) 

F(6A) 133(9)  125(6) 53(4)  -40(4) 11(5)  18(6) 
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Table 5. Hydrogen coordinates (x104) and isotropic  displacement parameters (Å2x10 3) 

for AD04. 

_______________________________________________________________________  

 x  y  z  U(eq) 

_______________________________________________________________________  

H(1) 2491 3487 6551 42 

H(3) -1352 7042 5532 43 

H(4) -4364 7657 6833 46 

H(5) -3052 3574 9487 50 

H(6) 38 2908 8331 49 

H(7A) -6611 7238 8748 76 

H(7B) -5951 5969 10107 76 

H(7C) -6534 5412 8846 76 

H(9) 5781 4086 5981 53 

H(10) 8772 2130 5609 63 

H(11) 9795 881 3484 56 

H(12) 7900 1572 1768 55 

H(13) 4893 3501 2136 44 

H(15) 1289 3647 3191 58 

H(16) -386 4246 1283 72 

H(17) -1318 6852 124 69 

H(18) -435 8862 712 69 

H(19) 1398 8232 2521 57 

H(21) 5185 7211 3036 60 

H(22) 5565 9600 3281 75 

H(23) 3680 11057 5221 74 

H(24) 1432 10122 6835 66 

H(25) 1004 7746 6594 53 
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