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Abstract 

Carbon and phosphorus have often been compared owing to their diagonal relationship 

on the periodic table. However, relative to carbon, there remains an enormous breadth of 

polyphosphorus chemistry that is unexplored, particularly in the area of cationic 

phosphorus. A key step in the systematic and rational development of larger catenated 

organo-polyphosphorus cations is a fundamental understanding of the reactivity of small 

cationic building blocks. The smallest catenated framework in this context is the 

phosphinophosphonium monocation [R3P-PR2]
+
 (or phosphine-stabilized phosphenium 

cation), which can be prepared with a variety of functional groups at either phosphorus 

centre. This dissertation explores the diverse reactivity of chloro-substituted 

phosphinophosphonium cations, with a particular focus on reductive coupling as a 

synthetic route to novel catena-phosphorus systems. The resulting cationic frameworks 

are comprehensively described in terms of their diasteroisomerism, solution dynamics, 

and solid-state structural features. Additionally, fundamental electrochemical 

investigations of these diphosphorus cations are outlined as a tool for understanding and 

quantifying the reactivity of phosphenium cations.  Finally, extension of reductive 

coupling methodology to the first chlorostibinophosphonium cations presents a promising 

outlook towards the catenation of the heavier pnictogen cations. 
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Chapter 1. Introduction 

1.1 Catenation and Logical Evolution in Chemical Synthesis 

Modern applications of homogeneous or solution-state synthetic chemistry have a diverse 

scope, ranging from pharmaceutical compounds to novel plastics and materials. The 

majority of these compounds reflect structures based on a catenated, or homoatomically 

bonded, carbon backbone, such as is found in polypropylene or complex drug molecules. 

The predominance of carbon frameworks in synthetic chemistry derives not only from the 

natural abundance of carbon-backbone molecules in nature, but also from the substantial 

fundamental research in organic, or catena-carbon, chemistry over the past century.  

To appreciate the extent of the development in organic synthetic methodology, it is useful 

to consider the hypothetical evolution of increasing complexity in chemical synthesis as 

represented in Figure 1.1. To approach the total synthesis of complex organic frameworks 

possessing numerous functional groups and precise stereochemical relationships between 

framework atoms [e.g. (-)-muraymycin-D2, an antibacterial natural product
1
 

(Figure 1.1c)], the synthetic chemist must possess detailed knowledge of a diverse set of 

bond-forming reactions. In the realm of organic synthesis, extensive detail is presently 

understood about numerous fundamental C-C bond forming reactions, such as a 

Diels-Alder (Figure 1.1a) or Grignard reaction (Figure 1.1b). To utilize these simple 

single-bond forming reactions in the precise synthesis of a more complex framework, 

however, a strong understanding of the reaction mechanism is needed. Knowledge of the 

stereoselectivity of the reaction (e.g. preference of the endocyclic transition state in [a]), 

effects of judicious selection of substituents (e.g. electron-withdrawing or donating 



 

2 

substituents in [a]), and the limitations of the reaction scope (e.g. functional group 

tolerance in [b]) in organic synthetic methodology allow for the application of these 

methods to the synthesis of comparatively large and precisely controlled structures.
2
  This 

understanding can further extend to the synthesis of complex macromolecular 

architectures, including polymers and materials with precise tacticity and low 

polydispersity (e.g. poly(lactic acid), PLA, a biodegradable polymer. Figure 1.1d)
3,4

 and 

self-assembling macromolecular structures for electronic and optical applications (e.g. 

oligoether structures assembled into a honeycomb architecture, Figure 1.1e).
5
 

 

Figure 1.1. Graphical representation of the development of increasing structural 

complexity in synthetic organic chemistry, proceeding from fundamental 

chemical reactions (a-b) to intricate single molecules (c) to stereoregular 

polymers (d) and self-assembled supramolecular structures (e). Structure e 

has been adapted from reference 5. 

In all cases, the logical extension of organic reactions to increasingly complex structures 

with specific real-world applications relies heavily on the well-developed understanding 

of simple carbon catenation reactions such as [a] and [b]. The development in this area 

has been in part assisted by the tendency of carbon to catenate, which is evident in the 
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numerous naturally occurring allotropes of carbon, e.g. graphite, diamond, and 

amorphous coal. This catenation chemistry, however, is not limited to carbon, and can be 

seen for other main group elements. The closest analogue is phosphorus, which has often 

been referred to in the literature as a “carbon copy.”
6
 Indeed, as phosphorus is situated 

diagonally adjacent to carbon on the periodic table, the two elements display similar 

electronegativities and correspondingly similar chemistry.
6
 The development of 

phosphaorganic chemistry, i.e. of compounds with mixed carbon-phosphorus 

frameworks, although newer than organic chemistry, is nonetheless becoming rapidly 

ubiquitous, particularly with applications in phosphaalkene polymerization and 

phosphaorganic π-conjugated materials for electronics.
7,8

 However, the catenation 

chemistry of strictly phosphorus frameworks is notably hampered by its larger atomic 

radius and lower effective nuclear charge, resulting in both weaker homoatomic bonds 

and greater kinetic lability (Table 1.1). Although the P-P homoatomic bond is weaker 

than its organic analogue, it is nonetheless thermodynamically favourable, and the 

availability of d-orbitals of compatible energies presents opportunities for structural 

diversity not available in a strictly carbon frame. 

Catena-phosphorus chemistry has been well-developed for both neutral and anionic 

phosphorus frameworks (vide infra). Systematic methods for the synthesis of cationic 

catena-phosphorus derivatives from small molecule building blocks, however, remain 

comparatively unexplored. 
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Table 1.1. Comparison of selected fundamental parameters of carbon and 

phosphorus. References from Emsley
9
 unless otherwise noted. 

 C P 

Electronegativity (Pauling, χ
P
) 2.55 2.19 

Single-bond covalent radius, rcov (Å) 0.75 
10

 1.11 
10

 

van der Waals radius, rvdw (Å) 1.85 1.90 

E-E bond length (Å) 1.54 2.21 

E-E bond strength (kJ/mol) 346 201 

E-C bond strength (kJ/mol) as above 264 

1.2 Catena-phosphorus Chemistry 

Like carbon, phosphorus exists in a number of naturally occurring allotropes, including 

tetrahedral white phosphorus,
11,12

 amorphous red phosphorus,
13

 and graphitic sheet black 

phosphorus.
14,15

 Of these, black phosphorus is the most stable under ambient temperature 

and pressure conditions.
16

 In addition, a variety of other phases are known (Figure 1.2), 

including violet Hittorf’s phosphorus (1.1) 
17

 and phosphorus nanorods (e.g. 1.2),
18,19

 

which have been have been isolated and characterized, as well as diphosphorus, P2, which 

has been identified in the gas phase.
20

 

 

Figure 1.2. Structure of Hittorf’s (violet) phosphorus (1.1) and a representative 

phosphorus nanorod (1.2) with a P12 repeat unit. Note the structurally 

similar P8 cage unit found in both allotropes. 
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Evident in the allotropes is the tendency for neutral 3-coordinate phosphorus to adopt 

significantly different geometries than those predicted by VSEPR theory. Whereas 

amines (NR3) adopt pyramidal geometries with angles close to those of the tetrahedral 

carbon analogue (109.5°), phosphines (PR3), including the atoms in elemental 

phosphorus, display bond angles between 90-100°.
16

 These consistently smaller bond 

angles emphasize that the traditional hybridization model used for chemistry of the 

second period (n = 2) is inconsistent with the properties of the heavier elements such as 

phosphorus (n = 3), where the diffuse np orbitals disfavour s-p mixing.
21

 The lone pair 

therefore retains predominantly s-character, and the bond angles around the phosphorus 

centre reflect primarily p-orbital contribution to the P-R bond. Notably, P(V) centres, 

such as those typified by phosphonium (tetrahedral) and phosphorane (trigonal 

bipyramidal) topologies (Table 1.2), are observed to adopt predicted VSEPR model 

geometries in the absence of the phosphorus lone pair.  Regardless of these geometric 

considerations, however, the ready catenation of elemental phosphorus suggests that the 

synthesis of smaller molecular polyphosphorus frameworks should be likewise attainable. 

Before proceeding with a discussion of the synthetic methods and known frameworks, a 

short discussion of phosphorus nomenclature is valuable. It should be noted that there are 

substantial inconsistencies in the literature in this regard, the most common being the 

substitution of the terms phosphine and phosphane when referring to three-coordinate 

neutral environments in North American and European contexts. For the purposes of this 

dissertation, the terminology for singly-bonded phosphorus frameworks listed in 

Table 1.2 will be used. 
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Table 1.2. Lewis depictions and nomenclature of the available bonding environments 

for phosphorus with single bonds only. 

CN cationic neutral anionic 

1 
   

phosphinidinium phosphinidene  

2    
phosphenium  phosphide 

3 
 

 

 

 phosphine  

4 
   

phosphonium  phosphoranide 

5 
  

 

  phosphorane 

6 
  

 
  phosphate 

1.2.1 Catena-phosphorus Anions 

The closest synthetic analogs of elemental phosphorus are the unsubstituted polycyclic 

catena-phosphorus anions, which are readily derived via nucleophilic attack of LiPH2 or 

Na on white phosphorus.
22

 The smallest and most stable compound synthesized by this 

route is the lithium salt of the P7
3-

 cage. This heptaphosphorus trianion gives rise to a 
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single 
31

P NMR resonance at room temperature, but three distinct resonances at low 

temperature, suggesting a dynamic equilibrium between the relevant phosphine and 

phosphide moieties.
23

 

PP

P

PP

P

P

PP

P

PP

P

P
 

Figure 1.3. Two structural representations of the P7
3-

 anion, which can be used to 

rationalize the observation of only one signal in 
31

P NMR spectra of M3P7 

at room temperature. Colouration of the atoms serves to highlight the 

interconversion between phos phorus sites, e.g. the blue phosphorus atom 

is apical at the left, but basal at the right. 

1.3 1.4  

Figure 1.4.  Simplified skeletal drawings of selected polycyclic polyphosphorus 

polyanions, P16
2-

 (1.3) and P21
3-

 (1.4). Vertices represent phosphorus 

atoms. 

Larger polycyclic polyphosphides are also well-known, and examples 1.3
24

 and 1.4
25

 

(Figure 1.4) serve to highlight the recurrent structural elements of these species, as both 

can be envisioned as P7 units bridged by either P2 or norbornene-like structures. Other 

structurally dissimilar anions are also known, although each nonetheless highlights the P8 

structure of Hittorf’s phosphorus as a recurring motif (vide supra, Figure 1.2).
22,23

 

Additionally, transition metal complexes of extended unsubstituted polyphosphorus 

frameworks of this type are also known,
26-28

 but fall outside of the scope of this thesis.  
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Sodium reduction of white phosphorus in coordinating solvents have been known to yield 

monocyclic polyphosphines as minor products, which were described as aromatic 

systems, based on their strongly downfield shifted 
31

P NMR resonances.
22

 With the use 

of heavier alkali metals (M = K, Rb, Cs), solid state characterization was possible for 

M4P6 (1.5). The anion was found to be planar, with substantially shortened P-P bond 

lengths, (2.15 Å vs. 2.20 Å for a typical P-P single bond),
29-31

 although later calculations 

by Korber and coworkers call into question the aromatic nature of this anion.
32

 Solution 

31
P NMR studies indicated, however, that these six-membered anions undergo rapid 

redistribution once dissolved, yielding the more stable monoanionic five-membered 

cyclopentadiene analog 1.6 (
31

P NMR: 475 ppm).
33

  The dianionic four-membered ring 

1.7 has also been synthesized separately and exhibits a solution 
31

P NMR chemical shift 

(328-345 ppm) characteristic of an aromatic polyphosphine.
34

 

P

P
P

P

P
P

P P

P
P

P P

P P

P
4- -

2-

1.5 1.6 1.7  

Alkali metal reduction of organocyclophosphines, or RPCl2 and PCl3, rather than 

elemental phosphorus, provide routes to acyclic and cyclic organopolyphosphides, 

respectively. In the case of linear polyphosphides (Scheme 1.1), the stoichiometry of the 

reduction was found to determine the length of the resulting chain 1.8 regardless of the 

substituents chosen.
23,35

 More recently, several groups have investigated the reductive 

coupling of RPCl2 (R = 
t
Bu, Ph, Mes) as a more direct route to the four-membered 

dianions 1.8n=2, thus eliminating the need to synthesize the neutral ring (Section 1.2.2).
36-

39
 The assignment of these linear anions was supported through 

31
P NMR studies, as well 
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as cyclic voltammetry and other electrochemical studies, which will be described in 

greater depth in Chapter 5. 

P

R

PP

RR

1.8

n

P
P

P
P

R

R R

R m

m = 1, 2

n = 0, 1, 2

MI

 

Scheme 1.1. Alkali metal (M
I
 = Li, Na, K) reduction of cyclopolyphosphines to acyclic 

polyphosphides. 

Observation of 1.8n=2 from the sodium reduction of RPCl2 led additionally to the 

development of routes to cyclic monoanions, as the linear fragments were observed to 

coordinate M
+
 cations in the solid state in a fashion structurally reminiscent of a 

five-membered ring. Introduction of PCl3 into the reduction provided the source of 

“naked” phosphide en route to 1.9 (Scheme 1.2).
40-42

  

P

P P

P
P

R

RR

R

4 RPCl2  +  PCl3  +  12 Na Na + 11 NaCl

1.9  

Scheme 1.2. Synthesis of monocyclic catena-phosphorus anions (R = 
t
Bu, 

i
Pr, Ph). 

Although comparatively rare, the synthesis of linear organopolyphosphorus anions has 

been accomplished via the in situ silylation of naked phosphorus atoms from P4. The 

reaction of silanides, M[Si
t
Bu3] (M = Li, Na, K), with white phosphorus led to the 

formation of the monoanion 1.10, while the heavier alkali silanides (M = Rb, Cs) 

permitted the isolation of the dianionic supersilyl derivative 1.11. 
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P PP P

tBu3Si SitBu3

P PP

SitBu3
tBu3Si

1.10 1.11  

1.2.2 Neutral Catena-phosphines 

Unlike catena-polyphosphides, of which many unsubstituted polycyclic derivatives are 

known, neutral polyphosphorus frameworks generally rely on substituent steric protection 

for kinetic stability. A limited number of “naked” or wholly unsubstituted neutral 

frameworks have been characterized in recent years (e.g. 1.12, 1.13 and 1.14) through the 

use of strong donor ligands such as N-heterocyclic carbenes (NHCs) which stabilize the 

low-coordinate phosphorus atoms.
43-45

  

N

N

P P
P

P

P
P

P

P

P

P

P
P

N

N

Ar

Ar Ar

Ar

Ar = 2,6-iPr2C6H3

N

N

P Ar

Ar

PP
P

N

N

Ar

Ar

1.13 1.14

N

N

Ar

Ar

PP

N

N

Ar

Ar

1.12

 

Unsupported polyphosphines are substantially more structurally diverse. The binary 

polyphosphorus hydrides PnHn+2 with chain lengths of up to five phosphorus atoms have 

been isolated as mixtures of linear diastereomers, as well as branched isomeric forms of 

P4H6 and P5H7 frameworks.
23,35

 Longer acyclic species have been observed using mass 

spectrometry (up to P9H11) and 
31

P NMR spectroscopy (up to P7H9), but the kinetic 

lability of the P-P bond towards intermolecular nucleophilic attack renders 

disproportionation increasingly favourable for increasing chain lengths, and redistribution 

to cyclic species was observed when isolation of these larger polyphosphines was 

attempted (Scheme 1.3).
46

 The substantial stabilization provided by cyclization is 
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emphasized by noting that compared to the maximum P9 framework observed for acyclic 

species, the largest polycyclic hydrides known are the substantially larger P22H6 and 

P22H4 molecules. 

P P P

H

H H

HH

n
P P

H

H H

H

+cyclo-(PH)n

 

Scheme 1.3. Disproportionation of acyclic polyphosphorus hydrides to a 

monocyclophosphine and diphosphine. 

The synthetic methods used for the preparation of polyphosphorus hydrides (e.g. 

thermolysis reactions or the decomposition of CaP in water)
46

 are not generally 

applicable to the synthesis of other frameworks, so they will not be discussed here. 

However, the diverse diastereoisomerism resulting from an abundance of chiral trivalent 

phosphorus centres in these systems offers substantial insight into the general behaviour 

of neutral P(III) frameworks. While mixtures of P4H6 and P5H7 diastereomers and 

isomers display distinct 
31

P NMR resonances corresponding to the separate component 

isomers at low temperatures, dynamic behaviour and ready interconversion in these 

systems has been noted at higher temperatures. Besides possible disproportionation 

reactions, these open chain hydrides are proposed to undergo ready inversion at 

phosphorus to realize the conversion between diastereomers.
23,46

 Although a substantial 

inversion barrier precludes inversion at isolated phosphines, catenation is proposed to 

allow favourable dπ-pπ overlap in the transition state, thereby substantially lowering the 

activation energy.
47,48

 The inversion of catena-phosphines will be described in further 

detail in Chapter 3.   
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The addition of organic substituents allows for the isolation of remarkably similar acyclic 

frameworks, as well as a series of well-characterized cyclic polyphosphines. Several 

general methods for the synthesis of neutral cyclic frameworks are known, namely (a) 

dehydrohalogenation, (b) reduction, (c) activation of P4 by Grignard reagents, and (d) 

metathesis (Scheme 1.4). Notably, reductive coupling (b) has also been accomplished 

using electrochemical means.
22

 A variety of alternative methods for the synthesis of 

specific cyclic polyphosphines are also known,
22

 but these are not relevant to the present 

discussion of methodology as they have extremely limited applicability. 

RPH2 + RPCl2a )

RPCl2
Li, Na, Mg, Hg

or LiH
or nBu3P

P4 + 2RMgBr + 2RBr

Me3Si(R)P-P(R)SiMe3

K(R)P-P(R)K + R'PCl2

or

c )

d )

b )

P

P P
R R

R'

2/n (PR)n + 2 HCl

1/n (PR)n

2 MX

MX2

2 LiCl + H2
nBu3PCl2

+

4/n (PR)n + 2 MgBr2

2 Me3SiCl

2 KCl
+

1 eq. R'PCl2

 

Scheme 1.4. Generalizable routes to neutral monocyclic polyphosphines. 
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Table 1.3. Reported isolated yields and structural features of readily synthesized 

homoleptic cyclopolyphosphines, from Baudler
22

 unless otherwise noted. 

 P

PP

R

RR  

P

P P

P
R

RR

R

 

P

P P

P
P

R

RR

R

R

 

P

P
P

P

P
P

R

R

R

R

R

P

 

 1.15 1.16 1.17 1.18 

Endocyclic 

bond angles 
60-61° 80-87° 

94-108° 

(x  =100°) 
95-96° 

Conformation planar 
folded 

(τ = 25-46°) 

twisted 

envelope 
chair 

Substituent (R) % Yield of (RP)n isolated 

Ph -- 82
a 

93
b
 n.r.

b
 

Me -- -- 67 -- 

Et -- -- 81 -- 

n
Pr -- -- 92 -- 

n
Bu -- -- 82 -- 

i
Pr 38 80 -- -- 

Cy 18 79
b
 7 -- 

N
i
Pr2 -- 57 -- -- 

t
Bu 60

b
 63

b
 -- -- 

i
PrF 100 -- -- -- 

n.r. Not reported.  i
PrF = perfluoro-isopropyl. 

 a
 From Stephan and coworkers.

49
 

b
 Crystallographically characterized.  

With the exception of the reaction depicted in Scheme 1.4d, which proceeds via a [2+1] 

or [3+1]-cyclocondensation mechanism, the remaining reactions are non-specific with 

regards to ring size. That is, regardless of the reaction stoichiometry, the cyclic products 
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that result are those with the thermodynamically most-favourable ring size with respect to 

the steric constraints imposed by the substituents. This feature is highlighted in Table 1.3, 

which demonstrates the tendency of bulky substituents to enforce smaller ring sizes. Even 

when other ring sizes are initially synthesized, the weak P-P bond (vs. C-C) allows for 

ready oligomerization. For example, (PPh)3 oligomerizes at room temperature to yield 

first (PPh)4 and then (PPh)5, while (PPh)6 decomposes back to (PPh)5 upon heating.
22

 

The stability of the five-membered ring in the absence of sterically demanding 

substituents highlights the geometric features of phosphorus (Section 1.2) in comparison 

to carbon, which is most stable as a six-membered cyclohexane derivative. Where 

cyclohexanes allow for the minimum torsional strain in carbon-centric systems, trans-

annular repulsion between phosphine lone pairs is virtually non-existent. Further, the 

wider angles in cyclopentaphosphines (~100°) are the least strained, mimicking those of 

unrestricted PR3 phosphines, and the commonly observed envelope conformation 

(featuring four coplanar phosphorus atoms) allows for delocalization of the lone pair on 

the out-of-plane atom into the σ*-orbitals of the P-P bonds in the ring.
50

 This additional 

stability, described as pentagonal stabilization, provides strong rationale for the 

recurrence of this 5-membered ring motif in all areas of catena-phosphorus synthesis. 

A limited number of branched ring systems have been reported in the literature, typically 

with kinetically stabilizing 
t
Bu substituents. Although the majority of the branched cyclo-

polyphosphines have been prepared via the thermolysis of acyclic species, two other 

routes to these species are relevant in the context of methodology development in 

phosphorus chemistry.  Extension of the metathesis reaction described earlier permits the 

isolation of branched three-membered rings by the reaction of cyclo-triphosphines 
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bearing an SnMe3 functionality with PCl3 or 
t
BuPX2 (X = Cl, I), highlighting the utility of 

functionalized polyphosphines in the development of new frameworks.
51

 Similarly, 

metathesis and Me3SiCl elimination from a mixed Me3Si- and Cl-substituted acyclic 

triphosphine generates an unstable intermediate phosphino-diphosphene (
t
Bu2P-P=PR), 

which subsequently dimerizes to generate a four-membered branched ring.
52

 

A diverse array of polycyclic polyphosphines have also been reported in the literature, 

generally synthesized via the reductive coupling of PCl3 and RPCl2 (or the already 

reduced cyclopolyphosphines [RP]n) with Mg, thereby generating apical (unsubstituted) 

P-centres from PCl3 and achieving kinetic stabilization via phosphinidene (RP) 

fragments. The substitution of P4 for PCl3 as a source of unsubstituted phosphorus is also 

known.
22

 The vast array of different polycyclic structures,
22,23

 ranging from bicyclic to 

octacyclic systems, is too extensive for review herein, but a selection of different 

architectures is highlighted in Figure 1.5. Of note is the familiar structural motif in 

framework 1.19, seen previously in discussion of allotropic Hittorf’s phosphorus (Section 

1.2), as well as the apparent thermodynamic preference for phosphorus skeletons with 

repeated five-membered ring elements. Furthermore, the formation of [m.n.1] (1.20) or 

[x.y.0](1.21) bicyclic motifs predominate the structural chemistry of these polycyclic 

species except in the case of the sterically demanding tert-butyl substituent. The 

additional steric shielding offered by the bulky tert-butyl groups has allowed for the 

isolation of skeletal frameworks such as 1.22 and 1.23 with relatively linear linkages 

between rings. In general, however, the synthesis of polycyclic species results in mixtures 

of different frameworks, so the majority have been characterized solely in situ via 

analysis of their complex 
31

P NMR spectra. 
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P12R4
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P

R

R

R
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R

R

P

P
P
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P

P

P

P

R

R

R R

R

R
P8R6

1.21

R = Me, Et, iPr

P

P P

P

P
P

PP

P

tBu

tBu tBu

tBu

tButBu

tBu

P9
tBu7

1.22

P

P P

P
P

P
P

P
P

tBu

tBu tBu tBu

tBu

tBu

tBu

P10
tBu8

1.23

P
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Figure 1.5. Selected examples of neutral polycyclic frameworks.
22,35,53,54

 

1.2.3 Catena-phosphorus Cations 

The most commonly occurring motif in carbon backbone frameworks is the 

four-coordinate, tetrahedral carbon centre, it being the most unreactive carbon 

environment owing to the inherent strength of the C-C σ-bond (σ: 346 kJ·mol
-1

 vs. 

π: 256 ± 21 kJ·mol
-1

).
55,56

 Extension of the carbon-phosphorus analogy (see Section 1.1) 

therefore suggests that the isolobal four-coordinate phosphonium moiety (Chart 1.1), and 

by extension, cationic polyphosphorus chemistry, merits significant consideration. 

Indeed, while geometric parameters of neutral and anionic phosphorus nuclei remain at 

odds with traditional carbon bonding models which invoke hybridization, phosphonium 

centres display nearly tetrahedral angles (vide supra), and therefore more closely mimic 

the geometric environment about the ubiquitous carbon frame. 
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Chart 1.1. The isolobal nature of four-coordinate carbon and phosphorus 

(phosphonium) fragments. 

Despite this comparison, the chemistry of cationic polyphosphorus systems remains 

underdeveloped relative to the anionic and neutral analogues. Chart 1.2 depicts all known 

catena-phosphorus frameworks possessing an overall positive charge. Reactions directed 

toward the synthesis of such molecules are often high yielding owing this positive charge, 

which provides for a distinct low energy reaction pathway. These reactions, rather than 

the frameworks themselves, will be the focus of this section, as it is methodology 

development and reactivity that form the primary motivation for this thesis. 

P P

Me

Me Me

Me

P P

Me

Me Me

Me

Me

1.24(Me)

MeOTf

CH2Cl2

MeOTf

neat
P P

Me

Me Me

Me

Me

1.25(Me)

Me

 

Scheme 1.5. Methylation products in CH2Cl2 solution or in the absence of solvent. 

At present, the majority of synthetic approaches to cationic polyphosphorus systems rely 

on the use of neutral polyphosphines as starting materials. Solution alkylation or 

protonation reactions of diphosphines (Scheme 1.5, top) and cyclo-(PR)n species 

(Scheme 1.6) yield the acyclic monocationic phosphinophosphonium cations (i) and the 

cyclic monocations (ix-xi).
57-59

 Binary reaction mixtures or solvent-free reactions of 
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MeOTf with the same polyphosphines (e.g. Scheme 1.5, bottom) has allowed for the high 

yielding synthesis of the corresponding dications (vi, xii and xiv).
58,60,61

 Recent work has 

also demonstrated that analogous solution halonium addition (Scheme 1.7) allows for the 

isolation of chloro-substituted versions of the frameworks x and xii.
62

 Alkylation or 

protonation of the monocationic triphosphenium framework (ii) offers one route towards 

the acyclic dication vii, although these derivatives can also be directly synthesized 

(Scheme 1.8).
63

  

P

P PtBu tBu

tBu

1.26a

a)

P

P P

P
PR

R R

R

R R'

b)

1.28a

c)

MeOTf

P
P

P
P

Cy Cy

Cy

Cy R

1.27a (R = H)

R = H, Me

P

P PtBu tBu

tBu Me

MeOTf or

ROTf
P

P
P

P
Cy Cy

Cy

Cy

P

P P

P
PR

R R

R

R

R = Ph, Me

tBuCl/GaCl3

Ring size retention

1.27b (R = Me)

  

P

P PtBu tBu

tBu

P
P

P
P

tBu tBu

tBu

tBu H

1.27c

P
P

P
PPh Ph

Ph

Ph

d)

P

P P

P
PPh

Ph Ph

Ph

Ph Me

e)

1.28b

f)

HOTf

P

P P
Cy Cy

Cy

P
P

P
P

Cy Cy

Cy

Cy Me

1.27b

MeOTf
P

P P
Cy Cy

Cy

1.26b

Me

+

MeOTf

Ring size expansion  

Scheme 1.6. Alkylation and protonation reactions of cyclo-polyphosphines resulting in 

net ring-size retention (a-c) or ring-size expansion (d-f). 
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Chart 1.2. Skeletal representations of all known cationic catena-phosphorus 

frameworks (updated from reference 64), categorized into acyclic 

monocations (i-v) and dications (vi-viii), monocyclic monocations (ix-xi) 

and dications (xii-xv) and polycyclic cations (xvi-xviii). Vertices represent 

phosphorus atoms, while terminal positions represent organic 

substitutents. Frameworks in dotted boxes have been observed
65,66

 but are 

not yet reported in the literature. 
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P
P

P
P

Cy Cy

Cy

Cy Cl

1.29

PCl5/GaCl3
P

P
P

P
Cy Cy

Cy

Cy

P
P

P
P

Cy Cy

Cy

Cy Cl

1.30

PCl5/GaCl3

Cl

 

Scheme 1.7. Successive chloronium addition to cyclo-(PCy)4 to produce functionalized 

derivatives of framework x (1.29) and xii (1.30). 

 

2 R3P  +  R'PCl2  +  2 AlCl3

+  R'Cl  +  AlCl3

P

R'

PP

R

R

R

R

R

R

1.32

P PP

R

R

R

R

R

R

1.31

2 AlCl4

a)

b)
 

Scheme 1.8. Alternative alkylation (a) or direct synthesis (b) routes to framework vii 

(1.32). 

 

A second route to polyphosphorus cations arises from the insertion of in situ generated 

phosphenium cations [PR2]
+
 into the P-P bonds of diphosphines

67
 and cyclo-

polyphosphines
59,68

 (Scheme 1.9). The chemistry of phosphenium cations will be 

discussed in greater detail in Section 1.3.2, but in the context of these insertion reactions, 

[PR2]
+
 is generated by halide abstraction from a chlorophosphine. Reactions of [PR2]

+
 

with diphosphines R′4P2 (R′ = Ph, Me) yielded the first examples of the framework (iii), 

resulting from either insertion [R′2P-PR2-PR′2]
+
 or coordination [R′2P-PR′2-PR2]

+
 of the 

phosphenium moiety depending on the steric constraints of the substituents.
67

 

Phosphenium insertion into cyclopolyphosphines in solution yielded the monocationic 
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derivatives x and xi via ring-size expansion (Scheme 1.9[b] and [c]) or ring-size retention 

pathways (Scheme 1.9[d]), presumably resulting from rapid solution redistribution 

reactions proceeding to the thermodynamically preferred ring-size (cf. neutral ring size 

redistribution reactions, Section 1.2.2).
59,67,68

 In contrast, the melt reaction of 

polyphosphines (PhP)5, (MeP)5, or white phosphorus, P4, with Ph2PCl and GaCl3 allows 

for the insertion of multiple [Ph2P]
+
 units, resulting in the frameworks xv-xviii.

69,70
 

The third general method to polyphosphorus cations does not rely on the use of neutral 

polyphosphines, but rather involves the reductive coupling of chlorophosphines in the 

presence of a donor phosphine R3P and a halide abstractor. This method was originally 

developed by Schmidpeter and coworkers to generate the triphosphenium monocations 

ii
71-73

, and this methodology has since been extended to numerous cyclic and acyclic 

derivatives of this framework.
74,75

 Variations of this reaction, including the use of 

cyclohexene
76

 or SnCl2
77

 as reducing agents, demonstrate that reductive coupling to yield 

cationic frameworks necessitates the use of relatively weak reductants compared to the 

reduction to neutral polyphosphines (cf. Section 1.2.2). This framework has also been 

prepared from the reaction of chelating diphosphines with PI3, which is proposed to act as 

an in situ source of P(I), owing to its equilibrium disproportionation first to P2I4 and I2 

and subsequently to (PI)n.
78,79

 Reductive coupling has also been utilized in the 

preparation of the framework viii,
80-82

 as will be detailed in Chapter 2.  
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in situ generation of phosphenium cations

OTf

 

Scheme 1.9. Phosphenium insertion reactions leading to monocationic polyphosphorus 

species. Reactions involving cyclic species have been known to proceed 

with either ring size expansion or ring size retention.
59

 

Of all the known cationic frameworks, then, the simplest is the phosphinophosphonium 

monocation i, and its potential utility as a synthon for larger cationic frameworks without 

reliance on neutral polyphosphorus starting materials forms the basis for this thesis. 

1.3 Phosphinophosphonium Cations as Building Blocks 

The smallest cationic catena-phosphorus building blocks are the phosphinophosphonium 

cation 1.24. These can be synthesized by halide abstraction (e.g. with Me3SiOTf, GaCl3 
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or AlCl3) from a chlorophosphine in the presence of another equivalent of a donor 

phosphine (Scheme 1.10).
83-85

 To approach the use of these compounds as building 

blocks toward larger catenated cationic frameworks, one must first understand the 

bonding and reactivity of these deceptively simple monocation salts. The phosphorus-

phosphorus bond in phosphinophosphonium cations can be readily described by one of 

two models: a covalent interaction depicted by a standard Lewis structure (1.24) or a 

coordinate or dative bond (1.24′) 

 

Scheme 1.10. Synthesis of a generic phosphinophosphonium cation by halide abstraction 

from a chlorophosphine. 

Although recent computational studies
86

 have suggested that a covalent model of the P-P 

bond is better suited when R = alkyl, the coordinate bonding model (1.24') of these 

complexes is supported by their demonstrated capacity to undergo ligand exchange. This 

includes the dynamic behaviour observed in the solution state 
31

P NMR spectra of the 

amido-derivatives (e.g. [(Me2N)3P-P(NMe2)2][AlCl4]),
87

 as well as the quantitative 

displacement of the phosphonium moiety by stronger phosphine donors
84,88

 

(Scheme 1.11). It follows, then, that the acceptor chemistry of phosphorus may offer 

some insight into the chemistry of these ions. 

PP

Ph

Ph

Ph

Ph

PhPP

Ph

Ph

Ph

Cl

Ph
Ph3P

- Ph2PCl

1.24'(Ph)1.34'(Ph)  

Scheme 1.11. Ligand exchange behaviour in phosphinophosphonium cations 
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1.3.1 Phosphorus as an Acceptor 

The traditional view of coordination complexes characterizes the coordinate bond as 

strictly formed by the donation of electrons from an electron-rich non-metal ligand to an 

electron-poor metal centre.
89

 In this context, pnictogen, or group 15, centres (Pn) bearing 

an available lone pair for donation must be classified as Lewis bases. However, such 

Pn(III) species possess a demonstrated capacity to function as Lewis acidic acceptors. 

The simplest example of this behaviour exists in the phosphoranide anion [PBr4]
–
, which 

can be described by a traditional Lewis/VSEPR bonding model as a disphenoidal anion 

with four substituents (1.35), or, alternately, as a donor-acceptor complex of Br
–
 and PBr3 

(1.35').
90

  

Br

P

Br

Br

Br

Br

P

Br

Br

Br

1.35 1.35'  

Figure 1.6. Lewis (1.35) and coordinate (1.35') bonding descriptions for the anion 

[PBr4]
–
 

In general, phosphoranides are hypervalent anionic phosphorus(III) species featuring a 

distorted disphenoidal geometry in the solid state, with typically longer axial bonds and 

an angle of only 160-170° between axial substituents, purportedly due to repulsion by the 

lone pair of electrons in the formally equatorial position.
90

 Halophosphoranides, such as 

1.35, that have been structurally characterized in the solid state are either weakly dimeric 

as in the anions of [
n
Pr4N][PBr4] (Figure 1.7),

91
 or monomeric as in the anions of 

[Et4N][PBr4], in which one axial P-Br bond is significantly longer than the other.
92

 This 

supports a coordination model (1.35') for the bonding in these species, where three halide 
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substituents are covalently bonded to the P(III) centre, while the remaining axial 

substituent is bonded via a weaker coordinate interaction. 

Br

P

Br

Br

Br

Br

P

Br

Br

Br

 

Figure 1.7. Solid-state structure of the anion in [
n
Pr4N][PBr4]. Note the P··Br distance 

between monomer units is 3.460(4) Å (cf. P-Breq = 2.2-2.3 Å; 

P-Brax = 2.5-2.6 Å)
90

 

What is more interesting, however, is the debate as to whether such adducts are best 

described by a covalent or ionic formulation, particularly as neutral adducts of this type 

are also known. For example, the solid-state structure of the dimeric Me3P→PBr3 adduct 

(1.36)
93

 displays the expected distorted disphenoidal geometry (axial Br-P-Br: 170°) 

which characterizes the previously discussed phosphoranides. The donor phosphine lies 

in the equatorial plane and demonstrates a normal P-P single bond length (2.26 Å). In 

addition to much longer P-Br distances (3.33 Å) between monomer units, one axial P-Br 

bond in each unit is significantly elongated [2.677(2) Å vs. 2.424(2) Å]. Müller and 

coworkers therefore describe each monomer in this complex as intermediate between a 

coordinate covalent and an ionic interaction (i.e. [Me3P-PBr2]
+
Br

–
).

93
  



 

26 

Br

P

Br

PMe3

Br

Br

P

Br

Br

Me3P Br

P

Br

Bz

PMe3

1.36 1.37  

In contrast, Me3P→PBnBr2 (1.37)
93

 is monomeric, but nonetheless possesses one 

significantly lengthened axial P-Br bond (2.96 Å) in the solid state. This suggests that the 

weaker acceptor capability of PBnBr2 results in dissociation of the Br
–
 anion instead of 

expected weakening of the P-P bond (2.24 Å). The authors thus describe this system as 

primarily ionic in nature (i.e. [Me3P-PBrBn]
+
Br

–
), consisting of a pyramidal phosphorus 

centre with a weak interaction with the associated anion, and they remark that the 

distortion from the theoretical disphenoidal structure is too large to be justified by solely 

lone pair repulsion (equatorial P-P-C: 100.8° << 120°). 

Regardless of whether these Lewis donor-acceptor adducts are regarded as covalent or 

ionic species, the primary thermodynamic factors affecting their formation remain 

essentially constant – a delicate balance between the energy of the newly formed adduct 

bond and the required geometric or structural adjustments about the donor and acceptor 

centres.
89

 As the geometry changes are comparatively minimal in neutral species where 

the phosphorus centre remains essentially pyramidal, the bond energy in the resulting 

adduct depends principally on the stabilization that results from the HOMO/LUMO 

interaction. Thus, the heavier pnictogens are comparatively poor acceptors, since their 

higher energy valence orbitals result in a higher energy LUMO. 

On the other hand, cationic systems possess a lower energy LUMO, which provides 

increased stabilization of the adduct relative to the neutral derivatives. In addition, 
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coordinative unsaturation at cationic centres improves the favourability of adduct 

formation by reducing the steric congestion about the pnictogen centre. Finally, the 

resultant ionic complex further benefits from stabilizing electrostatic interactions and 

crystal lattice energy. These factors thus favour the isolation of ligand-stabilized cationic 

pnictogen centres, such as phosphadiazonium derivatives (1.38[OTf])
94-96

 or even the 

dicationic P(V) species [PMe3]
2+

 (1.39[OTf]2).
97

  

N PR

L

NMe2N PMe3

2+

1.38 1.39  

1.3.2 Phosphenium Cations, [PR2]+ 

In contrast to the phosphoranides and their heavier congeners, where d- or σ*-orbital 

involvement is typically invoked to rationalize the hypervalent Lewis bonding 

description, phosphenium cations [PR2]
+
 possess only two substituents in addition to the 

lone pair, thus leaving an empty p-orbital available for coordination (Figure 1.8). 

P

R

R

 

Figure 1.8. Orbital depiction of a phosphenium cation 

The majority of isolable uncomplexed phosphenium salts demonstrate some degree of 

substituent stabilization by π-delocalization.
98

 Indeed, the first reported example of a 

stabilized phosphenium centre, [1.40(Me)][PF6], possesses a chelating diamido 

framework.
99

 Like the analogous neutral compound, the well-studied isolobal 

N heterocyclic carbene (NHC),
100

 1.40(Me) and other N-heterocyclic phosphenium 
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cations
98,101

 are stabilized by pπ-donation from two amido-substituents, regardless of the 

structural diversity in the carbon backbone evidenced in more recently synthesized 

extended N-heterocyclic phosphenium cations 1.41
102,103

  and 1.42,
104

 which possess 

extended π-aromatic structures. 

 

The phosphenium bonding environment should be regarded as distinct from other two-

coordinate phosphorus monocations such as phosphamethine cyanines 1.43 (E = CR3, 

NR2, or SR) and triphosphenium cations 1.31, where the reactivity (vide infra) and 
31

P 

NMR chemical shift of the dicoordinate phosphorus atom (1.43: -129 to +156 ppm; 1.31: 

-290 to -173 ppm)
105

 indicate a higher degree of π-delocalization of the positive charge 

onto the substituents.  

 

In spite of the substantial π-stabilization provided by the amido-donors, N-heterocyclic 

phosphenium salts, such as 1.40-1.42, display the strongly downfield 
31

P NMR signals 
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(222 to 366 ppm) expected of a P(III) phosphenium centre (200 to 500 ppm).
98

 Moreover, 

while compounds of type 1.43 or 1.31 act as weak Lewis bases and are subject to 

protonation,
105

 N-heterocyclic phosphenium centres are relatively poor σ-donors and 

strong Lewis acidic π-acceptors.
106

  

 

The earliest isolated acyclic phosphenium cations (1.44[AlCl4] and 1.45[AlCl4]) were 

similarly stabilized by donation from N-substituents, although they lack additional 

delocalization into the aromatic backbone found in many of the aforementioned 

N-heterocyclic derivatives. Nonetheless, these salts possess the expected downfield 

31
P NMR chemical shift parameters associated with the cationic phosphorus centre (from 

250-510 ppm, although most commonly found between 250-350 ppm).
98,107

 However, 

without adequate stabilization from substituents, the synthesis of isolated phosphenium 

centres seemed impossible; indeed, typical strategies for halide abstraction have been 

observed to fail in the absence of adequately bulky π-donating substituents. Instead, 

neutral adduct formation was observed between chlorophosphines and Lewis acidic 

halide abstractors such as AlCl3 in the absence of at least one π-donating substituent such 

as an amido or ferrocenyl moiety.
108,109

 This therefore suggests that thermodynamic 

stabilization from π-donating substituents is more crucial than the steric protection 

offered by bulky substituents.
98
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ClP(NMe2)2   +   AlCl3 Me2N P

NMe2

NMe2

P NMe2

NMe2

AlCl4

P(NMe2)3
P

1.44

N

N

1.24'(NMe2)  

Scheme 1.12. Phosphine (Lewis base) stabilization of a diamidophosphenium cation 

The observation of adduct-formation suggests an alternative route to phosphenium 

cations, namely via ligand stabilization of the empty p-orbital at the phosphenium centre. 

Parry and coworkers
87,110

 established, using 
31

P NMR spectroscopy, that the addition of a 

second equivalent of phosphine resulted in phosphine-stabilized phosphenium cations 

(Scheme 1.12), an assertion which was supported by the much later isolation and 

crystallographic characterization of 1.24(Ph) [Ph3P-PPh2][OTf].
88

 These phosphine-

stabilized phosphenium centres will be discussed in greater depth in terms of their role in 

catena-phosphorus chemistry in later chapters. It is significant to note, however, that in 

the absence of π-donating substituents at phosphorus, an excess of the halide abstractor 

GaCl3 results only in the formation of a GaCl3-adduct (1.46) of the phosphine-stabilized 

phosphenium unit (Scheme 1.13), whereas quantitative conversion to the phosphenium 

cation 1.44 occurs with (Me2N)2PCl.
111

 Again, this indicates the comparative stabilization 

provided by π-donating substituents.  

Me2PCl   +  xs. GaCl3 Me P

Me

Cl

P Me

Me

GaCl3

Me P

Me

Cl

P Me

Me

GaCl3

1.46 1.46'

or

 

Scheme 1.13. Formation of GaCl3-adducts with alkylphosphines in the presence of 

excess GaCl3 
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Furthermore, theoretical studies have shown that phosphenium and arsenium cations with 

π-donating substituents form weaker interactions with donor ligands, characterizing them 

as primarily coordination complexes (e.g. 1.24), while analogous cations with methyl 

substituents form covalent bonds to incoming donors.
86

 Finally, the isolation of the 

GaCl3-adduct 1.46 re-emphasizes the Lewis amphoteric nature of these phosphenium 

cations, clearly indicated in the coordinate bonding description 1.46'. This property can 

be exploited in traditional coordination chemistry as well, as demonstrated by the recent 

use of the N-heterocyclic carbene stabilized phosphenium cation 1.47 as a strongly π-

accepting ancillary ligand on a Ni-carbonyl complex, 1.48 (Scheme 1.14).
112

  

 

Scheme 1.14. An NHC-stabilized phosphenium centre (R = Ph, 
i
Pr, Cy) acting as a 

strongly π-accepting ligand, as indicated by high νCO (2075-2082 cm
-1

) 

1.4 Summary 

The logical development of catena-phosphorus chemistry requires the investigation of 

generalizable synthetic methods which can be applied to diverse functionalized small 

molecule building blocks. While methodologies for the synthesis of diverse anionic and 

neutral frameworks have been extensively explored, the field of cationic catena-

phosphorus chemistry remains comparatively limited. One of the most significant 

shortcomings of existing methods in cationic polyphosphorus synthesis is the heavy 

reliance on neutral polyphosphorus starting materials. However, this reliance is 
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unsurprising given the scarcity of known functionalized cationic frameworks which 

might be utilized as reagents in the synthesis of larger polycationic architectures. The 

focus, therefore, of this dissertation is to explore the chemical and electrochemical 

reactivity of chloro-funtionalized phosphinophosphonium cations and related antimony 

analogues as starting points for the rational assembly of complex cationic molecules. 
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Chapter 2. 2,3-Diphosphino-1,4-diphosphonium Ions 

2.1 Introduction 

The first published derivative
113

 of the 2,3-diphosphino-1,4-diphosphonium framework 

(2.0a) was reported more than two decades ago, and further syntheses of cyclized species 

2.0b
114

 and 2.0c
82

 have since been reported. Nevertheless, reports of truly acyclic 

derivatives of this type are rare,
80,115

 and generalizable syntheses essentially unknown. 

New derivatives of the chlorophosphinophosphonium cation are described here along 

with their demonstrated capacity to be reductively coupled in a general fashion to yield 

diverse acyclic 2,3-diphosphino-1,4-diphosphonium dications. 

PhP PP

N

tBu

N P

Ph

Ph

2.0a

P P P P

Me2N

Me2N

NMe2

NMe2

2.0b

Ph2P

P P

PPh2

R R

2.0c

R = Ph, Et

 

2.2 Synthesis and Behaviour of Chlorophosphinophosphonium 

Cations 

PP

R

R

R

R

R

1.24

PP

R'

Cl

R

R

R

2.1: R = Ph
2.1': R = Me

P P

R

R

R

R

1.34

Cl

 

In line with the known synthesis of homoleptic phosphinophosphonium cations 1.24 

(Section 1.3), the reaction of a tertiary phosphine, a dichlorophosphine and a chloride ion 

abstracting agent (Scheme 2.1) yields salts containing the chlorophosphinophosphonium 
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cations 2.1 or 2.1', which represent isomers of the previously described 

phosphinochlorophosphonium cations 1.34.
84

  

Me3SiOTf or GaCl3
PP

R'

R

R

R

ClR'PCl2  +   PR3

2.1 : R = Ph
2.1': R = Me

OTf   or  GaCl4

 

Scheme 2.1. Synthesis of chlorophosphinophosphonium cations 2.1 or 2.1' as triflate or 

tetrachlorogallate salts. 

The solid-state structures of [2.1(Ph)][OTf]
80

 and [2.1(Me)][OTf] have been determined 

by X-ray crystallography.
84

 As the phosphenium centre and triflate ion are highly 

disordered in the crystal structure of [2.1(Me)][OTf], bond lengths have been restrained 

using [Ph3P-PMe2]
+
 as a model compound. As such, any quantifiable comparison of these 

parameters would be meaningless; however, the overall geometry about both phosphorus 

atoms in [2.1(Me)][OTf] is in good agreement with other known derivatives 1.24 and 

1.34. In contrast to the derivatives [1.24][GaCl4], [1.34(Ph)][GaCl4], and 

[1.34(Me or Cy)][OTf] and [2.1][GaCl4], which exhibit two doublets at room 

temperature in the 
31

P{
1
H} NMR spectra (Table 2.1), the P-P coupling is unresolved for 

[2.1][OTf]; indeed, the 
31

P{
1
H} NMR spectra of [2.1][OTf] exhibit two sharp singlets.   

The 
31

P{
1
H} NMR spectra of solutions containing [2.1(

i
Pr)][OTf] or [2.1(Cy)][OTf] at 

room temperature showed significant broadening of the upfield signal as well as the 

presence of unreacted dichlorophosphine implicating the establishment of a dissociation 

equilibrium. Presumably, the enhanced steric bulk at the acceptor phosphenium site 

favours the dissociation of the P-P bond.  In addition, reaction mixtures of Ph3P and 
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t
BuPCl2 with Me3SiOTf or GaCl3 give 

31
P{

1
H} NMR spectra at 213 K showing only 64% 

formation of 2.1(
t
Bu).  Nevertheless, the stronger donor Me3P enables the quantitative 

formation of [2.1'(
t
Bu)][OTf].  Unlike [2.1][OTf], for which P-P coupling is not resolved 

in 
31

P{
1
H} NMR spectra at room temperature, the 

31
P{

1
H} NMR spectrum of reaction 

solutions containing [2.1'][OTf] showed doublets for both phosphorus centers, indicative 

of a stronger P-P interaction. 

Table 2.1. 
31

P{
1
H} NMR parameters for phosphinophosphonium salts.  Data are 

reported for spectra obtained at 298 K unless otherwise indicated. 

Chemical shifts (δ) are reported in units of ppm and coupling constants 

(
1
JPP) in units of Hz. 

Cation Donor Acceptor Anion 
Spin 

System 
δPR3 δPR2 

1
JPP (T) 

1.24(Ph) Ph3P PPh2 [OTf]
84 

--- 15 -10 --- 

   [GaCl4]
84 

AB 13 -12 -340 

1.24(Me) Me3P PMe2 [OTf]
67 

AX 18 -60 -275 

1.24(Cy) Cy3P PCy2 [OTf]
84 

AX 25 -21 -361 

1.34(Ph) Ph2(Cl)P PPh2 [GaCl4]
116 

AX 73 0 -393 

1.34(Me) Me2(Cl)P PMe2 [GaCl4]
116 

AX 99 -33 -340 

2.1(Ph) Ph3P PPh(Cl) [OTf]
80 

AB 22 55 -333 (213 K) 

 Ph3P PPh(Cl) [GaCl4] AB 22 55 -338 

2.1′(Ph) Me3P PPh(Cl) [OTf] AB 26 46 -305 

2.1(Me) Ph3P PMe(Cl) [OTf] AX 24 61 -313 (202 K) 

2.1(Et) Ph3P PEt(Cl) [OTf] --- 18 76   ---  (203 K) 

2.1(
i
Pr) Ph3P P

i
Pr(Cl) [OTf] AX 22 72 -344 (213 K) 

2.1(Cy) Ph3P PCy(Cl) [OTf] AX 23 65 -343 (202 K) 

2.1′(Cy) Me3P PCy(Cl) [OTf] AX 23 76 -326 

2.1(
t
Bu) Ph3P P

t
Bu(Cl) [OTf] AX 16 90 -390 (213 K) 

 Ph3P P
t
Bu(Cl) [GaCl4] AX 17 98 -398 

2.1′(
t
Bu) Me3P P

t
Bu(Cl) [OTf] AX 23 95 -350 

 Me3P P
t
Bu(Cl) [GaCl4] AX 20 94 -356 
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2.2.1 Reactivity of Chlorophosphinophosphonium Cations 

The chloro-functionalization and increased lability of the P-P bond in 2.1 implies a 

wealth of reactivity, so a series of preliminary 
31

P{
1
H} NMR studies were conducted to 

assess the potential reaction pathways. In this context, phosphenium exchange behaviour 

for derivatives of 2.1[OTf] has been observed. Solutions containing equimolar amounts 

of [2.1(Ph)][OTf] and Ph2PCl give [1.24(Ph)][OTf] and PhPCl2 (Scheme 2.2), indicating 

that [PPh2]
+
 exhibits a greater Lewis acidity towards Ph3P than [PPh(Cl)]

+
, presumably 

due to π-interaction of non-bonding pairs on chlorine with phosphorus in [PPh(Cl)]
+
.  

Indeed, recent work
117

 with diaminophosphenium cations suggests that weakly Lewis 

acidic phosphenium species preferentially form Cl-bridged adducts rather than 

phosphinophosphonium cations in the presence of a chlorophosphine. Given the expected 

equilibrium dissociation of [2.1(Ph)][OTf] to yield [PPh(Cl)]
+
 in solution, the transfer of 

chloride via a [Ph2P···Cl···PPh(Cl)]
+
 transition state therefore yields the 

phosphinophosphonium cation involving the more Lewis acidic [PPh2]
+
 acceptor. While 

phosphenium exchange was also observed between [PPh2]
+
 and [PMe2]

+
, extremely broad 

31
P NMR resonances suggest that the difference in Lewis acidity between these two 

species is not as substantial, and preference for either phosphinophosphonium cation 

could be observed.  

 

Scheme 2.2. Phosphenium (acceptor) exchange reaction yielding [1.24(Ph)][OTf] from 

[2.1(Ph)][OTf]  
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Reactions of [2.1(Ph)][OTf] with the diphosphine Ph4P2 were targeted as potential routes 

to chloro-functionalized 1,3-diphosphino-2-phosphonium cations [R2P-PR2-PRCl]
+
. 

However, 
31

P{
1
H} NMR spectra of the 1:1 reaction indicated that [Ph3P-PPh2][OTf], 

1.24(Ph)[OTf] was the major product of this reaction, along with a several smaller 

unidentifiable resonances and trace amounts of cyclo-[Ph6P5][OTf]. The generation of 

1.24 can be rationalized as originating from the formal Ph3P-abstraction of 

diphenylphosphenium [Ph2P]
+
 by from the intermediate 1-chloro-1,3-diphosphino-2-

phosphonium cation [Ph2P-PPh2-PPhCl]
+
 produced by initial ligand exchange. 

In an effort to target the elusive 2,3-diphosphino-1-phosphonium cations, reactivity of 

2.1′ with silylphosphines or mono- and di-organo phosphines (RPH2 and R2PH) was 

studied. Reactions of 2.1 were not investigated since the low basicity of Ph3P was 

expected to result in ligand exchange behaviour (Section 1.3.2) rather than the desired 

chloro-centric reaction.  

Attempted dehydrohalocoupling reactions of RPH2 (R = Cy, Ph) and [2.1′(Me)][OTf] in 

the presence of NEt3 showed no reaction according to 
31

P NMR analysis of the crude 

reaction mixture, while analogous addition of Ph2PH to sterically hindered derivatives of 

2.1′ (R = 
i
Pr, 

t
Bu) showed displacement of Me3P and subsequent decomposition to 

unidentified products. In contrast, analysis of 
31

P{
1
H} NMR spectra from the 1:1 reaction 

of [2.1′(
t
Bu)][OTf] with Ph2PH in the presence of NEt3 indicated the production of the 

desired three-membered monocation [Me3P-PMe-PPh2][OTf] (
31

P{
1
H} NMR: AMX spin 

system, δA = -70.9 ppm, δM = -28.5 ppm, δX = 20.3 ppm; 
1
JAX = 285 Hz, 

1
JAM = 158 Hz, 

2
JMX = 61 Hz). However, several unassignable broad 

31
P NMR resonances were also 
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observed, and attempted isolation of the desired monocationic product proved 

unsuccessful. 

In contrast to the reactions described in this section, the reductive coupling of [2.1][OTf] 

proceeded in high yield and was generalizable to a variety of organo-substituents on the 

phosphine. This reaction will be described in more detail in the following section. 

2.3 Reductive Coupling of Chlorophosphinophosphonium Cations 

As illustrated in Scheme 2.3, the addition of Ph3P and Me3SiOTf to derivatives of 

[2.1][OTf] (R′ = Ph, Me, Et, 
i
Pr) result in the formation of the corresponding 2,3-

diphosphino-1,4-diphosphonium salts [2.2][OTf]2.  The 
31

P{
1
H} NMR spectra of these 

reaction mixtures show AA'BB' spin systems (Figures 2.2-2.3, Table 2.2) assigned to 2.2 

and a singlet corresponding to [Ph3PCl][OTf]
71

 (δ = 66 ppm).   

- Me3SiCl
+  [Ph3PCl][OTf]P P P

R'

2

P

R'
OTf

Ph

Ph

Ph

Ph

Ph

Ph

PP

R'

Ph

Ph

Ph

Cl +   PPh3   + Me3SiOTf2

OTf

2.1 2.2  

Scheme 2.3. Reductive coupling reaction of [2.1][OTf] to give [2.2][OTf]2 

The AA'BB' spin system is not observed for mixtures of [2.1][OTf] with Ph3P in the 

absence of Me3SiOTf, suggesting that the formation of [Ph3PCl][OTf] is a key 

thermodynamic driving force in the P-P coupling process, rather than formation of 

Ph3PCl2. Mixtures of Ph3P, GaCl3 and [2.1(Ph)][GaCl4] likewise show no evidence for 

the generation of 2.2, and 
31

P NMR analyses of these solutions indicate only substantially 

broadened resonances for 2.1(Ph).  Furthermore, reactions of [2.1(Ph)][OTf] with 

comparatively strong reducing agents such as Na or Mg give complex mixtures 



 

39 

containing cyclo-Ph5P5
118,119

 as the only product identifiable using 
31

P{
1
H} NMR 

spectroscopy, thereby emphasizing the contrasting reduction chemistry of the cationic vs. 

neutral phosphorus systems. The 
31

P{
1
H} NMR spectra of reaction mixtures containing 

weaker reducing agents, such as Zn, SnCl2, or cyclohexene, indicated the presence of 

2.1(Ph) together with a number of unidentified phosphorus containing products.  

Formation of derivatives of 2.2 contrast the previously reported reaction of PhPCl2, Ph3P 

and AlCl3 to give [Ph3P-PPh-PPh3][AlCl4]2 ([1.31(Ph)][AlCl4]2),
63

 however, the 

formation of [2.2(Ph)][AlCl4]2 and its solid-state structure has been described.
115

  

The 
31

P{
1
H} NMR spectra of solutions containing Ph3P, Me3SiOTf and [2.1(Cy)][OTf] 

(prepared in situ) show partial formation of [2.2(Cy)][OTf]2 after two days, while 

solutions of Ph3P, Me3SiOTf and [2.1(
t
Bu)][OTf] show no evidence of [2.2(

t
Bu)][OTf]2.  

These observations are indicative of steric restrictions at the phosphenium site.  Both of 

these solutions exhibit an AMX spin system, which is tentatively assigned to 

[Ph3PM-PAR'-PXR'Cl][OTf], [2.3][OTf].  A similar pattern was observed as a component 

in dilute solutions of Ph3P and Me3SiOTf with [2.1(
i
Pr)][OTf].  In contrast to the 

analogue of 2.3 proposed by Dillon and coworkers,
82

  the terminal PX signal in this new 

AMX spin system (e.g. [2.3(
i
Pr)][OTf]:  δA = -35.7 ppm, δM = 23.0 ppm, 

δX = 96.5 ppm, 
1
JAM = -309 Hz, 

1
JAX = -305 Hz, 

2
JMX = 59 Hz) is shifted significantly 

downfield relative to the PM terminus (  70 ppm). Nonetheless, while smaller 

magnitude 
1
JPP coupling constants (< 300 Hz) are typically observed between P(III)-P(III) 

spin pairs, the introduction of an electronegative substituent such as chlorine is expected 

to increase the magnitude of 
1
JAX, justifying the similar 

1
JAX and 

1
JAM in 2.3. Finally, 

1
H 

NMR spectra of reaction mixtures containing both [2.1(
i
Pr)][OTf] and [2.3(

i
Pr)][OTf] 
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indicate that the isopropyl methine 
1
H signals in 2.3(

i
Pr) are 0.08-0.14 ppm downfield of 

the corresponding resonances in 2.1(
i
Pr), a difference that is too small to correspond to 

an additonal β-Cl or positive charge adjacent to the terminal isopropyl group.
120

  As 

shown in Scheme 2.4, dissociation of [2.1][OTf] is proposed to give R'PCl2, which is 

subsequently reductively coupled to another molecule of [2.1][OTf] to give [2.3][OTf]. In 

the case of [2.3(
i
Pr)][OTf], slow evaporation of the solvent over two days allowed for the 

complete conversion of this mixture to [2.2(
i
Pr)][OTf]2 and [Ph3PCl][OTf], supporting 

the proposal that 2.3 is an intermediate en route to 2.2. 

 

Scheme 2.4. Proposed reaction pathway for the reductive coupling of [2.1][OTf] to 

[2.2][OTf]2. Intermediate [2.3][OTf]2 has been observed using 
31

P{
1
H} 

NMR spectroscopy for sterically encumbered derivatives 

(R' = 
i
Pr, Cy, 

t
Bu). 
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2.4 2,3-Diphosphino-1,4-diphosphonium Cations 

2.4.1 31P NMR Features of 2,3-Diphosphino-1,4-diphosphonium Cations 

Derivatives of [2.2][OTf]2 exhibit second-order AA'BB' spin systems observed in 

solution phase 
31

P{
1
H} NMR spectra for all derivatives of 2.2 are characteristic and the 

patterns have been simulated for most derivatives by iterative fitting with the chemical 

shift and coupling constant parameters listed in Table 2.2.  Comparison of the simulated 

and experimental patterns is shown for [2.2(Et)][OTf]2 (Figure 2.1) and [2.2(
i
Pr)][OTf]2 

(Figure 2.2).  Chemical shift parameters for the terminal phosphonium centers (δB) occur 

in a typical narrow range (20-32 ppm), while the phosphine centers (δA) exhibit more 

varied shifts ( > 40 ppm). This is consistent with the dependence of the chemical 

shielding on the geometry of the phosphorus center,
121

 as the tetracoordinate 

phosphonium centers have less geometric flexibility than tricoordinate phosphine centers. 

This geometric and conformational flexibility at the phosphine site is further supported 

by the substantially increased line broadening for δA observed at 202.6 MHz. The 
1
JAB 

coupling constants for derivatives of 2.2 (Table 2.2) are consistent with the established 

range of 
1
JPP values for phosphinophosphonium cations.

84
  However, the 

1
JAA' values are 

significantly smaller (ca. 100 Hz) for derivatives with phenyl substituents at the 

phosphine centers [i.e. 2.2(Ph) and 2.2′(Ph)]. 
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Table 2.2. 
31

P{
1
H} NMR parameters at 101.3 MHz for 2,3-diphosphino-1,4-

diphosphonium triflate salts.  All spectra are AABB spin systems, with 

parameters derived by iterative fitting of experimental data at 298 K. 

Minor diastereomer shifts could not be simulated, so are approximate if 

given. Chemical shifts (δ) are reported in ppm and coupling constants (J) 

in Hz.  

PA PA' PB'R'3

R

R'3PB

R

 

 R′ R solvent δA δB 
1
JAA

1
JAB=

1
JAB

2
JAB=

2
JAB

3
JBB

2.2(Ph) Ph Ph
80 

CH2Cl2 -33 24 -124 -343 69 51 

 
minor 

diastereomer 
CH2Cl2 -42 22 not simulated 

2.2′(Ph) Me Ph
80 

MeCN -52 25 -105 -305 66 56 

 
minor 

diastereomer 
MeCN -56 23 not simulated 

2.2(Me) Ph Me
81

 CH2Cl2 -71 26 -278 -282 78 62 

   MeCN -67 32 not simulated 

2.2′(Me) Me Me
81

 MeCN -73 26 -238 -269 80 58 

2.2(Et) Ph Et MeCN -53.6 24.1 -276 -297 82 59 

2.2(
i
Pr) Ph 

i
Pr MeCN -25.5 22.2 -318 -348 98 63 

2.2(Cy) Ph Cy CH2Cl2 -34 20 not simulated 
 

 

Figure 2.1. Comparison of simulated and experimental 
31

P{
1
H} NMR spectra of 

[2.2(Et)][OTf]2. 
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Figure 2.2. Comparison of simulated and experimental 
31

P{
1
H} NMR spectra of 

[2.2(
i
Pr)][OTf]2 

2.4.2 Solid-state Structures 

Selected structural parameters from the solid-state structures of the dications in the 

triflate salts of 2.2 (R = Ph, Me, Et, Figure 2.3) are presented in Table 2.3, where R' 

indicates the C-P-P-C torsion angle between the central substituents and PR3 indicates the 

P-P-P-P torsion angle of the phosphorus backbone. Crystals of [2.2(Ph)][OTf]2 contain 

the R,S meso-isomer of the dication, which is centrosymmetric with central torsion angles 

(PR3 and R') of 180°.  Solid state 
31

P CP/MAS NMR data for [2.2(Ph)][OTf]2  further 

implies that both the R,S meso isomer and the (R,R)/(S,S) diastereomeric pair are present 

in the bulk solid sample as well as in solution,
81

 rather than proposing a solution 

inversion pathway as observed for neutral acyclic tetra- and pentaphosphines 

(Section 1.2.2).
23,35,46
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Table 2.3. Selected solid-state structural parameters of 2,3-diphosphino-1,4-

diphosphonium triflate salts, [R3P-PR′-PR′-PR3][OTf]2. 

 R3P PR′ P-P (Å)
† 

CR-P-P (°)
† 

R' (°) PR3 (°) Ref. 

2.2(Ph)  Ph
 

Ph 
2.258(1) 

[mid] 2.221(1)  
101.65(8) 180 180 

80,81
 

2.2′(Ph)  Me
 

Ph 
2.2041(9) 

[mid] 2.2318(12)  
101.02(8) 180 180 

80,81
 

2.2(Me) Ph Me 

2.2061(13) 

[mid] 2.2284(12)  

2.2125(13) 

109.3(1) 

107.9(1) 
0.95(14) -159.98(4) 

65,81
 

2.2′(Me)  Me Me 

2.192(2) 

[mid] 2.243(2)  

2.191(2) 

101.1(2) 

102.8(2) 
31.25(11) -126.72(3) 

65,81
 

2.2(Et) Ph Me 
2.2048(8) 

[mid] 2.2153(11) 
109.52(9) 3.49(13) -142.35(3) 

this 

work 

† [mid] indicates the central P-P bond, while the indicated CR'-P-P values describe the angle subtended by the central 

substituent (Me, Et, Ph) and this bond. R' indicates the C-P-P-C torsion angle between the central substituents, while 

PR3 indicates the P-P-P-P torsion angle of the phosphorus backbone. 

Crystals of [2.2(Me)][OTf]2 contain a racemic mixture of the (R,R)/(S,S) enantiomeric 

pair.  As shown in Figure 2.3, the cation adopts an essentially eclipsed conformation of 

the methyl substituents with a central C-P-P-C torsion angle (τR') of 0.95(14)°. Unlike for 

[2.2(Ph)][OTf], NMR analysis of either the redissolved crystals or the reaction mixtures 

showed only one diastereomer, indicating that the (R,R)/(S,S) racemic mixture of 

[2.2(Me)][OTf]2 is formed exclusively in the reductive coupling of the racemic 

[2.1(Me)][OTf].  Likewise, crystals of [2.2(Et)][OTf]2 contain an (R,R)/(S,S) racemic 

mixture of configurational isomers of the cation (Figure 2.3, Table 2.3), adopting an 

eclipsed conformation of the central substituents [τR' = 3.49(13)°] in spite of the slightly 

greater steric presence of the ethyl vs. methyl moieties. Correspondingly, both 2.2(Me) 

and 2.2(Et) adopt larger central CR'-P-P angles [107.9(1)-109.52(9)°] relative to 2.2(Ph) 

[101.65(8)°], presumably in order to minimize steric congestion. 
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Figure 2.3. ORTEP representations of the solid-state structure of (a) the 

centrosymmetric meso-dication in [2.2(Ph)][OTf]2 and the 

(S,S)-enantiomer of the dication in (b) [2.2(Me)][OTf]2 and (c) 

[2.2(Et)][OTf]2. Thermal ellipsoids are shown at the 50% probability level 

and hydrogen atoms omitted for clarity. R
c
' indicates the C-P-P-C torsion 

angle between the central substituents, while PR3 indicates the P-P-P-P 

torsion angle of the phosphorus backbone. 
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Figure 2.4. ORTEP representations of the solid-state structure of (a) the 

centrosymmetric meso-dication in [2.2′(Ph)][OTf]2 and (b) the 

(S,S)-enantiomer of the dication in [2.2′(Me)][OTf]2. Thermal ellipsoids 

are shown at the 50% probability level and hydrogen atoms omitted for 

clarity. R' indicates the C-P-P-C torsion angle between the central 

substituents, while PR3 indicates the P-P-P-P torsion angle of the 

phosphorus backbone. 
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2.4.3 Reactivity of 2,3-Diphosphino-1,4-diphosphonium Dications  

The previously reported ligand exchange reaction of [2.2(Ph)][OTf]2 or [2.2(Me)][OTf]2 

with excess Me3P was observed to quantitatively form the corresponding derivatives 

2.2′[OTf]2 (Scheme 2.5), with no evidence for the monosubstitution product.
80,81

  

1.24a

PP

R'

R'

Ph

Ph

Ph

2.2'

PhP PP

Ph

Ph

Ph P

Ph

Ph

R'

2.2

R'

1 eq. Me3P

Me3P

1.24b

PP

R'

R'

Me

Me

Me

MeP PP

Me

Me

Me P

Me

Me

R'

R'

PhP PP

Me

Me

Me P

Ph

Ph

R'

R'

xs. Me3P

not observed

- Ph3P

- Ph3P

 

Scheme 2.5. Phosphine exchange reactions on phosphinophosphonium and 

2,3-diphosphino-1,4-diphosphonium cations 

It was therefore of interest to investigate the potential scope of this ligand exchange 

behaviour to assess the viability of 2.2[OTf]2 as a stabilized source of the diphosphenium 

dication [RP-PR]
2+

, analogous to stabilized phosphinidene
122,123

 or diphosphorus
43

 

fragments known for neutral phosphorus centres. 

Reactions of 2.2[OTf]2 with diphosphines R2P-PR2 (R = Ph, Me) yielded [Ph3P-PR2]
+
 as 

the only identifiable 
31

P NMR resonances, presumably proceeding via an identical 

mechanism to that described for exchange reactions on 2.1[OTf] (Section 2.2.1, page 36). 

No reaction was observed between the potential cyclo-polyphosphine donor (PCy)4, 

which likely reflects steric constraints of the bulky cyclohexyl substituents. 

The addition of potentially chelating donor phosphines bis(diphenylphosphino)methane 

[dppm] and bis(dimethylphosphino)methane [dmpm] proved more successful, and 1:1 
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reactions of 2.2(Ph)[OTf]2 with dmpm showed nearly quantitative conversion to the 

five-membered ring species 2.4[OTf]2 according to 
31

P NMR analyses of the reaction 

solutions (AA′XX′ spin system, Table 2.4). Reactions of the weaker donor, dppm, 

yielded a more complex product distribution, and initial 
31

P NMR spectra of the reaction 

solution after 1 h at room temperature showed only three broad peaks (which were 

unresolved even at low temperature) in addition to the expected AA′BB′ spin system of 

the cyclized product (Table 2.4, compound 2.5). Vapour diffusion of Et2O into the 

reaction solution yielded a white crystalline material, crystals of which were identified 

using X-ray crystallography as the unexpected six-membered cyclic dication 2.7. Re-

dissolution of the bulk material in CH2Cl2 gave 
31

P NMR spectroscopic features that were 

attributed to an approximately 1:1 mixture of the five- and six- membered rings 2.6 and 

2.7. Notably, the AA′BB′ spin system attributed to the redissolved five-membered ring 

2.6 did not display the same chemical shifts and coupling constants as the originally 

observed tetraphosphorus species 2.5. Comparing the 
1
JPP coupling constants between the 

central phosphines (PA) provides insight into the nature of the two five-membered 

derivatives, |
1
JAA| in 2.5 was observed to be substantially larger than in 2.6 (ΔJ = 65 Hz). 

Empirically and theoretically, 
1
JPP values for adjacent phosphorus nuclei with cis-oriented 

substitutents in neutral cyclo-polyphosphines have been shown to be substantially more 

negative than their trans-oriented counterparts.
124-128

 This concept will be revisited again 

in later chapters, but, in this example, this rationale is sufficient to suggest the assignment 

of 2.5 and 2.6 as the cis- and trans- isomers of the five-membered dicationic framework, 

respectively. The stereochemistry of the dmpm derivative 2.4 cannot be conclusively 

determined, as 
1
JAA is intermediate between the cis- and trans- configured dppm 
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frameworks, and differences of up to 40 Hz were observed upon Me3P substitution in the 

acyclic derivatives (Table 2.2). Comparison to the only previously known derivative of 

this five-membered framework 2.8,
82

 which features dmpm and Et substituents and was 

observed to be trans-oriented in the solid state, might lend additional support to the 

hypothesis that 2.4 is trans-oriented as well, but this is in no way definitive. 

Table 2.4. 
31

P{
1
H} NMR parameters at 101.3 MHz for cyclic 2,3-

diphenyldiphosphino-1,4-diphosphonium triflate salts in CH2Cl2.  All 

spectra are AABB spin systems, with parameters derived by iterative 

fitting of experimental data at 298 K. Chemical shifts (δ) are reported in 

ppm and coupling constants (J) in Hz.  

PA PA

PB/XPB/X

PhPh

R'

R'

R'

R'

 

 R′ δA δB 
1
JAA

1
JAB=

1
JAB

2
JAB=

2
JAB

3
JBB

Spin 

system 

2.4 Me -40.6 41.9 -183 -293 4 18 AA′XX′ 

2.5 Ph -36.9 41.4 -228 -248 5 83 AA′BB′ 

2.6 Ph -43.9 27.2 -163 -306 5 17 AA′BB′ 

2.8
82

 Me
a
 -40.8 57.5 -175

b
 -357

b
 30

b
 -74

b
 AA′XX′ 

a
 Central substituents in this comparable derivative from Boyall et al. are Et, not Ph. 

b  1
JPP was 

reported as positive in this reference, but all the signs herein are switched to follow the convention 

respected in this thesis. 

Notably, the seemingly kinetically favoured initial formation of the cis-substituted 

derivative 2.5 lends some mechanistic insight to the substitution reaction and the nature 

of the major diastereomer of 2.2(Ph) in solution. Given that mono-substitution was not 

observed for reactions of 2.2 with Me3P, it seems reasonable to propose that mono-

substitution is likewise disfavoured for dppm and dmpm, despite the additional 

unassigned broad resonances observed using 
31

P NMR spectroscopy of dppm reaction 

solutions. If an associative mechanism for ligand substitution is considered, as suggested 

by Slattery et al. for alkyl-substituted phosphenium cations,
129

 there should be no 
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opportunity for free rotation about the RP-PR bond after Ph3P dissociation and before 

coordination of the second phosphorus centre of the diphosphine. Thus, the initial species 

produced by ligand substitution should reflect the orientation of the central substituents in 

the major diasteromer of 2.2(Ph) in solution.  

Ph3P

P P

PPh3
R

R
Ph3P

P P

PPh3
R

R
Ph3P

P P

PPh3
R

R

+

(R,R) (S,S) meso (R,S)

Ph3P

P P

PPh3

R R

Ph3P

P P

PPh3

R R

Ph3P

P P

PPh3

R R

P P
R R

P P
R R

PR'2R'2P PR'2R'2P

P P
R R

PR'2R'2P

trans cis

+

+

PR'2R'2P

- 2 Ph3P

PR'2R'2P

- 2 Ph3P

 

Scheme 2.6. Stereochemical considerations in associative ligand substitution reactions 

of the two possible diastereomers of 2.2[OTf]2. 

With this consideration in mind, the (R,R)/(S,S) enantiomeric pair should yield the trans-

substituted ring upon reaction with dppm, while the meso (R,S) diasteromer would yield 

the corresponding cis-isomer (Scheme 2.6). The observed immediate generation of the 

cis-product 2.5 would suggest, therefore, that the major isomer of 2.2(Ph) in solution is 

the meso-(R,S) diastereomer. Notably, however, a dissociative mechanism generates a 

transient planar phosphenium centre, and therefore implies nothing of the stereochemistry 

of 2.2(Ph). 
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The trans-product 2.6 would be expected to be thermodynamically more favourable, and 

conversion to 2.6 from the kinetic product 2.5 might be envisioned to proceed via 

dissociation of one arm of the diphosphine, and transient planarity of the phosphenium 

cation prior to re-coordination. This type of dissociative equilibrium has been previously 

proposed for the Ph3P derivatives of phosphinophosphonium cations 2.1 (Section 2.2). 

 

Figure 2.5. Experimental (upright) and simulated (inverted) expansions of the 
31

P{
1
H} 

NMR spectrum at 101.3 MHz of the 1:1 mixture of the five-membered 

dication 2.6(blue, AA′BB′) and the six-membered dication 2.7(red, 

ABB′CC′), from the redissolved crystalline material isolated from dppm 

ligand exchange on 2.2(Ph). 

The adventitious observation of the six-membered dication 2.7 from one reaction of 2.2 

with dppm further supports the proposition that dppm allows for short-lived 

κ
1
-coodination in situ, which would be required for insertion of an additional 

phosphinidene (:P R) unit into the ring. The 
31

P NMR features of 2.7 are comparable to 

those of the five-membered rings and have been simulated as an AMM′XX′ spin system, 

wherein the phosphonium centres have the most downfield chemical shift (δA = -66.9, 

δM = -51.5, δX = 19.4 ppm; 
1
JAM = -108, 

1
JMX = -324, 

1
JAM′ = -110, 

2
JAX = 44, 

2
JAX′ = 45, 

2
JMM′ = 185, 

3
JMX′ = -4, 

2
JXX′ = -1 Hz). The small coupling constants between adjacent 
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phosphine centres is suggestive of trans-oriented Ph-substituents, a feature supported by 

the X-ray analysis of the isolated crystals. 

   

Figure 2.6. Top (left) and side-on (right) views of the ORTEP representation of the 

dication in 2.7[OTf]2, indicating a half-twisted boat conformation in the 

solid state. Thermal ellipsoids are shown at the 50% probability level and 

hydrogen atoms are omitted for clarity. Unlabelled atoms at left indicate 

carbon atoms, while only ipso carbons are shown at right. Disorder of the 

C14-C19 phenyl moiety on P2 has been modelled. 

Overall, the solid-state structural features of 2.7[OTf]2 (Figure 2.6) are typical of 

phosphinophosphonium species, and relevant parameters are tabulated in Table 2.5. 

Disorder in the crystal at one backbone phenyl group (at P2) was modelled.  Average P-P 

bond lengths are typical of P-P single bonds and are not significantly different regardless 

of whether a phosphonium centre is involved. Endocyclic bond angles are substantially 

smaller (91-99°) about the phosphine centres compared to the phosphonium centres 

(109-112°), but they do not differ substantially from the endocyclic angles (97-98° about 

the phosphines and 107-110° about the phosphonium) in the related previously reported 

five-membered dication 2.8[SnCl6].
82

 The Cremer-Pople puckering parameters
130

 of the 

ring (Table 2.5), calculated using the PLATON software package,
131

 indicated that the 

dication adopts a slightly twisted boat conformation in the solid state, with the ring 
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carbon (C1) and opposing phosphine (P3) atoms the most substantially out of plane.
†
 

Effectively, this renders the five phosphorus atoms as an envelope conformation, with the 

lone pair in P3 able to delocalize into the σ* orbitals of the P-P ring framework as 

previously described for five-membered phosphorus rings (Section 1.2.2). Since the ring 

strain in five-membered and six-membered rings is comparably low, the ability of the 

six-membered framework to adopt this P-envelope conformer may render it more stable 

in this case. 

Table 2.5. Selected solid-state structural parameters for the cation in 2.7[OTf]2. 

Bond lengths (Å) 

Involving tetrahedral atoms Involving only neutral phosphines 

P1-P2 

P4-P5 

P1-C1 

P5-C1 

2.2294(14) 

2.2284(16) 

1.824(4) 

1.815(4) 

P2-P3 

P3-P4 

2.2338(14) 

2.2454(16) 

avg. P-CPh 1.795(4) avg. P-CPh 1.847(10) 

Endocyclic Bond Angles (°) 

Subtending tetrahedral atoms Subtending neutral phosphines 

C1-P1-P2 

C1-P5-P4 

P1-C1-P5 

108.69(13) 

112.17(14) 

117.14(19) 

P1-P2-P3 

P2-P3-P4 

P3-P4-P5 

95.34(5) 

91.56(5) 

99.44(5) 

Σ(angles) (°) 

P1 

P5 

657 

657 

P2
a
 

P3 

P4 

296 

283 

304 

Puckering 

parameters
130

 

Q θ φ 

1.3834(19) 106.84(8) 343.57(6) 

a
 Averaged between disordered atoms C14 and C14′ 

                                                 
†
 For a more detailed treatise of the conformational description designated by Cremer-Pople puckering 

parameters in six-membered rings, see Appendix A2. 
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Although the cations in 2.7[OTf] stack in well-aligned columns (Figure 2.7), there are no 

close contacts (< 5Å) between the rings or phenyl substituents to offer favourable 

π-stacking interactions. 

 

Figure 2.7. Skeletal depiction of the unit cell in crystalline 2.7[OTf]2 showing the 

alignment of adjacent rings. Triflate counterions are indicated in red. 

In spite of the apparent stabilizing features of the six-membered structure, attempts to 

favour the production of the larger ring by addition of PhPCl2 and additional Ph3P (as a 

reducing agent) to the ligand exchange reaction were unsuccessful. 



 

55 

2.4.4 Computational Studies and Diastereoselectivity 

Both [2.2(Ph)][OTf]2 and [2.2′(Ph)][OTf]2 have been observed to form as unequal 

mixtures of the meso (R,S) and (R,R)/(S,S) diastereomers in solution, but crystallize solely 

as the meso diastereomer in a trans conformation.
65,81

 In contrast, only one diastereomer 

was observed in solution for each of [2.2(Me)][OTf]2, 
65,81

 [2.2′(Me)][OTf]2, 
65,81

 and 

[2.2(Et)][OTf]2 and all three were found to crystallize solely as the (R,R)/(S,S) 

enantiomeric pair in comparatively eclipsed conformations (τR = 1-31°).  

The favoured diastereomer in solution could not be definitively identified for these 

species, so to assess the factors responsible for defining the conformational preferences 

and diastereoselectivity observed in the solid-state structures, comparative ground state 

energy calculations were performed using DFT methods in Gaussian 03
132

 [B3LYP/6-

31+G(d)] for staggered, eclipsed and gauche conformations of the meso- and (S,S)-

diastereomers for the dications 2.2′(Ph) and 2.2′(Me) in the gas phase. Calculated 

structural parameters for the lowest energy structures are presented in Table 2.6. In all 

cases, the results are in agreement with the experimental solid-state structures: the (R,S)- 

meso-isomer is favoured for 2.2′(Ph), (R' = Ph, |ΔE| = 6.3 kJ/mol) while the (R,R)/(S,S) 

diastereomer is favoured for 2.2′(Me) (R' = Me, |ΔE| = 15.3 kJ/mol).  It is noteworthy 

that the energy difference between the two diastereomers of 2.2′(Ph) is small, providing a 

rationale for the observation of a mixture of diastereomers in the solution state 
31

P NMR 

spectra. 
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Table 2.6. Calculated structural parameters for 2,3-diphosphino-1,4-diphosphonium 

cations 

 

[Me3P-PPh-PPh-PMe3], 2.2′(Ph) 

(R,S) meso-diastereomer favoured (ΔE = 6.3 kJ/mol) 

anti conformer favoured 

 

 P-P (Å)† CR-P-P (°)† R'  (°) PR3 (°) 

Experimental 
2.2041(9) 

[mid] 2.2318(12)  
101.02(8) 180 180 

Calculated 
2.259 

[mid] 2.286 
102.2 180.0 180.0 

 

 

[Me3P-PMe-PMe-PMe3], 2.2′(Me) 

(R,R)/(S,S)-diastereomer favoured (ΔE = 15.3 kJ/mol) 

eclipsed conformer favoured 

 

 P-P (Å)† CR-P-P (°)† R' (°) PR3 (°) 

Experimental 

2.192(2) 

[mid] 2.243(2)  

2.191(2) 

101.1(2) 

102.8(2) 
31.25(11) -126.72(3) 

Calculated 
2.242 

[mid] 2.265 
107.2 -1.9 -152.3 

†
 [mid] indicates the central P-P bond, while the indicated CR'-P-P values describe the angle 

subtended by the central substituent (Me, Et, Ph) and this bond. R' indicates the C-P-P-C torsion 

angle between the central substituents, while PR3 indicates the P-P-P-P torsion angle of the 

phosphorus backbone. 

 

The thermodynamically favoured staggered conformation for the (R,S) 

meso-diastereomer is explained (Figure 2.8) in terms of the minimization of steric 

interactions between both the Me3P termini and the central substituents [τR' = τPR3 = 180°] 

in this rotamer.  Indeed, computational studies that begin with an eclipsed initial 

geometry for the (R,S) meso-diastereomer undergo geometry optimization to give the 
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staggered conformation. The thermodynamic preference of the (R,R)/(S,S) diastereomer 

for the eclipsed conformation seems counterintuitive, but suggests that steric interactions 

between the terminal phosphonium substituents play a dominant role in determining the 

lowest energy conformer (Figure 2.8). Even for smaller terminal ligands (PH3) or larger 

central alkyl substituents at the internal phosphine sites, computational models indicate 

that the eclipsed conformation of the (S,S) diastereomer is favoured over the gauche or 

staggered conformers.  In addition, calculations on the theoretical structure of 2.2′(
i
Pr) 

demonstrate that the (R,R)/(S,S) racemic mixture is thermodynamically favoured over the 

meso-diastereomer even for more sterically hindered alkyl derivatives 

(|ΔE| = 19.5 kJ/mol), suggesting that the single diastereomer observed for both 2.2(Et) 

and 2.2(
i
Pr) in solution is the (R,R)/(S,S) racemic mixture. This prediction has since been 

further supported by the isolation and crystallographic characterization of 

[2.2′(Cy)][GaCl4]2  by Weigand et al., which also demonstrates a preference in the solid 

state for the (R,R)/(S,S) diastereomer in an eclipsed conformer [τCy = -8°].
62

  Extension of 

this general principle to the heavier pnictogens seems viable as well, in light of recently 

observed solid-state structures of [R3Pn-PR′-PR′-PnR3][AlCl4]2 (Pn = As, Sb).
133

  For 

these interpnictogen dications, derivatives with central aryl substituents (R′ = Ph; 

Pn = As, Sb) are observed as the centrosymmetric (R,S) meso  diastereomer in a trans 

conformation [τR′ = 180°], while derivatives with alkyl substituents (R = 
i
Pr; Pn = Sb) 

present as the (R,R)/(S,S) enantiomeric pair in an eclipsed conformation [τR′ = -5°].  

The calculated structural parameters for 2.2′(Ph) closely parallel those experimentally 

determined in the solid state (Table 2.6). In contrast, the calculated parameters for 

2.2′(Me) more closely resemble those of the conformer for 2.2(Me) that is observed in 
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the solid state, possessing a nearly idealized eclipsed conformation [τR' = 1.9°], and a 

correspondingly larger P-P-P-P torsion angle [τPR3 = 152.3°] and CR'-P-P angle [107.2°]. 

Crystal packing effects and lattice energy in the solid state may be a significant 

contributor to the deviation from calculated gas-phase parameters of 2.2′(Me). 

                

Figure 2.8. Representative conformations of the meso- and (S,S)-diastereomers. 

Idealized torsion angles between the central R-substituents are indicated 

(R), and the preferred conformation in the gas phase is highlighted. 

2.5 Summary 

New chlorophosphinophosphonium ions have been prepared and characterized, and their 

reductive coupling under mild conditions with Ph3P yields the first acyclic catena-2,3-

diphosphino-1,4-diphosphonium ions. These new dications are also formed in a one-pot 

combination of a dichlorophosphine, a tertiary phosphine and Me3SiOTf.  The 

diastereoselectivity of the reactions and counterintuitive conformational preferences 

observed in the solid-state structures have been interpreted in the context of 

computational models, which extend well to other interpnictogen frameworks of this 

type. Ligand exchange reactions with chelating diphosphines further enhance the 
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understanding of solution diastereoisomerism in these cations and led to the first example 

of a 2,3,4-triphosphino-1,5-diphosphonium architecture.
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Chapter 3. Reductive Coupling of Polychlorophosphinophosphonium Cations 

3.1 Introduction 

Reductive coupling is well-established in the literature as a synthetic method for the 

isolation of neutral polyphosphines from chlorophosphines (Section 1.2.2), particularly 

with respect to monocyclic and polycyclic polyphosphines.
22

 Although cyclic derivatives 

of the 2,3-diphosphino-1,4-diphosphonium framework were recently reported by Dillon 

and coworkers,
82

 these cyclized species are mixed carbon-phosphorus rings, where 

cyclization is imparted by bridging diphosphines. Application of reductive coupling to 

the synthesis of purely polyphosphorus cations  has been limited by the scarcity of poly-

halide-functionalized cationic building blocks (Chart 3.1).
62,134-140

  Towards this end, this 

chapter outlines investigations into the reduction of several newly reported bifunctional 

chlorophosphinophosphonium and chlorophosphinodichlorophosphonium cations. The 

frameworks of interest are highlighted in Chart 3.2. 

P

P P
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Cy

CyCy

X
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X

+

+
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P P
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X

X
+

X = Cl, I
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-

PP

Cl

RCl

R

Cl

+
PP

Cl

RR

R

Cl

+
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A- = AlCl4
-, Al2Cl7

-

PP

X

XX

X

X

+
PP

X

XX

P

X

+

X

X

X = Br, I

A- = Al[OC(CF3)]-

X = Br, I

A- = Al[OC(CF3)]-  

Chart 3.1. Known poly-halide functionalized catena-phosphorus cations.  
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Chart 3.2. Representative phosphinophosphonium cation frameworks, accompanied 

by the numbering scheme used throughout this chapter for clarity. Any 

previous numbering schemes are also listed in italics for reference. 

Substituents are indicated in brackets following the compound number in 

the text – where there are mixed substituents, substituents at the 

phosphonium are indicated with a subscript numeral two, e.g. 3.1(X2/Y) 

represents [X2(Cl)P-PY(Cl)]
+
. 
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3.8 
or 1.28 
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3.2 Phosphinochlorophosphonium Cations 

Reaction mixtures of a chlorophosphine (R2PCl) with a halide abstracting agent 

(Abs = AlCl3, GaCl3 for any R = aryl, alkyl; Me3SiOTf also for R = Me) quantitatively 

form phosphinochlorophosphonium cations 1.34, as shown in Equation [1].116 The 

process can be envisaged to involve formation of a Lewis acidic phosphenium cation 

[PR2]
+
 and subsequent coordination of the chlorophosphine ligand. This procedure has 

here been extrapolated to the reaction of dichlorophosphines (Equations [2] and [3]), 
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where 
31

P{
1
H} NMR spectra of reaction mixtures show quantitative formation of 

3.1[GaCl4] and 3.2[GaCl4], respectively. Chemical shifts and coupling constants for all 

derivatives are summarized in Table 3.1. While 
31

P{
1
H} NMR spectra for derivatives of 

3.1 are sufficiently resolved at room temperature to distinguish 
1
JPP, spectra for 

derivatives of 3.2 contain broad peaks, perhaps indicating dynamic dissociation of the 

coordinate P-P bond due to the comparatively weak donation from the 

dichlorophosphine.  Attempts to prepare dichlorophosphinophosphonium salts 

[Ph3P-PCl2][A] (A = GaCl4 or OTf) by these methods were not successful, yielding only 

starting materials or triphosphenium cations
72

 1.31 [Ph3P-P-PPh3]
+
 as products.  

+2 R2PCl

+R2PCl

Abs

+ R'PCl2

[1]

[2]GaCl3

P P

R

R

R

Cl R

P P

R'

R

R

Cl Cl

1.34

3.1

+2 RPCl2 [3]GaCl3 P P

R

Cl

R

Cl Cl

3.2

1.24

R2PCl [5]

1.34

+  PR3

3.3

 ClSbPh3 [6]

1.34

+  SbPh3
+

+

2

 R2PCl+

P P

R

R

R

Cl R

P P

R

R

R

R R

P P

R

R

R

Cl R

P P

R

P

R

R R

R

R

+ PPh32 + [Ph3PCl][OTf]

1.24 3.4

[4]P P

R

R

R

R Cl

PP

R

P

R

R

R

R P

R

R

R

+ Me3SiOTf

- Me3SiCl
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3.3 Reductive Coupling of 1-Phosphino-2-chloro-2-phosphonium or 

1-Chloro-1-phosphino-2-chloro-2-phosphonium Cations 

Chlorophosphinophosphonium cations 2 react with PPh3 to give 2,3-diphosphino-1,4-

diphosphonium dications via a redox reaction according to Equation [4].
80,81

  In contrast, 

the isomeric 1-phosphino-2-chloro-2-phosphonium cations 1.34 react with PPh3 or 

trialkylphosphines via ligand exchange
84,88

 to produce the prototypical 

phosphinophosphonium cations 1, illustrated in Equation [5].    Interestingly, reaction of 

derivatives of 1.34[GaCl4] with the less nucleophilic reductant SbPh3 yields the 1,3-

diphosphino-2-phosphonium tetrachlorogallate 3.3[GaCl4], representing a chain 

extension, as illustrated in Equation [6].  This reaction may be envisaged to proceed via 

formal chloronium abstraction from 1.34 by SbPh3 to give tetraphenyldiphosphine and a 

chlorostibonium cation.  The diphosphine competes with R2PCl as a ligand, effecting 

ligand exchange on 1.34 to give 3.3, as proposed in Scheme 3.1.  
31

P{
1
H} NMR spectra 

of reaction mixtures indicate that 1.34 is not completely consumed in the reaction with 

SbPh3, whereas reduction with SbBu3 effects quantitative formation of the extended 

framework 3.3. Reaction with one equivalent of SbBu3 effects not only reduction of 1.34 

to 3.3, but also reduction of the in situ generated R2PCl to the diphosphine, resulting in 

exchange-broadened 
31

P NMR spectra. Addition of GaCl3 to the reaction mixture with 

either reductant instead regenerates 1.34 from the eliminated chlorophosphine, as in 

Equation [1]. 
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Scheme 3.1. Proposed mechanism for a reductive coupling chain extension of 1.34, as 

observed in Equation [6]. 

Table 3.1. 
31

P{
1
H} NMR parameters for selected phosphinophosphonium gallate 

salts.  Data are reported for spectra obtained in CH2Cl2 at 101.3 MHz. 

Cation Donor Acceptor 
Spin 

System 
δB or X [ppm] 
(phosphonium) 

δA [ppm] 
(phosphine) 

1
JPP  

[Hz] (T)
a 

1.34(Ph)
116

 Ph2(Cl)P PPh2 AX 73 0 -393 

3.1(Ph)  PPh(Cl) AB 72 57 -395 

3.2(Ph) 

1.34(Me)
116

 

Ph(Cl)2P 

Me2(Cl)P 

PPh(Cl) 

PMe2 

--- 

AX 

131 

99 

81-85 

-33 

broad (213 K) 

-340 

3.1(Me)  PMe(Cl) AB 93 74 -365 

3.2(Me) 

1.34(Et)
b
 

3.1(Et) 

Et2(Cl)P 

PMe(Cl) 

PEt2 

AX 

AX 

154 

109 

97 

-19 

-400 (213 K) 

-378 

 PEt(Cl) AB 107 79 -391 

3.2(Et) Et(Cl)2P PEt(Cl) -- 148 79 sharp singlets  

   AX 137 92 -446 (193 K) 

3.1(
i
Pr) 

i
Pr2(Cl)P P

i
Pr(Cl) AB 110 93 -431 

3.1(Cy) Cy2(Cl)P PCy(Cl) 
AB 101 88 -437 

3.1(Ph2/Me) Ph2(Cl)P PMe(Cl) 
AB 76 72 -378 

a
 Spectra recorded at 298 K unless otherwise indicated 

b 
Correction to previously 

reported 
31

P NMR data for this compound.
116

  

 

Reaction mixtures of chlorophosphinochlorophosphonium cations 3.1 with either SbPh3 

or SbBu3 show a number of products by 
31

P{
1
H} NMR spectroscopy depending on the 
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reaction stoichiometry.  Addition of one equivalent of SbPh3 to [3.1(Ph)][GaCl4] in 

CH2Cl2 results in a mixture of [3.8(Ph)][GaCl4],
59

 [3.10(Ph)][GaCl4]2,
69

 and 

[1.34(Ph)][GaCl4] as the major products after 12 h (summarized in Table 3.2a). Addition 

of two equivalents of SbPh3 gives a similar product distribution, with [3.3(Ph)][GaCl4] 

appearing as an additional minor product. In contrast, addition of two equivalents of the 

stronger reductant SbBu3 gives more reduced (less charged) species, [3.8(Ph)][GaCl4] 

and Ph2P-PPh2. Addition of 1.5 equivalents of SbBu3 yielded [3.8(Ph)][GaCl4] as the sole 

cyclic product; however, the remaining Ph2PCl was incorporated into both Ph2P-PPh2 and 

[3.3(Ph)][GaCl4]. Both of these products appear as broad resonances in the 
31

P NMR 

spectra, indicating dynamic exchange of [Ph2P]
+
 units between molecules. Addition of 

less than one equivalent of either reducing agent results in incomplete consumption of 

3.1. 

 

Table 3.2. Products observed for reductive coupling reactions
a
 of 

[R2(Cl)P-PR′Cl][GaCl4] including (a) 3.1(Ph), (b) 3.1(Me), and 

(c) 3.1(Et). Relative conversion (based on the area of the 
31

P{
1
H} NMR 

signals) to each of the products vs. the most predominant species (assigned 

as 100%) is indicated by shading according to the following ranges: 

High > 70%  

Medium 41-70%  

Low 10-40%  

Negligible < 10 %  
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(a)    

Products 

 

P P

P

PP

P Ph

Ph

Ph

Ph

Ph

Ph
Ph

Ph

+
+

 
P P

P
P

P

Ph

Ph Ph

Ph

Ph Ph

+

 

P P

Ph

Ph

Ph

Cl Ph 
P P

Ph

P

Ph

Ph Ph

Ph

Ph  
P

Ph

P

Ph

Ph

Ph  

  

Reagents 3.10(Ph) 3.8(Ph) 1.34(Ph) 3.3(Ph)  

2 SbPh3 

1 GaCl3 
     

1-2 SbPh3 

or 

1 SbBu3 
     

1.5 SbBu3      

2 SbBu3      

 

(b)    

Products 

P

P
P

P

P

MeMe

Me

MeMe

Me Me

 
P P

P
P

P

Me

Me Me

Me

Me Me

+

 

P P

Me

Me

Me

Cl Me

 

P P

Me

P

Me

Me Me

Me

Me

 

MePCl2 

   

Reagents 3.9(Me)
b
 3.8(Me) 1.34(Me) 3.3(Me)  

1 SbPh3      

1 SbBu3      

1 SbBu3 

(solvent: 

MeCN) 
     

2 SbBu3      
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(c)   

Products 

P

P
P

P

P

EtEt

Et

EtEt

Et Et

 

P P

P
P

P

Et

Et Et

Et

Et Et

+

 

P
P

P
PEt Et

EtEt

Et

+

 

PP

Et

P

R

Et

Cl

Et P

Et

Et

Cl  
P P

Et

Et

Et

Cl Et 

P P

Et

P

Et

Et Et

Et

Et

 

Reagents 3.9(Et) 3.8(Et)
c
 3.7(Et)

d 3.4′(Et) 1.34(Et) 3.3(Et) 

2 SbPh3 

1 GaCl3 
      

1 SbBu3       

1 SbBu3  

1 GaCl3
e
 

      

2 SbBu3       

a
 All reactions conducted in CH2Cl2 unless otherwise noted.  

b
 [3.9(Me)][GaCl4]2 was 

isolated as a precipitate from CH2Cl2-reactions, and re-dissolved in MeCN to be 

identified using 
31

P{
1
H} NMR spectroscopy. Relative abundance could not be assessed 

by NMR, so shading indicates only the presence or absence of this product in these 

reactions.  
c
 
31

P{
1
H} NMR parameters could not be simulated due to overlap with other 

products (approximate chemical shifts: δ = 91 ± 1, 12 ± 3, and -3 ± 4 ppm).  
d
 

31
P{

1
H} 

NMR parameters, A2BX system: δA = -62.3, δA = -54.4, δX = 12.5 ppm; 
1
JAB = -225, 

1
JBX 

= -112, 
2
JAX = 21.  

e
 Also contains Et2P-PEt2 (δ31P = -25 ppm, broad singlet) as a major 

product.  

 

In contrast, addition of two equivalents of SbPh3 and one equivalent of GaCl3 to 4(Ph) 

resulted in nearly quantitative conversion to the dication 3.10(Ph). Notably, the 

previously observed decomposition
69

 of [3.10(Ph)][GaCl4]2 to the five-membered 

monocation [3.8(Ph)][GaCl4] (t1/2 = 24 h) in solution is negligible here. This preference 

for the more charged species is effected by the comparatively weak reducing agent 

(SbPh3 vs. SbBu3), as well as the in situ formation of the [Ga2Cl7]
-
 anion from [GaCl4]

-
. 

The addition of excess GaCl3 suppresses the equilibrium formation of the chloride anion 

(Scheme 3.2), which is proposed to undergo nucleophilic attack on the dication 3.10.  
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Scheme 3.2. Addition of excess GaCl3 to suppress dissociation of [GaCl4]
– 

 

 

Figure 3.1. Experimental (upright) and simulated (inverted) expansions of the 
31

P{
1
H} 

NMR spectra of [3.4′(Et)][GaCl4]2 in the reaction mixture of 

[3.1(Et)][GaCl4] with 2 SbPh3 and GaCl3. Minor impurities in the reaction 

mixture are marked with asterisks. 

The reductive coupling of [3.1(Me)][GaCl4] (summarized in Table 3.2b) demonstrates a 

thermodynamic preference for the five-membered dicationic ring [3.9(Me)][GaCl4]2
61

 

over the six-membered alternative. Likewise, reaction of [3.1(Et)][GaCl4] with 1 eq. 

SbBu3 yields a mixture of [1.34(Et)][GaCl4] with 3.8(Et) and [3.9(Et)][GaCl4]2 

(summarized in Table 3.2c). In contrast, the 
31

P NMR spectrum of the reaction mixture of 

SbPh3 with GaCl3 and [3.1(Et)][GaCl4] indicates nearly quantitative formation of an 

acyclic 2,3-diphosphino-1,4-diphosphonium cation, identified by the characteristic 

AA′XX′ spin system shown in Figure 3.1 assigned here to 

[Et2(Cl)P-PEt-PEt-P(Cl)Et2][GaCl4]2, [3.4′(Et)][GaCl4]2. Attempted crystallization of 

[3.4′(Et)][GaCl4]2 by slow evaporation over a period of weeks resulted in precipitation of 
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a yellow solid identified as [3.9(Et)][GaCl4]2 (
31

P{
1
H} NMR parameters: Table 3.4), 

suggesting that 3.4′ is a kinetically stabilized intermediate en route to 3.9 (Scheme 3.3). 

In the analogous reduction reaction of [Ph2(Cl)P-PMeCl][GaCl4], 3.1(Ph2/Me), the 

kinetic product 3.4′(Ph2/Me) was observed in the reaction solution by 
31

P{
1
H} NMR 

spectroscopy for less than 22 h prior to its complete conversion to the 

thermodynamically-favoured dicationic ring 3.9(Ph2/Me). Notably, while all other 

known derivatives of 3.9 adopt a trans-orientation of substituents at the adjacent 

phosphine sites, 3.9(Ph2/Me) was consistently produced as a 2:1 mixture of the trans- 

and cis-isomers (Figure 3.2). The higher (Cs) symmetry of the cis-isomer readily 

distinguishes it as an ABB′XX′ spin system in 
31

P{
1
H} NMR spectra. The one-bond 

coupling constant between the phosphine sites (P4/P5) was observed to be substantially 

larger in the cis-isomer (
1
JPP(cis) = -323 Hz; 

1
JPP(trans) = -260 Hz). This is in agreement with 

previous experimental
124-126

 and theoretical
127,128

 studies indicating the substantial 

stereochemical dependence of 
31

P-
31

P coupling constants – specifically, that coupled 

phosphorus nuclei with cis-oriented lone pairs exhibit one-bond coupling constants that 

are substantially greater than their trans-oriented analogues, i.e. |
1
JPP(cis)| > 

|
1
JPP(trans)|

22,126,128
. As the lone pair orientation is not itself observable, configurations can 

instead be described by the dihedral angle (υLP) between the bisectors of the R-P-R angle 

at each phosphorus atom – the maximum magnitude for 
1
JPP is expected for υLP between 

60-90°.  

In addition, the 
31

P NMR chemical shifts of all three phosphine sites in the cis-isomer are 

considerably upfield shifted relative to the trans-isomer (Δδ = 25-35 Hz). Although rare 

among cis-trans isomers of neutral cyclopolyphosphines, such a large magnitude 
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difference in chemical shift has been previously observed in the case of cyclo-

(
t
BuP)2P

i
Pr.

22
 [3.9(Ph2/Me)][GaCl4]2 represents, however, the first observation of 

adjacent cis-substituents in a cationic catena-phosphorus ring system. 

 

P P

P
P

P
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Et Et
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Et
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Cl

+
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Et

P
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2 SbPh3

1 GaCl3

slow
evaporation

3.1(Et) 3.4'(Et) 3.9(Et)
kinetic product thermodynamic product 

Scheme 3.3. Conversion of [3.4′(Et)][GaCl4]2 to [3.9(Et)][GaCl4]2. 

 

 

Figure 3.2. Experimental (upright) and simulated (inverted) expansions of the 
31

P{
1
H} 

NMR spectrum at 202.6 MHz of the 2:1 mixture of trans (blue) and cis 

(red) isomers of 3.9(Ph2/Me), with characteristic AGHMX and ABB′XX′ 

spin systems, respectively. Broad peaks at 0.5 and 72 ppm (not simulated) 

correspond to the phosphinophosphonium cation 1.34(Ph). 
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3.4 Structure and Solution Behaviour of the 

Cyclo-triphosphino-1,3-diphosphonium cation 3.9(iPr) 

Crystals of [3.9(
i
Pr)][GaCl4]2 have been isolated from the reaction of [3.1(

i
Pr)][GaCl4] 

with SbBu3.  Views of the cation are shown in Figure 3.3.  Using the PLATON software 

package,
131

 the solid-state structure of [3.9(
i
Pr)][GaCl4]2 was determined to approximate 

a 
4
E envelope conformation with a Cremer-Pople

130
 phase angle (υ) of 286.80(5)° and 

puckering amplitude (Q) of 0.9040(7) Å (Figure 3.4). Bond lengths and angles within the 

ring are generally comparable to those observed for the two previously reported
61

 cyclo-

triphosphino-1,3-diphosphonium cations (Table 3.3), although the angle about one 

phosphonium centre (P3) is significantly smaller in 3.9(
i
Pr), presumably as a result of 

substituent steric strain. The closest cation-anion contact is a Cl-H interaction at 2.68 Å 

(Σrvdw 2.84 Å) between a tetrachlorogallate anion and a methyl proton of one isopropyl 

group in the adjacent asymmetric unit. 

  

Figure 3.3. ORTEP views of the cation in [3.9(
i
Pr)][GaCl4]2·CH2Cl2. Thermal 

ellipsoids are shown at the 50% probability level, carbon atoms are 

unlabelled and hydrogen atoms are omitted for clarity. Right view shows 

only the phosphorus framework and associated α-carbons, indicating a 
4
E 

conformation. 



 

 72 

Table 3.3. Selected homoatomic distances (Å) and bond angles (°)
a
 in the solid-state 

structure of [3.9(
i
Pr)][GaCl4]·CH2Cl2 and comparative values for 3.9’ and 

3.9”.
61 

Also indicated are the calculated Cremer-Pople
130,131

 puckering 

angle (υ, °), puckering parameter (Q, Å), and conformation. 

 
P P

P
P

P

iPr

iPr iPr

iPr

iPr
iPr

iPr

 
P P

P
P

P

Me

Me Ph

Me

Me

Me Ph

 
P P

P
P

P

Cy

Cy Me

Cy

Cy

Me Me

 

 [3.9(
i
Pr)][GaCl4]2·CH2Cl2 3.9′[OTf]2 3.9′′[OTf]2 

P-P Range 2.2022(9)-2.2341(10) 2.199-2.238 2.193(2)-2.234(2) 

P-P Average 2.214 2.228 2.213 

P-P1-P 109.07(4) 107.17(9) 109.58(8) 

P-P2-P 98.43(4) 95.84(10) 95.05(8) 

P-P3-P 101.24(4) 109.25(10) 106.26(8) 

P-P4-P 94.63(4) 93.99(10) 105.23(7) 

P-P5-P 95.56(4) 93.96(9) 101.79(7) 

C-P4-P5-C 92.99(14) 100.74(35) 143.23(26) 

    

φ 286.80(5)  312.08(12)  218.14(12) 

Q 0.9040(7) 0.8922(19) 0.6614(14) 

Pseudorotational 

Conformation 

4
E 

4
T5 

2
E 

a
 Angles indicated in bold centre on the phosphonium centres (P1, P3) 
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Simulation of the AGHMX spin system apparent in 
31

P{
1
H} NMR spectra of solutions of 

3.9(
i
Pr) at 188 K (Figure 3.5, Table 3.4) yields chemical shift and coupling constant 

parameters that are comparable to known derivatives
61

 of 3.9. However, 
1
JPP between the 

backbone phosphorus atoms P4-P5 was observed to be significantly smaller in magnitude 

(-149 Hz) for 3.9(
i
Pr) relative to other derivatives of 3.9 with trans-oriented substituents 

(-260 to -315 Hz). Although all derivatives in Table 3.4 are trans-substituted, the 

magnitude of 
n
JPP is expected to depend more specifically on the relative lone pair 

orientation (υLP) of the phosphorus atoms in question.
128

 Since υLP may be formally 

defined by the dihedral angle between the bisectors of the R-P-R angle at each 

phosphorus atom (vide supra), it is inversely proportional to the dihedral angle between 

the substituents. Among the three crystallographically characterized derivatives of 3.9, 

there is substantial variation in the C-P4-P5-C dihedral angle between the trans-oriented 

substituents in the solid state (Table 3.3). The observed C-P4-P5-C dihedral angle in 

3.9(
i
Pr) (93°) implies a large υLP angle and a correspondingly small magnitude 

1
JP4P5 

relative to 3.9′′ (C-P4-P5-C 143°). 
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Figure 3.4. Possible pseudorotational conformations of 3.9 described according to the 

Cremer-Pople puckering angle, υ. Conformations observed in the solid 

state are highlighted in boxes. Figure adapted from Dyker et al.
59

 

 

Figure 3.5. Experimental (upright) and simulated (inverted) expansions of the 
31

P{
1
H} 

NMR spectrum of [3.9(
i
Pr)][GaCl4]2 in EtCN at 101.3 MHz and 188 K. 

Parameters for the AGHMX spin system are listed in Table 3.4. 
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31
P{

1
H} NMR analysis of EtCN solutions of crystalline [3.9(

i
Pr)][GaCl4]2 at a variety of 

temperatures revealed substantial peak broadening near room temperature (Figure 3.6), 

indicative of dynamic behaviour in solution. It is particularly noteworthy that the 

resonance attributed to P2 (-44 ppm [291 K] to -53 ppm [188 K]) appeared sharp, with a 

lineshape that was relatively invariant as a function of temperature, implying that the net 

solution exchange process(es) do not affect the environment of this atom. Further, low 

temperature 
31

P NMR data for 3.9(
i
Pr) suggests a molecule with C1 symmetry, whereas, 

at high temperature, the observed AMM′XX′ spin system suggests effectively time-

averaged C2 or Cs symmetry. A survey of existing five-membered ring systems 

(I,
126,141,142

 II,
40

 III,
143

 IV
144

 and 3.8
59

) with a predominantly catena-phosphorus frame 

indicate a preference for low symmetry (C1) solid-state structures, with varied symmetry 

in solution (C1 symmetry (ABCDX) for two derivatives of 3.8,
59

 [(PhP)4PPhMe][OTf] 

and [(PhP)4PPh
t
Bu][GaCl4], and higher symmetry for I

126
 (AA′BB′C), II

40
 (ABB′CC′), 

III
118

 (AA′BB′), IV
144

 (ABCD at -100°C; AA′BB′ at 60°C), and other derivatives of 3.8 

(AA′BB′X),
59

 [3.8(Me)][OTf], [3.8(Me2/Cy)][OTf], [3.8(Ph)][OTf] and 

[3.8(Me2/Ph)][OTf]). These observations have been previously rationalized by invoking 
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inversion at phosphorus, static solution C2 or Cs conformations, or pseudorotation (ring-

puckering) processes. To understand the fluxional process occurring in solution for 

3.9(
i
Pr), it is instructive to compare it directly with the analogous monocation 3.8. 

P5 P4

P3

P2
P1

iPr

iPr iPr

iPr

iPr
iPr

iPr

P P

P
P

P

iPr

iPr iPr

iPr

iPr
iPr

iPr

(R,R) (S,S)

concerted inversion
 at P4 and P5

P P

P
P

P

iPr

iPr iPr

iPr

iPr
iPr

iPr

(R,R)

inversion at P2

 

Scheme 3.4. Possible inversion pathways for 3.9(
i
Pr) which effect time-averaged C2 

symmetry. 

 

Figure 3.6. Variable-temperature 
31

P{
1
H} NMR spectra of [3.9(

i
Pr)][GaCl4]2 in EtCN 

at 101.3 MHz. 

For the monocations 3.8, pseudorotation provides sufficient rationale for the observation 

(
31

P{
1
H} NMR) of effective C2 symmetry in derivatives with symmetric substituents at 

the phosphonium centre and effective C1 symmetry in asymmetrically-substituted 

derivatives. Pseudorotation is, however, insufficient to explain the symmetry observed in 
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high temperature NMR spectra of 3.9(iPr), as even a time-averaged planar structure 

presents only C1 symmetry (Figure 3.7). Inversion at phosphorus may be additionally 

invoked to rationalize the observed AMM′XX′ spin system at high temperature. 

 

Figure 3.7. Skeletal representations of the time-averaged planar structure of 

symmetrically substituted 3.8 (left), geminal asymmetrically-substituted 

3.8′ (center, R ≠ R′), and 3.9, to rationalize the 
31

P{
1
H} NMR spin 

systems.  
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Table 3.4. 
31

P{
1
H} NMR parameters

a
 for [3.9(Et)][GaCl4]2, [3.9(

i
Pr)][GaCl4]2 and 

[3.9(Ph2/Me)][GaCl4]2 in comparison with previously reported 

heteroleptic derivatives of 3.9[OTf]. Substituents at P4 and P5 are trans-

oriented in all cases. 

Cation  P5 P4

P3

P2

P1

Et

Et Et

Et

Et

Et Et

 

3.9(Et) 

P5 P4

P3

P2

P1

iPr

iPr iPr

iPr

iPr

iPr
iPr

 

3.9(
i
Pr) 

P5 P4

P3

P2

P1

Me

Ph Ph

Me

Me

Ph Ph

 

3.9(Ph2/Me) 

P5 P4

P3

P2

P1

Me

Me Me

Me

Me

Me Me

 

3.9(Me)
61

 

P5 P4

P3

P2

P1

Cy

Me Cy

Cy

Cy

Me Me

 

3.9′′
61,b

 

δ 

(ppm) 

P1 

P2 

P3 

P4 

P5 

87.3 

-30.9 

82.0  

-9.6 

-17.0 

52.1 

-52.9 

48.9 

-25.3 

-34.5 

72.5 

-32.5 

60.7 

-0.7 

-11.0 

72.6 

-20.9 

67.0 

-0.2 

-7 

52.6 [X] 

-29.3 [G] 

42.8 [M] 

-23.6 [B] 

-35.4 [A] 

1
JPP 

(Hz) 

P1P2 

P1P5 

P2P3 

P3P4 

P4P5 

-332 

-354 

-317 

-345 
-306 

-340 

-326 

-367 

-360 
-149 

-320 

-349 

-307 

-339 

-260 

-314 

-327 

-302 

-320 

-274 

-327 

-379 

-338 

-335 

-313 

2
JPP 

(Hz) 

P1P3 

P1P4 

P2P4 

P2P5 

P3P5 

54 

6 

64 

-18 

21 

-17 

< 10
c
 

-12 

< 10
c
 

< 10
c
 

36 

21 

6 

3 

-14 

36 

12 

5 

9 

15 

37 

1 

-13 

-12 

2 

Spin 

system 
 AGHMX ABGMX

d
 

T (K)  298 188 298 298 298 

Solvent  CH2Cl2 EtCN CH2Cl2 MeCN MeCN 
a
 Bold values indicate parameters involving the phosphonium centre(s). All parameters 

were derived by iterative fitting of experimental data at 101.3 MHz. 
b
 Chemical shift 

assignments for P1 and P3 were not specified in the original reference; the assignments 

here are assumed and based on similarities the magnitude of the chemical shifts, but 

should not be taken as definitive. 
c
 Line-broadening remains significant at 188 K, so |

2
JPP| 

values < 10 Hz could only be approximated. 
d
 Designation of this spin system according 

to convention would erroneously imply a first order relationship between P4 and P5. For 

clarity, an ABGMX designation, as labeled, is used instead. 



 

 

 

 

Figure 3.8. Experimental (left) and simulated (right) 
31

P{
1
H} NMR spectra used in lineshape analysis of [3.9(

i
Pr)][GaCl4]2. 

Resulting rate constants are listed in Table 8.1.

7
9
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Figure 3.9. Eyring plot for the dynamic behaviour of [3.9(
i
Pr)][GaCl4]2 in EtCN 

based on rate constants (k) from line shape analysis of 
31

P{
1
H} NMR 

spectra between 246-292 K (simulated and experimental spectra available 

in the supporting information). Error bars are plotted based on error 

estimates in dNMR lineshape fitting, and the 95% confidence interval 

about the regression line is indicated with dashed lines. 

The significant steric strain imposed by the multiple isopropyl substituents in 3.9(
i
Pr) 

promotes comparatively rapid inversion at P2 or P4/P5 as shown in Scheme 3.4. 

Assuming a first-order mechanism, the activation parameters for this process, which 

effectively exchanges the resonances of P1/P3 and P4/P5, were calculated by line-shape 

analysis of 
31

P{
1
H} NMR spectra between 246-292 K (Figure 3.9). In EtCN at 298K, the 

Gibbs free energy of activation ∆G
‡
 was determined to be 52 ± 1.5 kJ·mol

-1 
(95% C.I. by 

weighted linear regression). This is in good agreement with a barrier of 50 kJ·mol
-1 

estimated
145

 using an approximate coalescence temperature (Tc) of 277 K. This is 

significantly lower than the previously determined barrier for the inversion of substituted 

diphosphines
47

 (94-100 kJ·mol
-1

) or the 
t
Bu-substituted cage V (see next page: 

77±8 kJ·mol
-1

 at PA or 126±8 kJ·mol
-1

 at PB),
22

 and nearly on par with the inversion 

barrier determined for IV (39-48 kJ·mol
-1

 depending on solvent),
144

 which was proposed 



 

 81 

to invert via the carbanion centre. Alternately, the lower inversion barrier in 3.9(
i
Pr) can 

be rationalized by invoking partial double bond character along P1-P2-P3. 

P

P
PA P

P
P

P
PB

PB

tBu

tBu

tBu

V  

Less sterically-encumbered derivatives [3.9(Me)][OTf]2
61

 and [3.9(Et)][GaCl4]2 display 

characteristic C1 symmetry in room temperature solutions (ABGMX 
31

P{
1
H} NMR spin 

systems), suggesting slow interconversion for these derivatives on an NMR timescale. As 

pseudorotation or ring-puckering depends on the barrier to rotation about each P-P single 

bond, the barrier to interconversion should be directly proportional to the steric 

requirement of the substituents, rather than inversely proportional as observed here. In 

contrast, the barrier to inversion, already expected to be lowered for catenated 

phosphorus systems due to dπ-pπ overlap,
35,47,48,146

 is expected to decrease with 

increasing steric demand.
147

  

Heating solutions of [3.9(
i
Pr)][GaCl4]2 in EtCN resulted in decomposition predominantly 

to a single product, [3.5(
i
Pr)][GaCl4], which could be isolated as an oil. This product can 

be envisioned as resulting from the ring-opening of 3.9(
i
Pr) by the nucleophilic attack of 

chloride ions (Scheme 3.5) from the equilibrium dissociation of the tetrachlorogallate 

anion (Scheme 3.2). ESI-MS analysis of MeCN solutions of [3.5(
i
Pr)][GaCl4] support the 

identification of a monocationic species with a tetrachlorogallate counteranion. However, 

the base peak (m/z 265.1) was assigned to a molecular ion with the formula [
i
Pr4P3]

+
, 

which is assigned to the three-membered cyclic monocation 3.6(
i
Pr). The small 
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magnitude of the 
31

P-
31

P coupling constant JMX (29 Hz) clearly indicates a linear structure 

in solution, suggesting that the conditions of ESI-MS analysis effect formal loss of Cl2 

from 3.5(
i
Pr) in the gas-phase and concerted ring-closure to form 3.6(

i
Pr). Significantly, 

the addition of donor phosphines such as PPh3 or PMe3 did not effect ligand exchange on 

3.5, suggesting a more covalent, rather than coordinative, bonding interaction. No 

reaction was observed upon heating 3.5(
i
Pr) to 90°C in EtCN nor upon addition of SbBu3 

as a potential reducing agent, further indicating the substantial kinetic stabilization 

provided by the bulky isopropyl substituents. Nonetheless, this series of ring assembly 

and disassembly reactions provides a promising new route to chloro-functionalized 

catena-phosphorus cations which are themselves key building blocks in the development 

of larger catenated frameworks.  

PP
iPr

iPr
iPr

Cl

P Cl
iPrP P

P
P

P

iPr

iPr iPr

iPr

iPr
iPr

iPr GaCl3 + ClGaCl4 P

P P

iPr iPr

iPriPr

ESI-MS

60oC / 1 h

3.9 3.5 3.6  

Scheme 3.5. Ring-opening and ring-closing products observed by 
31

P{
1
H} NMR 

spectroscopy during the thermal-decomposition and ESI-MS analysis of 

[3.9(
i
Pr)][GaCl4]2 in EtCN.  

 

3.5 Cyclotetraphosphinochlorophosphonium Cations, 3.8′   

While the reductive coupling reactions of chlorophosphinochlorophosphonium salts 

(3.1[GaCl4]) provided an efficient approach to the assembly of aryl and alkyl 

cyclophosphinophosphonium cations, analogous reactions of the 

chlorophosphinodichlorophosphonium [3.2(Ph)][GaCl4] with 1-2 equivalents of SbR3 

yielded PhPCl2 and a new chloro-substituted cyclophosphinophosphonium system 
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assigned as [3.8′(Ph)][GaCl4], identified using 
31

P NMR spectroscopy. (Scheme 3.6 and 

Figure 3.10).  

 

Figure 3.10. Experimental (upright) and simulated (inverted) expansions of the 
31

P{
1
H} 

NMR spectrum of [3.8′(Ph)][GaCl4], cyclo-[(Ph5P5)Cl][GaCl4] at 280 K 

and 202.6 MHz, displaying an AGHMX spin system with a downfield 

resonance (δX = 89 ppm) characteristic of a Cl-substituted phosphonium 

centre. 
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Table 3.5. 
31

P{
1
H} NMR parameters

a
 for [3.8′(Ph)][GaCl4] in comparison to those 

for [3.8(Ph)][OTf]
59

 and [3.7′(Cy)][OTf]
62

. 

Cation P4 P3

P2

P1
P5

Ph

Ph Ph

Ph

Ph Cl

+

 

3.8′(Ph) 

P4 P3

P2

P1
P5

Ph

Ph Ph

Ph

Ph Ph

+

 

3.8(Ph)
59

 

P1

P4

P3

P2Cy Cy

CyCl

Cy
+

 

3.7′(Cy)
62

 

δ 

(ppm) 

89.3 [1] 

-15.7 [2] 

-30.9 [3] 

-37.5 [4] 

-1.2 [5] 

22 [1] 

-36 [2/5] 

-42 [3/4] 

95.1 [1] 

-40.7 [2/4] 

-54.4 [3] 

1
JPP 

(Hz) 

-403 [1,2] 

-374 [1,5] 

-153 [2,3] 

-232 [4,5] 

-174 [3,4] 

-325 [1,2; 1,5] 

-142 [2,3; 4,5] 

-160 [3,4] 

-285 [1,2; 1,4] 

-126 [2,3; 3,4] 

2
JPP 

(Hz) 

54 [1,3] 

6 [1,4] 
64 [2,4] 

-18 [2,5] 

21 [3,5] 

28 [1,3; 1,4] 

79 [2,4; 3,5] 

-24 [2,5] 

18 [1,3] 

Spin 

system 
AGHMX AA′BB′X AM2X 

T (K) 298 298 300 

Solvent CH2Cl2 CHCl3 CH2Cl2 
a
 Numbers in square brackets indicate the phosphorus atoms, as labeled above. Bold 

values indicate parameters involving the phosphonium centre. All parameters were 

derived by iterative fitting of experimental data at 101.3 MHz.  
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P P

R

Cl

R

Cl Cl

SbPh3 or SbBu3

P P

P
P

P

R

R R

R

R Cl

+

R = Ph, Et

3.2 3.8'

+    RPCl2

 

Scheme 3.6. Reductive coupling of [3.2][GaCl4] to yield [3.8′][GaCl4], for R = Ph, Et. 

Reaction mixtures of 3.2(Ph) with SbPh3 initially yield only PhPCl2 and 3.8′(Ph), as 

observed using 
31

P{
1
H} NMR spectroscopy. NMR observation of the gradual generation 

of 3.8(Ph) the reaction solution (Figure 3.11) suggest conversion between 3.8′(Ph) and 

3.8(Ph) by slow Ph/Cl substituent exchange (t1/2  6-7 days) between phosphorus and 

antimony. Substituent exchange behaviour, although uncommon for phosphorus, is well-

known for antimony.
148,149

 In this instance, exchange appeared to be facilitated by GaCl3, 

as substantiated by the immediate observation (
31

P NMR) of a 1:1 mixture of 

[3.8′(Ph)][GaCl4] and [3.8(Ph)][GaCl4] when PhPCl2 was added to a 1:1 mixture of 

SbPh3/GaCl3, as well as the generation of 3.1(Ph) from 3.2(Ph) under the same 

conditions.  
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Figure 3.11. 
31

P{
1
H} NMR solution spectrum of the reaction of [3.2(Ph)][GaCl4] with 

SbPh3 after 30 h (top) and 7 days (bottom) at 101.3 MHz, indicating the 

decomposition of [3.8′(Ph)][GaCl4] to [3.8(Ph)][GaCl4]. t1/2 was 

estimated by integration of the well-separated phosphonium resonances in 

[3.8(Ph)][GaCl4] (shaded) vs. [3.8′(Ph)][GaCl4]. PhPCl2 (162 ppm, not 

shown) was also present in solution. 

While reduction of [3.2(Ph)][GaCl4] or [3.2(Et)][GaCl4] initially produced the cyclo-

tetraphosphinochlorophosphonium cation 3.8′ as the sole catenated product, the product 

immediately resulting from the identical reaction of the methyl derivative 

[3.2(Me)][GaCl4] remains to be conclusively identified. In addition to the production of 

MePCl2, a white powder was generated upon addition of SbR3. Redissolution of this solid 

in MeCN yields the 
31

P{
1
H} NMR COSY spectrum indicated in Figure 3.12, indicating at 

least six distinct phosphorus environments. This data also supports the proposal that the 

product is no longer chloro-substituted, as more downfield shifted resonances would be 

expected for the phosphonium site.  

1
H{

31
P} NMR data indicates seven distinct signals of equal integration, corresponding to 

seven distinct methyl environments and suggesting either a single product or a 1:1 

mixture of a three-membered and four-membered monocationic rings which display 
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overlapping signals in the 
31

P NMR in the region at 45 ppm. In addition, a broad 

resonance at 2.09 ppm in 
1
H{

31
P} NMR spectrum suggests dynamic behaviour in 

solution. 
31

P{
1
H} NMR spectra at 202.6 MHz were too substantially line-broadened at 

298 K to readily distinguish between these two proposed compositions, but spectra at 

101.3 MHz clearly indicate additional small JPP coupling parameters that would not exist 

in separated three- and four-membered systems. Although this complex spin system has 

not yet been successfully simulated, the structure is tentatively proposed as the polycyclic 

dication 3.11. 

P

P

P

P

P

P

P
Me

Me

Me

Me

Me

Me

Me3.11  
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Figure 3.12. 
31

P{
1
H} COSY NMR spectrum of the MeCN-soluble product(s) resulting 

from the reductive coupling of [Me(Cl)2P-PMeCl], [3.2(Me)][GaCl4]. 

3.6 Summary 

The synthesis and characterization of the first chlorophosphinochlorophosphonium 3.1 

and chlorophosphinodichlorophosphonium 3.2 cations has been shown to provide new 

synthons for the assembly of larger cationic polyphosphorus frameworks via reductive 

coupling. 
31

P NMR studies of reactions with stibine reducing agents have been used to 

elucidate the dependence of product distribution on stoichiometry and reductant strength. 

These reactions were shown to readily produce a variety of new and known acyclic and 

cyclic frameworks, including three new chloro-functionalized cations, highlighted in 



 

 89 

Chart 3.2. The first cis-substituted derivative of the cyclo-triphosphino-1,3-

diphosphonium framework [3.9(Ph2/Me)][GaCl4]2 has been observed by 
31

P NMR 

spectroscopy, and the solution dynamics of this class of class have been analyzed in the 

context of the variable temperature solution spectra and the solid state crystallographic 

data for [3.9(
i
Pr)][GaCl4]2.  

 

Chart 3.3. Framework drawings of halide-functionalized catena-

phosphinophosphonium cations. Vertices represent phosphorus atoms. The 

first derivatives of frameworks in boxes are reported here as products of 

the reductive coupling of the phosphinophosphonium cations in the dotted 

box. 
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Chapter 4. Acyclic 2-Phosphino-1,3-diphosphonium Cations 

4.1 Introduction 

Two synthetic pathways to 2-phosphino-1,3-diphosphonium frameworks 1.32 are known 

in the literature – alkylation of a triphosphenium monocation, or direct synthesis from the 

component phosphine, dichlorophosphine and halide abstractor (Scheme 4.1). Developed 

initially in 1985 by Schmidpeter and coworkers,
63

 both routes have found substantial use 

in the preparation of derivatives of this framework with a diverse selection of 

substituents. Surprisingly, however, the number of acyclic derivatives remains limited to 

those originally reported by Schmidpeter, and only one of these has been structurally 

characterized.   

2 R3P  +  R'PCl2  +  2 AlCl3

+  R'Cl  +  AlCl3

P

R'

PP

R

R

R

R

R

R

1.32

P PP

R

R

R

R

R

R

1.31

2 AlCl4

a)

b)
 

Scheme 4.1. Possible synthetic routes to acyclic 2-phosphino-1,3-diphosphonium 

dications 

Of the two known synthetic pathways, direct synthesis (Scheme 4.1b) has proven to be 

the more versatile, allowing a greater variety of substituents at the central phosphine, and 

avoiding the unnecessary additional step of synthesizing the required triphosphenium 

precursor salt. Furthermore, a one-pot synthesis eliminates the challenge of selecting 

matched reagents for both the reductive coupling and alkylation, therby avoiding mixed 

anion systems which are challenging to crystallize. In the context of this thesis, the route 

outlined in Scheme 4.1b can be considered to occur in two mechanistic steps – initial 
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formation of a chlorophosphinophosphonium cation [Me3P-PRCl]
+
 2.1′(R), followed by 

a second halide abstraction and donor phosphine coordination. The question therefore 

arises as to why reductive coupling to a P4 dication occurs in the situations outlined in 

Chapter 2, when both P4 (2.2) and P3 (1.32) dicationic  products originate from the same 

reagents. To investigate the factors involved in these two reaction pathways, a series of 

new 2-phosphino-1,3-diphosphonium triflate salts are reported here, and the 

stoichiometric and substituent effects on the reaction are assessed. 

4.2 Synthesis and 31P NMR Spectroscopy 

Given the successful synthesis and solid-state structural characterization of numerous 

2,3-diphosphino-1,4-diphosphonium triflates and the nearly exclusive
‡
 use of AlCl3 as a 

halide abstractor amongst known direct syntheses of the title compound, it was of interest 

to explore instead the use of Me3SiOTf as an alternative halide abstractor.  

 

Scheme 4.2. Direct reaction of a trialkylphosphine (R = Me, Et) with a variety of 

dichlorophosphines and Me3SiOTf to generate 

2-phosphino-1,3-diphosphonium triflate salts. Substituents at R′ are 

indicated in brackets in the text. 

                                                 
‡
 Five cyclic 2-phosphino-1,3-diphosphonium cations have been synthesized directly using SnCl2 as a 

halide abstractor, and one of these has been crystallographically characterized.
150

 To put this quantity into 

context, 26 cyclic derivatives directly prepared using AlCl3 were published in the same manuscript by 

Dillon and coworkers, in addition to the previously known 12 tetrachloroaluminate salts.
63
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Addition of two equivalents of a trialkylphosphine (R = Me, Et) with a variety of 

dichlorophosphines and Me3SiOTf in CH2Cl2 resulted in the immediate formation of a 

white precipitate, identified in most cases as the corresponding 2-phosphino-1,3-

diphosphonium triflate salt (4.1 or 4.2). If the reaction was instead conducted in MeCN, 

all products of the reaction remained in solution, thus allowing the progress of the 

reaction to be monitored in situ. For most derivatives of 4.1[OTf], the reaction proceeded 

to completion (defined as the consumption of both starting phosphines as observed by 
31

P 

NMR spectroscopy) within 1 h at room temperature. Nearly quantitative conversion to 

the desired product was observed for 4.1(
i
Pr), 4.1(Cy), 4.1(

t
Bu), 4.1(N

i
Pr2), and 4.2(

i
Pr), 

while the remaining reactions resulted in a mixture of products including the desired 

dication. The product distributions in these reactions are discussed in more detail in 

Section 4.4, and the 
31

P{
1
H} NMR parameters for all derivatives are listed in Table 4.1. 

The reaction of MePCl2 was noteworthy as 
31

P{
1
H} NMR spectra of the reaction solution 

displayed only broad, unresolved resonances, suggesting a dynamic equilibrium between 

either multiple species or conformers in solution. However, the solid isolated from this 

reaction by either removal of MeCN in vacuo or vapour diffusion of Et2O was 

determined to be exclusively 4.1(Me), which displayed sharp 
31

P{
1
H} NMR resonances 

when redissolved in EtCN. This suggests that the line broadening observed NMR spectra 

of the reaction solution was primarily caused by slow equilibrium redistribution between 

multiple initially produced species, rather than to solution dynamics of the desired 

product. 
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Table 4.1. 
31

P{
1
H} NMR parameters at 101.3 MHz for derivatives of the 

2-phosphino-1,3-diphosphonium framework. Coupling constants are 

derived by iterative fitting of spectra at 298 K and 101.3 MHz. 

# 

Compound 

[R3P-PR′-PR3][A]2 

Chemical Shift 

(ppm) 
1
JPP 

(Hz) 

Spin 

system 
Ref. 

R R′ A δPR3 δPR 

4.1 Me 

Me 

OTf 

25.0  -62.6 
-285 

-295 
AXX′  

i
Pr 23.0  -27.3 

-305 

-325 
AXX′  

Cy 22.7  -30.8 
-307 

-326 
AXX′ a 

t
Bu 22.3  -9.5 -333 AB2  

Ph 24.7 -46.3 
-286 

-298 
AXX′ a 

N
i
Pr2 19.3 31.2 -350 A2B a 

4.2 Et 

Me 

OTf 

41.7 -74.4 
-300 

-308 
AXX′ 

a 

i
Pr 42.5 -42.9 

-324 

-337 
AXX′ 

Cy 42.4 -47.1 
-326 

-338 
AXX′ 

Ph 42 -60 ---
b
 AXX′ 

N
i
Pr2 39.6 22.0 -364 AB2 

4.3 Ph 

H 

AlCl4 

23 -120 -286
c
 

AX2 
63

 Me 23 -48 -330
c
 

i
Pr 21 -23 -354

c
 

a
 In collaboration with Ryan Tilley and Dane Knackstedt.  

b
 
1
JPP could not be assessed due to overlap with 

the 
31

P chemical shifts of the diphosphinodiphosphonium product 
c
 
1
JPP values were reported as positive by 

Schmidpeter
63

 and coworkers. Negative values are reported here solely in accordance with the 

convention
151

 used in this thesis as most values in the literature have not been definitively assigned. It 

should be noted, however, that definitive positive values of 
1
JPP are experimentally and theoretically known 

for anions of the type [XO2P-PO2X]
m-

 (X = H, O, F).
128,151
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Figure 4.1. 
31

P{
1
H} NMR spectra for selected derivatives of 4.1, showing the 

variations in spin system: (a) 4.1(N
i
Pr2), A2B, (b) 4.1(

t
Bu), AB2 (asterisk 

indicates a minor impurity), and (c) 4.1(Me), AXX′. 

Comparing the 
31

P NMR features of the various derivatives, chemical shifts 

corresponding to the central phosphine span a relatively broad range 

(δPR = -63 to 31 ppm), owing to the geometric flexibility of the three-coordinate 

phosphorus site, as previously described for 2,3-phosphino-1,4-diphosphonium dications 

2.2 (Section 2.4.1). Although the phosphonium chemical shifts (δPR3) were observed to be 

largely independent of the substituent at the central phosphine site, 4.1(N
i
Pr2) was a 

notable exception, being significantly further upfield relative to the other derivatives of 

4.1. This drastic change can be best rationalized by envisioning these 2-phosphino-1,3-

diphosphonium cations according to a dative bonding model, as described for 

phosphinophosphonium and diphosphinophosphonium cations in Section 1.3. As these 

cations can be regarded as a dicationic phosphinidinium [PR]
2+

 fragment, stabilized by 
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two ligated phosphine donors (Figure 4.2), the strength of the donor-acceptor interaction 

can be thought to depend on the acceptor strength or Lewis acidity of the 

phosphinidinium dication. When R = N
i
Pr2, the amido-substituent stabilizes the cation by 

π-donation from the lone pair at nitrogen, thereby resulting in lower Lewis acidity. As a 

result, stabilizing donation of electron density from the adjacent PMe3 ligands is reduced, 

and the PMe3 centres retain greater electronic shielding and a correspondingly upfield-

shifted 
31
P NMR signal. While stabilizing the cation by π-electron donation, the amido-

substituent is also expected to be strongly σ-electron withdrawing, as evidenced by the 

substantial downfield shift of the 
31

P NMR resonance of the central phosphorus atom in 

4.1(N
i
Pr2) relative to the other derivatives of 4.1. This significant downfield shift, 

combined with the upfield shift of the phosphonium sites, results in a reversal of the 

relative peak positions of the two phosphorus environments, and the assignment of this 

31
P{

1
H} NMR spectrum as the sole A2B spin system in this series.  

 

Figure 4.2. Lewis (left) and coordinate (middle) bonding model depictions of 

4.1(N
i
Pr2) showing possible resonance contribution of the π-donating 

amido-substituent. 

Coupling constants (
1
JPP) for all derivatives of 4.1 and 4.2 fall within the range typical for 

phosphinophosphonium cations and other P(III)-P(V) interactions, and compare well to 

previously known acyclic
63

 and cyclic
150

 derivatives. Notably, for both 4.1 and 4.2, it is 

the N
i
Pr2-substituted derivative that displays the largest magnitude 

31
P-

31
P coupling. This 

observation is readily rationalized by considering the influence of the electronegativity of 
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directly bound substituents on 
1
JPP. Previous experimental and computational 

studies
128,151

 suggest that an increase in substituent electronegativity results in a linear 

increase in the corresponding |
1
JPP| value due to the increased s-character of the P-P bond. 

In the series of derivatives of both 4.1[OTf] and 4.2[OTf], the amido-substituent was, by 

far, the most electronegative substituent studied, and consequently, effects the largest 

magnitude 
1
JPP. However, electronic effects alone are expected to be small (< ca. 5 Hz) 

when comparing methyl [
1
J PP = -290 Hz] to tert-butyl [

1
J PP = -333 Hz].

152
 This steric 

effect has been previously discussed by McFarlane and McFarlane
152,153

 with reference to 

the successive replacement of methyl by tert-butyl substituents in a series of 

diphosphines. The authors describe the resulting increase in the magnitude of 
1
JPP as 

predominantly arising from the increase in hybridization at phosphorus, which is 

experimentally demonstrated by the substantially larger C-P-C angle enforced by the 

bulky 
t
Bu substituent. In concert with this rationale, 4.2(

i
Pr) and 4.2(Cy) were observed 

to also have substantially larger |
1
JPP| values than the corresponding methyl derivative. 

Unfortunately, the large difference between the 
1
JAX and 

1
JAX′ coupling parameters for 

4.1(
i
Pr) and 4.1(Cy) exclude them from categorization in this analysis. Analysis of 

derivatives involving non-alkyl substituents such as N
i
Pr2 and Ph is complicated by the 

difficulty in distinguishing steric and electronic influences. For N
i
Pr2, the substantial 

steric bulk reinforces the σ-electron withdrawal described earlier, thereby resulting in the 

largest magnitude 
1
JPP of the series. For Ph, however, the observed smaller magnitude of 

1
JPP suggests that π-electron withdrawal has limited effect in this situation. Indeed, 

attempted correlation of 
1
JPP values for either 4.1 or 4.2 with electronic substituent effects 

as represented by Taft constants (σ
*
, predominantly inductive)

154
 or Kabachnik’s 
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constants (σ
υ
, inductive and mesomeric)

155
 was poor, favouring the supposition that 

geometric constraints imposed by steric effects predominate. 

4.3 Solid-state Structures 

Three derivatives of the Me3P donor framework 4.1[OTf]2 (R = Cy, 
t
Bu, N

i
Pr2) have been 

further characterized by single-crystal X-ray diffraction. Relevant bond lengths and 

angles are summarized in Table 4.2. As with previously characterized derivatives of this 

type, the cations in 4.1(Cy)[OTf]2, 4.1(
t
Bu)[OTf]2 and 4.1(N

i
Pr2)[OTf]2 display 

significantly longer P-P bonds in the solid state relative to the only structurally 

characterized156 parent triphosphenium cation [Ph3P-P-PPh3][AlCl4], 1.31(Ph) 

[average: 2.1311(12) Å]. This again supports the single-bond character of the P-P bonds 

in the dications and the partial double-bond character of the parent monocation.  

Besides 4.3(H)[AlCl4], the only reported crystallographically characterized derivatives of 

the 2-phosphino-1,3-diphosphonium framework consist of cyclized derivatives 

4.4[AlCl4], 4.5[AlCl4]and 4.6[AlCl4], published by Dillon and coworkers in 2008.
150

 

However, the geometric parameters of the P-P-P chain in cyclized derivatives are 

expected to depend primarily on the bite angle enforced by the carbon backbone of the 

chelating donor ligand. As a consequence, although the P-P-P angles (86-96°) in 4.4-4.6 

are significantly smaller than those observed in 4.1, this comparison is not instructive. 

Additionally, only limited conclusions may be drawn from these compounds with regards 

to the influence of the central substituent on the geometry of the resulting compound, 

owing to the differences in the chelating ligand. The solid-state single crystal 

characterization of these derivatives of 4.1 presents the first opportunity to assess the 
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effect of substantial steric bulk at the phosphine on the enforced geometry in the 

complex. 

 

All three crystallographically characterized derivatives of 4.1[OTf]2 (R = 
t
Bu, Cy, N

i
Pr2) 

display a smaller P-P-P angle and substantially less pyramidal geometry about the central 

phosphorus atom (ca. 318°) compared with the previously reported acyclic aluminate 

derivative 4.3(H) (287°). This is rationalized as a consequence of the substantial steric 

bulk of the substituents at the central phosphine (P2) in 4.1, which tends to substantially 

disfavour the pyramidal structure. If the terminal pseudotetrahedral phosphonium 

moieties [-PMe3] can be assumed to approximate the same steric influence as a 
t
Bu 

substituent [-CMe3], comparison to the neutral phosphine 
t
Bu3P offers insight. Indeed, the 

C-P-C angles in 
t
Bu3P have been previously estimated at 105.7°,

157
 thereby indicating a 

comparable geometry about the phosphorus centre (Σangles = 317°). Otherwise, all three 

newly characterized derivatives of the 2-phosphino-1,3-diphosphonium framework vii 

(Chart 1.2, Section 1.2.3) possess comparable parameters to one another and to 

4.3[AlCl4]2, with any deviations being reasonably attributed to steric influence of the 

central substituent. In all cases, the preferred conformation in the solid state is one with a 

methyl group of each phosphonium terminus nearly eclipsing the central substituent 

(Figure 4.3, right). Presumably this rotational conformation minimizes the number of 

unfavourable steric interactions between these methyl groups and the sterically crowding 

phosphine-substituent.  
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Table 4.2. Selected relevant bond lengths and angles in the solid-state structures of 

the dications in characterized acyclic 2-phosphino-1,3-phosphonium 

triflates 4.1[OTf]2. 

 

[Me3P-PR-PMe3][OTf]2, 4.1(R) 
[Ph3P-PH-PPh3][AlCl4]2 

4.3(H)
63

 
4.1(Cy) 4.1(

t
Bu) 4.1(N

i
Pr2)

a
 

P-P (Å) 
2.1979(5) 

2.1976(6) 

2.2391(15) 

2.2354(16) 

2.2181(9) to 

2.2271(9) 

[σ = 0.004] 

2.205(1) 

2.224(1) 

P-P-P (°) 103.11(2) 100.97(5) 

104.26(3) to 

105.48(3) 

[σ = 0.7] 

106.39(4) 

P2-E (Å) 

E = H, C, N 
1.8589(16) 1.925(3) 

1.655(2) to 

1.660(2) 

[σ = 0.003] 

1.13(2) 

P1/3-Cavg 1.7891(17) 
1.810 

[1.8095] 

1.782(3) to 

1.799(2) 

[σ = 0.005] 

--- 

Σangles (at P2) 318 317 
318 to 319 

[σ = 0.7] 
287 

Close 

contacts 

(weak 

interactions) 

--- 

OOTf
…HPMe3: 

2.327(6) 
and 

 2.426(3) 

HPMe3
…FOTf 

2.467(4)
b
 

--- 

a
 Asymmetric unit contains three crystallographically independent molecules of 

[4.1(N
i
Pr2)][OTf]2. Range and standard deviation (σ) of the mean value are given. 

b
 Only one of the three independent cations in the asymmetric unit displays a close 

contact with an associate triflate anion. 
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Figure 4.3. ORTEP representations of the solid-state structure of the cation in (a) 

4.1(tBu)[OTf]2 (b) 4.1(Cy)[OTf]2 and (c) 4.1(NiPr2)[OTf]2, from a front and 

side perspective. Hydrogen atoms are omitted for clarity and thermal 

ellipsoids shown at the 50% probability level. Unlabelled atoms in the front 

view are carbon atoms. Relevant parameters are listed in Table 4.2.  

a) 

b) 

c) 
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The P-N bond length in 4.1(N
i
Pr2) (average 1.657 Å) is shorter than the idealized N-P 

σ-only single bond in potassium phosphoramidate, K[H3N-PO3] (1.800(4) Å), supporting 

the previously stated assertion (Section 4.2, Figure 4.2) that this bond exhibits some 

degree of π-character, although it is still substantially longer than a full double bond 

(1.54-1.58 Å).
158

 Cations 4.1(
t
Bu) and 4.1(N

i
Pr2) possess weak cation-anion contacts in 

the solid state between the oxygen or fluorine atoms of the triflate counterion and one or 

more methyl hydrogens of the phosphonium moieties (e.g. Figure 4.4), but these 

distances approach the limiting sum of the van der Waals radii (Σrvdw: OH 2.60 Å; 

HF 2.55 Å) and should not be considered significant. 

 

Figure 4.4. ORTEP representation of the solid-state structure of the asymmetric unit 

in 4.1(
t
Bu)[OTf]2, indicating weak interactions between hydrogen atoms 

of the cation and the triflate counterions. Non-hydrogen atoms are 

represented with Gaussian ellipsoids at the 50% probability level, while 

hydrogen atoms are shown with arbitrarily small thermal parameters. 



 

 102 

4.4 Competitive 2,3-Diphosphino-1,4-diphosphonium Synthesis 

The synthesis of derivatives of 4.1[OTf] was generalizable to a variety of central 

substituents with quantitative conversions observed by 
31

P NMR spectroscopy except in 

the case of [4.1(Ph)] [OTf] where an inseparable mixture of three-membered (4.1) and 

four-membered dications (2.2′, [Me3P-PR-PR-PMe3]
2+

) was observed. Relative amounts 

of two dicationic species were concentration dependent, but with the theoretically 

predicted reaction stoichiometry (Scheme 4.2), dication 2.2′(Ph) was generally preferred. 

With only one equivalent of Me3P present in solution, 2.2′(Ph) was no longer observed in 

solution by 
31

P NMR; however, the scarcity of Me3P for the generation of 4.1(Ph) 

resulted instead in the observation of a mixture of 4.1(Ph) and the corresponding 

phosphinophosphonium monocation [Me3P-PPhCl][OTf], 2.1′(Ph).  

Reactions of the slightly more sterically hindered trialkylphosphine donor, Et3P, to 

generate 4.2[OTf] also favoured generation of the 4P dication, 

[Et3P-PPh-PPh-PEt3][OTf], 4.7(Ph). However, 
31

P NMR of redissolved precipitates from 

these reactions indicated that a mixture of 4.2 and 4.4 was generated in all cases except 

where R = N
i
Pr2, for which the reaction remained incomplete. Simulated 

31
P{

1
H} NMR 

parameters for these previously unreported 2,3-diphosphino-1,4-diphosphonium triflate 

salts are listed in Table 4.3. 

The in situ formation of both 3P and 4P dications, regardless of reaction stoichiometry, 

has been previously noted by Dillon and coworkers
82

 for reactions involving biphep 

(2,2′-bis(diphenylphosphino)-1,1′-biphenyl) or dppe with EtPCl2 in the presence of 

SnCl2. No reasons have been previously given for the relative preference for either the 3P 
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or 4P product in these systems; however, the expanded series of acyclic triflates reported 

herein may offer some insight.  

Studies of the phosphinophosphonium species 2.1′ (Chapter 2) suggest that these cations 

were formed immediately (< 5 min) upon combination of the reagents, implying that they 

are likely intermediates en route to either end product (Scheme 4.3). Formation of the 4P 

dication (Path B) requires subsequent reductive coupling to generate the three-membered 

monocationic intermediate 2.3 (Section 2.3), which necessitates the in situ dissociation of 

2.1′. Thus, phosphinophosphonium cations which dissociate more readily in solution 

favour the generation of the 4P dication. 

Table 4.3. 
31

P{
1
H} NMR parameters at 101.3 MHz for previously unreported 

2,3-diphosphino-1,4-diphosphonium triflate salts observed in MeCN 

during the attempted synthesis of 2-phosphino-1,3-diphosphonium 

species.  Chemical shifts (δ) are reported in ppm and coupling constants 

(J) in Hz.  

PA PA' PB'R3

R'

R3PB

R'

 

 R3P PR′ δA δB 
1
JAA

1
JAB=

1
JAB

2
JAB=

2
JAB

3
JBB

4.7(Me) Et3P Me -82 40 -265 -278 59 49 

4.7(Cy)  Cy -56 38 -322 -320 72 48 

4.7(Ph)  Ph -55 39 not determined due to overlapping signals 
a 

a
 All spectra are AABB spin systems, with coupling constants derived by iterative fitting 

of experimental data at 298 K where possible. Coupling constants were not determined in 

cases with substantial overlap with other products. 
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Scheme 4.3. Possible reaction pathways resulting in the generation of either a three- or 

four-phosphorus dication. 

Observation of 
1
JPP coupling in 

31
P NMR spectra of room temperature solutions of 

[AlCl4]
-
 and [GaCl4]

-
 derivatives of 2.1 and 2.1′ (Section 2.2) implies minimal 

dissociation of the P-P bond on an NMR timescale, which, in turn, rationalizes the 

observation of the 3P derivative as the sole product in Ph3P reactions with RPCl2 and 

AlCl3 (Path A).
63

 Triflate derivatives of 2.1 show no 
31

P-
31

P coupling at room 

temperature, making them viable candidates for solution dissociation and subsequent 

reduction. With respect to the intermediate 2.1′(Ph), the poor Lewis acidity of [PPhCl]
+
 

(demonstrated experimentally in phosphenium exchange studies, Section 2.2.1) would 
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lead to higher solution dissociation, thereby provide validation for the observation of 

mixtures of both 3P and 4P products.  Finally, the empirically observed reduced 

solubility of Me3P derivatives of both 2P and 3P frameworks may also contribute to the 

isolation of strictly 4.1 as a product, as precipitation of this product from the solution 

prevents its re-dissociation and availability for reductive coupling. 

4.5 Summary 

A series of new acyclic 2-phosphino-1,3-diphosphonium triflates have been isolated and 

characterized by X-ray crystallography. Additional derivatives of this framework were 

compared with respect to their 
31

P NMR parameters, which have been interpreted in the 

context of the geometry at the phosphine site. The influence of donor strength, halide 

abstractor, and central substituent have been assessed in terms of their impact on the 

competition between reactions yielding three-membered or four-membered acyclic 

dications from chlorophosphinophosphonium cations. 
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Chapter 5. Electrochemistry of Phosphinophosphonium Cations 

5.1 Introduction 

Whereas synthetic methods are often more practical for the large-scale isolation of new 

compounds, electrochemical techniques offer investigative avenues in electron-transfer 

reactions that might not be readily available through the use of chemical redox agents. In 

particular, electrochemical synthesis offers a wide range of precisely controlled potentials 

for the oxidation or reduction of chemical compounds, whereas chemical redox agents 

each only offer a single fixed potential.
159

 More relevant to this thesis, however, 

electrochemical studies offer unparalleled opportunities for investigation into the 

mechanisms of electron transfer reactions.
159-162

 

The known electrochemistry of phosphorus-containing species is primarily limited to 

monophosphines and phosphonium salts. Triphenylphosphine is perhaps the most 

thoroughly studied of these, although the literature regarding its electrochemical 

behaviour is not without controversy.
163

 The present consensus, however, seems to state 

that Ph3P undergoes a single irreversible oxidation in MeCN, followed by rapid chemical 

reaction of the resulting radical cation [Ph3P]● +
.
164-167

 In solutions with trace amounts of 

water, the oxidation products have been assigned to either [Ph3PH]
+
 or Ph3P=O using 

cyclic voltammetry.
164,166

 In contrast, the oxidation of sterically hindered 

triarylphosphines using pulse voltammetry has permitted the characterization of 

comparatively long-lived radical cations, observable by ESR.
167

 The authors of this work 

were likewise able to relate the anodic peak potentials of isosteric triarylphosphines to the 

Hammett substituent parameters (σ
+
),

167
 extending previous work that correlated the 
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oxidation potentials of diphosphines with electronic substituent effects, as represented by 

Taft’s polar substituent constanst (σ*).
165

 

The electroreduction of triphenylphosphine is also well-known, and is seemingly less 

controversial. Santhanam and Bard reported that Ph3P undergoes a reversible one-

electron reduction in DMF (E1/2 = -2.7 V vs. SCE) for sweep rates down to 67 mV/s, but 

only an irreversible reduction in MeCN.
168

 As the product of the reduction was 

insufficiently long-lived to observe using ESR, the authors proposed that the initial 

electroreduction product was the unstable anion radical [Ph3P]● –
. Immediate solution 

decomposition was proposed via loss of a phenyl radical, which was subsequently 

observed in the form of a stable biphenyl byproduct of the reaction. Saveant and Binh 

additionally proposed that the anion radical reacts with the supporting electrolyte 

[
n
Bu4N]I or [

n
Bu4N][BF4] to catalytically generate tributylamine, among other 

products.
169

 Similarly, the chlorophosphines Ph2PCl and PhPCl2 have been reduced by 

loss of chloride to their corresponding radicals at -3.4 V and -2.8 V vs. Ag/Ag
+
, 

respectively.
170

 However, the lifetime of these radicals was estimated at less than 10 ms, 

prior to hydrogen abstraction from the solvent medium (glyme), and only Ph2PH and 

PhPH2 were obtained nearly quantitatively from the controlled potential electrolysis.
170

  

Very little is known about the electrochemistry of other polyphosphines. Various 

researchers have recently investigated the cyclic voltammetry of diphosphenes RP=PR, 

demonstrating that these species undergo a single reversible reduction,
171-173

 which in the 

presence of sufficient steric bulk (i.e. R = Tbt = 2,6-([(Me3Si)2CH]2C6H3) permitted the 

first isolation of a diphosphene anion radical.
174

 Much earlier work by Dupont and Mills 

on the electroreduction of cyclo-(PhP)n and other cyclopolyphosphines suggests that the 
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predominant product of these reductions was the linear trimeric dianion [(PhP)3]
2-

, 

1.8(Ph)n=1, although the monomeric dianion [PhP]
2-

 was also proposed as a short-lived 

intermediate.
175,176

 This work was the first to propose that the product of the potassium 

metal reduction of cyclo-(PhP)5 was a linear anion, rather than the cyclic trimer 

previously suggested.
177

 Later support for this linear structure in the analysis of well-

resolved 
31

P NMR spectra offers an indication of the substantial information that 

electrochemical methods can provide on intermediates and poorly defined or unisolable 

species in solution.
178

 Furthermore, comparisons between various cyclopolyphosphines 

demonstrated that substituent effects (represented by Taft constants, σ*) play a more 

significant role in the determination of reduction potentials than does the ring size of the 

polyphosphine in question.
176,179

  

Available literature regarding the electrochemical behaviour of cationic phosphorus is 

limited almost entirely to studies of monophosphonium salts with a variety of 

substituents, predominantly in aqueous media. In the majority of cases, electrochemical 

reduction of [R4P]
+
 was irreversible, as the neutral radicals rapidly undergo P-C bond 

fission and substituent-loss to generate stable phosphines R3P. In aprotic media, however, 

several phosphonium centres with more substantial conjugation of the phosphorus centre 

into the carbon π-system (e.g. 1,4-(R3P)C6H4) yield stable intermediate observable by 

EPR spectroscopy.
180

 The majority of phosphonium salts showed multiple peaks upon 

reduction, and although proposals have been made in the literature, the identity of these 

peaks remains unclear.
181

 Despite this challenge, however, correlation between 

substituent effects and the reduction potentials of methyltriarylphosphonium salts has 

been made, in line with similar observations in neutral phosphines (vide supra).
182
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While the primary utility of electrochemical analysis lies in its unique capacity to obtain 

mechanistic information, electrochemical synthesis in phosphorus chemistry is 

nonetheless an active discipline. As described earlier, the oxidation of triphenylphosphine 

is expected to generate the cation radical [Ph3P]● +
; in the absence of water, this reactive 

species has been shown to act as an effective electrophile in a variety of organic 

syntheses, including insertion into alkenes, reaction with allylic silanes, and even addition 

to enol ethers to yield precursors to new Wittig reagents.
183-185

 More interestingly, with 

the scrupulous exclusion of other potential nucleophiles from the solution medium, the 

radical cation [R3P]●+
 (R = alkyl, amido) was found to react with the neutral phosphine 

itself and undergo a second electrochemical oxidation to the first known diphosphonium 

dications [R3P-PR3]
2+

 1.33.
186,187

 While chemical alkylation is now known as an 

alternative route to this framework,
60

 it should be noted that preparative electrochemistry 

yielded a diverse selection of diphosphonium dications in >80% yields more than ten 

years earlier.
186,187

 Most recently, electrochemical activation of white phosphorus P4 has 

been investigated as a mild, high-yielding route to P-O, P-C and P-N functionalized 

phosphorus acids.
188

 

In the context of this work, however, the focus lies primarily in assessing the 

electrochemistry of the catena-phosphorus cations described earlier in this thesis. In 

particular, since chemical reduction pathways to catenated species have been studied 

herein (Chapters 2 and 3), it was of interest to determine if electrochemical reduction 

would yield similar products or provide mechanistic insight into the shorter lived 

intermediates of the reduction. To this end, the primary target for electrochemical study 

was the chlorophosphinophosphonium salt [Ph3P-PPhCl][OTf], [2.1(Ph)][OTf], as its 
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chemical reductive coupling (Scheme 5.1) behaviour was straightforward and readily 

reproducible under diverse conditions. 

 

Scheme 5.1. Proposed mechanism for the reductive coupling of [2.1][OTf] to 

[2.2][OTf]2. Intermediate [2.3][OTf]2 has been observed by 
31

P{
1
H} NMR 

spectroscopy for sterically encumbered derivatives (R' = 
i
Pr, Cy, 

t
Bu). See 

also, Chapter 2. 

5.2 Electrochemistry of [Ph3P-PPhCl][OTf], [2.1(Ph)][OTf] 

Initial experiments using cyclic voltammetry suggested that the electrochemical 

behaviour of [2.1(Ph)][OTf] is significantly different from the chemical reductive 

coupling reaction previously described (Scheme 5.1). The features of a typical cyclic 

voltammogram of a 2.00 mM solution of [2.1(Ph)][OTf] are indicated in Figure 5.1, 

along with the corresponding peak labels which will be used throughout the discussion. 

Two irreversible cathodic peaks (I, II) were observed, along with a partially-reversible 

wave (III) at -2.16 V (ΔEp ≈ 100 mV at 100 mV/s). Notably, the anodic peak (IV) was 

observed regardless of the direction of potential sweep, but it displayed significantly 



 

 111 

higher peak current when the oxidation was performed on the reverse sweep, after both 

peaks I and II were traced (Δip ≈ 1 μA). Based on this observation, and on reported 

literature potentials,
164-167

 peak IV is tentatively assigned to the oxidation of Ph3P. A 

more detailed analysis of this anodic peak follows (Section 5.3). 
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Figure 5.1. Cyclic voltammogram of a 2.00 mM solution of [Ph3P-PPhCl][OTf], 

[2.1(Ph)][OTf], in 0.1 M TBAPF6/MeCN (ν = 100 mV/s). Potentials are 

reported relative to the ferrocene redox couple Fc/Fc
+
, marked with an 

asterisk. 

5.2.1 Selection of the Working Electrode 

As the primary interest of this project was to investigate the electrochemical reduction of 

polyphosphorus cations such as [2.1(Ph)][OTf], the selection of a working electrode 

material with a wide reduction window was critical. Of the commonly used working 

electrode materials for voltammetry, gold was therefore eliminated, having a substantially 

lower cathodic potential limit in typical organic solvents.
161

 Previous voltammetric 
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studies of neutral phosphorus and phosphonium species have generally made use of either 

Pt or glassy carbon electrodes, so both of these materials were compared with respect to 

their performance under typical experimental conditions expected for samples in this 

section (ca. 1-2 mM analyte in 0.1 M tetra-n-butylammonium hexafluorophosphate 

(TBAPF6) in MeCN). Representative voltammograms for Pt and glassy carbon (GC) disc 

working electrodes are given in Figure 5.1. For solutions of ferrocene (Fc), which was 

used as an internal standard in most analyses, both working electrodes gave results in 

good agreement with literature precedent, with a single reversible wave at E1/2 = 90 mV 

vs. Ag/Ag
+
 (ΔEp ≈ 70 mV) corresponding to the Fc/Fc

+
 redox couple (Figure 5.1a and b). 

However, the GC electrode voltammogram was limited to a smaller viable potential 

window (± 500 mV for both reduction and oxidation) and displayed substantially greater 

capacitative current. Both of these features proved disadvantageous for the analysis of the 

desired phosphinophosphonium salt [2.1(Ph)][OTf] (Figure 5.1c and d). The smaller 

potential window of the GC electrode prevented the observation of the partially-

reversible redox couple at -2.2 V (peaks IIIc/IIIa) and visibly cut off the tail end of the 

anodic peak at ~ +0.9 V. Furthermore, the increased charging current makes the precise 

measurement of small currents more challenging, and in this case, may entirely obscure 

the first cathodic wave observed at -1.1 V on the Pt working electrode.  

Some concerns have been previously raised in the literature
166,189

 regarding the 

adsorption of Ph3P at a Pt electrode in either aqueous HClO4 and 0.1 M LiClO4/MeCN. 

However, as the majority of relevant work in the field of phosphorus electrochemistry has 

been likewise performed at Pt or glassy carbon surfaces with reasonable success, Pt 

remains the best electrode for comparison in these preliminary studies. Additionally, 
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calibration plots of Ph3P concentration vs. peak current or peak area for concentrations 

ranging from 0.2 mM to 10 mM were linear. 
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Figure 5.2. Behaviour of platinum disc (Pt, r = 0.8 mm) vs. glassy carbon disc (GC, 

r = 1.6 mm) working electrodes. Solutions tested were 1.00 mM Fc on (a) 

Pt and (b) GC, and 2.00 mM [2.1(Ph)][OTf]/1.00 mM Fc on (c) Pt and (d) 

GC. Dotted lines on (a) and (c) indicate the upper and lower redox limits 

for the glassy-carbon working electrode for comparison. 

5.2.2 Sweep Rate Studies 

The voltammetric behaviour of a solution of [2.1(Ph)][OTf] over a range of sweep rates 

is shown in Figure 5.3. In contrast to the ideally reversible behaviour of the internal Fc 

standard (*), all three cathodic waves of [2.1(Ph)][OTf] demonstrated substantial shifts to 

more negative potential with increasing sweep rate. Additionally, at increased sweep 

(a) (b) 

(c) (d) 
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rates, a small peak or shoulder became noticeable at slightly more positive potentials than 

peak I. Even at sweep rates up to 2 V/s, no reverse peak was observed corresponding to 

I/II, suggesting perhaps a rapid chemical reaction occurring after the electrochemical 

reduction. Likewise, no corresponding reduction peak was observed for peak IV. Of the 

most interest, however, was the behaviour of the partially-reversible coupled peaks 

IIIc/IIIa at differing sweep rates.   
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Figure 5.3.  Cyclic voltammograms of a 5 mM solution of [2.1(Ph)][OTf] in 0.1 M 

TBAPF6/MeCN at varying sweep rates (ν). Peaks corresponding to the 

internal standard (1 mM Fc) are marked with asterisks. 

The change in peak potential versus sweep rate for IIIc/IIIa are plotted in Figure 5.4a, 

indicating increasing peak separation at higher sweep rates. While the peak separations 

are consistently larger than should be observed for an ideally reversible Nernstian process 
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(59 mV), the peak may still be considered partially-reversible for sweep rates of up to 

100 mV/s, suggesting predominantly diffusion-controlled behaviour.
§
 While simple 

mechanisms involving electron transfer (E) either preceeding or following chemical 

reactions (C) should be straightforward to model according to the kinetic parameters 

outlined by Nicholson and Shain,
190

 the plot of normalized current (ipa/ν
1/2

) vs. sweep rate 

does not match any of the simple CE or EC type mechanisms they describe (Figure 5.4b). 

However, the partial reversibility of the IIIc/IIIa redox couple, along with the substantial 

negative shift of the cathodic peak suggests that at least one preceeding chemical reaction 

is involved. 
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Figure 5.4. Peak potentials (vs. Fc/Fc
+
) and normalized current of the partially-

reversible voltammetric peaks IIIc/IIIa over a range of sweep rates (ν) for 

a 5.00 mM solution of [2.1(Ph)][OTf] in 0.1 M TBAPF6/MeCN. 

                                                 
§
 Notably, the idealized peak separation of 59 mV does not account for uncompensated solution resistance, 

Rs, which is expected to increase the peak separation (ΔEp) by a factor of 2 iRs. Comparison of ΔEp for 

peaks IIIa/c to that of the reversible internal standard, ferrocene, is instructive in this regard. For the Fc/Fc
+
 

redox couple, ΔEp ranges from 70 mV (at ν = 25 mV/s) to 100 mV (at ν = 2 V/s). The IIIa/c redox couple 

is, by this standard, reversible at 25 mV/s (ΔEp = 74 mV) and partially reversible at 100 mV/s 

(ΔEp = 118 mV/s), but displays relatively poor reversibility above this sweep rate (ΔEp = 146-171 mV). 
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5.2.3 Proposed Mechanism for Electroreduction 

Without substantially greater investigation of the reduction products, any propsosed 

mechanism for the electroreduction of [2.1(Ph)][OTf] must be considered speculative. 

However, based on substantial existing precedents in the reduction of phosphonium 

cations and chlorophosphines, the following mechanism is proposed. 

 [Ph3P-PPhCl]
+
   + 1e

–
  →  [Ph3P-PPhCl]

● 
[1a]

 

 [Ph3P-PPhCl]
●
   →  Ph3P   +   [PPhCl]

●
 [2a] 

 [PPhCl]
●
   + 1e

–
  → [PPhCl]

 – 
[3a] 

 [PPhCl]
–
 → [PPh]   +   Cl

– 
[4a] 

In an analogous fashion to the one electron reduction of phosphonium, the reduction of 

[2.1(Ph)][OTf] is expected to proceed initially via reduction to the radical (step 1a). 

Whereas rapid loss of a substituent is expected for tetraarylphosphonium cations,
180-182

 

the inherently weaker P-P bond in the phosphinophosphonium cation suggests that loss of 

the phospheniumyl radical [PPhCl]
●
 would proceed more rapidly (step 2a). 

The second reduction wave (II) was assigned to the one electron reduction of the 

phosphenium radical (step 3a) and subsequent loss of chloride to yield the transient 

phosphinidene (step 4a), based on the reduction pathway previously proposed for 

PhPCl2.
170

 Notably, this mechanism implies that reduction of [PPhCl]
●
 is substantially 

easier (~ -1.7 V vs. 10 mM Ag/Ag
+
) than the reduction of its PhPCl2 precusor (-2.5 V vs. 

1 mM Ag/Ag
+
). 
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 [PPh]   +   solvent → PhPH2 [5a] 

 [PPh]   +   Ph3P → [Ph3P=PPh] [5b] 

 [PPh]   +   [PPh] → [PhP=PPh] [5c] 

 [PPh] → 1/5 (PPh)5 [5d] 

Following the first two reduction waves, however, the mechanism is more obscure, and 

four possible pathways [5a-d] are proposed. The observation of a partially-reversible 

couple IIIc/IIIa allows for the immediate elimination of several possible chemical 

pathways following the second reduction peak, (II). Hydrogen abstraction from the 

solvent (path [5a]) seems unlikely, as previous work
170

 on the reduction of PhPCl2 

reported no reversible redox chemistry for the resulting PhPH2. However, it should be 

noted that the partially-reversible couple IIIc/IIIa consumed significantly less current than 

the preceding reduction waves I or II, suggesting that the concentration of the redox 

active species in III was substantially lower than that of the previous steps. This decrease 

in concentration is more substantial than can be accounted for by diffusion alone, 

therefore implying oligomerization of the unstable phosphinidene [PPh] generated in step 

4, or partial consumption of this species to redox-inactive products, as in [5a]. 

Oligomerization of the phosphinidene fragment to the most stable cyclo-polyphosphine 

(PPh)5 seems the most chemically viable option; however, the known irreversibility of 

electrochemical reduction cyclo-(PPh)5 renders path [5d] unlikely  as the reduction of 

(PhP)5 in THF has been previously observed to be irreversible.
175
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Conversely, neither diphenylphosphene nor the phospha-Wittig type complex 

[Ph3P=PPh] proposed in [5b] and [5c] are known to be stable species, as 

diphosphenes
171,173,191,192

 and phosphine-stabilized phosphinidenes
122,193,194

 generally 

require substantial steric bulk for their isolation. Cyclic voltammetry of diphosphenes 

generally shows a reversible reduction between ca. -1.7 to -2.0 V vs. SCE,
171-174

 which is 

compatible with the observed partially-reversible couple IIIc/IIIa. Indeed, the 110 mV 

peak separation observed in for the reduction of TbtP=PTbt closely mimics the partially-

reversible character of the IIIc/IIIa redox couple. However, the absence of any existing 

evidence for even transient diphosphenes in the absence of steric-protection, as well as 

the significantly less negative oxidation  potential previously reported for the proposed 

(PPh)2
n-

 dimer (-1.0 V vs. 0.1 M Ag/Ag
+
) tends to disfavour the selection of path [5c].  

While it could not be isolated, the sterically-unhindered phosphine-stabilized 

phosphinidene species Me3P=P(CF3) has been observed in solution.
195,196

 Variable-

temperature NMR studies of this species further suggest that the observed solution 

dynamics may result from coordination of a second equivalent of Me3P to transiently 

generate the bis-stabilized phosphinidene adduct (Me3P)2-P(CF3).
197

 These observations 

suggest that sterically unhindered phosphine-phosphinidene species such as proposed in 

[5b] could exist in solution, even if they are not stable enough to permit isolation. 

Electrochemical studies of phospha-Wittig type complexes R3P-PR′ are unknown; 

however, the NHC-adduct of [PPh] has been characterized and shown to exhibit only an 

irreversible one electron oxidation in MeCN on Pt (at -0.08 V vs. SCE).
198

  However, 

based on both the P-C bond length and the formation of 2:1 BH3 adducts for NHC-PPh, 

the bonding in this complex has been previously described as a coordinative (single-
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bond) interaction.
198

 In contrast, the phospha-Wittig complex Me3P=PDmp forms only 

1:1 adducts with borane, and exhibits a substantially shortened P-P bond in the solid 

state, in line with a description invoking π-bonding contribution to the bond.
122

 Although 

no electrochemical data was reported for Me3P=PDmp, it is structurally more similar to 

the aforementioned diphosphenes than to the carbene, and might be therefore expected to 

display similar redox potentials. Therefore, path [5b] is tentatively suggested to be the 

most viable reaction to precede the IIIc/IIIa redox wave. The product of [5b] might also 

be generated by an initial two-electron reduction (I) and concomitant loss of Cl
-
, as 

described in Equations 1b and 2b, leaving peak II to be assigned to the irreversible 

reduction of this phospha-Wittig type species.  

 [Ph3P-PPhCl]
+
   + 2e

–
  →  [Ph3P-PPhCl]

– 
[1b]

 

 [Ph3P-PPhCl]
–
   →  [Ph3P=PPh]   +   Cl

–
 [2b] 

In either case, considerably more work, including preparative scale electrolysis and 
31

P 

NMR of the resulting products, would be required to substantiate these mechanistic 

hypotheses. 

5.3 Dissociation of [Ph3P-PPhCl][OTf], [2.1(Ph)][OTf] 

As described in the previous section, peak IV, tentatively assigned to free Ph3P, was 

observed even before any reduction was attempted on [2.1(Ph)][OTf]. 
31

P NMR spectra 

of [2.1(Ph)][OTf] (Section 2.2) as well as the previously described mechanism for 

reductive coupling of [2.1(Ph)][OTf] (Scheme 5.1) suggest that a dissociative 

equilibrium may exist for phosphinophosphonium triflates in solution (Scheme 5.2). 
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Scheme 5.2. Dissociative equilibrium proposed for [2.1(Ph)][OTf] resulting in low 

concentrations of free Ph3P in solution. 

31
P NMR spectra of the reaction of a 0.2 mmol Ph3P, PhPCl2 and Me3SiOTf in 1 mL of 

0.1M TBAPF6/MeCN showed slightly broadened peaks for [2.1(Ph)][OTf], relative to 

the 
31

P NMR spectra collected in the absence of supporting electrolyte, suggesting that P-

P bond dissociation was promoted in a more ionic medium. Attempts to quantify this 

dissociation were hampered by the difficulty in recording 
31

P NMR spectra with a 

sufficiently high molar ratio of TBAPF6 to [2.1(Ph)][OTf] to reflect the electrochemical 

experimental conditions. Furthermore, substantial ionic strength effects on the local 

magnetic field experienced in samples with substantial amounts of supporting electrolyte 

made direct comparison of peak broadening between NMR spectra solely qualitative. 

As organic molecules with aryl substituents are well-known to adsorb on Pt electrode, it 

was proposed that the dissociation of [2.1(Ph)][OTf] in the electrochemical cell might be 

artificially increased. To assess the effect that adsorption of [2.1(Ph)][OTf] on Pt might 

have on its dissociation, the oxidation current for solutions of this analyte were compared 

with a Pt disc working electrode (r = 0.8 mm) versus a Pt wire working electrode (length 

ca. 5 mm). The proportional increase in anodic current and charge as a result of the larger 

Pt-wire surface area was the same (ca. 3.5-3.7 times) for both the internal Fc standard and 

[2.1(Ph)][OTf]. This suggests that despite any potential surface adsorption of either Ph3P 

or the phosphinophonium cation, the Pt surface was not responsible for catalyzing the 

dissociation of the P-P bond. 
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To quantify the dissociation of Ph3P from [2.1(Ph)][OTf], calibration curves of current 

(ipa) and charge (qpa) versus Ph3P concentration were plotted for both high (0.5 to 10 mM) 

and low (0.2 to 0.5 mM) concentration ranges. 
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Figure 5.5. Calibration curves for (a) current and (b) charge vs. Ph3P concentration for a 

series of Ph3P standard solutions. Error bars are too small to be plotted in (b). 

Linear regression was performed separately on the low and high concentration plots, as 

the data acquisition parameters were different between the two datasets. The following 

calibration curves for low concentration samples (Equations L1 and L2) and high 

concentratration samples (Equations H1 and H2) were calculated based on a simple linear 

regression model: 

 ipa = 4.116·CPh3P – 0.479  [L1] 

 qpa = 3.428·CPh3P – 0.465  [L2] 

 ipa = 5.879·CPh3P – 0.321 [H1] 

 qpa = 7.129·CPh3P – 2.176 [H2] 
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Based on the low concentration calibration curve, the concentration of Ph3P in a 2 mM 

solution of [2.1(Ph)][OTf] in 0.1M TBAPF6/MeCN was 0.280 mM (based on ipa) or 

0.322 mM (based on qpa). However, upon an increase of the concentration of 

[2.1(Ph)][OTf] to 4 mM, an observed decrease in the peak current for IV was noted, and 

at a [2.1(Ph)][OTf] concentration of 8 mM, the amplitude of peak IV was negligible. 

These observations run counter to the expected linear increase in Ph3P concentration that 

should be observed if the dissociation of [2.1(Ph)][OTf] were governed by a standard 

equilibrium constant, Keq.  

5.3.1 Effect of TBAPF6 as a Supporting Electrolyte 

One of the variables unique to electrochemical experiments that is not relevant in 

chemical synthesis is the presence of a vast excess of an organic salt, which acts as a 

supporting electrolyte to reduce overall solution resistance to current and prevent 

concentration gradients of the analyte resulting from migration of the species of interest. 

Generally, a 50-fold molar excess of supporting electrolyte is used, and the non-

innocence of these species has been observed to be at times problematic.
169,199,200

 As 

such, it was of interest in this case to investigate whether the concentration of TBAPF6 

was influencing the observed anodic peak current ipa for Ph3P. To minimize resistive 

effects, measurements were conducted in a small diameter electrochemical cell, thereby 

minimizing the path length for current to traverse between electrodes. Comparative 

measurements on samples of [2.1(Ph)][OTf] in the small cell and large cell were not 

significantly different.  



 

 123 

Cyclic voltammograms of 2 mM, 4 mM and 8 mM solutions of [2.1(Ph)][OTf] with 

25-100 mM concentrations of TBAPF6 were compared (Figure 5.6). Resistive effects 

appeared qualitatively minimal for all concentrations except 25 mM TBAPF6, for which 

notable linearity of the peak currents were observed. For all concentrations of 

[2.1(Ph)][OTf], the peak oxidation current increased in the presence of a higher 

concentration of supporting electrolyte. For all concentrations of TBAPF6, the highest 

anodic peak current was observed in the most dilute solution of [2.1(Ph)][OTf]. 

 

Figure 5.6. Anodic peak current vs. TBAPF6 concentration for various concentrations 

of [2.1(Ph)][OTf]. 

Effectively, however, it is the molar excess and not the molarity of the supporting 

electrolyte which is relevant. If the data is therefore re-plotted in terms of the molar ratio 

of supporting electrolyte vs. analyte, and the anodic current scaled according to the 

analyte concentration, it is clear that all of the data reflects a single trend (Figure 5.7). 
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That is, the anodic current per mole of [2.1(Ph)][OTf] increases nearly linearly with 

increasing molar excess of TBAPF6. 
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Figure 5.7. Scaled current function (ipa·C
-1

) vs. the molar ratio of supporting 

electrolyte to analyte for [2.1(Ph)][OTf]. Regression lines are plotted for 

all data and excluding data at 25 mM TBAPF6, to compare the possible 

effect of solution resistance.  

Notably, when the effect of TBAPF6 concentration on a 2 mM solution of Ph3P was 

investigated, the opposite trend was observed, and the effect was of considerably smaller 

magnitude. Additionally, cyclic voltammograms of reaction mixtures, rather than isolated 

samples, of [2.1(Ph)][OTf] did not demonstrate an inverse relationship between anodic 

peak current and analyte concentration (Figure 5.8). However, the anodic peak currents 

observed in both of these cases were substantially larger (ca. 4-20 μA) than those 

observed in solutions of redissolved [2.1(Ph)][OTf] (0.6-0.8 μA). In previous work with 

Ph3P oxidation, Caram and Vasini noted likewise that ip/C (peak current divided by 

concentration) decreased with increasing Ph3P concentration, and they ascribed this effect 
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to Ph3P adsorption on Pt electrodes in both DMF and MeCN.
166

 When organic molecules 

are undergoing weak adsorption on a surface, they are in equilibrium with solution 

molecules and consequently not undergoing electron transfer. As such, adsorption is itself 

characterized by null current, typically until the species are oxidatively desorbed at 

higher potentials.
160,189

 To minimize the influence of adsorption on the observed current 

of Ph3P, sufficiently high concentrations of analyte  and sufficiently low sweep rates are 

required.
166

 Thus, at the higher concentrations of Ph3P evident in both the Ph3P standard 

and the reaction mixtures, adsorption effects were negligible. 

 

Figure 5.8. Calculated concentration of Ph3P vs. reaction based on anodic peak 

currents observed in cyclic voltammograms of reaction mixtures of Ph3P, 

PhPCl2 and Me3SiOTf in 0.1 M TBAPF6/MeCN. Ph3P concentrations 

calculated based on calibration curve H3. 

To rationalize the dependence of the anodic current on the concentration of TBAPF6, it is 

sufficient to note that the thermodynamics of adsorption are highly dependent on the 

characteristics of the electrolyte. For adsorption of an organic molecule to occur, solvent-

molecule interactions must be broken, and any existing surface coverage by the solvent or 
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electrolyte must be displaced from the electrode.
160

 To this end, the relatively non-polar 

nature of Ph3P (compared to the other ions in solution) would make adsorption 

increasingly favourable in solutions of high ionic strength, where surface interaction 

would be favoured over ion-Ph3P interactions. 

Since [2.1(Ph)][OTf] was synthesized as a triflate salt, TBAOTf was considered as an 

alternative supporting electrolyte which might minimize the observed Ph3P adsorption. 

However, as evidenced in Figure 5.9a, no peak current was observed for Ph3P over a 

range of [2.1(Ph)][OTf] concentrations (2 to 8 mM in 0.1 M TBAOTf/MeCN). This was 

not, however, a result of Ph3P inhibition by the supporting electrolyte, as the Ph3P peak 

was clearly visible following an initial cathodic sweep (Figure 5.9b). This suggests that 

the high concentration of triflate anions in solution may inhibit the dissociation of 

[2.1(Ph)][OTf] altogether. In the absence of a Ph3P oxidation peak, adsorption effects are 

difficult to assess. 

   

Figure 5.9. Cyclic voltamograms of a 2.00 mM  solution of [2.1(Ph)][OTf] in 0.1 M 

TBAOTf/MeCN, with potentials referenced to 1 mM Fc/Fc
+
 (*). Arrows 

indicate the direction of the initial sweep. 
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5.4 Electrochemistry of Other Catena-phosphorus Cations 

In addition to the more extensive cyclic voltammetric studies of [Ph3P-PPhCl][OTf], 

[2.1(Ph)][OTf], preliminary investigations into the electrochemistry of several other 

catena-phosphorus cations were conducted. 

 

Figure 5.10. Cyclic voltammogram of a 2 mM solution of [Ph3P-PPh2][OTf], 

1.24[OTf] at 100 mV/s in 0.1 M TBAPF6/MeCN, with an initial potential 

sweep in the anodic direction. 

The homoleptic phosphinophosphonium cation [Ph3P-PPh2][OTf], 1.24(Ph), was 

investigated as a direct comparison to [2.1(Ph)][OTf]. As expected based on the 

mechanism proposed in Section 5.2.3, cyclic voltammograms of 1.24(Ph) exhibit only a 

single reduction wave (I) at -1.5 V vs. Fc/Fc
+
 (Figure 5.10), likely corresponding to one 

electron reduction and subsequent P-P bond cleavage to Ph3P and the neutral radical 

[Ph2P]
●
. Again, the oxidation wave (II) was observed regardless of the initial sweep 

direction, although an increase in current was observed following reduction. This was 

therefore assigned to Ph3P, resulting from in situ dissociation of 1.24 (Ph). Notably, 

using the Ph3P concentration vs. current or charge relationships developed in Section 5.3, 

the concentration of Ph3P in a 2 mM solution of 1.24(Ph) was calculated to be only 0.04 
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mM less than the analogous concentration in a solution of [2.1(Ph)][OTf]. Although this 

difference was smaller than might be expected based on the near quantitative 

phosphenium exchange observed in Section 2.2.1, it is nonetheless statistically significant 

(σ = 0.2 μM). The apparent similarity in the dissociation constants of these two species 

by electrochemical methods might therefore be attributed instead to ionic strength effects 

not observed in the electrolyte free phosphenium exchange reactions previously 

described. 

Cyclic voltammograms of the closely related salts 2.1(Me)[OTf] and its chemical 

reductive coupling product 2.2(Me)[OTf]2 likewise showed a single irreversible 

reduction peak (at -1.1 V and -1.4 V, respectively), although a small shoulder was also 

visible at -1.7 V in the reduction of 2.2(Me). In addition, a small anodic peak was 

observed near 1.1 V, regardless of initial sweep direction, likely resulting from the 

oxidation of Ph3P. 

Unfortunately, analysis of the polychlorinated phosphinophosphonium derivatives 

described in Chapter 3 was not possible, owing to the overlapping potential window of 

the tetrachlorogallate anion.
201

 

5.5 Summary 

The electrochemical behaviour of [Ph3P-PPhCl][OTf], [2.1(Ph)][OTf], and several other 

catena-phosphorus cations have been investigated by cyclic voltammetry. One possible 

mechanism for the electroreduction of [2.1(Ph)][OTf] was proposed, based on literature 

precedents for the electrochemistry of other phosphorus species, and the dissociation of 

[2.1(Ph)][OTf] was analyzed. Conclusions regarding the dissociative behaviour of 
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[2.1(Ph)][OTf] were unfortunately hampered by substantial adsorption effects within the 

concentration regime studied. Although considerably more time will be needed to provide 

a concrete understanding of the electrochemical behaviour of these and other cationic 

polyphosphorus compound, this chapter nonetheless provides framework studies from 

which this area can be further explored. 
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Chapter 6. Stibinophosphonium Cations 

6.1 Background  

Antimony, like its lighter congener phosphorus, possesses rich acceptor chemistry. In 

fact, the larger atomic radius of antimony (Table 6.1) allows for a larger coordination 

sphere, and many neutral Sb(III) species display extended structures owing to weak 

donor-acceptor interactions. 

 Table 6.1. Comparison of selected properties of phosphorus vs. antimony. References 

are from Emsley
9
 unless otherwise indicated. 

 P Sb 

Electronegativity, (Pauling, χ
P
) 2.19 2.05 

Single-bond covalent radius, rcov (Å) 1.11
10

 1.40
10

 

van der Waals radius, rvdw (Å) 1.90 2.20 

E-E bond length (Å) 2.21 2.90 

E-E bond strength (kJ/mol) 201 121
149

 

E-C bond strength (kJ/mol) 264 215 

Organoantimony(III) dihalides, for example 6.1 and 6.2, crystallize in infinite-chain 

network structures, where each Sb centre has two short (covalent) Sb-X bonds and two 

long Sb-X interactions (<Σrvdw), resulting in a pseudo square-pyramidal geometry at 

antimony when the overall coordination sphere is considered.
202-204

 These intermolecular 

interactions can be disrupted with the addition of substantial steric bulk, as evidenced by 

the dimeric structure of DmpSbCl2 and monomeric structure of DmpSbBr2 and (2,6,-

Trip2C6H3)SbCl2 in the solid state (Dmp = 2,6-dimethylphenyl and Trip = 2,4,6-
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triisopropylphenyl).
205,206

  Alternately, monomeric species have also been achieved by the 

introduction of strong donor ligands, as in the case of the 1:1 adducts of 2,2′-bipyridine 

and MeSbCl2 or PhSbCl2.
207,208

 

 

Similarly, reaction of Sb or Bi trihalides with phosphines or other donors consistently 

yields neutral dimeric 1:1 or 2:1 donor-acceptor adducts (Scheme 6.1), where additional 

stabilization of the complex is provided by a weak covalent interaction with the bridging 

halide atom.
105,209,210

 In the case of the 1:1 adduct Me3P-SbI3 6.4, this stabilization is 

further bolstered by weak interactions between dimeric units.
210

  

X

E

X

X

E

X

X

X
2 EX3

4 L

L = R3P, NHC
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6.3  

Scheme 6.1. Reaction of Sb or Bi trihalides with phosphine or N-heterocyclic carbene 

donor ligands to yield 2:1 adducts 
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6.1.1 Catena-antimony Compounds 

Owing to the increasingly weak E-E and E-C bonds of the heavier elements (Table 6.1), 

the number and types of stable catena-antimony systems is limited in comparison to that 

of phosphorus. Although in the solid state, acyclic neutral polystibines with small 

substituents are proposed to exist as long chain oligomers 

(e.g. Me2Sb--(SbMe)11-SbMe2),
202

 these undergo solution disproportion to a mixture of 

cyclic species and distibines, in a fashion identical to long chain polyphosphines 

(Scheme 1.3).
149

 Unlike polyphosphines, however, comparatively few short chain 

polystibines have been comprehensively characterized, as the majority are only stable in 

the presence of an excess of distibine.
149,211

 Bulky terminal organo-substituents have been 

used to stabilize short chain stibines by disfavouring the formation of the corresponding 

distibine, allowing the NMR spectroscopic characterization of 
t
Bu2Sb-(SbMe)n-Sb

t
Bu2 

and Mes2Sb-(SbPh)n-SbMes2, as mixtures of tri- and tetra-stibines (n = 1, 2).
212

 The only 

acyclic polystibine which exists as a single chain length in solution is the tristibine 

Dmp2Sb-SbMe-SbDmp2.
205

 Additionally, two anionic catena-antimony frameworks are 

known, [R2Sb-Sb-SbR2]
–
 (R = Ph, 

t
Bu) and [

t
Bu2Sb-Sb

t
Bu]

–
, formed by the alkali metal 

reduction of (
t
BuSb)4 or Ph3Sb.

213,214
  

Ring-size redistribution, previously described for monocyclic polyphosphines 

(Section 1.2.2), is also known for cyclic polystibines, although again few cyclic 

polystibines have been isolated without the aid of sterically encumbering substituents.
149

 

Whereas cyclohexyl and tert-butyl offer sufficient steric bulk to favour the synthesis of 

cyclo-(PR)3, cyclo-[(Me3Si)2CHSb]3 is presently the only three-membered ring known 

for antimony in the solid state.
215

 Use of bulky substituents (i.e. 
t
Bu,

216
 Me5C5,

217
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(Me3Si)2CH,
218

 2,6-(Me2N)2C6H3,
219

 Mes
220

) has allowed for the solution and solid state 

characterization of all-trans four-membered rings 6.5, whereas smaller R-groups (i.e. Et, 

n
Pr, Ph, Tol, (Me3Si)CH2) yielded only inseparable equilibrium mixtures of (RSb)4 and 

(RSb)5, and gradual decomposition to amorphous olimeric material.
149

  In addition, solid-

state structures are known for one cis-trans isomer, [(Me3Si)2CHSb]4 6.6,
221

 one 

five-membered ring, cyclo-(
t
BuCH2Sb)5

 
6.7,

222
 one branched ring, cyclo-R3Sb4-Sb2R2Cl 

[R = (Me3Si)2CH] 6.8,
223

 and a series of aryl substituted six-membered rings (ArSb)6 

(Ar = Ph, o-Tol, m-Tol, p-Tol),
224,225

 which redistribute in solution to a mixture of 

four- and five-membered rings. In addition, a limited number neutral of polycyclic 

species have been characterized, predominantly consisting of sterically protected Sb-

cages,
219,221

 and one bridged bicyclic system[(RSb)4]2. 
221

  

Sb
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Sb
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R

Sb
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R
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R = (Me3Si)2CH
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Sb

Sb

Sb (SbR)2Cl

R

R

R

R = (Me3Si)2CHR = tBuCH2

6.7 6.8

 

The syntheses of polystibines and related species are not as generalizable as the 

corresponding methods for polyphosphines, although the majority of the derivatives 

described herein result from Mg-reduction of RSbCl2.
149

 Other methods, including 

H2-elimination, 
221

 photochemical ring contraction, 
149,221

 and oxidative loss of 

(Me3Si)2O
224,225

 are possible, but do not generalize beyond a single set of substituents in 

each case. Moreover, while many synthetic routes to polyphosphines offer excellent 
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yields (75-90%, Section 1.2.2)  most syntheses of polystibines are at present low yielding 

pathways (5-20%), owing to the multitude of Sb-redistribution reactions which occur in 

solution.
149

 

In particular, while scrambling reactions in polyphosphorus systems are typically 

restricted to cleavage of the P-P bond, substituent migration (requiring cleavage of E-C 

bonds) is well-known for antimony compounds. For example, the literature synthesis of 

Ph2SbCl and PhSbCl2 is a reported substituent redistribution between Ph3Sb and SbCl3 in 

the absence of solvent.
148

 Additionally, equilibrium mixtures of acyclic tri- and tetra-

stibines (vide supra), decompose by migration of the organo substituents.
149

  

6.1.2 Catena-antimony Coordination Complexes 

The substantial coordination sphere of antimony suggests that catena-antimony 

coordination complexes must also be accessible, but the low donor strength of antimony 

renders their isolation comparatively challenging.  Like the neutral adducts 6.3 described 

at the start of this chapter, neutral adducts containing dative Sb-Sb bonds are dimeric, 

requiring stabilization from bridging halides, but the only known neutral catena-

antimony coordination complexes Me3Sb-SbI3·THF (6.9) and Me3Sb-SbMeI2 (6.10) are 

unstable except in the solid state.
203

  Notably, the Sb-Sb bonds in crystalline 6.9 and 6.10 

[2.8430(10) Å and 2.859(1) Å, respectively]
203,226

 are not appreciably longer than a 

typical Sb-Sb bond (cf. 2.838(1) Å in Me2Sb-SbMe2),
214

 their relative instability in 

solution can again be attributed to the inherently weaker E-E bond in the heavier 

pnictogens (Table 6.1).
203
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Sb
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Presently, only three examples of cationic catena-antimony systems are known, and, as 

such, unlike catena-phosphorus cations, no generalizable synthetic methods are yet 

available. The hexamethyldistibonium cation 6.11[SbF6]·SO2, was isolated as a 

decomposition product of [Me3SbH][AsF6] in SO2.
227

 The cation possesses a significantly 

shorter Sb-Sb bond length (2.7624(11) or 2.7867(12) Å) in the solid state than a typical 

neutral Sb-Sb bond length (2.83-2.86 Å).[ref] Both Sb-centres are, however, stabilized by 

weak interactions with the F-atoms of the anion (Sb-F = 2.98-3.13 Å < Σvdw=3.67 Å
9
).

227
 

Moreover, the surreptitious synthetic pathway provides little insight into the further 

development of catenated cationic Sb systems. 

 

The pentamethylstibinostibonium cation 6.12[MeSbBr3] was isolated in 80% yield from 

the melt crystallization of Me2SbBr, presumably by the initial scrambling of substituents 

to yield a mixture of MeSbBr2, Me3Sb and starting material.
228

 Subsequent halide 

abstraction by MeSbBr2 to yield both the stibenium cation [SbMe2]
+
 and the hypervalent 

phosphoranide-analogue [MeSbBr3]
–
 anion provides the product. It is notable that halide 

abstraction is presumed to be an equilibrium process due to the observed formation of the 

three neutral species when crystals of the cation are redissolved.
228

 In the solid state, the 

Sb-Sb bond length is no different than typical neutral Sb-Sb species. However, significant 
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changes in geometry are observed at the Me3Sb centre, and the authors attribute the wider 

of the C-Sb-C angles to increased hybridization upon quaternization, despite the typical 

claim that Sb(III) is reluctant to hybridize.
229

 The counteranion displays the expected 

dimeric square pyramidal structure shown in analogous [PhSbCl3]
–
 anions, but, notably, 

the extended structure shows Br
–
 linearly disposed with respect to the Sb-Sb bond. Thus, 

the proposed solution equilibrium can be envisaged as the transfer of this atom between 

the cationic and anionic Sb-centres. 

The 1,3-distibinostibonium cation 6.13[Me2SbBr2] is formed by the reaction of Me2SbBr 

with excess Me2Sb-SbMe2.
230

 Again, this can be regarded as the redistribution of two 

equivalents of Me2SbBr to yield the distibine-stabilized stibenium cation [SbMe2]
+
 and 

the expected disphenoidal anion [Me2SbBr2]
–
.  As electrophilic attack on the Sb-Sb bond 

is strongly favoured, both the synthesis and storage of 6.13 requires an excess of the 

distibine reagent.
230

  

Given the observed limitations of synthesizing cationic catena-antimony complexes, it is 

useful to investigate other means of stabilizing cationic Sb-centres. 

6.1.3 Stibenium Cations, [SbR2]+ 

Whereas stabilized phosphenium cations have been known since the 1970s 

(Section 1.3.2), examples of stibenium cations are comparatively rare.  The isolation of 

heavier analogues of these two-coordinate cationic species is hindered by their higher 

energy LUMO, and consequent poorer accepting capability. This is well-demonstrated by 

the ease of isolation observed for the diamidonapthalene-supported phosphenium cation, 
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1.41, versus its stibenium analogue 6.14, which required additional stabilization from 

HNMe2 to permit its isolation.
231

 

 

Similarly, halide abstraction by Me3SiOTf from the sterically protected but otherwise 

unstabilized chlorostibine (2,4,6-(CF3)3C6H2)2SbCl results in an Sb-O covalent 

interaction rather than the desired cation-anion pair; instead, the weakly basic triflate 

anion serves to stabilize the empty p-orbital at Sb.
232

 Coordination of secondary donors 

has been prevented only through the use of tridentate or greater chelating ligands, such as 

in structurally-characterized oxacrown
233

 and azamacrocyle
234

 complexes (e.g. 6.15) of 

[SbCl2]
+
. Cationic antimony species have also been observed in the presences of 

sterically-hindering cyclopentadienyl-type ligands, 6.16
235

 and 6.17
236
, but the η

5
- and η

3
-

coordination of these species excludes them from a discussion of more traditional two-

coordinate stibenium cations. 

               

While ligand-stabilized stibenium cations should be considerably more accessible, 

phosphine-stabilized stibenium cations nonetheless eluded structural characterization 
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until only five years ago.
237

 Much like the neutral adduct 6.4, the first 

phosphinostibonium cations 6.18 [(Me3P-SbPh2)4X][PF6]3 (X = Cl, Br) were found to be 

additionally stabilized by Sb-X interactions, in this case by arrangement into 

supramolecular square-planar halide complexes (Figure 6.1).
237

  

 

Figure 6.1. ORTEP representation of the crystal structure of [(Me3P-SbPh2)4Cl]
3+

, 

6.18[PF6]3. Thermal ellipsoids are shown at 30% probability, and 

hydrogen atoms have been omitted for clarity (adapted from published 

CIF).
237

 

In the absence of residual halide anions, monomeric formulations have been 

characterized, specifically the Ph3P-stabilized adduct 6.19 [Ph3P-SbPh2][PF6].
238

  Just as 

the P-P bond distance in polyphosphorus compounds appears to be independent of 

molecular charge, the P-Sb distance in 6.19 [2.5950(12) Å] falls within the range 

observed in both neutral and anionic complexes with both covalent and coordinate P-Sb 

interactions [2.489(3)-2.662(3) Å, excluding disordered atoms and one poorly refined
209

 

structure].
210,239-245
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Unlike for phosphenium cations, the bis-stabilized adducts [(Ph3P)2SbPh2][PF6] (6.20) is 

also known, and displays geometric parameters similar to the phosphoranides 

(Section 1.3.1), featuring a distorted disphenoidal geometry with 86-87° between the 

equatorial phenyl substituents and 170° between the axial donor Ph3P groups.
238

 In both 

6.19 and 6.20, solution state 
31

P NMR spectra were indicative of a dissociative 

equilibrium for the donating groups, supporting a coordinate model for the P-Sb bond, 

and corresponding theoretical studies describe the bonding in 6.20 as primarily dative 

covalent, rather than ionic.
238

  The solid-state structural data, however, suggest a 

comparatively weak interaction in 6.20 vs. 6.19, with significantly longer P-Sb distances 

observed in the bis-adduct [2.8694(8) Å].
238

 

PPh3

Sb

Ph

Ph

6.19

PPh3

Sb

PPh3

Ph

Ph

6.20  

Most recently, cyclo-(PCy)4 has been used to stabilize both stibenium and distibenium 

cations, as in [(PCy)4SbCl2][AlCl4], 6.21, and [(PCy)4SbCl]2[AlCl4]2, 6.22.
246

 The 

isolation of 6.21 serves to again highlight the divergent reactivity of phosphorus and 

antimony cations, as insertion chemisty predominates over coordination chemistry for 

reactions of phosphenium cations with neutral (RP)n rings. Presumably, the larger 

coordination sphere and poorer oxidative capacity of Sb contribute substantially to this 

divergence. Nonetheless, the isolation of 6.22 demonstrates that reductive coupling, 

described for the synthesis of stabilized diphosphenium cations in Chapter 2, is also 

viable as a synthetic method for antimony cations. 
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6.1.4 Background Summary 

Given the diversity of phosphine-stabilized chlorophosphenium cations, or 

phosphinophosphonium cations, described in section 2.2, the next challenge is the 

extension of this type of reactivity to heavier group 15 pnictogenium cations. Towards 

this end, the functionalization of the stibinophosphonium framework is described herein. 

6.2 Synthesis of Functionalized Stibinophosphonium Cations 

In a manner analogous to the synthesis of chlorophosphinophosphonium cations 

described in Section 2.2, equimolar reaction of a chlorostibine with a halide abstractor in 

the presence of a supporting donor trialkylphosphine resulted in rapid conversion to the 

corresponding chlorostibinophosphonium cation. 

R3P     + R P

R

R

Sb
Cl

E

E = Ph

6.23 (R = iPr, Bn)

E = Cl

6.24 (R = Me)

PhSbCl2
or

SbCl3

+    Me3SiOTf

OTf

 

Scheme 6.2. Synthesis of stibinophosphonium cations by halide abstraction. 

Crystallization of the resulting reaction solutions by slow evaporation yielded X-ray 

quality crystals of the triflate salts of cations [
i
Pr3P-SbPhCl]

+
 6.23(

i
Pr) and 

[Bn3P-SbPhCl]
+
 6.23(

i
Pr). Substitution of PhSbCl2 with SbCl3 was also viable in the 

presence of Me3P as a donor, and [Me3P-SbCl2][OTf], 6.24(Me)[OTf], was isolated from 

the reaction as a CH2Cl2-insoluble white powder, which was readily recrystallized from 

MeCN-solution by vapour diffusion of either Et2O or CH2Cl2. In all cases, 
19

F NMR of 

the reaction mixture supported the presence of the triflate anion and complete 

consumption of covalently bound Me3SiOTf. 
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The observed 
31

P NMR chemical shift  for all three compounds (10-36 ppm) were shifted 

appreciably downfield  of the previously known phosphine-stabilized [SbPh2]
+
 salts 

[{Me3P(SbPh2)}4X][PF6]3 (6.18): -30 ppm in CDCl3,
237

 and [Ph3P-SbPh2][PF6] 

(6.19): -4.2 ppm in CD2Cl2)
238

 in spite of the comparable solid state geometry about the 

phosphonium centre. This trend is readily rationalized by comparison with 

phosphinophosphonium cations, wherein replacement of a phenyl-substituent by a 

chloro-substituent at the acceptor site resulted in a 10 ppm increase in the chemical shift 

of otherwise identical phosphonium centres (Table 2.1). The more substantial divergence 

in the case of 6.18, however, emphasizes the weak Sb··X interactions present its extended 

structure,
237

 which may permit more ready dissociation of the phosphine centre and, 

correspondingly, a more upfield 
31

P NMR chemical shift resembling that of free Me3P 

(-62 ppm).
247
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Figure 6.2. ORTEP representations of the solid-state structure of (a) 6.24(Me)[OTf], 

(b) 6.23(
i
Pr)[OTf], and (c) 6.23(Bn)[OTf]. Thermal ellipsoids are shown 

at 50% probability, and hydrogen atoms have been omitted for clarity. The 

triflate counterion is shown in (b) as an example to indicate the geometry 

about Sb when the weak cation-anion contact is considered. 

  

a) b) 

c) 
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Table 6.2. Selected structural parameters for stibinophosphonium cations. 

 

 

[
i
Pr3P-SbPhCl][OTf] 

6.23(
i
Pr) 

[Bn3P-SbPhCl][OTf] 

6.23(Bn) 

2 crystallographically 

independent molecules 

[Me3PSbCl2][OTf] 

6.24 
B

o
n

d
 l

en
g

th
s 

(Å
) 

 

Sb-P 2.6150(5) 2.6126(8) 2.5819(8) 2.6043(9) 

Sb-Cl 2.4233(6) 2.3734(9) 2.3997(9) 
2.3926(8) 

2.3719(9) 

Sb-C 2.165(2) 2.157(3) 2.164(3) -- 

Sb-O 2.5667(17) 
2.713(2) 

2.877(3) 
2.583(2) 

2.705(2) 

2.755(2) 

2.986(2) 

      

B
o
n
d
 A

n
g
le

s 
(°

) 

P-Sb-Cl 89.20(2) 93.13(8) 89.00(3) 
90.71(3) 

90.62(3) 

P-Sb-C 99.74(5) 88.31(3) 93.65(8) -- 

E-Sb-Cl 
(E = C, Cl) 

94.22(6) 95.76(10) 95.29(9) 92.78(3) 

Σ at Sb 283 277 278 274 

C-P-C 

106.75(11) 

113.87(11) 

107.32(11) 

108.30(14) 

107.85(15) 

107.96(14) 

108.05(16) 

109.29(16) 

110.43(14) 

107.44(16) 

107.11(15) 

107.65(17) 

 

In the solid state, all three stibinophosphonium cations 6.23-6.24 display Sb-P distances 

[2.5819(8)-2.6150(5) Å] comparable to those of the analogous previously reported 

stibinophosphonium species 6.18 [2.591 Å]
237

 and 6.19 [2.5950(12) Å],
238

 and within the 

range of Sb-P distances reported for both neutral and anionic Sb(III)-phosphine 

complexes in the solid state [2.489(3)-2.662(3) Å].
210,239-245

  The Sb-P bonds of 6.23-6.24 

are, however, consistently longer than the analogous bonds [2.503(3)-2.5387(5) Å] in 

known diphosphinodistibonium complexes [Ph3Sb-PR-PR-SbPh3][AlCl4]2, 
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6.25[AlCl4]2.
133

  This is counterintuitive, as the longer bonds would normally be expected 

in the case involving the weaker Ph3Sb donors; this suggests, therefore, that the acceptor 

strength of the diphosphenium core exerts substantially more influence on the 

corresponding bond strength.  

The Sb-Cl distances in the triflate salts of 6.23-6.24 are comparable to the sum of the 

covalent radii (2.39 Å),
10

 and thus, markedly distinct from the extended network structure 

found in 6.18 [Sb··Cl 3.1362(3) Å vs. Σrvdw 4.01 Å]. The substituents at Sb are all nearly 

orthogonal, as is expected for an unhybridized (p
3
) configuration, while the geometry at 

phosphorus is pseudo-tetrahedral. The only substantial geometry change between these 

new cations 6.23-6.24 and the previously reported 6.19[PF6] are the existence of smaller 

E-Sb-E angles between the substituents at antimony [6.23-6.24: 93-96° vs. 6.19: 

100.14(18)°],
238

 which emphasizes the reduced steric requirements of the Cl-

substituent(s).  In addition, stabilizing cation-anion contacts are observed with the more 

coordinating triflate counterions in 6.23-6.24 (cf. [PF6]
-
), resulting in non-covalent Sb-O 

(Σrcov = 2.00 Å)
10

 interactions that lie well within the sum of the van der Waals radii 

(3.60 Å).
9
  

In contrast to the reactions observed for trialkylphosphines (Scheme 6.2) with SbCl3, the 

use of the comparatively weak donor phosphine, Ph3P, yielded the bis-phosphine adduct 

of the resulting stibenium cation 6.26[OTf] upon halide abstraction. Complex 6.26 can be 

readily envisaged as the product of halide abstraction from an initially formed dimeric 

donor-acceptor complex (Scheme 6.3), formed upon addition of two equivalents of a 

Lewis base to SbX3 (X = Cl, Br).
105
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Scheme 6.3. Proposed halide abstraction from dimeric (Ph3P)2SbCl3 complexes. 

The broad resonance at -5 ppm observed in 
31

P NMR spectra reaction mixtures and 

redissolved crystalline samples of 6.26[OTf] suggest comparatively dynamic behaviour 

in solution relative to the mono-phosphine stabilized stibenium analogues 6.23-6.24, 

which exhibit relatively sharp 
31

P NMR signals. Additionally, the 
31

P chemical shift 

closely approximates that of free triphenylphosphine (-5 to -8 ppm)
247-249

 further 

supporting the idea of a weak solution interaction. Notably, the 
31

P NMR spectrum of the 

reaction solution and characterized crystalline material consistently identify the product 

produced as 6.26[OTf] regardless of the stoichiometry of the reaction, suggesting that 

stabilization by a single Ph3P donor is insufficient to allow formation of the stibenium 

cation. In contrast, the 
31

P NMR spectrum of both 6.19 and 6.20 were reported 

as -4.4 (±0.2) ppm, although, again the resonance of bis-adduct 6.20 was broad compared 

to the mono-adduct.
238

 

The bonding in bis-phosphine stabilized stibenium complexes can be described using a 

standard Lewis convention (6.26′′) or by a fully coordinate bonding description (6.26, 

Figure 6.3); however the dynamic behaviour observed in solution, and rapid 

decomposition of this salt tend support a weakly coordinative bonding description (6.26). 
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PPh3SbPh3P

Cl Cl

PPh3SbPh3P

Cl Cl

PPh3SbPh3P

Cl Cl

6.26 6.26' 6.26''  

Figure 6.3. Possible bonding models to describe the bonding in 6.26[OTf]. 

 

 

Figure 6.4. ORTEP representation of the solid-state structure of 6.26. Thermal 

ellipsoids are shown at 50% probability. Carbon atoms have been left 

unlabelled and hydrogen atoms omitted for clarity. Relevant angles are as 

follows: Cl1-Sb-P: 81.519(18)° / 82.142(18)°; Cl2-Sb-P: 84.404(19)° / 

88.230(19)°. 
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Figure 6.5. Alternative view of 6.26[OTf] showing the close cation-anion contact 

(Sb-O: 2.6793(17) Å). Only the ipso carbons of the phenyl substituents are 

shown (unlabelled atoms). Thermal ellipsoids are shown at 50% 

probability, and hydrogen atoms have been omitted for clarity. Other 

relevant bond angles are as follows: Cl1-Sb-O: 88.45(4)°; 

Cl2-Sb-O: 170.49(5)°; P1-Sb-O: 103.33(4)°; P2-Sb-O: 86.02(4)°. 

The geometry about the Sb-centre in 6.26[OTf] is approximately disphenoidal: the P-Sb-

P angle of 160.901(17)° and a Cl-Sb-Cl angle of 98.27(3)°, closely resemble the 

analogous diphenylstibenium species [(Ph3P)2SbPh2][PF6] (6.20) isolated by Wild and 

co-workers.
32

 This distorted geometry is highlighted in Figure 6.4, which also lists 

selected bond angles. The Cl-Sb-Cl angle of 98.27(3)° that defines the equatorial plane is 

smaller than the corresponding C-Sb-C angle (102.46(11)°) in 6.20[PF6],
238

 but this can 

be attributed primarily to steric repulsion between the phenyl rings of the [SbPh2]
+
 unit. 

Likewise, the considerably smaller P-Sb-P angle (cf. 6.20, 170.49(2)°)
238

 is by the 

reduced steric interaction of the Cl-substituents with the Ph3P donors. The Sb-P bond 

lengths of 2.8621(5) Å (Sb-P1) and 2.8042(5) Å (Sb-P2) are comparable to those in 6.20 
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(2.84-2.86 Å), and, as such, appreciably longer than the corresponding bonds in chloro-

stibinophosphonium cations (6.23[OTf]-6.24[OTf]: 2.58-2.61 Å) or other typical Sb-P 

single bonds [max. 2.662(3) Å, vide supra].
210,239-245

 This suggests that the presence of 

two donors at a single cationic centre allows for weaker interactions between each 

phosphine donor and the stibenium acceptor. Different bond lengths are observed 

between Sb and each phosphine donor (Δ = 0.0201(5) Å), potentially supporting the 

bonding description 6.26' in the solid state; however, both bond lengths are within 

normal deviation, so the difference between them is by no means conclusive.  The mixed 

covalent-coordinate model 6.26′ is not without precedent, though, as phosphoranides 

[PR4]
-
 are commonly depicted with this convention (Section 1.3.1).  

Willey and coworkers have previously attributed observed Sb-Cl bond contraction to an 

increase in positive charge at Sb in a series of oxacrown stabilized SbCln (n = 1-3) 

complexes, as well as in cationic and neutral amino/amido-substituted [SbCl2] species.
234

 

Without a neutral analogue for direct comparison, however, the same conclusions cannot 

be drawn for 6.26[OTf], where the Sb-Cl bond lengths [2.3643(6)-2.4083(6) Å] are 

comparable to both the cations cited by Willey et al. (2.365-2.466 Å)
234

 and to simple 

neutral antimony(III) dihalides [e.g. MeSbCl2, 6.1, 2.392(3)-2.430(3) Å].
202

 The 

significant shortening of the Sb-Cl1 bond length in 6.26 [2.3643(6) Å], compared to the 

Sb-Cl2 distance [2.4083(6) Å], has been described as characteristic for the substituent 

trans to the lone pair,
234

 despite the fact that the lone pair of the heavy pnictines occupies 

an essentially pure s-orbital and should be stereochemically inactive.
21

 For 6.26[OTf], it 

is therefore more reasonable to suggest that close coordination of the triflate anion trans 

to Cl2 [Sb-O: 2.6793(17) Å vs. Σrvdw: 3.72 Å]
9
 contributes electron density into the σ*-
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orbital of the Sb-Cl2 bond, resulting in the observed increase in bond length. This is 

likewise the rationale for the lengthened Sb-Cl2 bond [2.3926(8) Å vs. 2.3719(9) for 

Sb-Cl1] observed in the solid-state structure of 6.24[OTf], where the triflate anion is 

again coordinated trans to Cl2. These Sb-O bonds are non-covalent in nature, as nearly 

equal S-O bond lengths in the triflate moiety (e.g. 1.4258(17) Å to 1.4596(17) Å in 

6.26[OTf]) are typical of anionic triflates.
232
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1.31

 

Scheme 6.4. The differing reactivity of P and Sb with 1-2 equivalents of phosphine. 

The observation of this bisphosphine-stabilized stibenium centre along with the mono-

stabilized stibenium species present a valuable opportunity for comparison between the 

chemistry of SbCl3 and its lighter congener PCl3. In spite of a comparatively strong P-Cl 

bond, reaction of the latter with Me3P or Ph3P and various halide abstractors (Me3SiOTf 

or AlCl3) yields only the corresponding triphosphenium cation [Me3P-P-PMe3]
+ 

(1.31), 

even in the presence of a molar excess of PCl3 (Scheme 6.4). In contrast, the reaction of 
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SbCl3 with a phosphine donor and halide abstractor yields either [R3P-SbCl2]
+
 6.24 (1:1) 

or [(R3P)2SbCl2]
+
 6.26 (1:2), depending primarily on the relative donor strength of the 

phosphine. This can be rationalized by considering not only the larger coordination 

sphere available on Sb, but also its tendency to favour the +3 oxidation state over the 

Pn(I) centre required for the formation of [R3P-Sb-PR3]
+
.
105

  Moreover, as pπ-pπ overlap 

is poor for heavier atoms, additional π-donation from the donor phosphines is not present 

to stabilize Sb(I), where it offers substantial stabilization in the catena-phosphorus 

framework.
250

 Thus, the isolation of the a bis-phosphine stabilized [SbCl2]
+
 centre 

re-emphasizes the characteristic differences between phosphorus and the heavier 

pnictogen elements.  

6.3 Redistribution and Reductive Coupling: Cyclo-[{(Me3P)Sb}4]
4+ 

As described in Chapter 2, reductive coupling of chlorophosphinophosphonium cations 

2.1[OTf] [Ph3P-PRCl][OTf] has been demonstrated to be a generalizable, high yield 

method to acyclic dications 2.2[OTf]2 [Ph3P-PR-PR-PPh3][OTf]2. Extension of this 

synthetic method to the chloro-functionalized stibinophosphonium analogues 6.23[OTf] 

was therefore targeted as the next step in expanding the scope of this reaction. The one-

pot reaction of PhSbCl2, Me3P and Me3SiOTf (Scheme 6.5) in CH2Cl2 was expected to 

generate an intermediate chlorostibinophosphonium cation 6.23(Me) and subsequently 

reductively couple two cations to generate the distibinodiphosphonium dication 6.27. 
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Scheme 6.5. Attempted reductive coupling of PhSbCl2 yielding the tetracation 

6.28[OTf]4. 

After 20 h at room temperature, no definitive assignment could be made for the major 

CH2Cl2-soluble product observed in the supernatant (
31

P NMR: -7.1 ppm).  However, 

isolation and MeCN-dissolution of the white precipitate from the reaction yielded a 

31
P{

1
H} NMR spectrum showing one broad singlet at -1.9 ppm. After an additional two 

weeks left standing at room temperature, slow evaporation of the MeCN-solution yielded 

several needle-like yellow crystals, identified by single-crystal X-ray diffraction as the 

unexpected cyclic tetracation, cyclo-[{(Me3P)Sb}4][OTf]4·MeCN (6.28[OTf]4·MeCN, 

Figure 6.6). The crystals were stable at room temperature and could be washed with 

CH2Cl2 with no change in appearance. However, once redissolved in MeCN, the complex 

reacted rapidly with trace amounts of CH2Cl2, resulting in precipitation of all phosphorus 

containing materials as an insoluble dark orange solid.  
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Figure 6.6. ORTEP representations of the solid-state structure of the cation in 

6.28[OTf]4·MeCN from above and alongside the Sb4-ring. Thermal 

ellipsoids are shown at 50% probability, and hydrogen atoms have been 

omitted for clarity. Unlabelled ellipsoids represent carbon atoms. 

Structurally, the cation in 6.28[OTf]4 can be compared to the all-trans-substituted 

four-membered neutral stibine ring (
t
BuSb)4, presuming that the quaternized Me3P centre 

[C-P-C: 104.9(6)°-109.8(6)°] possesses comparable steric bulk to a 
t
Bu-substituent 

(Table 6.3). The Sb-Sb distances are appreciably longer than those in the neutral ring
216

 

and lie at the upper end of the known range for Sb-Sb single bonds [2.843(1) Å in 6.9 

(Me3Sb-SbI3·THF) and 2.859(1) Å in 6.10 (Me3Sb-SbMeI2)].
211

  The Sb-P distances 

[avg. 2.559(3) Å] are shorter than those found in the stibinophosphonium cations 

discussed in Section 6.2 [cf. 2.6043(9) Å in 6.24], but still lie within the known range for 

covalent Sb-P bonds (Section 6.1.3). The exocyclic angles between the ring and 

phosphine donors are slightly smaller than the exocyclic angles in (
t
BuSb)4,

216
 but the 

range of angles overlap sufficiently to be considered similar. While the E-Sb-Sb-E 

torsional angle (E = C, P) indicates comparable trans-substitution of both compounds, the 

remaining angles indicate a higher degree of folding in the tetracation relative to the 
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neutral species.  This is best summarized in the calculated
131

 Cremer-Pople puckering 

parameter Q2, which describes the amplitude of the displacement of two atoms from a 

reference plane. The larger magnitude Q2 amplitude of the tetracation is indicative of a 

more puckered or bent ring conformation in the solid state. 

Table 6.3. Comparison of selected structural parameters in cyclo-[{(Me3P)Sb}4]
4+

 

(6.28) vs. cyclo-(
t
BuSb)4. Single value parameters indicate the average. 

 
cyclo-[{(Me3P)Sb}4]

4+
 

(E = P) 

cyclo-(
t
BuSb)4 

(E = C) 

Sb-Sb (Å) 2.8403(10)-2.8708(10) 2.814(2)-2.821(2) 

Sb-E (Å) 2.551(3)-2.567(3) not relevant 

E-Sb-Sb (°) 94.16(7)-99.38(7) 97.7(5)-100.9(5) 

Sb-Sb-Sb (°) 82.14(3)-83.30(3) 84.77(7)-85.18(6) 

E-Sb-Sb-E (°) 127.14(10)-132.34(10) 130.7 

Sb-Sb-Sb-E (°) 133.06(8)-136.52(7) 131.1 

Sb-Sb-Sb-Sb (°) 39.12(3)-39.32(3) 32.9 

Cremer-Pople 

puckering parameter, 

Q2 (Å) 

-1.0174(8) -0.8330(16)
a
 

a  
Calculated using PLATON

131
 from coordinates reported in the original reference.

216
 

Tetracation 6.28 can be formally considered an Sb(I) species, which is relatively rare for 

Sb and entirely unknown for cationic or neutral Sb.
105

 Only one previous report of a 

cyclic Sb(I) derivative exists in the literature, namely a Na-bridged dimer of the 

five-membered anion [Sb(PCy)4]
–
.
241

 However, it should be noted that neutral 

cyclopolystibines are best considered Sb(III) species, despite their formal oxidation state 
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[Sb(I)]. This assignment is based on the premise that the number of available lone pairs at 

an atom better represents the chemistry, and therefore the oxidation state, of that atom.
105

 

Analogously, then, the tetracation in 6.28[OTf]4 is best structurally and chemically 

related to the phosphine-stabilized stibenium cations described earlier (Section 6.2), and 

therefore best assigned as Sb(III). 
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Scheme 6.6. Possible reaction pathways for the formation of 6.28[OTf]4, both of which 

involve substituent redistribution and reductive coupling. 

The pathway for formation of 6.28[OTf]4 has not yet been determined, but the known 

substituent redistribution behaviour
148

 of Ph3Sb/SbCl3 mixtures in the synthesis of 

PhSbCl2 suggests that the reverse reaction might occur herein, even if only to a minimal 

degree (Scheme 6.6).  SbCl3 resulting from this disproportionation would be expected to 

undergo halide abstraction to yield 6.24[OTf] in situ. Notably, the 
31

P NMR signal 

observed for the MeCN-soluble fraction of the reaction (-2 ppm) was substantially 

downfield of the resonance expected for 6.24 (16 ppm), suggesting perhaps that 

[Me3P-SbPhCl]
+
 was formed in situ as originally expected, and the requisite 

Ph/Cl-substituent exchange occurred on the resulting cation to yield trace amounts of 
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6.24 over a two week period. Reduction of 6.24 to 6.28 might then occur directly, with 

Me3P or SbPh3 acting as reducing agents [Scheme 6.6(a)]. Conversely, in the presence of 

Me3SiCl (produced by formation of the cation), reductive Si-Sb coupling might also 

occur, forming cation 6.29 [Scheme 6.6(b)]. This behaviour is known for neutral ArSbCl2 

in the presence of Me3SiCl and Mg metal, in which case the presence of adventitious 

oxygen prompts the elimination of trimethylsilylether and formation of six-membered 

neutral rings (ArSb)6 in the solid state.
224,225

 Therefore, the formation of several crystals 

of 6.28 may be proposed to result from trace oxygen over a two week period. Finally, Li 

reduction of Ph3Sb has been previously demonstrated to produce anionic [Ph2Sb]
–
 or 

[Ph2Sb-Sb-SbPh2]
 –
 by Ph-abstraction rather than the more traditional reduction of 

chlorostibines.
214,251

 Thus, direct reduction of the [Me3P-SbPhCl]
+
 intermediate by Me3P 

or Ph3Sb might also be envisioned. The comparatively weak reducing strength of these 

reagents does, however, render this path less likely. 

The irreproducibility of the synthesis of crystalline 6.28 suggests that the mechanistic 

pathway is either strongly kinetically disfavoured relative to other possible products or 

may involve adventitious reagents, such as trace SbCl3 in the sample of PhSbCl2 or trace 

O2 in the glovebox. Attempts to systematically synthesize 6.28 from either isolated or in 

situ 6.24 by reduction with Ph3P, Me3P, Cp2Co, Li[Ph2Sb],
251

 SbPh3, or SbBu3 were 

unsuccessful, yielding only 6.24 or unidentifiable insoluble black precipitates, potentially 

corresponding to a mixture of oligomeric (RSb)n compounds
149

 or to metallic antimony. 

Nonetheless, the isolation of 6.28[OTf]4, even as a minor byproduct of this reaction, 

provides preliminary evidence for the potential utility of reductive coupling in the 

synthesis of novel cationic catena-antimony species. 
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6.4 Summary 

A series of mono- and bis-phosphine stabilized chlorostibenium cations have been 

isolated and characterized in the solution and solid state. These functionalized cations 

provide an entry point for the development of increasingly catenated Sb-cations. 

Fortuitous isolation of a phosphine-stabilized tetracationic tetra-antimony ring 6.28[OTf]4 

provides lends support to the possibility of extending reductive coupling methodologies 

from the catena-phosphorus domain (established in Chapter 2 and Chapter 3) to heavier 

antimony analogues. 
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Chapter 7. Conclusions 

7.1 Summary 

The development of synthetic methods in cationic polyphosphorus chemistry has only 

begun to explore generalizable, logical routes to new frameworks within the past ten or 

so years, so enormous capacity for expansion in this realm is yet possible. Specifically, 

present methods towards cationic catena-phosphorus species rely heavily on existing 

neutral polyphosphorus starting materials which, besides requiring additional synthetic 

steps, bias the synthesis of new cationic frameworks towards architectures that originate 

in neutral phosphosphorus chemistry. 

In an effort to develop new routes to catena-phosphorus cations that might avoid the need 

for neutral polyphosphines, this thesis focused on the reactivity of chloro-functionalized 

phosphinophosphonium cations as building blocks towards novel cationic motifs.  Of 

primary utility was the reductive coupling of mono-, di- and tri-chloro derivatives of the 

phosphinophosphonium framework, which was used to access a diverse array of acyclic 

and monocyclic cations. Significantly, a number of these frameworks were chloro-

functionalized themselves, opening the door to future reactivity at these sites, particularly 

with the use of SbPh3 and SbBu3, which have been demonstrated herein as very effective 

reductants for cationic polyphosphorus systems. Conversely, the first electrochemical 

studies of phosphinophosphonium cations have been conducted, suggesting significant 

mechanistic differences between electroreduction and chemical reduction processes.  

The systematic study of the reactivity of these chlorophosphinophosphonium cations also 

presented an opportunity to compare the competitive synthesis of acyclic dicationic 3P 
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vs. 4P frameworks, as well as cis vs. trans isomers of five-membered cyclic dications, 

with the first reported cis-substituted frameworks being reported herein. The solution 

dynamics of [
i
Pr7P5][OTf] presented here additionally represent an important link in the 

understanding of the steric requirements in these dications, and presents a new example 

of a potentially low inversion barrier for a catena-phosphorus system. 

Finally, the synthesis and isolation several chloro-functionalized stibinophosphonium 

cations and the adventitious observation of the reductive coupling to yield the tetracation 

salt [Me3PSb]4[OTf]4 opens the door to possible extension of this work towards 

systematic synthetic methods in catena-antimony chemistry. 

7.2 Future Work 

The opportunities to expand on the chemistry of functionalized phosphinophosphonium 

cations are extensive, owing to the simple fact that so few functionalized frameworks are 

known among cationic polyphosphorus frameworks, so the area remains relatively 

unexplored in terms of its potential synthetic utility. As a simple example, the larger 

chloro-functionalized frameworks developed in Chapter 3 provide diverse new cationic 

starting materials for the synthesis of branched polyphosphorus cations, which are as yet 

unknown (e.g. Scheme 7.1). 
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Scheme 7.1. Synthesis of branched cyclo-polyphosphorus cations from chloro-

functionalized cations. 
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Additionally, chloro-functionalized cationic frameworks can be regarded as potential 

starting materials for the synthesis of polycyclic phosphorus cations, of which only three 

examples are presently known.
70

 Promise of the potential utility of chloro-functionalized 

phosphinophosphonium cations in the synthesis of larger polycycles was evidenced by 

the proposed P9 dication 3.11, formed by the in situ reductive coupling of two smaller 

monocyclic chloro-functionalized cations. Whereas the synthesis of neutral polycyclic 

polyphosphines, typically by reductive coupling of RPCl2 or cyclo-(PR)n and PCl3 with 

Mg, relies solely on the thermodynamic or kinetic stability of the products to determine 

the arrangement of atoms in the product, synthesis of polycycles from cationic rings and 

chains with specifically positioned Cl-functionalities may be used to favour the 

generation of specific architectures (e.g. Scheme 7.2). 
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Scheme 7.2. Systematic generation of polycylic polycations from chloro-functionalized 

cationic phosphorus rings. 

Ligand exchange on the 2,3-diphosphino-1,4-diphosphonium framework 2.2 with carbon-

bridged diphosphines (Section 2.4.3) highlights the potential utility of ring strain and the 

well-known pentagonal stability
50

 of cyclo-polyphosphorus frameworks as mechanisms 
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to target new cyclic cations. As an alternative to using diphosphines as the donor 

(phosphonium) sites in cationic frameworks, it would be of significant interest to 

investigate the use of chloro-functionalized diphosphines of the type Cl2P-(CH2)n-PCl2, 

including the ethane, methane, and more rigid benzene linkers. Reaction of these 

diphosphines with two equivalents of a donor phosphine and a halide abstractor should 

readily generate the bis(phosphinophosphonium) dication 7.1 (Scheme 7.3a).  Addition of 

bifunctional phosphines could potentially result in [x+1] cycloaddition behaviour, 

generating mixed carbon-phosphorus ring systems 7.2 (Scheme 7.3b), which would 

represent examples of a dicationic five-membered acyclic P-framework 

[R3P-PR-PR-PR-PR3]
2+

, the first example of which is described in this thesis 

(Section 2.4.3). Alternately, addition of a reducing agent such as SbBu3 to 7.1 could 

potentially result in ring closure and synthesis of the strained three- and four-membered 

heterocycles 7.3 (Scheme 7.3c). One example of a diphosphinodiphosphonium 

framework possessing this architecture (2.0a, n = 1) is known in the literature,
252

 but no 

further work has been done to investigate it synthetic utility. The substantial ring strain in 

7.3 may allow for phosphenium insertion into the endocyclic P-P bond, resulting in the 

first example of a tricationic polyphosphorus framework not originating from the P4 

tetrahedron (7.4, Scheme 7.3d). 
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Scheme 7.3. Proposed synthesis and potential reactions of bridged 

bis(phosphinophosphonium) dications. 

 

Besides expanding the chemistry of functionalized phosphinophosphonium cations, it 

would also be valuable to investigate the chemistry and electrochemistry of the now 

diverse examples acyclic and cyclic cationic frameworks described herein. As an 

example, ring-opening of the strained three-membered ring 1.26a is at present the only 

known route to terminal acyclic monocations 7.5 [R3P-PR-PR-PR2]
+
 (Scheme 7.4a).

65
  

With sufficient steric bulk, other cationic ring systems may likewise be vulnerable to 

nucleophilic ring-opening reactions. For example, the dication [
i
Pr7P5]

2+
 was shown 
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herein to undergo chloride-induced ring-opening under mild conditions (Section 3.4), so 

introduction of a stoichiometric amount of stronger nucleophile may provide an 

alternative ring-opening product (Scheme 7.4b). While 7.6 may itself be subject to 

subsequent rearrangement or decomposition, the steric bulk of the isopropyl substituents 

may offer sufficient kinetic stabilization for the NMR observation and isolation of 7.6 or 

any of its potential acyclic decomposition products. 
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Scheme 7.4. Ring-opening of cationic catena-phosphorus rings by attack of strong 

nucleophiles. 

 

Finally, both the reactivity of chlorostibinophosphonium cations and the electrochemistry 

of both cationic catena-phosphorus and catena-antimony derivatives should be 

considered very much in their infancy. Extensive possibilities exist for the potential 

reductive coupling of antimony systems, but as it is prone to reduction to metallic-Sb, 

electrochemical studies may provide substantial insight into the precise redox potentials 

to favour cationic products. In addition to further cyclic voltammetric work, coulometry 

and controlled potential electrolysis should be investigated to provide a complete picture 

of the complex reactivity of these cationic small molecule building blocks. 
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Chapter 8. Experimental 

8.1 General 

Unless otherwise specified, reactions were carried out in a glove box under an inert N2 

atmosphere. Small amounts (< 0.2 mL) of liquid reagents were measured using an 

Ependorff pipettor (10-100 μL) unless otherwise specified. Solvents were dried on an 

MBraun solvent purification system and stored over 4 Å molecular sieves unless 

otherwise specified. MeCN was purchased anhydrous from Aldrich and used as received, 

Et2O was dried by heating at reflux temperature over Na/benzophenone and distilled 

before use, and CHCl3 was degassed by three freeze-pump-thaw cycles and stored over 

molecular sieves for 24 h before use. For electrochemical analyses, acetonitrile was 

purchased anhydrous from Aldrich (99.8% purity or 99.93% purity, biotechnical grade), 

sparged with Ar for a minimum of 1 h, and stored over 3 Å molecular sieves for a 

minimum of 24 h before use. Deuterated solvents were purchased from Aldrich or 

Cambridge Isotope Laboratories, and used as received (CD3CN, CD3NO2 in ampoules), 

or stored over molecular sieves for 24 hours prior to use (CDCl3).  

Me2PCl and MePCl2 were purchased from Strem and used as received. Ph3P, 
i
Pr2PCl,

 

i
PrPCl2, 

t
BuPCl2, Et3P, SbPh3 and Me3P (neat and 1.0 M solution in toluene) were 

purchased from Aldrich and used as received. Ph2PCl, PhPCl2, EtPCl2, and Me3SiOTf 

were purchased from Aldrich and purified by vacuum distillation prior to use. GaCl3 was 

purchased from Strem and sublimed under static vacuum prior to use. SbCl3 and FeCp2 

were purchased from Aldrich and sublimed under static vacuum prior to use. 

Tetra-n-butylammonium hexafluorophosphate (TBAPF6) was purchased from Aldrich 
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and dried under vacuum between 60-80°C for 24 h before use. Tetra-n-butylammonium 

triflate (TBAOTf) was purchased from Aldrich and dried under vacuum at 60°C for 48 h. 

Me3SiCl was purchased from Aldrich, degassed by three freeze-pump-thaw cycles, 

distilled under static vacuum, and stored over 3Å sieves for 18-24 h before use. Ph3P 

(99%) was purchased from Aldrich and used as received. Sb
n
Bu3 was used as received 

(supplier unknown). AgNO3 was used as received from BASi analytical. 

CyPCl2 was prepared according to literature methods.
253

  The synthesis of (
i
Pr2N)PCl2 

was adapted from the literature, but performed instead at -78°C in CH2Cl2.
254

 The solvent 

was then removed in vacuo, and the product extracted from the residues with hexanes. 

Removal of hexanes in vacuo yielded the desired product, which was used without 

further purification. [Ph3P-PPh2][OTf],
83,88

 1.24(Ph), [R2(Cl)P-PR2][GaCl4],
84,116

 

1.34(Ph) and 1.34(Me), [Ph3P-PRCl][OTf],
80,81

 2.1(Ph) and 2.1(Me), 

[Ph3P-PR-PR-PPh3][OTf]2,
80

 2.2(Ph) and 2.2(Me), [Me3P-PR-PR-PMe3][OTf]2, 2.2′(Ph) 

and 2.2′(Me), PhSbCl2,
148,255

 were prepared according to literature methods.
84,116

 

8.2 NMR Spectroscopy 

Solution 
1
H, 

13
C, and 

31
P NMR spectra were collected at room temperature on Bruker 

AC-250 (5.9 T) and Bruker Avance 500 (11.7 T) NMR spectrometers.  Chemical shifts 

are reported in ppm relative to trace protonated solvent (
1
H), to perdeuterated solvent 

(
13

C), or to an external reference standard (
31

P, 85% H3PO4 and 
19

F, 0.5% CF3C6H5 in 

CDCl3 at -63.72 ppm).
**

  NMR spectra of reaction mixtures were obtained by transferring 

                                                 
**

 The 
19

F NMR chemical shift of a free triflate ion is expected to lie approximately within the range -77 to 

-79 ppm.
256
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an aliquot of the bulk solution to a 5 mm NMR tube, which was then capped and sealed 

with Parafilm. All reported 
31

P{
1
H} NMR parameters for second-order spin systems 

(except [3.9(
i
Pr)][GaCl4]2, 4.1[OTf], 4.2[OTf] and 4.7[OTf]2) were derived by iterative 

simulation of experimental data obtained at both fields (
31

P Larmor frequencies of 101.3 

MHz and 202.6 MHz) using gNMR, version 4.0 or 5.0.6.0.
257,258

 Typically, the higher 

field experimental spectrum was used to find the spin system parameters, and the lower 

field data was subsequently used to ensure the parameters were valid at both fields. For 

[3.9(
i
Pr)][GaCl4]2 (188 K), 4.1[OTf], 4.2[OTf] and 4.7[OTf]2, only data acquired at 

101.3 MHz was used for iterative fitting and determination of 
31

P{
1
H} NMR parameters. 

For [3.8′(Ph)][GaCl4], data acquired at 298 K and 202.6 MHz showed line broadening 

that prevented a viable simulation, so the sample was cooled to 280 K. Difference 

calculations between simulated and experimental spectra were produced with Bruker 

Topspin, version 2.0,
259

 using data at 202.6 MHz. The signs of the P–P coupling 

constants have been established by assigning the 
1
JPP coupling constants as 

negative.
128,151

  Product distributions for in situ reaction mixtures were assessed by 

integration of assigned signals in the 
31

P NMR spectra. 
31

P NMR integrations are 

approximate, but are estimated to be accurate to within ±10% for identical coordination 

numbers, or ±20% otherwise.
260

  Letter designations for the phosphorus spin systems 

have been assigned by calculating the ratio |/J|, where  is the difference in 
31

P 

chemical shifts in Hz, and using a value of 10 at the lower field as the threshold between 

a first and second order letter designation. 
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8.2.1.1 Dynamic NMR Analysis of 3.9(iPr) 

Temperatures reported above 298 K for 
31

P{
1
H} NMR spectra of [3.9(

i
Pr)][GaCl4]2 were 

calibrated against a neat ethylene glycol standard according to equations reported by 

Ammann et al.
261

 Temperatures below 298 K are reported based on a linear plot of 

observed temperatures vs. temperatures calculated
261

 from 
1
H NMR measurements of a 

neat MeOH standard over the range 188-309 K. Errors in temperature calibration are 

assumed to be negligibly small relative to the error in k. This assumption is reasonable in 

view of the fact that temperature calibration by exchange of the sample tube for a neat 

MeOH standard at each temperature is expected to have an accuracy of ±1°C.
262

 To 

account for variations due to the exchange of the MeOH and sample NMR sample tubes, 

temperatures were calibrated across the range of 188 K to 294 K and plotted against 

observed temperatures. The resulting curve was linear, with a calculated standard 

deviation of ±2°C. The error in 1/T is therefore σ1/T = σT/T
2
 = 2/T

2 
(see Appendix A1), 

which was calculated to be less than 1% in all cases. 

Rate constants k (Table 8.1) for the solution dynamics of [3.9(
i
Pr)][GaCl4]2 in EtCN 

(ca. 0.04 M) were calculated by line-shape analysis using dynamic NMR as implemented 

in gNMR version 5.0.6.0,
258

 assuming a two site exchange between P1/P3 and P4/P5. 

Data from temperatures above 292 K were omitted owing to observed thermal 

decomposition of 3.9(
i
Pr) to 3.5(

i
Pr). Data from temperatures below 246 K were omitted 

as the small magnitude rate constants resulted in estimated errors in k on the same order 

of magnitude as k itself. Weighted linear regression and error analysis of the Eyring plot 

data [ln(k/T) versus 1/T]
262

 was performed using Octave
263

 and plotted using 
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Sigmaplot.
264

 Details of the regression and error analysis for ∆H
‡
, ∆S

‡
 and ∆G

‡
 can be 

found in the Appendix A1. 
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Table 8.1. Rate constants determined by lineshape analysis of 
31

P{
1
H} 

NMR spectra of [3.9(
i
Pr)][GaCl4]2 in EtCN. 

Temperature (K) log10k
 

error in log10k k (Hz) 

246 1.6693 0.1989 46.7 

255 2.1434 0.0617 139.1 

264 2.5266 0.0528 336.2 

273 2.8237 0.1472 666.3 

282 3.1104 0.1093 1289.4 

291 3.4544 0.1166 2847.1 

 

8.3 Miscellaneous Instrumental Analyses 

Infrared spectra were collected on samples prepared as nujol mulls between CsI plates 

using a Bruker Vector FT-IR spectrometer.  Peaks are reported in wavenumbers (cm
-1

) 

with either ranked intensities or relative intensities (strong, medium, weak) in 

parentheses. For ranked intensities, a value of one corresponds to the most intense peak in 

the spectrum. Melting points were obtained using an Electrothermal apparatus, on 

samples flame-sealed in glass capillaries under dry nitrogen. Electrospray ionization mass 

spectrometric (ESI-MS) analyses were performed on a Bruker Daltonics microTOF 

instrument in both positive and negative ion modes. Instrument parameters were set as 

follows: spray voltage 4500 V (positive) or 3300 V (negative); nebulizer gas (N2) 1 bar; 

dry gas (N2) 4 L/min; dry temperature 180°C; exit voltage of the heated capillary 130 V 

(positive) or 90 V (negative); and sample flow rate 2 uL/min. Observed peaks with 

intensities ≥ 2% relative to the base peak are reported. Only glass syringes were used in 
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the preparation of samples, to avoid cross-contamination by trace impurities found on 

typical polypropylene or polyethylene syringes.  

8.4 X-ray Crystallography 

Unless otherwise stated, crystals for single crystal X-ray diffraction studies were obtained 

by vapor diffusion at room temperature. Samples were dissolved in a minimal amount 

(1-2 mL) of a polar solvent in a 5 mL vial placed within a capped 20 mL vial containing 

~ 5 mL of a less polar solvent (solvents are indicated in the text as polar/non-polar pairs). 

After deposition of crystals, the solvent was carefully removed using a pipette and the 

crystals were coated with Paratone oil.  Single crystal X-ray diffraction data from the 

University of New Brunswick were collected using a Bruker AXS P4/SMART 1000 

diffractometer.  All measurements were made with graphite monochromated Mo-Kα 

radiation.  The data were reduced (SAINT)
265

 and corrected for absorption (SADABS)
266

 

and were corrected for Lorentz and polarization effects.  The structures were solved using 

direct methods and expanded using Fourier techniques.  Full matrix least squares 

refinement was carried out on F
2
 data using the program SHELX97.

267
  Non-hydrogen 

atoms were refined anisotropically.  

Single crystal X-ray diffraction data from the University of Alberta were collected on a 

Bruker D8/APEX II CCD diffractometer at 173 K using ω scans with a width of 0.3 and 

15 s exposures. All measurements were made with graphite monochromated Mo Kα 

radiation (0.71073 Å).  The data were corrected for absorption through Gaussian 

integration from indexing of the crystal faces. The structures were solved using direct 

methods (SHELXS-97)
268

 and refined by full-matrix least squares on F
2
 (SHELXL-97)

268
. 
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All non-hydrogen atoms were refined anisotropically while hydrogen atoms were 

assigned positions based on the sp
2
 or sp

3
 hybridization geometries of their attached 

carbons, and were given thermal parameters 20% greater than those of their parent atoms. 

 Crystallographic experimental details are summarized in Section 8.9.  

8.4.1 Synthesis and Characterization of Compounds in Chapter 2 

8.4.1.1 [Ph3P-PPh(Cl)][GaCl4], [2.1(Ph)][GaCl4] 

PhPCl2 (27.1 μL, 0.20 mmol) was added to a stirred solution of Ph3P (52 mg, 0.20 mmol) 

and GaCl3 (39 mg, 0.22 mmol) in CH2Cl2 (1 mL). After 15 min, the 
31

P{
1
H} NMR 

spectrum of the reaction showed near quantitative formation of [2.1(Ph)][GaCl4] (94%) 

along with PhPCl2-GaCl3 (156 ppm). Attempted isolation by addition of Et2O yielded an 

oil. 

8.4.1.2 [Me3P-PPh(Cl)][OTf], [2.1′(Ph)][OTf] 

Me3P (1.0 M in toluene, 2 x 100.0 μL, 0.20 mmol) was added to a stirred solution of 

PhPCl2 (27.1 μL, 0.20 mmol) and Me3SiOTf (39.8 μL, 0.22 mmol) in CH2Cl2 (0.80 mL). 

After 1.5 h, the 
31

P{
1
H} NMR spectrum of this reaction mixture showed quantitative 

formation of [2.1′(Ph)][OTf].  

8.4.1.3 General procedure for [Ph3P-PR'(Cl)][OTf], 2.1[OTf] 

R'PCl2 (0.20 mmol, R′ = Me, Et, 
i
Pr, Cy) was added to a stirring solution of Ph3P (52 mg, 

0.20 mmol) in CH2Cl2 (0.5-1 mL) followed immediately by the addition of Me3SiOTf 
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(39.8 μL, 0.22 mmol). Attempted isolation of [2.1][OTf] by addition or vapour diffusion 

of Et2O yielded an oil when R′ = Et, 
i
Pr, or Cy. 

[Ph3P-PMe(Cl)][OTf], [2.1(Me)][OTf]: After 1 hour, the 
31

P{
1
H} NMR spectrum of the 

reaction showed quantitative formation of [2.1(Me)][OTf]. Vapour diffusion of Et2O into 

this solution overnight at room temperature afforded colorless needle-like crystals that 

were washed with Et2O (2 x 1 mL) and dried in vacuo.  

Yield (crystalline): 63 mg (64%); 

m.p. 117-119.5°C; 

FT-IR: 3063 (19), 1586 (10), 1443 (5), 1260 (1), 1189 (20), 1144 (13), 1106 (15), 1029 

(7), 996 (16), 891 (18), 873 (8), 751 (6), 725 (14), 690 (4), 637 (2), 573 (11), 545 (9), 506 

(3), 460 (17), 301 (12); 

Crystal Data: Table 8.2. 

.[Ph3P-PEt(Cl)][OTf], [2.1(Et)][OTf]: Quantitative formation of [2.1(Et)][OTf] was 

observed after 10 min by 
31

P{
1
H} NMR. 

[Ph3P-P
i
Pr(Cl)][OTf], [2.1(

i
Pr)][OTf]: [2.1(

i
Pr)][OTf] was observed as broad resonances 

(82 ppm and 16 ppm) at 298 K in the 
31

P{
1
H} NMR spectrum of the solution after 1 h, 

together with 
i
PrPCl2 (ca. 15%). Quantitative formation of [2.1(

i
Pr)][OTf] was observed 

at 213 K.  

[Ph3P-PCy(Cl)][OTf], [2.1(Cy)][OTf]: [2.1(Cy)][OTf] was observed as broad resonances 

(76 ppm and 18 ppm) at 298 K in the 
31

P NMR spectrum of the reaction mixture after 1 h, 
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together with CyPCl2 (ca. 23%).  Quantitative formation of [2.1(Cy)][OTf] was observed 

at 202 K.  

8.4.1.4 [Me3P-PCy(Cl)][OTf], [2.1′(Cy)][OTf] 

Me3P (1.0 M in toluene, 3 x 73.4 μL, 0.22 mmol) was added to a stirred solution of 

CyPCl2 (41.4 mg, 0.22 mmol) in CH2Cl2 (1 mL) yielding a white precipitate. Upon 

addition of Me3SiOTf (43.8 μL, 0.24 mmol), this solid re-dissolved and a white 

precipitate was former after a further 5 minutes of stirring. The 
31

P{
1
H} NMR spectrum 

of this reaction mixture after 1 h showed the presence of only [1'e][OTf].  

8.4.1.5 [Ph3P-PtBu(Cl)][OTf], [2.1(tBu)][OTf] 

A solution of Ph3P (105 mg, 0.40 mmol) in CH2Cl2 was added to a stirred solution of 

t
BuPCl2 (64 mg, 0.40 mmol) in CH2Cl2 (total volume ca. 1 mL), followed immediately 

by the addition of Me3SiOTf (79.6 μL, 0.44 mmol). The 
31

P{
1
H} NMR spectrum (213 K) 

of the reaction mixture after 2 h was interpreted as a mixture of [2.1(
t
Bu)][OTf] and 

t
BuPCl2 (200.0 ppm).  The 

31
P{

1
H} NMR spectrum (213 K) of the reaction mixture after 

48 h indicated the presence of small amounts of [Ph3PCl][OTf] and [2.3(
t
Bu)][OTf] 

([Ph3PM-PA
t
Bu-PX

t
Bu(Cl)][OTf] – AMX spin system δA = -2 (t), δM = 24 (dd), 

δX = 112 ppm (dd); 
1
JAM = 345, 

1
JAX = 338, 

2
JMX = 86 Hz.  

8.4.1.6 [Ph3P-PtBuCl][GaCl4], [2.1(tBu)][GaCl4] 

A mixture of Ph3P (52 mg, 0.20 mmol), 
t
BuPCl2 (32 mg, 0.20 mmol) and GaCl3 (39 mg, 

0.22 mmol) in CH2Cl2 (1 mL) was stirred for 1 h at room temperature, and the 
31

P{
1
H} 
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NMR spectrum at 298 K was interpreted as a mixture of 
t
BuPCl2-GaCl3 (184 ppm, 98%,) 

and [2.1(
t
Bu)][GaCl4] (2%). 

8.4.1.7 [Me3P-PtBu(Cl)][OTf], [2.1′(tBu)][OTf] 

Me3P (1.0 M in toluene, 2 x 100 μL, 0.20 mmol) was added to a stirred solution of 

t
BuPCl2 (32 mg, 0.20 mmol) in CH2Cl2 (0.5-1 mL), followed immediately by the addition 

of Me3SiOTf (39.8 μL, 0.22 mmol) and the 
31

P{
1
H} NMR spectra of this solution showed 

nearly quantitative formation of [2.1′(
t
Bu)][OTf]. 

8.4.1.8 [Me3P-PtBu(Cl)][GaCl4], [2.1′(tBu)][GaCl4]: 

Me3P (1.0 M in toluene, 220 μL, 0.22 mmol) was added to a stirred solution of 
t
BuPCl2 

(32 mg, 0.20 mmol) in CH2Cl2 (0.5 mL), followed immediately by the addition of GaCl3 

(79.6 μL, 0.44 mmol) in CH2Cl2 (0.5 mL).  After 1 h, the 
31

P{
1
H} NMR spectrum 

showed essentially quantitative formation of [2.1′(
t
Bu)][GaCl4]. 

8.4.1.9 Phosphenium exchange studies 

[PPh2]
+
/[PhPCl]

+
 exchange 

Formation of [Ph3P-PPh2][OTf], [1.24(Ph)][OTf], from [Ph3P-PPh(Cl)][OTf], 

[2.1(Ph)][OTf]:  Addition of Ph2PCl (26.9 μL, 0.15 mmol) to a stirred solution of 

[2.1(Ph)][OTf], (83 mg, 0.15 mmol) in CH2Cl2 afforded partial conversion to 

[1.24(Ph)][OTf] and PhPCl2 (162 ppm) after 30 min (5:1 ratio of 1.24:2.1, as observed by 

31
P{

1
H} NMR spectroscopy).  No further reaction was observed after 18 h at room 

temperature. Addition of 0.2 equivalents of Me3SiOTf at the start of the reaction afforded 

the same product distribution, but the 
31

P{
1
H} NMR signals for both 
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phosphinophosphonium salts were resolved into doublets at room temperature. Addition 

of 1.1 equivalents of Me3SiOTf at the start of the reaction afforded greater conversion to 

[Ph3P-PPh2][OTf] (9:1 after 30 min and 12:1 after 18 h). In contrast, addition of PhPCl2 

(27.1 μL, 0.20 mmol) to a stirred solution of [Ph3P-PPh2][OTf] (119 mg, 0.20 mmol) 

afforded predominantly (> 90% by 
31

P NMR integration) starting materials 

[PMe2]
+
/[PPh2]

+
 exchange 

Me2PCl (11.9 μL, 0.15 mmol) was added to a stirred solution of [Ph3P-PPh2][OTf] 

(88 mg, 0.15 mmol) in CH2Cl2 and allowed to stir for 30 min. The 
31

P{
1
H} NMR 

spectrum of the reaction mixture after 30 min showed extremely broad singlets centered 

at 82 ppm, 19 ppm, -10 ppm, and -57 ppm. This spectrum was ascribed to a mixture of 

Ph2PCl (82 ppm), [Ph3P-PPh2][OTf] (15 ppm, -10 ppm) and [Ph3P-PMe2][OTf] (15 ppm, 

-58 ppm), all undergoing rapid exchange in solution. No obvious preference for either 

phosphinophosphonium species was observed. 

8.4.1.10 [Ph3P-PEt-PEt-PPh3][OTf]2, [2.2(Et)][OTf]2 

[2.1(Et)][OTf] (1.0 mmol) was prepared in situ in a 50 mL 1-necked bulb containing 5 

mL CHCl3.  Me3SiOTf (100.0 μL, 0.55 mmol) and Ph3P (132 mg, 0.50 mmol, in ca. 2 

mL CHCl3) were added, and the solution was degassed by three freeze-pump-thaw cycles 

and sealed at reduced pressure. This solution was heated at reflux temperature (~55°C) in 

the closed system for 48 h. The supernatant was decanted from the resulting white 

precipitate, which was then washed with cold CH2Cl2 (-40°C, 2 x 0.5 mL) and Et2O (2 x 

1 mL). Addition of Et2O (~4 mL) to the supernatant gave a white precipitate, which was 
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isolated by decantation and washed with cold CH2Cl2. Colourless needle-like crystals 

were obtained by vapour diffusion from MeCN/Et2O.  

Yield (powder): 0.249 g (53% based on EtPCl2);  

m.p. 201-203°C;  

PB PA P PPh3

Et3

HeHe

HfHf

Hf

CdHa

Hb Hc

HcHb

 

1
H NMR (500.1 MHz, CD3CN, 298 K): δ = 7.91 (vt, 6H, Ha), 7.85 (vq, 12H, Hb), 

7.74 (vt, 12H, Hc), 1.93 (m, 3H, He), 0.55 ppm (m, 6H, Hf);  

13
C NMR (125.8 MHz, DEPTQ135, CD3CN, 298 K):  δ = 136.91 (s, +, Ca/b), 135.07 (s, 

+, Ca/b), 132.06 (t, +, Cc), 119.07 (t, –, Cd), 14.26 (t, –, Ce), 12.42 ppm (m, +, Cf);  

FT-IR (nujol, cm
-1

, ranked intensities): 1584 (15), 1439 (6), 1270 (1), 1224 (7), 1147 

(4), 1101 (5), 1031 (2), 996 (11), 754 (10), 721 (12), 690 (8), 637 (3), 572 (14), 542 (9), 

509 (13); 

Crystal Data: Table 8.2. 

8.4.1.11 [Ph3P-PiPr-PiPr-PPh3][OTf]2, [2.2(iPr)][OTf]2 

i
PrPCl2 (36.0 μL, 0.29 mmol) and Me3SiOTf (58.1 μL, 0.32 mmol) were added to a 

solution of Ph3P (77 mg, 0.29 mmol) in CH2Cl2 (0.60 mL). After stirring for 1 h at room 

temperature, this solution was transferred to a vial containing Ph3P (39 mg, 0.15 mmol), 

followed by subsequent addition of Me3SiOTf (29.1 uL, 0.16 mmol) with stirring. This 
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solution was stirred for 5 days at room temperature, resulting in the precipitation of a 

white powder. This solid was isolated by filtration and washed with cold CH2Cl2 (-40°C, 

2 x 1 mL). Dissolution of this sparingly soluble powder in MeCN and removal of the 

solvent in vacuo provided [2.2(
i
Pr)][OTf]2 (45 mg). The supernatant was analyzed using 

31
P{

1
H} NMR spectroscopy and showed a mixture of [2.1(

i
Pr)][OTf], [Ph3PCl][OTf] and 

a new AMX spin system (δA = -35.7 ppm, δM = 23.0 ppm, δX = 96.5 ppm, 
1
JAM = -309 

Hz, 
1
JAX = -305 Hz, 

2
JMX = 59 Hz), tentatively assigned to [Ph3P-P

i
Pr-P

i
PrCl][OTf], 

[2.3(
i
Pr)][OTf]. Slow evaporation of the supernatant over 2 days yielded an additional 

18 mg of [2.2(
i
Pr)][OTf]2 as a semi-crystalline material. In contrast, 

31
P{

1
H} NMR 

spectra of reactions performed in more dilute solutions (< 0.50 M) showed no evidence of 

2.2(
i
Pr). Instead, a mixture resembling the supernatant in more concentrated reactions 

was observed, with a 1:2 ratio of [Ph3PCl][OTf] to [2.3(
i
Pr)][OTf]. 

1
H NMR spectra of a 

dilute reaction mixture (0.25 M in 
i
PrPCl2) show overlapping septets assigned as the 

methine resonances in 2.1(
i
Pr) (2.42 ppm) and 2.3(

i
Pr) (2.50 ppm and 2.56 ppm). The 

remaining 
1
H NMR signals could not be assigned. 

Yield ([2.2(
i
Pr)][OTf]2): 63 mg (45%); 

M.p. 170-171.5°C;  

PB PA P PPh3

iPr3

He

HfHf

Hf

CdHa

Hb Hc

HcHb
2

 

1
H NMR (500.1 MHz, CD3NO2, 298 K): δ = 7.87 (vt, 6H, HA), 7.68 (m, 24H, HB/C), 

3.26 (m, 2H, HE), 0.93 ppm (m, 12H, HF); 



 

 177 

 
13

C NMR (125.8 MHz, DEPTQ135, CD3CN, 298 K):  δ = 136.60 (s, +, CA/B), 

135.83 (s, +, CA/B), 131.68 (t, +, CC), 118.86 (t, –, CD), 28.11 (t, +, CE), 23.13 ppm 

(broad s, +, CF);  

FT-IR (nujol, cm
-1

, ranked intensities): 1439 (6), 1266 (1), 1225 (7), 1150 (4), 1098 

(5), 1032 (2), 996 (11), 757 (10), 720 (13), 690 (9), 638 (3), 539 (8), 500 (12). 

8.4.1.12 [Ph3P-PCy-PCy-PPh3][OTf]2, [2.2(Cy)][OTf]2 

The synthesis of [2.2(Cy)][OTf]2 was attempted following the procedure for 

[2.2(
i
Pr)][OTf]2 (vide supra) but with an additional equivalent of both Ph3P and 

Me3SiOTf and stirring for 40 h to maximize the yield of 2.2(Cy) as observed by 
31

P{
1
H} 

NMR spectroscopy of the reaction mixture, which contained [2.1(Cy)][OTf], 

[2.2(Cy)][OTf]2, [Ph3PCl][OTf], and [2.3(Cy)][OTf] ([Ph3P-PCy-PCyCl][OTf], AMX 

spin system, not simulated, approximate shifts -44 ppm (t), 22.5 ppm (dd), and 

93 ppm (dd)).  

8.4.1.13 General Ligand Exchange on [Ph3P-PPh-PPh-PPh3][OTf]2, [2.2(Ph)][OTf]2 

To a solution of [2.2(Ph)][OTf] (104 mg, 0.1 mmol) in ca. 0.5-1 mL CH2Cl2 was added a 

solution of dppm or dmpm(15.8 μL, 0.1 mmol) in CH2Cl2 (0.5-1 mL). 
31

P NMR spectra 

were acquired after 1-2 h to assess the conversion to products, and then the reaction 

solution was layered with Et2O until a slight cloudiness was observed to persist. The 

sample was then gently transferred to the freezer to allow for crystallization. On one 

occasion, this procedure, with dppm as a ligand, yielded a crop of fine needle-like 

colourless crystals, several of which were identified using X-ray diffraction as 2.7[OTf]2. 

It was not determined if the bulk crystalline material consisted solely of 2.7[OTf]2. Re-
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dissolution of the bulk material in CH2Cl2 gave 
31

P NMR spectroscopic features that can 

be attributed to an approximately 1:1 mixture of the five- and six- membered rings 2.6 

and 2.7.Crystallization of the same reaction solution at room temperature yielded instead 

small cubic crystals, identified by 
31

P NMR as 2.6[OTf]2. 

31
P{

1
H} NMR (101.3 MHz, CH2Cl2, 298K): 2.7[OTf]2:AMM′XX′ spin system – 

δA = -66.9, δM = -51.5, δX = 19.4 ppm; 
1
JAM = -108, 

1
JMX = -324, 

1
JAM′ = -110, 

2
JAX = 44, 

2
JAX′ = 45, 

2
JMM′ = 185, 

3
JMX′ = -4, 

2
JXX′ = -1 Hz. 

8.4.2 Computational Methods Used in Chapter 2 

Density functional theory calculations were performed using the Gaussian 03W software 

package.
132

  Initial geometry optimizations were performed using B3LYP/3-21G(d), then 

further optimized to find SCF and zero-point energies with a 6-31+G(d) basis set. Initial 

geometry optimizations were performed on both diastereomers of [H3P-PR'-PR'-PH3]
2+

 

(R' = Me, Ph, 
i
Pr), where the initial C-P-P-C torsion angles (R') were set at 0°, 60°, or 

180°. Calculations on the [Me3P-PR'-PR'-PMe3]
2+

 derivatives (2.2′) were performed 

using the optimized PH3 structural analogues as starting geometries. Frequency 

calculations were performed on all optimized structures to identify each as a local 

minimum on the potential energy surface. Although a recent study
269

 of the 

conformational preferences in neutral diphosphines favoured the use of the B3PW91 

functional for reproducing qualitative trends, experimental observations for 2,3-

diphosphino-1,4-diphosphonium cations are consistent with the results provided by 

B3LYP. 
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8.5 Synthetic Methods Used in Chapter 3 

8.5.1 Sample Preparation for Derivatives of [R2(Cl)P-PR'Cl][GaCl4], 

3.1[GaCl4]  

Addition of R'PCl2 (0.20 mmol) and then R2PCl (0.20 mmol) to a stirring solution of 

GaCl3 (35 mg, 0.20 mmol) in CH2Cl2 (1 mL) afforded a pale yellow solution, with 

virtually quantitative formation of 3.1[GaCl4] (> 99% as observed using 
31

P NMR 

spectroscopy) after 1 h at room temperature. Solvent removal in vacuo or addition of 

Et2O or pentane yielded an oil.   

8.5.2 Sample Preparation for Derivatives of [R(Cl)2P-PRCl][GaCl4], 

3.2[GaCl4]  

RPCl2 (0.40 mmol) was added to a stirring solution of GaCl3 (35 mg, 0.20 mmol) in 

CH2Cl2 (1 mL). Formation of 3.2[GaCl4] was quantitative (> 99% as observed using 
31

P 

NMR spectroscopy) after 30-60 min at room temperature. Removal of solvent in vacuo or 

addition of Et2O or pentane yielded an oil. 

8.5.3 Generalized Procedure for Reductive Coupling Reactions 

Phosphinophosphonium salts 1.34, 3.1, and 3.2[GaCl4] (0.2-0.3 mmol) were synthesized 

in situ and allowed to stir for 30 min to 1 hour in 0.7-1 mL CH2Cl2 (unless otherwise 

noted) before the addition of either tri-n-butylstibine or triphenylstibine. For reactions 

involving 1 equivalent of SbPh3 or less, phosphinophosphonium salts were initially 

synthesized in 0.5 mL CH2Cl2, and SbPh3 was dissolved in another 0.5 mL CH2Cl2 to be 

added by pipette. Otherwise, the solution of phosphinophosphonium gallate was 
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transferred directly onto solid SbPh3 by pipette. SbBu3 was added directly to the stirring 

solution by micropipette. For reactions involving additional equivalent(s) of GaCl3, these 

were weighed out and added to the initial solution of the phosphinophosphonium gallate, 

before the addition of any reducing agent. Solutions were allowed to stir at room 

temperature for 1 h and 18-24 h before NMR spectra were collected. Reactions resulting 

in precipitation of solids were filtered through a pipette filter, and the solid washed with 

CH2Cl2 prior to dissolution in MeCN.  

8.5.3.1 NMR Observation of [Et2(Cl)PX-PAEt-PA′Et-PX′(Cl)Et2][GaCl4]2, 

[3.4′(Et)][GaCl4]2 and Cyclo-[Et7P5][GaCl4]2, [3.9(Et)][GaCl4]2 

Following the generalized procedure for reductive coupling, [3.1(Et)][GaCl4] was 

synthesized in situ (0.3 mmol) and reacted in the ratio of 1:1:2 equivalents of 

3.1(Et):GaCl3:SbPh3. 
31

P{
1
H} NMR spectra (101.3 MHz, 298 K, CH2Cl2) collected after 

1 h indicated nearly quantitative conversion to a single product with an AA′BB′ spin 

system, assigned as 3.4′(Et) [δA = 111, δX = -38, 
1
JAA′ = -271 Hz, 

1
JAX = 

1
JA′X′ = -374 Hz, 

2
JAX′ = 

2
JA′X = 86 Hz, 

3
JXX′ = 84 Hz]. Attempted crystallization by vapour diffusion of 

pentane into the reaction mixture yielded a viscous oil, which, upon standing for six 

months, gave rise to a colourless semi-crystalline material coated in yellow oil. 
31

P{
1
H} 

NMR spectra of the inseparable redissolved material showed effectively complete 

conversion to [3.9(Et)][GaCl4]2. 
1
H NMR spectra indicated that the mixture was 

predominantly composed of [3.9(Et)][GaCl4]2 and the oxidized antimony byproduct 

[Ph3SbCl][GaCl4] or Ph3SbCl2. 



 

 181 

8.5.3.2 NMR Observation of Cyclo-[(MeP)3(PPh2)2][GaCl4]2, 

[3.9(Ph2/Me)][GaCl4]2 

Following the generalized procedure for reductive coupling, [3.1(Ph2/Me)][GaCl4] was 

synthesized in situ (0.3 mmol) and reacted with 0, 1, or 2 equivalents of GaCl3 and either 

1 equivalent of SbBu3 or 1-2 equivalents of SbPh3. 
31

P{
1
H} NMR spectra collected after 

18 h indicated 3.9(Ph2/Me) and 1.34(Ph) as the major products, along with 3-20% of 

3.10(Ph2/Me). In all cases, the ratio of the trans:cis isomers of 3.9 was approximately 2:1 

as assessed by the relative areas of the 
31

P{
1
H} NMR resonances. 

31
P{

1
H} NMR of 

[3.9(Ph2/Me)][GaCl4]2 (101.3 MHz, 298 K, CH2Cl2): trans-isomer – AGHMX spin 

system, see Table 3.4; cis-isomer – ABB′XX′ spin system: δA = -63.3, δB = -34.4, 

δX = 52.8, 
1
JAX = 

1
JAX′ = -314 Hz, 

1
JBX = 

1
JB′X′ = -350 Hz, 

1
JBB′ = -323 Hz, 

2
JBX′ = 

2
JB′X = 17 Hz, 

2
JAB = 10 Hz, 

2
JAB′ = 2 Hz, 

2
JXX′ = 21 Hz. 

8.5.3.3 Synthesis of Cyclo-[iPr7P5][GaCl4]2, [3.9(iPr)][GaCl4]2 

[
i
Pr2(Cl)P-P

i
PrCl][GaCl4], [3.1(

i
Pr)][GaCl4] (0.3 mmol) was synthesized in situ in 

0.7 mL CH2Cl2 according to the generalized procedure (vide supra) and allowed to stir 

for 1 hour at room temperature prior to the addition of SbBu3 (73.8 uL, 0.3 mmol). No 

readily identifiable products could be distinguished from the reaction solution by 
31

P{
1
H} 

NMR spectroscopy after 1.5 h. Upon standing for 20-24h in an NMR sample tube, 

colourless crystals suitable for X-ray diffraction precipitated from the reaction solution. 

The solution was decanted and the crystals were washed with 2 x 1 mL CH2Cl2 and dried. 

Elemental analysis was not performed owing to the observed decomposition at elevated 

temperatures. Low temperature resolution of 
1
H/

13
C NMR peaks could not be achieved. 
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Yield: 26 mg (0.030 mmol, 30%);  

D.p. 178-182°C; 

FT-IR (nujol mull, cm
-1

, [intensity]): 1275 [m], 1222 [s], 1024 [s], 935 [w], 901 [m], 884 

[m], 739, [w], 705 [m], 538 [m], 419 [s]; 

ESI-MS (10
-5

 M in MeCN): positive ion mode [m/z (relative intensity, assignment)] – 

223.1 (4, [
i
Pr3P3 + H]

+
), 242.3 (3, unassigned), 265.1 (100, [

i
Pr4P3]

+
), 299.1 (4, 

unassigned), 306.2 (6, [
i
Pr4P3 + MeCN]

+
), 339.2 (51, [

i
Pr5P4]

+
), 413.3 (7, [

i
Pr6P5]

+
), 429.2 

(6, [
i
Pr4P3 + 4MeCN]

+
), 445.1 (3, unassigned); negative ion mode – [GaCl4]

-
 supported 

by isotope pattern analysis (base peak: 210.8).  

Crystal data: Table 8.3. 

8.5.3.4 Synthesis of [iPr2(Cl)P-PiPr-PiPrCl][GaCl4], [3.5(iPr)][GaCl4] 

A sample of [3.9(
i
Pr)][GaCl4]2 (26 mg, 0.029 mmol) in EtCN was heated in an NMR 

tube at 60°C for 1 h under Ar, after which time complete conversion to 3.5(
i
Pr) was 

indicated by 
31

P{
1
H} spectroscopy. Removal of solvent in vacuo yielded an oil.  

Yield: 18.4 mg (0.034 mmol); 

 

 
31

P{
1
H} NMR (EtCN, 101.3 MHz, 294 K): AMX spin system δA = -79, δM = 96, 

δX = 132 ppm; 
1
JAM = -375 Hz, 

1
JAM = -224 Hz,

 2
JMX = 29 Hz;
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1
H{

31
P} NMR (CD2Cl2, 500.1 MHz, 298K): δ = 1.22 (broad s, 3H, -PACHCH3), 1.27 (d, 

3H, -PXCHCH3), 1.31 (d, -PACHCH′3) and 1.33 (broad s, -PMCH′CH′′3) [6H together], 

1.37 (broad s, 3H, -PMCHCH3), 1.42 (broad s, 3H, -PMCHCH′3), 1.48 (d, 

3H, -PXCHCH′3), 1.63 (d, 3H, -PMCH′CH′′′3), 2.45 (sept, 1H, -PACH), 2.63 (sept, 

1H, -PMCH), 2.95 (sept, 1H, -PMCH′), 3.17 ppm (sept, 2H, -PXCH);  

13
C NMR (d3-MeCN, 125.8 MHz, 298K): 17.6-18.96 (overlapping signals in 

HSQC, -CH3), 21.4 (m, -PMCH), 23.2 (m, -PXCH), 24.0 (m, -PMCH′), 

31.2 ppm (m, -PACH);  

ESI-MS (10
-5

 M in MeCN): positive ion mode [m/z (relative intensity,  assignment)] – 

223.2 (4, [
i
Pr3P3 + H]

+
), 265.1 (100, [

i
Pr4P3]

+
), 320.2 (3, [

i
Pr4P3 + EtCN]

+
), 339.2 (2, 

[
i
Pr5P4]

+
); negative ion mode – [GaCl4]

-
 supported by isotope pattern analysis (base 

peak: 210.8). 

8.6 Synthetic Methods Used in Chapter 4 

8.6.1 Synthesis and Isolation of [Me3P-PtBu-PMe3][OTf]2, [4.1(tBu)][OTf]2 

A solution of 
t
BuPCl2 (32 mg, 0.2 mmol) and Me3SiOTf (79.6 μL, 0.44 mmol) in 0.5 mL 

MeCN was stirred for 5 min in a vial sealed with a rubber septum. A solution of 4.0 M 

Me3P in hexanes (2 x 55.0 μL, 0.44 mmol) in 0.5 mL MeCN was added to the stirring 

solution by syringe. Once the reaction ceased to visibly fume (ca. 5 min), the septum was 

removed, and the reaction capped and stirred for 1 h at room temperature. Vapour 

diffusion of Et2O or CH2Cl2 into the reaction solution at room temperature yielded long, 

needle-like colourless crystals suitable for X-ray diffraction after 24-48 h. 
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1
H{

31
P} NMR (500.1 MHz, d3-MeCN, 298K): δ = 1.59 (s, 9H, -C(CH3)3), 

2.32 ppm (s, 18H, -P(CH3)3); 

1
H NMR (500.1 MHz, d3-MeCN, 298K): δ = 1.59 (dt [

3
JPH = 17 Hz, 

4
JPH = 10 Hz], 

9H, -C(CH3)3), 2.30-2.34 ppm (m, 18H, -P(CH3)3); 

13
C NMR (125.8 MHz, DEPTQ135, d3-MeCN, 298 K): δ = 13.7-14.3 (m, +, -C(CH3)3), 

32.2 (dt [
2
JCP = 14 Hz, 

3
JCP = 5 Hz], +, -P(CH3)3), 41.5 ppm (dt [

1
JCP = 33 Hz, 

2
JCP = too 

broad to determine], –, -C(CH3)3); 

Crystal Data: Table 8.4. 

8.6.2 Synthesis and Isolation of [Me3P-PR-PMe3][OTf]2, 4.1[OTf]2, R = NiPr2, Cy 

To 1.6 mL of CH2Cl2 in a vial was added sequentially, with stirring, Me3SiOTf (2 x 72.4 

μL, 0.8 mmol), RPCl2 (0.4 mmol), and Me3P (82.4 μL, 0.8 mmol), resulting in fuming 

and immediate generation of a white precipitate. After stirring for 1 h, the solvent was 

removed in vacuo. Isolated solids were redissolved in MeCN and crystallized by vapour 

diffusion of a secondary solvent over a period of 12 h. Crystals grown by this method 

were suitable for analysis by X-ray diffraction. The solution was decanted from the 

remaining crystals, which were subsequently dried in vacuo and washed with 5 mL 

hexanes, 6 x 1 mL THF and 6 x 1 mL CH2Cl2 for further analyses. 

8.6.2.1 [Me3P-P(NiPr2)-PMe3][OTf]2, [4.1(NiPr2)][OTf]2 

Crystallization solvents: MeCN/CH2Cl2 (note: crystals not submitted for X-ray analysis 

were stored under hexanes to prevent decomposition) 
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Yield: 156 mg (0.27 mmol, 67%); 

D.p. 189-190°C; 

1
H{

31
P} NMR (500.1 MHz, d3-MeCN, 298K):  = 1.24 (d, slightly broad, 

6H, -N[CH(CH3)2]2) and 1.28 (d, 6H, -N[CH(CH3)2]2), restricted rotation,  2.22 (s, 

18H, -P(CH3)3), 3.49 ppm (septet, 1H, -N[CH(CH3)2]2); 

13
C NMR (125.8 MHz, DEPTQ135, d3-MeCN, 298 K):  = 25.9 and 26.0 (s, 

+, -N[CH(CH3)2]2), 48.3 (d [
1
JCP = 30 Hz], +, -P(CH3)3), 61.6 ppm (d [

2
JCP = 11 Hz], 

+, -N[CH(CH3)2]2);  

FT-IR (nujol mull, cm
-1

, [relative intensities]): 2288 [w], 1457 [bs], 1376 [m], 1351 [m], 

1263 [bs], 1161 [bs], 1031 [s], 955 [m], 875 [m], 765 [w], 755 [m], 671 [m], 637 [m], 

573 [m], 518 [m]; 

Crystal Data: Table 8.4. 

8.6.2.2 [Me3P-PCy-PMe3][OTf]2, [4.1(Cy)][OTf]2 

Crystallization solvents: MeCN/hexanes; 

Yield: 168 mg (0.298 mmol, 75%);  

D.p. 224-226°C; 
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1
H{

31
P} NMR (500.1 MHz, d3-MeCN, 298K):  = 1.34 (qt, 1H, Hf), 1.49 (qt, 2H, Hd), 

1.67 (qd/td, 2H, Hb), 1.71 (broad d, 1H, Hg), 1.85 (dt, 2H, He), 2.06 (broad d, 2H, Hc), 

2.27 (s, 18H, -P[CH3]3), 2.82 ppm (tt, 1H, Ha); 

13
C NMR (125.8 MHz, DEPTQ135, d3-MeCN, 298 K):  = 13.0-13.5 (m, +, -P[CH3]3), 

25.4 (s, –, CH2(f/g)), 27.8 (d [
3
JCP = 13 Hz], –, CH2(d/e)), 34.0-34.2 (m, –, CH2(b/c)), 

35.6 ppm (d [
1
JCP = 29 Hz], +, CHa);  

FT-IR (nujol mull, cm
-1

, [relative intensities]): 1457 [bs], 1309 [w], 1260 [bs], 1226 [s], 

1159 [s], 1028 [s], 954 [m], 757 [w], 634 [m], 572 [w], 517 [w]; 

Crystal Data: Table 8.4. 

8.6.3 Reaction Mixtures and 31P NMR Observation of Other Derivatives  

8.6.3.1 [Me3P-PR-PMe3][OTf]2, 4.1[OTf]2, R = Me, iPr 

The same preparative procedure was used for these derivatives as for 4.1(
t
Bu)[OTf]2 

(Section 8.6.1), except that crystalline material could not be isolated. Instead, 
31

P{
1
H} 

NMR spectra were collected on the reaction solution after 1 h reaction time. For 4.1(Me), 

the observation of broad NMR features prompted an attempt crystallize by vapour 

diffusion of Et2O into the reaction solution – an oil resulted after 12-18 h, which 

subsequently solidified into a white powder, coated with trace droplets of oil, after an 

additional 5-6 days. The supernatant was decanted, and the solids washed with 3 x 1 mL 

Et2O to remove all traces of the oily product. 
31

P{
1
H} analysis of the solids redissolved in 

EtCN provided spectra with sharp signals corresponding solely to the desired product. 
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8.6.3.2 [Me3P-PR-PMe3][OTf]2, 4.1[OTf]2, R = Ph, and 
Attempted Syntheses of [Et3P-PR-PEt3][OTf]2, 4.2[OTf]2,  

The same preparative procedure was used for these derivatives as for 4.1(Cy) and 

4.1(N
i
Pr2), except that crystalline material could not be isolated via vapour diffusion of 

hexanes, pentane, or CH2Cl2 into the MeCN-solution of the isolated powder from the 

reaction. Instead, 
31

P{
1
H} NMR spectra were collected on the dissolved material isolated 

after 1 h reaction time, or on the reaction solution in the attempted syntheses of 4.2(Ph) 

and 4.2(N
i
Pr2). 

8.7 Electrochemical Methods 

8.7.1 Reagents and Preparation of Analytes for Electrochemistry 

Syntheses and preparation of reaction mixtures were performed in a glovebox under an 

N2 atmosphere. The synthesis of [Ph3P-PPhCl][OTf], [2.1(Ph)][OTf], was adapted from 

references 80 and 81, but with shortened reaction times (15 min) to avoid the formation 

of [Ph3P-PPh-PPh-PPh3][OTf]2 at the desired scale (0.5 mmol per 1.5 mL CH2Cl2). 

Addition of Et2O to precipitate the product as a white powder required stirring times of 1-

2 h to avoid formation of an oily residue. The purity of the resulting powder was assessed 

by 
31

P{
1
H} NMR spectroscopy of a solution of a sample of re-dissolved solid. All 

powder samples of analytes were placed under vacuum for 1 h before transfer into an Ar 

atmosphere glovebox for electrochemical experiments.  

8.7.2 Solution Preparation 

All solution preparations and dilutions described herein were performed using standard 

volumetric glassware, unless otherwise specifed. All analyte solutions were made up to 
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the specified volume using a stock solution of 0.1 M TBAPF6/MeCN, prepared by the 

dissolution of 3.8743 g of TBAPF6 into 100.00 mL of MeCN. The reference electrode 

solution (0.01 M AgNO3/0.1 M TBAPF6/MeCN, unless otherwise noted) was prepared 

dissolving 17.0 mg AgNO3 in 10.00 mL of this stock supporting electrolyte solution. 

Analyte solutions, unless otherwise noted, were prepared by dissolution of a weighed 

amount of the solid of interest in 1.00 mL of 0.01 M Fc/0.1 M TBAPF6 stock solution 

(18.6 mg in 10.00 mL 0.1M TBAPF6/MeCN), and subsequent dilution to 10.00 mL with 

0.1 M TBAPF6/MeCN. Solutions containing [2.1(Ph)][OTf] were analyzed immediately 

to prevent any possible formation of [Ph3P-PPh-PPh-PPh3][OTf]2 in situ. Solutions using 

other supporting electrolytes were prepared in the same way, beginning with a 50.00 mL 

stock solution of the selected electrolyte. 

8.7.2.1 Solutions for the Calibration of Ph3P Concentration 

All solutions in this section were made with 0.1 M TBAPF6/MeCN. The 10.0 ± 0.2 mM 

Ph3P solution for analysis was prepared by addition of 1.00 mL of 10 mM Fc solution and 

subsequent dilution to 10.00 mL. Aliquots of a stock 10.0 ± 0.2 mM solution of Ph3P 

were each combined with 1.00 mL of 10 mM Fc solution and diluted to 10.00 mL to yield 

solutions of Ph3P with the following concentrations: 4.99 ± 0.08 mM (5.00 mL stock 

solution), 2.00 ± 0.03 mM (2.00 mL stock solution), 1.00 ± 0.02 mM (1.00 mL stock 

solution). Solutions of Ph3P at lower concentrations (0.200 ± 0.04, 0.30 ± 0.01, 

0.40 ± 0.01 and 0.50 ± 0.01 mM) were prepared by combining aliquots (2.00 mL, 

3.00 mL, 2 x 2.00 mL or 5.00 mL, respectively) of a 1.00 mM Ph3P solution (10 x 

dilution of the 10.00 mM solution prepared above) with 1.00 mL of 1 mM Fc solution 

(1.00 mL of 10 mM Fc stock solution diluted to 10.00 mL) and diluting to 10.00 mL. The 
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lower concentration of Fc was required to ensure adequate decay of the anodic current 

response from the internal standard before oxidation of Ph3P occurred. The 0.50 mM 

Ph3P solution was alternately prepared using 1.00 mL of 10 mM Fc solution for 

comparison. 

8.7.2.2 Solutions Related to the Effects of Varied TBAPF6 Concentration 

Reference electrode solutions with reduced concentrations of supporting electrolyte 

(25.0 ± 0.2 mM, 50 ± 0.3 mM, 75.0 ± 0.4 mM) were prepared by dissolving weighed 

amounts of TBAPF6 in 5.00 mL of 0.01 M AgNO3 stock solution (42.4 mg of AgNO3 in 

25.00 mL MeCN). Baseline solutions of FeCp2 were prepared at each concentration of 

TBAPF6 by the addition of 1.00 mL of 0.01 M FeCp2 stock solution (18.6 mg FeCp2 

diluted to 10.00 mL with MeCN) to weighed amounts of TBAPF6. Resulting solutions 

were made up to 10.00 mL by addition of MeCN. Solutions of [2.1(Ph)][OTf] 

(2.00 ± 0.02 mM and 4.00 ± 0.04 mM) were prepared by serial dilution of an initial 

8.00 ± 0.08 mM solution (44.4 mg [2.1(Ph)][OTf] in 10.00 mL TBAPF6/MeCN stock 

solution). In each case, a 5.00 mL aliquot of the concentration solution was diluted to 

10.00 mL, while the remaining solution was analyzed by cyclic voltammetry. The four 

required stock solutions of TBAPF6/MeCN (25.00 ± 0.05 mM, 50.00 ± 0.07 mM, 

75.0 ± 0.1 mM and 100.0 ± 0.1 mM) were prepared by dissolution of a weighed amount 

of TBAPF6 in MeCN in a 25.00 mL volumetric flask. A 2.00 mM solution of Ph3P was 

also prepared at all four concentrations of TBAPF6 by dilution from a 4.00 mM solution 

of Ph3P using each of the TBAPF6 stock solutions described above. 
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8.7.2.3 Solutions Related to the Effect of Me3SiCl 

In situ reaction mixtures of [2.1(Ph)][OTf] for electrochemical analysis were prepared in 

a glovebox under N2 atmosphere at with 0.5 mmol of all reagents in 3 mL of 0.1 M 

TBAPF6/MeCN. The reaction was stirred for 50 min, then quantitatively transferred to a 

25 mL bulb by rinsing the original reaction vessel with  3 x ca. 0.75 mL 0.1 M 

TBAPF6/MeCN. The solution was then degassed by three freeze-pump-thaw cycles for 

transfer to the Ar glovebox. 
31

P NMR of the reaction solution after transfer and degassing 

supported quantitative conversion to the desired product with no visible interaction or 

coordination of the [PF6]
-
 anion in situ. 

Electrochemical measurements were conducted on solutions of varying concentration 

(25.0 ± 0.2, 10.00 ± 0.07, 5.00 ± 0.04, 2.00 ± 0.02, and 1.000 ± 0.008 mM) prepared by 

serial dilution from a stock solution of the reaction mixture diluted to 10 mL in a 

volumetric flask. To each analyte solution, 1 mL of 0.01 M Fc solution (in 0.1 M 

TBAPF6/MecN) was added prior to dilution to the desired volume.  

For the addition of Me3SiCl to solutions of isolated [2.1(Ph)][OTf], a 0.39 ± 0.02 M 

stock solution of Me3SiCl in 0.1 M TBAPF6/1 mM Fc/MeCN was prepared by the 

addition of 2 x 250 μL of Me3SiCl using a 500 μL syringe. A background cyclic 

voltammogram of Me3SiCl was performed on a 2 mM solution of Me3SiCl in 0.1 M 

TBAPF6/1 mM Fc/MeCN, which was prepared by serial dilution, first of a 1.00 mL 

aliquot of the stock solution to 2.00 mL, and then two successive dilutions of 1.00 mL 

aliquots of the resulting solutions to 10.00 mL. The solution of [2.1(Ph)][OTf] in 0.1 M 
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TBAPF6/1 mM Fc/MeCN was prepared by addition of 1 mL 0.01 M Fc/MeCN to 

111.0 mg of [2.1(Ph)][OTf] and dilution to 10.00 mL. 

8.7.3 Cyclic Voltammetry 

All electrochemical experiments were performed using an Epsilon EC potentiostat and 

C3 cell stand from Bioanalytical Systems Inc. (BASi). The standard glass cell (base 

diameter: 25 mm; minimum practical volume: 7 mL) was used for experiments with 

solutions containing a minimum 0.1 M concentration of supporting electrolyte, unless 

otherwise noted. Experiments involving lower concentrations of supporting electrolyte 

were conducted in a narrower base glass cell (base diameter: 16 mm; minimum practical 

volume: 4 mL), referred to in this text as the “small volume cell”. The cell stand and 

accompanying electrodes were located in a glovebox under an inert Ar atmosphere at a 

temperature between 30-33°C. The working electrode was a 0.8 mm radius platinum disc, 

unless otherwise specified in the text, cleaned electrochemically by repeatedly sweeping 

the potential to -3.2 V and +3.2 V in a solution of 0.1 M TBAPF6/MeCN until a baseline 

cyclic voltammogram showed no extraneous peaks. The counter electrode was a 4 cm 

long platinum wire, and the reference electrode was Ag/0.01 M AgNO3 in MeCN with 

supporting electrolyte at the same concentration as in the analyte, separated from the 

solution by a vycor junction. All potentials are reported relative to ferrocene (Fc, 

1.00 ± 0.02 mM) as an internal standard, unless otherwise specified,
270,271

 which 

displayed an average E
°′
 of +91 mV vs. the Ag/Ag

+
 reference electrode. For reference, 

literature values for the Fc/Fc
+
 couple have been reported as E°′ = 0.40 V vs. SCE in 

0.1 M TBAPF6/MeCN,
159

 or E° = 0.400 V vs. NHE in water.
271

 Cyclic voltammograms 
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of [2.1(Ph)][OTf] in the presence or absence of Fc were not substantially different, so 

Fc/Fc
+
 were assumed to be innocent in the redox chemistry of the studied species. 

The usable window for electrolysis with TBAPF6 as a supporting electrolyte was 

determined to range from -2.5 V to +1.5 V, relative to Ag/Ag
+
. Each day, before analysis 

of any other samples was conducted, an initial baseline cyclic voltammogram of 1 mM Fc 

in 0.1 M TBAPF6/MeCN was performed on this potential window. For quantitative 

analyses conducted on a smaller potential window, at least one cyclic voltammogram was 

conducted on the full window to determine qualitative features and eliminate variation 

between samples. All cyclic voltammograms were performed at a sweep rate (ν) of 

100 mV/s and full scale current limit of 10 μA, unless otherwise noted.  

In any series of solutions where concentration was varied, solutions were analyzed in 

order of increasing concentration of analyte. In between solutions, electrodes were rinsed 

with the new solution of interest, while the cell was rinsed with MeCN and dried. 

Statistical rigor for all quantitative data was obtained through collection of repeated 

cyclic voltammograms (5 cycles with a 60 s delay time between cycles, unless otherwise 

specified). If the concentration of supporting electrolyte in the cell was varied between 

experiments, the reference electrode compartment was emptied and rinsed with the new 

solution of 0.01 M AgNO3 before being refilled. When the identity of the supporting 

electrolyte was changed, the rinsed reference electrode was soaked overnight in MeCN to 

eliminate any residual salts, then soaked in the desired supporting electrolyte solution for 

a minimum of 1 h. 
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8.7.4 Uncertainty Calculations 

8.7.4.1 Random Errors 

Uncertainties in the concentrations of solutions mentioned herein were estimated using 

standard equations for the mathematical propagation of random errors. That is, for the 

measured quantities a, b, c, the uncertainty (σy) resulting from addition/subtraction 

(y = k + kaa + kbb + kcc, where k are constants) is given by Equation [8.1], and from 

multiplication/division (y = kab/cd) by Equation [8.2].  

                             [8.1] 

       
  

 
 
 

  
  

 
 
 

  
  

 
 
 

 [8.2] 

The uncertainties for the applicable volumetric glassware used are as follows: volumetric 

flasks ( ± 0.03 mL for 10 mL, 25 mL; ± 0.02 mL for 1 mL, 2mL, 5 mL) and volumetric 

pipettes (± 0.006 mL for 1 mL, 2 mL; ± 0.01 mL for 3mL, 5 mL). Small volume syringes 

(Hamilton) used in the preparation and addition of Me3SiCl stock solutions have 

uncertainties of 1% of the nominal volume of the syringe. Of these, the 25 μL syringe 

was pre-calibrated to account for the dead volume in the needle, while measurements 

using the 250 μL and 500 μL syringes were made by differences. The addition of 

reagents for the analysis of in situ reaction solutions was made using a 10-100 μL 

variable volume Eppendorf pipettor, which has reported precisions of ≤ 0.3% for volumes 

greater than 50 μL (as used herein). Error in the reported density of the reagents was 

assumed to be negligible in comparison to other uncertainties. Mass measurements were 

made by difference, with a reported uncertainty in any given mass reading of 0.1 mg 
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(minimum mass: 10 mg). However, empirical observation of the performance of the 

analytical balance in the glovebox has suggested that an uncertainity of 0.3 mg is a more 

reasonable estimate under these conditions. In the case of all measurements made by 

differences, the overall uncertainty for a reported value must be derived according to 

Equation [8.3]: 

                  
 
           

 
               [8.3] 

It has been assumed that the uncertainties in the molar masses were negligible compared 

to all other sources of error.  

8.7.4.2 Linear Regression and Calibration Errors 

Statistical treatment of data and procedures for linear regression and error analysis from 

calibration curves were performed in accordance with standard methods outlined in 

Appendix A1. Unweighted regression was performed if the uncertainty in all points was 

similar, whereas weighted regression was performed otherwise. 

8.8 Synthesis and Characterization of Compounds in Chapter 6 

8.8.1 [iPr3P-SbPhCl][OTf], [6.23(iPr)][OTf], 

Addition of 
i
Pr3P (38.2 μL, 0.20 mmol) to a CH2Cl2 solution of PhSbCl2 (54 mg, 

0.20 mmol) afforded a slightly cloudy, colourless mixture which was allowed to stir for 

30 min (
31

P NMR spectrum of the reaction mixture shows >90% conversion to a singlet 

at 29.7 ppm). Addition of Me3SiOTf  (36.2 μL, 0.20 mmol) resulted in a clear, pale 

yellow solution which was stirred for 1.5 h at room temperature. Slow evaporation of this 
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solution in a CH2Cl2/pentane vapour diffusion setup afforded colourless, rectangular 

prism-like crystals suitable for X-ray diffraction after 1 day. Crystals not submitted for 

X-ray analysis were washed with 2 x 0.5 mL pentane and 2 x 0.5 mL Et2O, and dried in 

vacuo. 

Yield (crystalline): 78 mg (0.14 mmol, 72 %) 

D.p.  110-113°C (dark brown crystalline material) 

31
P{

1
H} NMR (101.3 MHz, CH2Cl2, 298 K): 36.1 ppm (s); 

19
F NMR (235.4 MHz, CH2Cl2, 298 K): -80.4 ppm (s, OSO2CF3); 

1
H NMR (500.1 MHz, CDCl3, 298 K): 8.33 (d, 2H, o-Ph), 7.54 (t, 2H, m-Ph), 

7.45 (t, H, -Ph), 3.11 (m, 3H, P[CH(CH3)2]3), 1.44 ppm (dd, 18H, P[CH(CH3)2]3); 

13
C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 136.2 (s, +), 131.2 (s, +), 

129.9 (s, +), 24.3 (d, +), 18.8 ppm (d, +), quaternary C (SbPh) not observed – possibly 

due to broadening associated with the Sb-quadrupole; 

FT-IR (nujol mull, cm
-1

, [relative intensities]): 1260 [bs], 1225 [w], 1199 [w], 1151 [m], 

1063 [w], 1030 [m], 1009 [w], 886 [bw], 732 [bw], 693 [w], 637 [m], 574 [w], 517 [w]; 

Crystal Data: Table 8.5. 

8.8.2 [Bn3P-SbPhCl][OTf], [6.23(Bn)][OTf] 

Addition of Bn3P (60 mg, 0.20 mmol) in CH2Cl2 (0.5 mL) to a CH2Cl2 solution of 

PhSbCl2 (54 mg, 0.20 mmol in 0.5 mL) resulted in a cloudy white suspension. 

Subsequent addition of Me3SiOTf (36.2 μL, 0.20 mmol) afforded a clear, colourless 
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solution, which was stirred for 1.5 h. Slow evaporation of the reaction solution by vapour 

diffusion of CH2Cl2 into pentane afforded colourless crystals suitable for X-ray 

diffraction. Crystals not submitted for X-ray analysis were washed with pentane and 

dried in vacuo. Storage of the crystalline material at room temperature resulted in slow 

degradation to an amorphous CH2Cl2-insoluble black solid over a period of weeks. 

Yield (crystalline): 113 mg (0.17 mmol, 83%) 

D.p.  121-133°C (xtals turn dark brown, liquefies from 131-133°C)  

31
P{

1
H} NMR (101.3 MHz, CH2Cl2, 298 K): 10.4 ppm (s); 

19
F NMR (235.4 MHz, MeCN, 298 K): -80.0 ppm (s, OSO2CF3); 

1
H NMR (500.1 MHz, CDCl3, 298 K): 3.43 (d, 6H, CH2), 6.96 (d, 6H, o-Bn), 7.28-

7.34 (m, 9H, m-Bn and p-Bn), 7.50 (t, 1H, p-PhSb), 7.58 (t, 2H, m-PhSb), 

8.11 ppm (d, 2H, o-PhSb);  

13
C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 27.0 (d [

1
JCP = 18 Hz], –, CH2), 

128.6 (d [
4/5

JCP = 3 Hz], +, m-Bn and p-Bn), 129.4 (d [
2
JCP = 9 Hz], –, quaternary C-Bn), 

129.6 (d [
4/5

JCP = 3 Hz], +, m-Bn and p-Bn), 130.1 (s, +, m-PhSb), 130.2 (d [
3
JCP = 5 Hz], 

+, o-Bn), 131.2 (s, +, p-PhSb), 135.3 ppm (broad s, +, o-PhSb), quaternary C (SbPh) not 

observed – possibly due to broadening associated with the Sb-quadrupole;  

Crystal Data: Table 8.5. 
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8.8.3 [Me3P-SbCl2][OTf], 6.24[OTf] 

Me3P (1.0 M in toluene, 3 x 63.4 μL, 0.20 mmol) was added in three portions to a stirring 

solution of SbCl3 (46 mg, 0.20 mmol) in CH2Cl2 (1 mL).  A small amount of white 

precipitate was formed upon addition of the second portion of Me3P (0.66 equiv.), the 

majority of which redissolved after 30 s of stirring. Addition of the third portion of Me3P 

yielded substantial quantities of a heavy white precipitate, and subsequent reaction with 

Me3SiOTf ((36.2 μL, 0.20 mmol) yielded a clear solution and an insoluble colourless oil. 

After an additional 5 minutes of stirring, a white solid precipitated from this mixture, and 

the resulting slurry was stirred for 1.5 h at room temperature. The 
31

P{
1
H} NMR 

spectrum of the CH2Cl2 supernatant of the reaction displayed two singlets (-3.8 ppm 

[unassigned] and 15.6 ppm), while the precipitate displayed a singlet at 15.6 ppm when 

dissolved in MeCN (
19

F: -80.0 ppm). Colourless, needle-like crystals suitable for X-ray 

diffraction were isolated by slow evaporation of the CH2Cl2-supernatant, assisted by 

vapour diffusion of the CH2Cl2 into pentane. Alternately, removal of solvent in vacuo and 

washing with CH2Cl2 afforded a white powder possessing the same 
31

P NMR chemical 

shift and melting point as the crystals. 

Yield: 43 mg (0.10 mmol, 50%); 

m.p.: 108-111°C; 

31
P{

1
H} NMR (101.3 MHz, MeCN, 298 K): 15.6 ppm (s); 

19
F NMR (235.4 MHz, MeCN, 298 K): -80.0 ppm (s, OSO2CF3); 

Crystal Data: Table 8.5. 
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8.8.4 [(Ph3P)2SbCl2][OTf], 6.26[OTf] 

A CH2Cl2 solution of Ph3P (105 mg, 0.40 mmol in 0.8 mL) was added to a CH2Cl2 

solution of SbCl3 (91 mg, 0.40 mmol in 0.8 mL), affording a bright yellow solution. 

Addition of Me3SiOTf (72.4 μL, 0.4 mmol) yielded a solution with 
31

P{
1
H} NMR singlet 

peaks at 45 ppm and -5 ppm. Slow evaporation of CH2Cl2 from the reaction mixture by 

vapour diffusion of the solvent into pentane afforded first a bright yellow oil (1 day), and 

subsequently a mixture of yellow cubic crystals (suitable for X-ray diffraction) and an 

insoluble amorphous black solid (2 days). The crystals were redissolved in CH2Cl2 and 

the mixture filtered to remove the black solids. Removal of CH2Cl2 in vacuo yielded a 

yellow powder with trace amounts of dark brown impurities. 

Yield: 49.5 mg (0.06 mmol, 29%) 

D.p. 105-110°C (begins to brown); 120-125°C (solid turns dark green, and shrinks in 

volume); 140-145°C (turns black then liquefies); 

31
P{

1
H} NMR (101.3 MHz, CH2Cl2, 298 K): -5 ppm (broad s); 

1
H NMR (500.1 MHz, CDCl3, 298 K): 7.46-7.57 ppm (m, Ph);  

13
C NMR (125.8 MHz, DEPTQ135, CDCl3, 298 K): 128.4 (d [

1
JCP = 24 Hz], –, 

quaternary C), 129.2 (d [
3
JCP = 10 Hz], +, m-Ph, 

3
JCP = 6 Hz), 131.3 (s, +, p-Ph), 

134.0 ppm (d [
2
JCP = 13 Hz], +, o-Ph, 

2
JCP = 13 Hz); 

FT-IR (nujol mull, cm
-1

, [relative intensities]): 1450 [m], 1436 [s], 1419 [w], 1395 [w], 

1298 [bm], 1226 [m], 1212 [bm], 1165 [bm], 1095 [w], 1028 [w], 1017 [s], 998 [w], 
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747 [bm], 725 [w], 711 [w], 691 [s], 634 [s], 619 [w], 570 [w], 516 [m], 498 [m], 

493 [m], 419 [w], 398 [w], 375 [w], 354 [w], 335 [w], 328 [w], 324 [w], 304 [s]; 

Crystal Data: see Table 8.6. 

8.8.5 Observation of cyclo-[(Me3P)Sb]4[OTf]4, 6.28[OTf]4 

Addition of Me3P (1.0 M in toluene, 350 μL, 0.35 mmol) and then Me3SiOTf (59.7 μL, 

0.33 mmol) to a stirred solution of PhSbCl2 (54 mg, 0.20 mmol) in CH2Cl2 resulted in the 

immediate formation of a white precipitate. The 
31

P{
1
H} NMR spectrum of the 

supernatant showed singlet peaks at 82.5 ppm (minor) and -5.4 ppm (major) after 2 h, 

with an upfield shift of the latter peak to -7.1 ppm (96%) after an addition 20 h at room 

temperature. The mixture was allowed to stir for total of 22 h at room temperature before 

the white precipitate was isolated and washed with cold CH2Cl2. This solid was dissolved 

in MeCN (
31

P NMR: -1.9 ppm) and allowed to stand for two weeks at room temperature, 

yielding several needle-like yellow crystals suitable for X-ray diffraction. These crystals 

decomposed upon dissolution in a mixture of CH2Cl2 and MeCN to a virtually insoluble 

orange-brown precipitate, so no NMR data for the crystals is available. 

31
P{

1
H} NMR (101.3 MHz, MeCN-reaction mixture, 298 K): -1.9 ppm (broad s); 

Crystal Data: Table 8.6 
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8.9 Crystallographic Experimental Details 

Table 8.2. Selected crystallographic data and collection parameters for compounds in 

Chapter 2. Data collected and refined at the University of New Brunswick. 

 [Ph3P-PMe(Cl)][OTf] [Ph3P-PEt-PEt-PPh3][OTf]2 cyclo-[(dppm)(PPh)3][OTf]2 

 [2.1(Me)][OTf] [2.2(Et)][OTf]2 2.7[OTf]2
d
 

CCDC # 694816 694390 n/a 

formula C20H18ClF3O3P2S C42H40F6O6P4S2 C45H37F6O6P5S2 
molecular 

weight (g/mol) 
492.79 942.74 1006.72 

crystal system triclinic monoclinic triclinic 

Space group P1̄ C2/c P1̄ 

colour, habit 
colourless 

plate 

colourless 

rod 

colourless 

plate 

a /Å 8.3728(10) 15.5968(16) 10.182(3) 

b /Å 11.0797(13) 14.5043(16) 13.566(4) 

c /Å 12.4662(15) 19.895(2) 18.299(6) 

α /° 83.4150(10) 90 98.178(5) 

β /° 72.798(2) 102.483(2) 93.391(5) 

γ /° 85.040(2) 90 99.033(5) 

V / Å
3 1095.8(2) 4394.3(8) 2462.3(14) 

T /K 198(1) 173(1) 173(1) 

Z 2 4 2 

crystal size / 

mm
3 0.50 x 0.30 x 0.10 0.50 x 0.20 x 0.20 0.50 x 0.10 x 0.03 

μ / mm
-1 

0.461 0.338 0.338 

2θmax /° 54.98 55.00 55.00 
reflections 

collected 
7617 15089 16713 

independent 

reflections 
4767 4932 10563 

Rint 0.0177 0.0263 0.0280 

parameters 358 272 693 

R1
a
 (I >2σ(I)) 0.0347 0.0461 0.0561 

wR2
b
 (all data) 0.0972 0.1282 0.1555 

GOF
c 1.065 1.069 1.060 

Δρ max and 

min /e Å
-3 0.382, -0.228 0.820, -0.579 1.249, -0.378 

a
 R1 =  | |Fo| - |Fc| | /  |Fo|   

b
 wR2 = ([w(Fo

2
 - Fc

2
)

2
] / [w(Fo

4
])

 1/2
.   

c
 GOF = [ w(|Fo| -|Fc|)

2
 / (n - p)]

1/2
, where n = number of reflections, and p = number of parameters 

d
 Disorder in one of the phenyl groups (C14 – C19) resulted in large thermal parameters and high bond 

length uncertainties (2-3 times larger than those for the remaining phenyl groups).  A disorder model was 

employed that worked reasonably well as long as bond length restraints (SADI) and an isotropic model was 

used.  Anisotropic refinement failed and no convergence was achieved.  Restraints (SIMU, SADI) as well 

as constraints (EADP) lead to non positive definite thermal parameters (i.e. peanut shaped) and had to be 

abandoned. 
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Table 8.3. Selected crystallographic data and collection parameters for 

[3.9(
i
Pr)][OTf]2, cyclo-[

i
Pr7P5][GaCl4]2 (Chapter 3). Data collected and 

refined at the University of Alberta. 

 4.1(Cy)[OTf]2 

Formula C21H49Cl8Ga2P5·CH2Cl2 

molecular weight 

(g/mol) 
964.42 

crystal system monoclinic 

Space group P21/n 

Colour, habit colourless, blocks 

a /Å 11.6226 (11) 

b /Å 22.014 (2) 

c /Å 16.9005 (15) 

α /° 90 

β /° 98.2769 (11) 

γ /° 90 

V / Å
3
 4279.0 (7) 

T /K 193 

Z 2 

crystal size / mm
3
 0.58  x 0.41 x 0.34 

μ / mm
-1

 2.086 

2θmax /° 54.92 

reflections 

collected 
37146 

independent 

reflections 
9779 

Rint 0.0235 

parameters 380 

R1
a 
[Fo

2
 ≥ 2σ(Fo

2
)] 0.0399 

wR2
b
 (all data) 0.1136 

GoF
c
 1.025 

Δρ max and min 

/e Å
-3

 
1.041, -0.777 

a
  R1 = ||Fo| – |Fc||/|Fo| 

b 
wR2 = [w(Fo

2 – Fc
2)2/w(Fo

4)]1/2 

c
 GoF = [w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters 

varied) 
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Table 8.4. Selected crystallographic data and collection parameters for derivatives of 

[4.1(R)][OTf]2, [Me3P-PR-PMe3][OTf]2 (Chapter 4). Data collected and 

refined at the University of Alberta. 

 4.1(Cy)[OTf]2 4.1(
t
Bu)[OTf]2 4.1(N

i
Pr2)[OTf]2 

Formula C14H29F6O6P3S2 C12H27F6O6P3S2 C14H32F6NO6P3S2 

molecular weight 

(g/mol) 
564.40 538.37 581.44 

crystal system orthorhombic monoclinic monoclinic 

Space group Pba2 P21/c P21 

Colour, habit colourless, blocks colourless, needles colourless, blocks 

a /Å 16.7757 (19) 6.581 (4) 11.9037 (6) 

b /Å 22.426 (3) 21.895 (12) 13.9854 (7) 

c /Å 6.3922 (7) 16.904 (9) 24.2752 (11) 

α /° 90 90 90 

β /° 90 91.650 (8) 104.1515 (5) 

γ /° 90 90 90 

V / Å
3
 2404.8 (5) 2435 (2) 3918.6 (3) 

T /K 193 193 193 

Z 4 4 6 

crystal size / mm
3
 0.60  x 0.57 x 0.27 0.78  x 0.31 x 0.08 0.39 x 0.36 x 0.22 

μ / mm
-1

 0.495 0.485 0.459 

2θmax /° 54.98 53.20 55.02 

reflections 

collected 
47736 18399 35259 

independent 

reflections 
5523 5045 17964 

Rint 0.0235 0.0779 0.0151 

parameters 286 262 884 

R1
a 
[Fo

2
 ≥ 2σ(Fo

2
)] 0.0234 0.0524 0.0312 

wR2
b
 (all data) 0.0619 0.1061 0.0837 

GoF
c
 1.047 1.093 1.012 

Δρ max and min 

/e Å
-3

 
0.362, -0.198 0.471, -0.424 1.439, -0.414 

a
  R1 = ||Fo| – |Fc||/|Fo| 

b 
wR2 = [w(Fo

2 – Fc
2)2/w(Fo

4)]1/2 

c
 GoF = [w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters 

varied) 

  



 

 203 

Table 8.5. Selected crystallographic data and collection parameters for 

stibinophosphonium cations in Chapter 6. Data collected and refined at the 

University of Alberta. 

 [(Me
3
P)SbCl

2
][OTf] [(

i
Pr

3
P)SbPhCl][OTf] [(Bn3P)SbClPh][OTf]

d
 

 6.16[OTf] 6.17[OTf] 6.18[OTf] 

Formula C4H9Cl2F3O3PSSb C16H26ClF3O3PSSb C28H26ClF3O3PSSb 

molecular 

weight (g/mol) 
417.79 543.60 687.72 

crystal system monoclinic triclinic monoclinic 

Space group P21/c P1̄ P21/n 

colour, habit 
colourless 

rod 

colourless 

plate 

colourless 

 

a /Å 10.798(2) 8.8175(5) 10.8024(8) 

b /Å 11.059(2) 10.8696(7) 18.4899(13) 

c /Å 12.214(3) 12.8560(8) 29.029(2) 

α /° 90 74.2811(8) 90 

β /° 114.382(2) 84.7562(8) 92.7140(10) 

γ /° 90 66.4137(7) 90 

V / Å
3
 1328.5(5) 1086.79(12) 5791.6(7) 

T /K 193 193 193 

Z 4 2 8 

crystal size / 

mm
3
 

0.59 x 0.22 x 0.18 0.37 x 0.21 x 0.06 0.52 x 0.17 x 0.07 

μ / mm
-1

 2.777 1.600 1.220 

2θmax /° 55.24 55.02 55.00 

reflections 

collected 
11005 9225 48285 

independent 

reflections 
3069 4912 13229 

Rint 0.0485 0.0192 0.0457 

parameters 136 235 685 

R1
a
 (I >2σ(I), 

all data) 
0.0313 0.0258 0.0373 

wR2
b
 (I >2σ(I), 

all data) 
0.0810 0.0657 0.0940 

GoF
c
 1.081 1.068 1.019 

Δρ max and 

min /e Å
-3

 
2.082, -0.761 0.952, -0.264 1.498, -0.509 

a
  R1 = ||Fo| – |Fc||/|Fo| 

b 
wR2 = [w(Fo

2 – Fc
2)2/w(Fo

4)]1/2 

c
 GoF = [w(Fo

2 – Fc
2)2/(n – p)]1/2 (n = number of data; p = number of parameters varied) 

d
 asymmetric unit contains two crystallographically independent molecules of the compound 
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Table 8.6. Selected crystallographic data and collection parameters for miscellaneous 

phosphine-stabilized stibenium cations (Chapter 6).  

 [(Ph3P)2SbCl2][OTf] cyclo-[(Me3P)Sb]4[OTf]4·MeCN
a
 

 6.19[OTf] 6.20[OTf]4·MeCN 

Data collected 

and refined at 
University of Alberta University of New Brunswick 

Formula C37H30Cl2F3O3P2SSb C18 H39 F12 N O12 P4 S4 Sb4 

molecular 

weight (g/mol) 
866.26 1428.62 

crystal system Triclinic monoclinic 

Space group P1̄ P21/n 

colour, habit 
yellow 

blocks 

pale yellow 

rod 

a /Å 9.5641 (7) 12.4072(17) 

b /Å 12.0248 (8) 21.596(3) 

c /Å 17.5876 (12) 18.649(3) 

α /° 94.0493 (9) 90 

β /° 96.8668 (10) 98.350(2) 

γ /° 110.3615 (9) 90 

V / Å
3
 1869.0 (2) 4943.8(11) 

T /K 193 198(1) 

Z 2 4 

crystal size / 

mm
3
 

0.31 x 0.26 x 0.12 0.40 x 0.10 x 0.05 

μ / mm
-1

 1.073 2.549 

2θmax /° 54.94 55.00 

reflections 

collected 
16455 33100 

independent 

reflections 
8482 10998 

Rint 0.0207 0.0680 

parameters 442 563 

R1
a
 (I >2σ(I), 

all data) 
0.0289 0.1349 

wR2
b
 (I >2σ(I), 

all data) 
0.0719 0.1601 

GoF
c
 1.062 1.099 

Δρ max and 

min /e Å
-3

 
0.755, -0.348 1.343, -0.842 

a
 This structure possesses one highly disordered triflate anion. In addition, the structure contains 4 x 100 Å

3 

voids per unit cell, each large enough to fit a small solvent molecule, i.e. an additional MeCN. However, 

the electron count for each site comes to 8, while MeCN requires 22.  Consequently, refinement with 

diffuse electron distribution (SQUEEZE in PLATON) was omitted. 

 
.
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Appendix A1. Statistical Treatment of Data 

A1.2. Dynamic NMR Lineshape Analysis and Regression (Section 3.4) 

While unweighted linear regression from the data in Table 8.1 yielded a reasonable value 

for ΔG
‡
 (Table A1.1), the comparatively large error margin for the determination of k at 

246 K relative to all other temperatures demands more stringent uncertainty estimates. 

The linear regression was therefore weighted according to the error in ln(k/T) at each 

temperature. These weights sy were calculated according to standard propagation of error 

(Eqn. 1) from the error in log10k as calculated by the least-squares residual of the 

lineshape fit in gNMR (sg). 
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The squared errors for each temperature, syn
2
, are compiled to produce the diagonal 

weight matrix, Σ: 
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The slope (m) and intercept (b) of the weighted regression line for the Eyring plot were 

calculated according to Eqn. 4,  

     
 
 
                   [4] 

where X and y are the matrices defined in Eqn. 5, and X
T
 is the transpose of X: 

   

 
 
 
 
 
  

 
  
 

  
  
 

  

  
  
  

 
 
 
 
 

         

 
 
 
 
 
 
 
 
    

  
  
  

   
  

  
  

 

   
  

  
  

 
 
 
 
 
 
 
 
 

   [5] 

From these calculated regression parameters, the activation parameters were calculated 

according to the Eyring equation (Eqn. 6): 
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           [8] 

Here, R is the ideal gas constant, h is Planck’s constant, and kb is Boltzmann’s constant. 

The free energy of activation can then be calculated according to Eqn. 9: 

                [9] 

By propagation of error (Eqn. 1), the standard error in ΔH
‡
 and ΔS

‡
 are as follows: 
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                and                [10] 

However, as ΔG
‡
 depends on both regression parameters (b, m), the error in ΔG

‡
 must 

take into account the covariance (σmb) between these parameters.  

    
   

    

  
 

 

  
   

    

  
 

 

  
     

    

  
  

    

  
     

     
       

          
                 [11] 

The requisite  parameters for this equation were calculated for the weighted regression as 

follows: 

         
  

    

     
 
              [12] 

The results of these calculations vs. simple regression results are summarized in 

Table A1.1 and Figure A1.1.  
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Table A1.1. Comparative results of simple and weighted linear regression analysis of 

Eyring plot data for [3.9(
i
Pr)][GaCl4]2 in EtCN. Error limits indicated for 

ΔH
‡
 and ΔS

‡ 
are standard deviations, while error in ΔG

‡ 
is reported at the 

95% confidence level. Standard error in the simple regression was 

calculated based on the sum of the squared residuals. 

 ΔH
‡
 (kJ·mol

-1
) ΔS

‡
 (J·mol

-1
·K

-1
) ΔG

‡
 (kJ·mol

-1
) 

simple regression 50 ± 1.5 -7 ± 6 52.1 ± 0.5 

weighted regression 48 ± 4 -12 ± 16 52.1 ± 1.5 

 

Simple Regression

1/T

0.0033 0.0035 0.0037 0.0039 0.0041

ln
(k

/T
)

-2

-1

0

1

2

 

Weighted Regression

1/T

0.0033 0.0035 0.0037 0.0039 0.0041

ln
(k

/T
)

-2

-1

0

1

2

3

 

Figure A1.1. Comparison between the results of simple (unweighted) linear regression 

(left) and weighted regression (right) for the Eyring plot of the solution 

dynamics of [3.9(
i
Pr)][GaCl4]2 in EtCN. Note that the weighted regression 

line falls within the 95% confidence interval for the simple regression 

(dotted lines on both plots). 

Similar linear regression methods were used in the analysis of electrochemical data, 

where regression lines were instead weighted against standard deviations in each 

parameter as required.
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Appendix A2. Cremer-Pople Puckering Coordinates 

The full array of possible conformations of five-membered rings has already been 

depicted in terms of the Cremer-Pople puckering angle (υ) in Section 3.4, but a detailed 

treatise of six-membered rings is warranted with respect to the single example 

(2.7[OTf]2) in Section 2.4.3. 

According to Cremer and Pople, six-membered ring conformations can be precisely 

described in terms of three parameters: the puckering amplitude (Q), and a set of polar 

coordinates, the puckering angles (θ, υ).
130,272

 These define the extent of puckering of 

different atoms away from a well-defined average or mean plane. With five-membered 

rings, for a given puckering amplitude Q, the different conformations can be understood 

by pseudorotational changes that interconvert between various conformers outlined on a 

circle (Figure 3.4), with υ indicating where on this circle a specific conformer lies. As 

six-membered rings are described by two angles, they can be understood to define a 

spherical surface of possible conformations (Figure A2.1). 

The angle θ describes a latitudinal coordinate on this surface corresponding to the 

interconversion between chair (C, θ = 0° or 180°) and boat (B, θ = 90°) conformations. 

Intermediate between these at θ = 45° are the half-boat or envelope conformer (E), and 

the half-chair conformer (H). The angle υ describes the longitudinal coordinates of the 

surface corresponding to the interconversion between boat (B, υ = 60n°) and twist-boat 

(T, υ = [30 + 60n]°) configurations.  
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Figure A2.1. Cremer-Pople puckering angles (θ, υ) of six-membered rings. 

To clarify, envision a series of pseudorotations that might be mapped along the equator of 

this sphere (θ = 90°). As in Chapter 3, conventional shorthand notation will be used 

wherein superscript numerals indicate atoms above the plane of the ring and subscript 

numerals indicate atoms below the plane. Starting from υ = 0° and proceeding towards 

increasing values of υ, a six-membered ring of interest will traverse the following 

conformations, in sequence: 

1,4
B  

4
T2  B2,5  

6
T2  

3,6
B  

3
T1  B4,1  

2
T4  

2,5
B  

2
T6  B3,6 

1
T3  

1,4
B  

Similarly, traversing a longitudinal path at the meridian (υ = 0°), from the North to South 

poles of this model sphere, demonstrates the interconversion between opposing chair 

conformations via an envelope: 

4
C1  

4
E  

1,4
B  

1
E  

1
C4 
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Conversely, traversing a longitudinal path along υ = 30°, offers the same net 

interconversion, via a half-chair pathway: 

4
C1  

4
H5  

4
T2  

5
H4  

1
C4 

Thus, Cremer-Pople puckering angles specify not only the conformation of the ring as a 

whole, but also the specific atoms that are out-of-plane. Therefore, direct comparison of 

Cremer-Pople parameters between two rings, particularly if the rings are asymmetrically 

substituted, requires knowledge of the enumeration system used in the calculation.  
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