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1. Introduction 

Have a look ten to twenty years back in time; how did your mobile phone 
look, your computer, your camera? One thing is certain: technology has de-
veloped very rapidly during this short period of time. Mobile phones and 
computers have decreased in size while their performance has increased 
dramatically at the same time. The components inside electronic devices 
continuously decrease in size, and we are now reaching a point where the 
molecular level has to be approached in order to achieve further develop-
ments of our electronic devices. In some ways, we have already reached this 
point: for example, ensembles of molecules and polymers are now used as 
electroluminescent materials in organic light emitting diodes (OLEDs), 
which in turn are used in screens of mobile phones and cameras.1 On the 
other hand, there are still great challenges to be conquered on the single-
molecule level before the first stable device that is based on functional     
single-molecules will be produced and commercially available. During the 
last two decades, a vast amount of research has been devoted to organic elec-
tronics and molecular electronics, from both industry and academia. The 
term molecular electronics refers to fabrication of electronic components 
using single molecules or assemblies of molecules, whereas organic elec-
tronics are more focused on molecular and polymeric materials.2-3 The re-
search is well described by Tour and Reed who state that “The inexorable 
drive to produce smaller devices may leave technologist no choice but to 
migrate to a new form of electronics in which specially designed individual 
molecules replace transistors of today’s circuits”.4 It is, however, not only 
the drive to fabricate smaller electronic devices that makes the use of mole-
cules interesting. Chemical synthesis offers a bottom-up approach for the 
fabrication process and both physical and electronic properties of the mole-
cules can be tuned in the design.  

Such type of research demands collaborative efforts between chemists, 
physicist and engineers. While it is the task of chemists to develop novel 
molecules and polymers for certain applications, these efforts have to go 
hand-in-hand with advances in device fabrication that allow the incorpora-
tion of the molecules (physicists and engineers). The work of this thesis is 
focused on the first one of these tasks, i.e. the development of synthetic 
routes towards novel molecules for potential organic electronics applica-
tions, together with an investigation of their properties. 
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One of the first examples in the field of organic electronics was the use of 
iodine-doped polyacetylene, which functions as a semiconductor, and led to 
the Nobel prize for Heeger, MacDiarmid, and Shirakawa in 2000.5-6 The use 
of π-conjugated oligomers and polymers (i.e. compounds where the p-
orbitals are overlapping by for example alternating single and multiple 
bonds) has attracted great interest, and a large number of π-conjugated 
frameworks have since then been synthesized, not only for the use as semi-
conducting materials, but also as wires, diodes, switches, etc.2-3,7-10 For the 
creation of one-, two-, and three-dimensional molecular architectures, oligo- 
and poly(aryl)ethylenes and –acetylenes, which consist of ethylene-, acety-
lene- or arene entities, are especially attractive.2,7-9 Modifications of these 
systems have been achieved through inclusion of heteroatoms such as sulfur, 
nitrogen or phosphorus, in examples such as pyridines, thiophenes, and 
phospholes, respectively.2,10-22 Inclusion of heteroatoms leads to altered elec-
tronic properties of the molecules. In addition, chemical manipulations at the 
heteroatom offer the possibility to modify the optical and electronic proper-
ties of the system postsynthetically, i.e. after their actual preparation. 

As mentioned above, heteroatoms have been frequently included in polya-
romatic structures, such as thiophenes and phospholes, but there are almost 
no reports of heteroatom inclusion in oligoacetylenic systems. It was the 
objective of this work to change this shortcoming, to introduce phosphorus 
into oligoacetylenes, and to study the properties of the obtained molecular 
systems. In order for the phosphorus center to be a part of the π-system, the 
phosphaalkene motif was the natural choice.  The chemistry of classical  
carbon-based π-conjugated oligoacetylenes is well established and offers a 
large knowledge base for the assembly of oligomeric and polymeric struc-
tures.8-9 Large parts of the work described in this thesis thus deal with the 
incorporation of phosphaalkenes into diethynylethenes, creating diacetylenic 
phosphaalkenes. The thesis presents the first synthetic routes towards these 
novel π-conjugated systems. Theoretical, spectroscopic and electrochemical 
techniques have been used to understand key steps towards their synthetic 
realization, and to gain information on the conjugative properties of their π-
systems. Furthermore, the utilization of acetylenic phosphaalkenes for the 
preparation of phosphaalkene-substituted phospholes is presented, together 
with an exploratory study concerning the suitability of metathesis reactions 
for the preparation of alkene-bridged phosphaalkenes. 
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2. Background 

This chapter gives a short introduction to the three different classes of com-
pounds that this thesis is focused on: ethynylethenes, phosphaalkenes and 
phospholes. Reflecting the scope of this thesis, different synthetic routes 
towards their realization are presented. These routes offer the basis for the 
discussion of the reaction pathways in chapter 3, 6 and 8 that deal with syn-
thetic approaches to diacetylenic phosphaalkenes and the use of acetylenic 
phosphaalkenes as precursors for phosphole-phosphaalkenes. 

2.1 Ethynylethenes 
2.1.1 General 
Acetylene chemistry is a popular field today due to the versatility of the C≡C 
triple bond as a building block and useful synthon in a vast number of reac-
tions such as coupling reactions, cycloaddition and click chemistry.8,23  It is 
used not only within organic chemistry, but is also commonly found within 
material science as well as biology. This thesis will focus mainly on ethyny-
lethenes, i.e. compounds in which acetylenes are combined with an ethene 
motif. 

 
Figure 1. Three constitutional isomers of diethynylethenes (DEEs): (E)- and (Z)- 
hex-3-ene-1,5-diynes, and penta-3-enyl-1,4-diyne ((gem)-DEE), together with te-
traethynylethene (TEE) 3,4-diethynylhex-3-ene-1,5-diyne. 

Figure 1 shows three constitutional isomers (E, Z and gem) of diethynyle-
thenes (DEEs) together with a 3,4-diethynylhex-3-ene-1,5-diyne i.e. tetrae-
thynylethene (TEE).24 The possibility for the acetylene units to participate in 
a range of coupling reactions is useful for building up larger structures both 
in one, two and three dimensions. This is a good starting point for building 
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molecular wires, but also for creation of molecules of theoretical physical 
organic interest such as cyclic unsaturated compounds like  radialenes and 
annulenes.8 Available synthetic methodologies allow the attachment of arene 
substituents at the acetylene termini. Varying the electron-donating and          
-accepting properties of the arenes in TEE and their placement around the 
ethylene directs preferred conjugation pathways, which may lead to special 
properties of these compounds.24 There are three different conjugation path-
ways in the TEEs. Each of the pathways is represented in the smaller DEEs 
and are the trans- and cis-linear conjugation in (E)- and (Z)-DEEs, respec-
tively, and a cross-conjugative pathway in (gem)-DEE. The photoisomeriza-
tion of the TEEs also suggests their use as molecular switches.25  

It is not only within molecular materials that DEEs are potentially useful. 
A variety of research has also been performed on compounds including the 
(Z)-DEE unit. This unit is structurally important, since it is known to under-
go Bergman cyclization that finally leads to the formation of benzene analo-
gues, through benzene biradical intermediates (Scheme 1).26 

 
Scheme 1. Bergman cyclization of a (Z)-DEE. 

Owing to the high reactivity of the latter species, compounds including the 
(Z)-DEE unit have been shown to be promising antitumor agents both in 
vivo and in vitro studies.27 

2.1.2 Synthetic Routes to Ethynylethenes 
A number of synthetic routes are available to form DEEs and TEEs, a selec-
tion of which are given below (Scheme 2). One of the first routes to be pub-
lished was presented in 1963 and concerned the formation of a gem-DEE.28 
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Scheme 2. Synthetic routes to diethynylethenes (DEEs) and tetraethynylethenes 
(TEEs). 

Addition of a Grignard reagent to propargylic ketones gives rise to the cor-
responding alcohols (Scheme 2a), which are further dehydrated by the addi-
tion of meta-phosphoric acid.28 In a similar manner, two equivalents of li-
thium acetylide can be added to ethylacetate to form a propargylic alcohol. 
Heating in the presence of catalytic amounts of methanesulfonic acid results 
in dehydration to give the (gem)-DEE (Scheme 2b).29 One of the first exam-
ples of (E)- and (Z)-DEEs was published by Sondheimer in 1967, who re-
ported a mixture of the two product isomers obtained by elimination of tosy-
late from a hexa-1,5-diyne precursor (Scheme 2c).30 In addition, a second 
reaction pathway, which also proceeds via elimination, has been established 
(Scheme 2d).31-33 Bases used in these reactions are BuLi, LDA or LiHMDS. 
The first synthetic procedure for the preparation of TEEs, published in 1969, 
also relied on elimination reactions. Treatment of a propargylic bromide with 
base resulted in a mixture of TEE, triethynylethene and an (E)-DEE (Scheme 
2e).34 A few years later, pyrolysis of a lithiated tosylhydrazone afforded the 
three different ethynylethenes (Scheme 2f).35  Furthermore, elimination has 
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been achieved through addition of phenyllithitum to a 3,4-diethynylhexa-
1,5-diyne (Scheme 2g). LiH is eliminated in this reaction to form the central 
alkene.36  Finally, the orthoester of a 3,4-diethynyl-1,5-diyne-3,4-diol has 
been used as a starting material for formation of TEEs. To obtain the wanted 
product, the reaction has to be catalyzed by camphorsulfonic acid (CSA) at 
150 °C under reduced pressure (Scheme 2h).37 

 
Scheme 3. Cross-coupling routes for the formation of diethynylethenes (DEEs) and 
tetraethynylethenes (TEEs). 

A more modern approach to ethynylethenes relies on transition metal cata-
lyzed cross-coupling reactions. This methodology offers greater stereo- and 
regiochemical control than the previously mentioned routes. The first case 
presents Pd(0) or Ni(II) catalyzed cross-coupling reactions between an al-
kenyl halide and a terminal- or metal-acetylide to obtain (E)- and (Z)-DEEs 
(Scheme 3a).38-40 Similar conditions can be used for the formation of (gem)-
DEEs. One example is the Pd-catalyzed cross-coupling of a vinylic dibro-
mide with a terminal acetylene (Scheme 3b), while a vinyl triflate (Scheme 
3c) has also been used in this reaction.41-42 The starting material for TEEs 
can be both tetrachloroethene (Scheme 3d) or a vinylic dibromide (Scheme 
3e).43-44 Vinylic dibromides are conveniently accessible through dibromoole-
fination of corresponding ketones using the method established by Corey 
and Fuchs.45 Ethynylethenes are nowadays important precursors for the crea-
tion of extended molecular wires and potential switches.24,46 
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2.2 Phosphaalkenes 
2.2.1 General 
A phosphaalkene is an organophosphorus compound with the phosphorus 
heteroatom double-bonded to carbon. Phosphaalkenes have a coordination 
number of two with respect to the phosphorus, and the total number of bonds 
is three, i.e. σ2λ3. The similarity in electronegativity between phosphorus 
(2.1) and carbon (2.5), and their sometimes identical reactivity has given 
phosphorus the epithet “the carbon copy”.47  

 
Figure 2. Phosphaethylene (left) and ethylene (right). 

In the case of phosphaalkenes, the parallel to olefins is often drawn (Figure 
2). For example, they both undergo polymerizations, addition reactions and 
pericyclic reactions.47-48 Nevertheless, the P=C double bond is generally 
more reactive than the C=C bond, probably due to a difference in bond 
strength. Calculations have shown that the P=C bond strength is 22 kcal/mol 
lower than that of the C=C bond.49 The HOMO for phosphaethylene is esti-
mated to be -10.3 eV and corresponds to the π-bond, whereas the lone pair is 
slightly lower in energy at -10.7 eV. Although phosphorus is stated to be 
similar to carbon, the heteroatom offers a number of advantages when incor-
porated into π-conjugated systems. Even though there is a similarity in elec-
tronegativity between phosphorus and carbon, an intrinsic polarization of the 
molecule exists which establishes directionality in the molecules, offering a 
possibility for its function as a molecular rectifier. By using amino substitu-
ents on the P=C carbon, the polarization of the double bond can be reversed 
due to the electron donating character of the nitrogen.50 Modification of elec-
tronic properties can also be achieved through oxidation of the phosphorus 
heteroatom or by metal coordination to the phosphorus lone pair and/or the 
phosphaalkene bond.47-48,51 These possibilities offer great advantages com-
pared to the all-carbon based structures that are investigated today. Incorpo-
ration of phosphorus heteroatoms into π-conjugated structures alters the 
energies of their frontier molecular orbitals. In the case of phospholes, this 
has been referred to as a “doping effect”.11 The phosphaalkene motif has 
been utilized for the construction of both oligomeric and polymeric π-
conjugated materials, but also as ligands in catalysis.52 



 18 

2.2.2 Synthetic Routes to Phosphaalkenes 
In the 1960’s and 1970’s, the first examples of phosphaalkenes were re-
ported.47-48 At that time, they were a rarity. However the field developed, and 
today there is a wide range of synthetic routes to phosphaalkenes and reac-
tions thereof. A selection of synthetic routes is given in Scheme 4. The first 
example of a stable acyclic phosphaalkene was presented in 1976 by Becker 
(A).53 In this approach, an elimination of TMS-chloride, followed by a silyl-
shift gives rise to the phosphaalkene. In the same year, pyrolysis reactions of 
trifluoromethyl phosphine, dichloromethyl phosphine and dimethylphos-
phine were performed, and the corresponding phosphaalkenes were detected, 
however could not be isolated due to instability (B).54 

 
Scheme 4. Synthetic routes to phosphaalkenes. 

Two years later, a route was published wherein diphenylmethyllithium was 
added to a chlorophosphine (C).55 The phosphaalkene bond was established 
by a base-induced 1,2-elimination of HCl. In reactions which look similar on 
paper, haloforms (L=H) or a tetrahalomethane (L=X) react with a dichloro-
phosphine under basic conditions (D).56-58 However, it is not clear whether 
these reactions occur through an attack by a carbenoid intermediate or are 
the result of a pure elimination mechanism. The same reasoning is applied to 
the analogous reaction of a primary phosphine (E).57,59 Continuing with the 
reactions of primary phosphines, condensation reactions with aldehydes and 
ketones have also been performed (F). The reaction is catalyzed by 
BH3·Et2O and the phosphaalkene is formed by elimination of water.60 The 
next example of a condensation is the Phospha-Peterson reaction (G) which 
is the phosphorus-version of the Peterson olefination.61-63 A base-catalyzed 
version of this reaction has been presented, eliminating hexamethyldisilox-
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ane in a one-step procedure (H).61-62,64 A different strategy to phosphaalkenes 
involves phosphinidine-metal complexes, which are reacted with ketones or 
aldehydes (I).65-66 The second last example is an addition of a Grignard rea-
gent over a phosphaalkyne (J). The Grignard reagent of the phosphaalkene 
can be exchanged by tin or quenched by an aldehyde or alcohol to obtain the 
metal-free phosphaalkene.67-69 The last example in Scheme 4 is a thermal 
rearrangement of a vinyl phosphine to a phosphaalkene (K).70 This rear-
rangement has also been performed using base.71-72 

 
Scheme 5. Examples of Phospha-Wittig approaches. 

There are also a number of syntheses devoted to the Phospha-Wittig ap-
proach. The first was reported in 1988 by Mathey and, since then, simplified 
preparation of the Phospha-Wittig reagents have been developed.73-78 Two 
examples are given in Scheme 5. The reaction has been performed both in 
absence of metal complexing groups, or with groups such as tungsten-,   
molybdenum-, or chromium pentacarbonyl, and iron tetracarbonyl. 

2.3 Phospholes 
2.3.1 General  

A phosphole is an unsaturated five-membered heterocycle that contains a 
phosphorus heteroatom. There are three constitutional isomers of phos-
pholes; 1H-, 2H- and 3H-phospholes, as shown in Figure 3. This chapter will 
focus on the 1H-phospholes, which are the most commonly encountered 
phospholes in the literature.47-48 Even though it has been shown that 2H-
phospholes are lower in energy than 1H-phospholes, the high reactivity of 
the former phospholes has resulted in there only being a few isolated com-
pounds.48,79 Furthermore, to the best of my knowledge, there is only one 
known example of a 3H-phosphole, to date.80 Thus, for sake of simplicity, 
1H-phospholes will be referred to as phospholes in the following chapters.  
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Figure 3. Possible constitutional isomers of phospholes. 

Phospholes are perhaps the most frequently employed building blocks within 
phosphorus chemistry for the creation of π-conjugated materials.12-13,81 Inte-
restingly, this is not due to the high aromaticity of the phosphole ring, but 
rather the opposite. The phosphole ring has a low aromaticity, caused by the 
pyramidalization of the phosphorus heteroatom and the high degree of s-
character of the lone pair. The aromaticity of the heterole stems from a 
hyperconjugation of the exocyclic P-R bond and the diene moiety.47-48 The 
pyramidalization also leads to a quite preserved reactivity of the phosphorus 
heteroatom as a somewhat isolated unit. The phosphorus center is thus an 
excellent handle for synthetic manipulations that alter the electronic and 
optical properties of the π-conjugated system. Examples of such modifica-
tions are oxidations, metal coordination and reactions with different Lewis 
acids.12-13,47-48,81-82 The importance of such modifications and their influence 
on the adjacent moieties can be seen in various systems where the emissive 
properties are different depending on the phosphole modifications.12-13,81 

2.3.2 Synthetic Routes to Phospholes  
This chapter will focus on a selection of synthetic routes towards phos-
pholes. Subsequent reactions of already assembled phospholes will not be 
discussed here. 

One of the earlier examples of phosphole preparations by Märkl et al. in 
1967 described the condensation of a primary phosphine with butadiynes, 
resulting in 1,2,5-trisubstituted phospholes (Scheme 6a).83 Another method 
for the formation of the phosphole ring is through a ring transformation reac-
tion from a halophospholenium ion, which is either induced by heat or 
base.84-87 Three ways to form such a halophospholenium ion are shown in 
Scheme 6b-d, the first of which is the so-called McCormack reaction.86 The 
halophospholenium ion route has recently been employed by Mathey and 
Réau to afford phospholes as starting materials for 2,2’-biphospholes.88  
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Scheme 6. Condensation reaction of a butadiyne with a primary phosphine (a), and 
ring transformation reactions (b-d) for the formation of the phosphole ring. 

Lithium derivatives of butadienes are appealing starting materials for crea-
tion of the phosphole ring. The earliest examples of such reactions feature 
phenylacetylides that are reacted with PhPCl2 (Scheme 7a).89-90 It is also 
possible to quench the lithium derivative with iodine and then react the af-
forded 1,4-diiodo-butadiene with PhPNa2 to form the phosphole (Scheme 
7b).91 The reaction of a 1,4-dichlorobuta-1,3-diene with a di-lithiated phos-
phine yields the desired phospholes in the same manner (Scheme 7c).92 Li-
thium derivatives are also popular for preparing benzophospholes (Scheme 
7d). The reaction is very versatile and a variety of different benzannelated 
phospholes have been formed using this type of reaction.12,81,93 Recent ex-
amples of the use of this synthetic route have been published by the groups 
of Baumgartner94-95, Matano96 and Lammertsma.97  
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Scheme 7. Preparation of phospholes by the use of various lithium derivatives. 

Synthetic routes to phospholes based on the use of metallacycles are shown 
in Scheme 8a-c. The first example was established by Matano et al., and 
features a low-valent titanium reagent which is formed from Ti(Oi-Pr)4 and 2 
equivalents of i-PrMgCl. This species undergoes cycloaddition with diynes 
to form metallacycles which are then transformed to phospholes by subse-
quent treatment with PhPCl2.98-100 This route has been applied to synthesize 
acetylene-substituted phospholes, for example.20,101 

 In a related method, low-valent zirconium species have been used to 
form a corresponding zirconium metallacycle which yield phospholes upon 
treatment with phosphonous dihalides.102-103 The route is very versatile, as 
been shown by Réau et al. when preparing phospholes with both electron-
rich and electron-poor substituents in the 2,5-positions and various substitu-
ents at the 3,4-positions.16,104-107 In addition, a variation of this route that 
utilizes Cp2Zr(DMAP)2 has been presented, in which it’s possible to intro-
duce the two acetylene precursors in a stepwise fashion.108 

It is also possible to insert terminal alkynes into phosphirene complexes 
(Scheme 8d). The reaction is mediated by a catalytic amount of Pd(PPh3)4.109 
The last example (Scheme 8e) was published recently and utilizes a carbora-
tion sequence to make boryl-substitued phospholes.110 The boryl-substitued 
phosphole can then be subjected to Suzuki-Miuyara cross-couplings and the 
boron substituent exchanged for a phenyl group. 
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Scheme 8. Metallacycle-based synthetic routes to phospholes (a)-(c), alkyne-
insertion route (d) and formation of a phosphole through a carboration process (e). 

2.4 Combining Phosphorus- and Acetylene Chemistry 
2.4.1 Phosphapericyclynes 
Phosphorus heteroatoms have previously been combined with acetylenic 
systems in phosphapericyclynes (Figure 4a,b) and oligomers thereof (Figure 
4c).111-114 In the case of a putative three-dimensional molecular cage struc-
ture consisting of triethynylphosphine building blocks, calculations have 
shown that the incorporation of a phosphorus heteroatom results in a reduced 
HOMO-LUMO gap compared to that of the all-carbon analogues.  

 
Figure 4. Examples of phosphapericyclynes (a), (b) and oligomer (c). 
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There are also numerous examples in which ethynyldiphosphines have been 
utilized for coordination to metal fragments such as ruthenium, platinum, 
silver and gold to form different supramolecular geometries.12,82  

2.4.2 Mono-Acetylenic Phosphaalkenes
Only a few examples of acetylenic phosphaalkenes are to be found in the 
literature. An interesting example is the P-monoacetylenic phosphaalkene 
reported by Appel in 1984 (Scheme 9a).115 The acetylenic phosphaalkene is 
prepared from a chlorophosphaalkene upon treatment with an acetylene con-
taining Grignard reagent. C-monoacetylenic phosphaalkenes (Scheme 9b) 
can be formed from Grignard reagents under Pd(0) catalysis in a similar 
way.116  

 
Scheme 9. Synthetic routes to monoacetylenic phosphaalkenes.

2.4.3 Acetylene-Substituted Phospholes 
Apart from acetylenic phosphaalkenes, acetylenes have also been combined 
with other unsaturated, phosphorous-containing species, such as phospholes. 
One of the earlier examples by Mathey is a phosphole macrocycle in which 
two phospholes are linked by an acetylene unit (Scheme 10a).117 

Scheme 10. Examples of structures containing phosphole- and acetylene units. 
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Less elaborate structures with acetylenes in the 1-position of the phospholes 
exist as both monomeric and dimeric structures.118-119 There are also exam-
ples of phospholes with acetylenes in one or both of the 2,5-positions 
(Scheme 10c). The monoacetylenic substituted phosphole can undergo ho-
mocoupling reactions to give the butadiyne-bridged phosphole in Scheme 
10d.20 The optical properties of the phosphole in Scheme 10c is clearly in-
fluenced by the remote substituents R. Depending on whether R is a phenyl-, 
4-nitrophenyl- or a 4-dimethylaminophenyl group, the longest wavelength 
absorption maximum changes from 398 nm to 429 and 441 nm, respectively. 
The introduction of acetylene moieties into phospholes is also important for 
the possibility of building up linear π-conjugated systems. Scheme 10e is 
such an example in which the acetylenes have been used as bridging units 
for the preparation of phosphole-containing π-conjugated polymers.120  
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3. Synthesis of Acetylenic Phosphaalkenes 

This chapter describes the first synthesis of diacetylenic phosphaalkenes. An 
exploration of the synthetic pathway is presented and a mechanism for the 
formation of the diacetylenic phosphaalkenes is proposed.  

 
3.1 Synthetic Strategies 
The introduction of phosphaalkenes into oligoacetylene frameworks de-
mands the development of synthetic approaches towards acetylenic phos-
phaalkene building blocks from which larger architectures can be assembled. 
Four different structures can be envisaged for this purpose (Figure 5): two 
acetylenes can be connected to the carbon as in a C,C-diacetylenic phos-
phaalkene (C,C-A2PA), one acetylene at the phosphorus and one at the car-
bon atom gives rise to cis- and trans-P,C-diacetylenic phosphaalkenes (P,C-
A2PA), while three acetylenes connected to the phosphaalkene bond result in 
triacetylenic phosphaalkenes (A3PA).  

 
Figure 5. Conceivable acetylenic phosphaalkenes 

When planning a synthetic strategy for the APAs, it is important to con-
sider the stability of the phosphaalkene moiety. Sufficient stability is neces-
sary to prevent oligo- and polymerization of the P=C double bond or reac-
tions towards small molecules. This can be achieved through thermodynamic 
or kinetic stabilization, as pointed out in a review by Yoshifuji.121 Thermo-
dynamic stabilization often involves electron delocalization, usually through 
incorporation of the P=C bond into a conjugated framework.121-122 Coordina-
tion of metal fragments to phosphaalkenes also results in increased 
stability.51 Kinetic stabilization of phosphaalkenes is achieved by steric pro-
tection of the phosphaalkene bond by attaching a bulky substituent to the 
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phosphorus heteroatom.121 A variety of groups have been used for this pur-
pose, however, the most popular is the 2,4,6-tri-tert-butyl group, or as it is 
called, the “super mesityl” group (Mes*). Exchanging the tert-butyl groups 
for the smaller tri-iso-propyl groups leads to a dramatic decrease in stability.  

As one can deduce from Figure 5, the P,C-A2PAs and A3PA will demand 
stabilization, either through delocalization or metal coordination. While all 
P,C-di- and triacetylenic phosphaalkenes are great synthetic challenges, C,C-
A2PAs were identified as first synthetic targets of the series, as they offer the 
possibility to attach a bulky group suitable for kinetic stabilization directly to 
the phosphorus heteroatom. Having identified the target structure, the syn-
thetic strategy had to be devised. Previous work on the synthesis of mono-
acetylenic phosphaalkenes (Section 2.4.2) suggests the reaction of C,C-
dibromophosphaethene with two equivalents of ethynylmagnesium bromide 
under Pd-catalysis. This is also one of the common methods that is utilized 
for the formation of DEEs and TEEs (Section 2.1.2)  However, exposing 
C,C-dibromo-phosphaethene to Pd-coupling reactions results in the forma-
tion of a phosphaalkyne.116 As described in Section 2.2.2, there are numerous 
procedures to form the P=C double bond starting from a phosphonous dich-
loride or a primary phosphine, and reacting either of those precursors with a 
halogenated substrate. Similar elimination routes can be found for the all-
carbon-based ethynylethenes (Section 2.1.2), and such a strategy was thus 
deemed promising for the approach to C,C-A2PAs. A second feasible route 
that shows similarities within both phosphaalkene- and ethylene-chemistry is 
the use of Wittig-type reactions such as the first step in Scheme 3e, Section 
2.1.2 to form a gem-DEE or the phospha-Wittig approaches in Scheme 5, 
Section 2.2.2. Nevertheless, the choice fell on the elimination routes which 
were thus investigated for their suitability to construct C,C-A2PAs. 

 
Scheme 11. Retrosynthetic approach to C,C-diacetylenic phosphaalkenes. 

Settling for the strategy in which the P=C double bond is established in the 
last step of the sequence, the following retrosynthetic analysis (Scheme 11) 
was envisaged: C,C-diacetylenic phosphaalkenes may be accessible from a 
propargylic chloride in a condensation with Mes*PCl2. Elimination of either 
lithium chloride or HCl, both promoted by a base such as BuLi or LDA, can 
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be used in the reaction. Alternatively, the propargyl chloride could potential-
ly even be converted to its Grignard reagent which can then be added to 
Mes*PCl2, followed by a base-induced elimination of HCl. The propargylic 
chloride can be obtained by chlorination of the propargylic alcohol. The 
alcohol is formed by a reaction between an alkyl ester of formic acid and 
two equivalents of the acetylene. The use of silyl-substituents as R-groups 
allows for future deprotection of the acetylene termini and warrants access to 
subsequent chemistry. 

3.2 Synthesis of Propargylic Chlorides and    
Chloroallenes 
The synthesis of propargylic alcohols 1a-f is based on a literature procedure, 
in which two equivalents of acetylene are treated with n-BuLi at -78 °C for 
30 minutes, after which ethyl formate is added, and the reaction is allowed to 
reach -20 °C, over two hours (Scheme 12).123 Both the reaction time and 
temperature are crucial. Shorter reaction times result in monoaddition, to 
yield the aldehyde, and longer reaction times or higher temperatures induce 
an ynol-to-enone rearrangement.124 

 
 

Scheme 12. Synthesis of propargylic alcohol 1 and allenic- and propargylic chlo-
rides 2 and 3. (i) (1) n-BuLi, -30 °C; (2) ethyl formate,-78 °C to -30 °C, 2 h, 1a 
(54%), 1b (66%), 1c (76%), 1d (73%), 1e (75%), 1f (16%); (ii) SOCl2, Et2O or 
CH2Cl2, rt, 12 h or reflux 2 h, 3a (82%), 3b (84%), 3c (66%), 3d (71%) 3f (58%); 
(iii) SOCl2, Et2O, 2 drops of DMF, 2 h, 3d (31%), 2d (53%). 

To access the propargylic chlorides, alcohols 1a-f are treated with SOCl2 in 
Et2O. In addition to the expected propargylic chlorides 3, side products are 
formed during these reactions that are identified as chloroallenes 2. The 
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chloromethyl protons of 3a-d resonate as singlets in the 1H-NMR spectra 
between 5.22 and 5.28 ppm. For phenyl-substituted 3e the corresponding 
signal is observed at 5.78 ppm. Chloroallenes 2b-d exhibit a similar singlet 
in the same region, however shifted downfield by ∆δ = 0.2 ppm compared to 
that of 3a-d. The characteristic signal in the 13C-NMR of the allene carbon of 
2b-d is visible around δ = 210 ppm.  

Depending on the substituents R1/R2, different ratios of the propargylic to 
the allenic chloride are obtained. With the most bulky silyl group, R = 
(iPr)3Si, only 3a can be isolated, but with the least bulky group, R = SiMe3, a 
significant amount of allene 2d is formed. Whereas chloroallene 2d can be 
separated from 3d by column chromatography, the separation of 2b,c from 
3b,c was unsuccessful. In the case of 2-3d, the formation of 2d can be pro-
moted by addition of catalytic amounts of DMF to the reaction mixture. By 
this method, 2d is isolated as the major product. It should also be noted that 
the reaction is solvent dependent as formation of 3d is promoted by the use 
of CH2Cl2.  

It is important to utilize chloroallene 2d directly after preparation since its 
stability is limited. Leaving a mixture of chloroallene 2d and propargylic 
chloride 3d in the freezer for two months, or at room temperature for two 
weeks, results in the formation of white crystals. 1H-NMR analysis shows 
that the propargylic chloride has remained unchanged, but the signals for the 
majority of the chloroallene have disappeared. The 13C-NMR spectrum of 
the newly formed white crystals shows the absence of the characteristic sig-
nal for the allenic carbon at 212.0 ppm. In the 1H-NMR, the signal for the 
alkene proton has shifted upfield from 5.55 ppm to 3.70 ppm, indicating a 
major change of the electronic environment. However, both 1H-NMR and 
13C-NMR show equal number of signals for both chloroallene 2d and the 
white crystals. It is known that allenes undergo dimerization.125-129 Miller et 
al. have shown that 3-chloro-5-(3,3-dimethylbut-1-ynyl)-2,2,8,8-
tetramethylnona-3,4-dien-6-yne, a chloroallene similar to 2d, readily under-
goes dimerization to give a single dimeric chloride in a head-to-tail dimeri-
zation.130 Together with the fact that the number of 1H-NMR and 13C-NMR 
signals is the same in chloroallene 2d and the white crystals, dimerization 
was considered an option. Dimerization would however not have occurred in 
a head-to-tail fashion (due to the number of NMR signals), but rather in a 
head-to-head fashion. The latter can occur in a reaction either between the 
the internal or external double bonds of the two allenes. 1H-NMR suggest 
dimerization through the internal double bond of the allene due to the large 
upfield shift of the former alkene portion of 2d. Indeed, X-ray crystallogra-
phy reveals that an internal dimerization has occurred. The white crystals 
could be identified as compound 4 (Scheme 13, Figure 6). 
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Scheme 13. Dimerization of chloroallene 2d to dimeric 4. 

In the crystal structure, the cyclobutane ring adopts a puckered conforma-
tion. The trans position of both trimethylsilyl groups effectively reduces 
steric repulsion. The bond lengths of the alkenes and the alkynes are within 
the expected range. 

                     

 
Figure 6.  ORTEP drawing (at 30% probability level) of 4. Hydrogen atoms and 
disorder in the methyl groups are omitted for clarity. Chloride atoms and silicon 
atoms are depicted in turquoise and pink, respectively. Selected bond lengths (Å) 
and angles (deg). C1-C2 1.528(9), C2-C3 1.572(9), C3-C4 1.537(9), C1-C4 
1.484(9), C1-C5 1.351(9), C4-C19 1.350(9), C14-C15 1.215(10), C9-C10 1.204(10). 
Angles C1-C2-C3 88.3(5), C2-C3-C4 86.5(5), C1-C4-C3 91.3(5), C2-C1-C4 
90.0(5). 

3.3 Synthesis of Acetylenic Phosphaalkenes 
 
According to the initial strategy, purified 3a,d-f were reacted with Mes*PCl2 
in the presence of LDA at -78 °C (Paper I). To our great surprise, an isome-
rization of the acetylene framework occurs under these conditions, and in-
stead of C,C-diacetylenic phosphaalkenes 5d-f, butadiyne-substituted phos-
phaalkenes 6d-f are obtained (Scheme 14). The only exception is the reac-
tion of 3a that features bulky (iPr)3Si groups which gives exclusively 5a. 
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Disappointed by the initial strategy, attention was turned to the reactivity of 
chloroallene 2d (Paper II). The allene gives rise to C,C-diacetylenic phos-
phaalkene 5d when exposed to the same reaction conditions as 3d. Using the 
inseparable mixtures of 2,3b and 2,3c in the LDA-promoted reaction with 
Mes*PCl2 resulted in a mixture of phosphaalkenes 5,6b and 5,6c which 
roughly reflect the ratio between the propargylic chloride 2b/c to chloroal-
lene 3b/c starting materials. For phenyl-substituted 3e,f only the propargylic 
chloride was observed, and the subsequent reaction with Mes*PCl2 affords 
exclusively butadiyne-substituted phosphaalkenes 6e,f. In later works, it was 
discovered that 3f undergoes a silica-promoted rearrangement to the corres-
ponding chloroallene.131 The general trend for these reactions seems to be 
that chloroallenes 2 give rise to C,C-diacetylenic phosphaalkenes 5, while 
propargylic chlorides 3 result in the formation of butadiyne-substituted 
phosphaalkene 6.  One exception can, however, be noted: triisopropylsilyl-
substituted 3a yields A2PA 5a.  

 
 
Scheme 14. (i) Mes*PCl2, LDA, THF, 2 h, -100 ° to -20 °C, 5a (40%) from 3a, 5b
(11%) and 6b (32%) from a mixture of 3b and 2b (ca. 5:1), 5c (12%) and 6c (32%) 
from a mixture of 3c and 2c (ca. 5:1), 5d (59%) from neat 2d, 6d (57%) from neat 
3d, 2e (48%) over two steps from 1e, 6f (52%) from 3f. 

Isomers 5 and 6 can clearly be distinguished by their 13C-NMR chemical 
shifts. Isomer 5 shows a characteristic doublet at ca. δ=160 ppm correspond-
ing to the P=C carbon, whereas for isomer 5, the P=C carbon is shifted up-
field to ca. δ=140 ppm. Figure 7 shows the crystal structure of 5b (Appendix 
1). Both the P-C, P=C and C≡C bonds lie within the expected range. One 
can also see that the P=C and C≡C moieties lie within one plane, indicating 
considerable π-conjugation between these units, whereas the Mes* is almost 
perpendicular to the remaining π-system. 
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Figure 7. ORTEP drawing (at 30% probability level) of 5b. Hydrogen atoms and 
disorder in the alkyl groups are omitted for clarity. Phosphorus and silicon atoms are 
depicted in orange and pink, respectively. Selected bond lengths (Å) and angles 
(deg). P1-C19 1.693(3), P1-C1 1.843(3), C19-C20 1.433(4), C20-C21 1.206(4), 
C19-C28 1.428(4), C28-C29 1.201(4), C1-P1-C19 103.98(13), P1-C19-
C20 115.3(2), P1-C19-C28 127.0(2), C20-C19-C28 117.7(3). Dihedral angle C1-P1-
C19-C20 176.0(3). 

3.4 Mechanistic Proposal for Formation of Acetylenic 
Phosphaalkenes 
To rationalize the reactivity of chlorides 2 and 3, the following mechanism 
was proposed (Scheme 15). In both cases (upper and lower part of Scheme 
15) the reaction starts with the abstraction of the relatively acidic proton in 2 
and 3 by LDA. Propargyl lithium species have been reported to be in equili-
brium with allenyl lithium species.132-133 In the prescence of silyl-
substituents, this equilibrium is shifted to the allenyl-lithium side. In analogy 
to these reports, an equilibrium between 3-P and 3-A is postulated. To 
strengthen this hypothesis, an experiment was performed in which LDA was 
added to 3d in THF at -78 °C. The formed organo-lithium species was sub-
sequently quenched by an aqueous solution of NH4Cl. The 13C-NMR spec-
trum of the crude reaction mixture displayed a characteristic signal at δ = 
211 ppm for the allenic carbon together with four signals between 110 and 
90 ppm, indicating that an allene is indeed formed upon addition of LDA to 
3. 
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Scheme 15. Mechanistic proposal for formation of C,C-diacetylenic phosphaalkenes 
5 and butadiyne-substituted phosphaalkenes 6. 

Regioisomers 2-A and 3-A nucleophilically attack Mes*PCl2 in the second 
step of the proposed mechanism to establish the P-C single bond. A second 
equivalent of LDA induces a lithium-halogen exchange, giving rise to alle-
nylithium isomers 5LiCl and 6LiCl. Elimination of LiCl from these two 
species establishes the P=C double bond. In the case of 5LiCl, the steric 
repulsion between the Mes* and R2 is minimized when the butadiyne system 
is cis to the Mes*, and consequently, only this isomer is formed as the major 
product. The mechanism can also rationalize the stereochemistry in 6f, 
wherein less steric hindrance is achieved by having the phenyl group trans to 
Mes*, and the bulkier TMS group at the butadiyne terminus. 

3.5 Alternative Synthetic Route to Acetylenic 
Phosphaalkenes 

 
When it was first discovered that propargylic chloride 3d gives rise to 

butadiyne-substituted phosphaalkene 5d, alternative ways for the formation 
of the P=C bond were explored, one of which is presented in Scheme 16. 
Since the activity of the chloride was not sufficient to allow for the 
formation of the Grignard reagent, propargylic alcohol 1d was instead 
brominated to render a more reactive starting material.32 Propargylic 
bromide 7 was added dropwise to a suspension of commerically available 
Rieke Mg in THF. The formed reagent was transferred to a solution of 
Mes*PCl2 in THF at 0 °C. After stirring at room temperature, DABCO was 
added to facilitate dehydrochlorination and the formation of the  P=C double 
bond (Appendix 2). 
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Scheme 16. Synthetic route to C,C-diacetylenic phosphaalkenes via Grignard reac-
tions. (i) Br2, PPh3, CH2Cl2, 2h, 7 (71%); (ii) Rieke-Mg, THF; (iii) 1.) Mes*PCl2, 0 
°C to r.t.; 2.) DABCO, 14 h, 5d (23%).  

This procedure yielded A2PA 5d in 23 % yield, with diphosphene, 
Mes*P=PMes*, being one of the major side products.134 In analogy to the 
equilibrium between propargyl- and allenyl lithium species described in 
Section 3.4132-133 it has also been established that the equilibrium between 
allenic- and acetylenic magnesium halides can lie on the allene side.135 Inte-
restingly, no butadiyne-substituted phosphaalkene 6d that would stem from 
such an allenic magnesium bromide could be detected in this particular case. 

In another set of experiments, bromide 7 was employed instead of chlo-
ride 3d under the reaction conditions described in Scheme 14. The isolated 
yield of 6d was, however, significantly lower than that for the corresponding 
chloride, presumably due to the higher reactivity of 7 that leads to a larger 
extent of oligo- and polymerization. 
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4. Reactions of Acetylenic Phosphaalkenes 

This chapter focuses on the reactivity of C,C-diacetylenic phosphaalkenes, 
mainly in different coupling reactions. The results illustrate how seemingly 
similar acetylenic phosphaalkenes behave very differently under very similar 
reaction conditions. A first study of the coordination chemistry of one of the 
C,C-diacetyenic phosphaalkenes is presented. 

 
4.1 Coupling Reactions of Butadiyne-substituted 
Acetylenic Phosphaalkenes 
The first attempts to perform cross-coupling reactions of the acetylenic 
phosphaalkenes were made on butadiyne-substituted APA 6f (Scheme 17). 
APA 6f was dissolved in THF/MeOH/Et3N together with 4-iodonitrobenzene 
or 4-iodo-N,N-dimethylaniline. Pd(PPh3)2Cl2 or Pd(PPh3)4, CuI and K2CO3 
was added to induce in-situ deprotection of the TMS-group and                      
Sonogashira-Hagihara coupling to yield 6g,h. 

 
Scheme 17. Sonogashira-Hagihara coupling of 6f. (i) K2CO3, Pd(PPh3)2Cl2 or 
Pd(PPh3)4, CuI, Et3N, THF, MeOH, 3-4 h, 50 °C. 6g (68 %), 6h (59 %). 

It was also possible to perform the oxidative acetylene homocoupling of 6f 
(Scheme 18). In-situ protodesilylation using excess K2CO3 gives rise to the 
terminal butadiyne which can be exposed to the classical Eglington condi-
tions (Cu(OAc)2 in MeOH and pyridine) to afford octatetrayne 8 in good 
yield. 
  



 36 

Scheme 18. Eglington coupling of 6f. (i) K2CO3, Cu(OAc)2, MeOH, pyridine, 1 h, 20 
°C. 8 (67 %). 

4.2 Protodesilylation Study of bis-TMS C,C-
Diacetylenic Phosphaalkene 
Prior to any cross-coupling reactions of bis-TMS-protected A2PA 5d, we 
decided to investigate the protodesilylation behavior of its two acetylene 
termini. Thus, 5d was dissolved in THF and a slurry of K2CO3 in MeOH was 
added. The deprotection was followed by 31P-{1H}-NMR with benzene-d6 as 
an external standard (Scheme 19). The signal for 5d at 346.1 ppm disappears 
within three hours, and two new signals appear at 344.5 ppm and 342.8 ppm. 
After an extended period of time, only the signal at 342.8 ppm remains. The 
signal at 344.5 ppm is attributed to the compound with one deprotected ace-
tylene terminus, while the signal at 342.8 ppm stems from compound 5j 
which features two deprotected acetylenes. 

 
Scheme 19. Deprotection of 5d. (i) K2CO3, MeOH, THF, 5j (24 %). 
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Figure 8. Deprotection of 5d, followed by 31P-{1H}-NMR. 

 

Bis-deprotected 5j is isolatable using similar reaction conditions as in the 
31P-{1H}-NMR experiment. The 1H-NMR of 5j shows two diagnostic signals 
for the acetylene protons at 3.57 and 3.18 ppm with 4JPH coupling constants 
of 11.9 and 8.6 Hz, respectively. The coupling constant of the proton at the 
acetylene terminus cis to Mes* is 4JPH = 8.6 Hz, while that of the trans pro-
ton is 4JPH = 11.9 Hz. This assignment was made on the basis of the coupling 
constant that is observed for the protodesilylation product of 5f (see Section 
4.3). The experiment depicted in Scheme 19 and Figure 8 also proves that 
the first deprotection occurs selectively at one of the two acetylenes, since no 
additional signal that would arise from the other mono-deprotected isomer 
could be detected in the 31P-{1H}-NMR. The stereochemistry of 5i was es-
tablished through subsequent Sonogashira-Hagihara cross-coupling reactions 
(Section 4.3), and can be assigned to the isomer where the TMS group is (Z) 
to Mes*. We believe to have found the reason for the selectivity of the desi-
lylation in the steric hindrance from the Mes* group, which probably ham-
pers the desilylation of the (Z)-acetylene termini. 

5d 5i 5j 
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4.3 Sonogashira-Hagihara Cross-Coupling of bis-TMS 
C,C-Diacetylenic Phosphaalkenes 
In the first attempts to perform Sonogashira-Hagihara cross-coupling reac-
tions on A2PAs, 5d was dissolved in THF/MeOH together with iodobenzene, 
K2CO3, Pd(PPh3)2Cl2 and CuI. Stirring overnight yielded (Z)-A2PA 5f as the 
major product (Scheme 20, alternative 1).  

 
 

Scheme 20. Alternative 1: (i) 5f: iodobenzene, K2CO3, CuI, Pd(PPh3)2Cl2, 2:3 
MeOH:THF, r.t, o.n. 27 %  5k: iodobenzene, K2CO3, CuI, Pd(PPh3)2Cl2, 9:1 
MeOH:THF, r.t, 6 h, 27 % .  (ii) For compound 5e: 5f, iodobenzene, K2CO3, CuI, 
Pd(PPh3)2Cl2, 2:3 MeOH:THF, rt, o.n, 37 %. Alternative 2: (i) 5f: iodobenzene, 
CuCl, Pd(PPh3)2Cl2, DIPEA, DMF, THF, 35 °C, 1.5 h, 35 %. 5l: 1-iodo-4-nitro-
benzene, CuCl, Pd(PPh3)2Cl2, DIPEA, DMF, THF, 35 °C, 0.5 h, 41 %. (ii) For com-
pound 5e: 5f, iodobenzene, CuCl, Pd(PPh3)2Cl2, DIPEA, DMF, THF, 35 °C, 6 h, 29 
%. For compound 5m: 5l, 1-iodo-4-nitro-benzene, CuCl, Pd(PPh3)2Cl2, DIPEA, 
DMF, THF, 40 °C, 6 h, 32 %. 

The stereochemistry of 5f could be established by comparing the analytical 
data of 5f with those of an authentic sample that was previously prepared in 
the group by a different procedure.131 The stereochemistry of 5f also clarifies 
the stereochemistry of the mono-deprotected product 5i (Scheme 19 and 
Figure 8) to be the (Z)-isomer. Compound 5f is transformed to bis-phenyl 
A2PA 5e utilizing the same reaction conditions, albeit under prolonged reac-
tion time.  

The deprotection rate is highly dependent on the MeOH:THF ratio, which 
can be seen from the reaction conditions that lead to the formation of 5f and 
5k. The larger MeOH ratio during the preparation of 5k increases the solu-
bility, and thus the concentration of K2CO3 which, in turn, accelerates the 
desilylation rate, resulting in global desilylation within six hours. Lower 
MeOH content leads to lower K2CO3 concentrations, and only one TMS-
group is deprotected in 5f, even though the reaction is run overnight. The 
acetylene proton in 5k couples to the P atom by 4JPH = 8.5 Hz indicating a 
large degree of communication through the conjugated system.   

During all reactions that utilize K2CO3 as desilylation agent (referred to as 
“alternative 1” procedures in Scheme 20), a side product with a 31P-{1H}-
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NMR chemical shift around 110 ppm is regularly observed. By exposing 5d 
only to K2CO3, excluding the coupling reagents, the species with a 31P-{1H}-
NMR chemical shift at 110 ppm can be produced selectively. 

 
 

Scheme 21. (i) K2CO3, 2:3 MeOH:THF, r.t. 6h, 27%. 

Its 1H-NMR spectrum shows the absence of any TMS-groups in consistence 
with complete deprotection. A doublet that integrates to three protons rela-
tive to the two Mes* protons is present at 3.82 ppm, indicating that MeOH 
has added to the π-system. The 13C-NMR shows a characteristic signal of an 
allene carbon at 211.5 ppm, and the addition of MeOH is therefore con-
cluded to occur in a 1,4-fashion to afford allene 9 (Scheme 21). 

An alternative route for the Sonogashira coupling was investigated that 
omits basic conditions that lead to the formation of 9 (Scheme 20, alternative 
2). We decided to employ a one-pot reaction, where desilylation is achieved 
by CuCl in a mixture of DMF and THF. Pd(PPh3)2Cl2 is used as catalyst, and 
N,N-diisopropylethylamine (DIPEA) as base. The route is based on a proto-
col by Hiayama et al. and has been utilized for heterocouplings between 
alkynylsilanes and aryl halides using Pd(PPh3)4 and CuCl in DMF.136 Keep-
ing the reaction times short and temperatures low, selectivity for only one 
isomer is obtained. For the formation of phenyl-substituted A2PA (Z)-5f, the 
reaction time has to be shorter than two hours (typically 1.5 hours), whereas 
para-nitrophenyl-substituted A2PA (Z)-5l is obtained when the reaction mix-
ture is quenched already after 30 to 45 minutes. A second coupling to give 
bis-arene substituted A2PA 5e and 5m can be achieved by prolonging the 
reaction times. Again, the steric bulk of the Mes* group probably slows 
down the rate of deprotection as well as the rate of coupling. 

4.4 Isomerization Behaviour of Arene-substituted C,C-
Diacetylenic Phosphaalkene 
Extending the reaction times in the cross-coupling reactions discussed in 
section 4.3 gives rise to an isomeric product mixture in the case of 5l. An 
isomerization was also observed, in attempts to synthesize unsymmetrical 
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Ph/NO2Ph substituted A2PAs: exposing isomerically pure (Z)-5f to the 
coupling conditions (alternative 2, Scheme 20) gives rise to two new signals 
in the 31P-{1H}-NMR at 343.8 and 344.4 ppm, together with unreacted start-
ing material. The two products were assigned to two isomers, each contain-
ing one phenyl- and one para-nitrophenyl substituent. These signals can only 
be explained by the occurrence of an isomerization under the reaction condi-
tions. It is not possible to deduce from the experiment whether it is (Z)-5f, 
the Cu(I)acetylide of (Z)-5f, or the final bis-aryl-substituted product that 
isomerizes. We were therefore interested in investigating the mechanistic 
questions arising from these observations; does isomerization already occur 
for (Z)-5f, or (Z)-5l, thereby converting the sluggish cis acetylene to the 
more reactive trans acetylene which would facilitate subsequent coupling 
chemistry, or does the isomerization occur at the product stage? 

In order to elucidate the mechanistic questions (Z)-5l was chosen for the 
studies. It is tempting to hypothesize that a temporary coordination of palla-
dium to the P=C double bond would induce the isomerization, based on a 
previous report where palladium has coordinated to the P=C double bond.137 
In this report the phosphaalkene carbon has two chlorine substituents and 
one chlorine is exchanged for the palladium. A further rearrangement occurs 
to form a phosphaalkyne. In our case the absence of chlorines would only 
result in coordination of the palladium and thereby a reduction of the bond 
order followed by isomerization. For the all-carbon-alkenes, isomerization 
has been accomplished by both Pd(0)- and Pd(II)-catalysts.138-139 The first 
attempt to induce isomerization was therefore performed by dissolving neat 
(Z)-5l in a 2:1 mixture of DMF:THF and adding an excess of Pd(PPh3)2Cl2. 
No isomerization could be detected, even at 45 °C. However, addition of 
DIPEA (0.5 M) to (Z)-5l in a 2:1 mixture of DMF:THF in absence of any 
metal catalyst induces the isomerization, and a final equilibrium of approx-
imately 1:1 between (E)- and (Z)-5l is reached within one hour (Figure 9). In 
contrast to (Z)-5l, no isomerization is detected for (Z)-5f under similar condi-
tions and timescales (Figure 9). The experiments show that the isomerization 
is not only dependent on the presence of DIPEA, but also requires a nitro 
group at the acetylene terminus. 
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Figure 9. Isomerization study of (Z)-5l and (Z)-5f, followed by 31P-{1H}-NMR. (Z)-
5l (30 mM) or (Z)-5f (70 mM), DMF:THF 2:1, DIPEA (0.5 M). In the experiment of 
(Z)-5f, a small amount of impurity is present from the start, remains however con-
stant throughout the experiment. 

To the best of our knowledge, base-induced isomerizations of phosphaal-
kenes have not been reported in the literature. However, a related finding 
was reported for (Z)-nitroalkenes, which were found to isomerize to (E)-
nitroalkenes in the presence of catalytic amounts of nucleophiles such as 
triethylamine.140 In those cases, an intermediate has been postulated in which 
the nucleophile has attacked the nitroalkene, thus decreasing the C••C bond 
order and allowing free rotation around the bond. Subsequent elimination of 
the nucleophile re-establishes the C=C double bond, however as the (E)-
isomer. The reaction is enabled by the electron-withdrawing character of the 
NO2-substituent of the nitroalkene, and thus only occurs on such systems. A 
similar reaction mechanism seems plausible for isomerization of the NO2-
substituted A2PAs. On the other hand, addition of DIPEA increases the po-
larity of the solvent mixture. This might be just enough to overcome the 
inversion barrier of polar (Z)-5l and thereby induce isomerization. In conclu-
sion, DIPEA can be identified as the agent that promotes isomerization. 

Noteworthy is that neat (Z)-5l also isomerizes on a longer timescale under 
ambient light and temperature, presumably due to photoisomerization.141-144 
Figure 10 shows the X-ray crystallographic structure of (E)-5l. The TMS-
acetylene is nicely exposed in trans position to Mes*. The nitrophenyl-group 
is in plane with the A2PA π-system with a torsion angle of 22.4o, and thus 

         (Z)-5l       (E)-5l        (Z)-5f                  
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almost orthogonal to the Mes* ring. The protons meta to the nitro group 
point into the Mes* void, and thus experience a shielding that explains their 
somewhat unusual chemical shift of 6.99 ppm in the 1H-NMR spectrum of 
(E)-5l. 
 

 

Figure 10. ORTEP drawing (at 30% probability level) of (E)-5l. Hydrogen atoms 
are omitted for clarity. Phosphorus is depicted in orange, silicon in pink, nitrogen in 
blue and oxygen in red. Selected bond lengths (Å) and angles (deg). P1-C6 1.838(2), 
P1-C1 1.699(2), C1-C2 1.428(3), C2-C3 1.219(3), C1-C4 1.426(3), C4-C5 1.185(3). 
Angles C1-P1-C6 103.5(1), P1-C1-C2 117.3(2), P1-C1-C4 124.6(2). Torsion angle 
C6-P1-C1-C2 179.0(2). 

4.5 Coordination Chemistry of bis-TMS Substituted 
C,C-Diacetylenic Phosphaalkene 
The coordination chemistry of bis-TMS A2PA 5d was explored by stirring 
[Au(tht)Cl] with 5d in CH2Cl2 overnight, affording the Au(I) complex 10 in 
good yield (Scheme 22). Au-coordination can be followed by 31P-{1H}-
NMR, which shows that the chemical shift changes from 346 ppm for the 
free ligand, to 264 ppm for the complex. The coordination can also be de-
tected in the 1H-NMR spectrum of 10 in which the aromatic protons split 
into two signals, indicating restricted rotation of the Mes* group (Appendix 
3).  
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Scheme 22. Coordination of AuCl to 5d. (i) AuCl(tht), CH2Cl2, r.t., o.n. 96 %. 

Figure 11 shows the crystal structure of 10. The P=C and C≡C bond lengths 
are in the expected ranges. The coordination of the Au atom is almost linear, 
with a deviation of ~4 ° from linearity.  

 
Figure 11. ORTEP drawing (at 50 % probability level) of 10. Hydrogen atoms are 
omitted for clarity. A pentane molecule is omitted. Phosphorus is depicted in orange, 
silicon in pink, gold in yellow and chlorine in turquoise. Selected bond lengths (Å) 
and angles (deg). P1-C6 1.823(6), P1-C1 1.689(6), C1-C2 1.438(9), C2-C3 1.222(9), 
C3-Si1 1.829(7), C1-C4 1.434(9), C4-C5 1.205(8), C5-Si2 1.847(6), P1-Au1 
2.2064(18), Au1-Cl1 2.2635(18). Angles C1-P1-C6 109.3(3), P1-C1-C2 120.3(5), 
P1-C1-C4 120.4(5), Au1-P1-C1 124.4(2), Cl-Au1-P1 176.23(6), Si1-C3-
C2 174.6(7), C1-C2-C3 177.8(8). Torsion angles C6-P1-C1-C2 0.9(6), Au1-P1-C1-
C2 178.0(4). 

Inspired by the use of phosphinines (phospha-benzenes), Mes*PH2 or PPh3 
as stabilizing agents for gold-nanoparticles (Au-NPs), we wanted to investi-
gate whether the molecular Au-complex 10 could be used in Au-NP prepara-
tions, and if the APA ligand is suitable for NP stabilization.145-149 In collabo-
ration with two colleagues, the Au-NPs were synthesized by stirring 
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HAuCl4·3H2O and 2 equivalents of 10 in THF for 1 h. Upon addition of 5 
equivalents of Et3SiH a dark red solution is obtained which is further stirred 
for 1h. The formed Au-NPs can be purified by removing the THF and wash-
ing the particles with MeOH. The nanoparticles are stable in the original 
reaction mixture, as well as in the solid state, but if redissolved in THF after 
purification, they are stable for less than one day.  
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5. Characterization of Acetylenic 
Phosphaalkenes 

This chapter discusses the electronic properties of acetylenic phosphaalkenes 
on the basis of obtained NMR- and UV/Vis-spectroscopic, electrochemical- 
and computational studies. 

 
5.1 NMR Properties of Acetylenic Phosphaalkenes 
A comparison between the 31P-{1H}-NMR chemical shifts of the different 
APAs gives insights into the degree of conjugation in the different systems. 
Firstly, it can be concluded that the phosphorus heteroatoms are an intrinsic 
part of the π-conjugated systems due to the differences in 31P-{1H}-NMR 
chemical shifts observed for the differently substituted A2PAs 5 and 1-
phosphahex-1-ene-3,5-diynes 6 (Table 1). The silyl-substituted A2PAs 5b-d 
resonate at lower frequency than the corresponding 1-phosphahex-1-en-3,5-
diynes 6b-d. Compared to the 31P-{1H}-NMR resonance of 5d, exchanging 
one silyl group for a phenyl group leads to an upfield shift as observed for 
A2PA 5f, and a downfield shift in case of compound 5l with the electron-
withdrawing nitrophenyl substituent. Interestingly, an additive effect is ob-
served for the introduction of each arene group. Attachment of one phenyl 
group shifts the 31P-{1H}-NMR signal of 5f upfield by ~6 ppm compared to 
that of 5d. The second phenyl group in 5e gives an additional shift of ~8 
ppm. The nitrophenyl substituent causes a downfield shift of ~5 ppm and ~4 
ppm for the first and second arene group (5l, m), respectively. In the case of 
the 1-phosphahex-1-en-3,5-diynes, exchange of the silyl group at the P=C 
carbon (6d) for a phenyl group (6f) induces a significantly larger shift in the 
31P-{1H}-NMR resonance (~50 ppm). Exchange of the silyl group at the 
butadiyne in 6f by an arene substituent, as in 6e, causes a much smaller shift 
of ~3 ppm upfield, while the nitrophenyl substituent in 6g causes a down-
field shift of ~5 ppm. The magnitude of these shifts is thus comparable to the 
shifts observed for 5. The shielding and deshielding of the phosphorus hete-
roatom by the remote dimethylamino– and the nitro group in 6g and 6h, 
respectively, compared to 6f can also be detected. These examples show that 
communication operates throughout the complete π-conjugated PC5 system, 
both in the case of the C,C-diacetylenic phosphaalkenes 5 and the 1-
phosphahex-1-en-3,5-diynes 6. 
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A large difference is detected in the 13C-NMR for the P=C carbon of 5 com-
pared to that of isomer 6. While the doublet of the former resonates below 
140 ppm, that of the latter can typically be observed at ~160 ppm.  

 
Figure 12. Isomers corresponding to Table 1 and Table 2. 

 

Table 1. 31P-{1H}-NMR chemical shifts of C,C-Diacetylenic Phosphaalkenes 5 and 
1-Phosphahex-1-en-3,5-diynes 6. 
Entry Substituents Diacetylenic 

phosphaalkenes 
Isomer 5 

1-Phosphahex- 
1-en-3,5-diyne 
Isomer 6 

 R1 R2 31P-{1H}-NMR 31P-{1H}-NMR 
a TIPS TIPS 331 ---
b TBDMS TBDMS 340 372 
c TES TES 339 367 
d TMS TMS 346 364 
e Ph Ph 332 311 
f(Z) TMS Ph 340 314 
f(E) Ph TMS 338  
g PhNO2 Ph --- 319 
h PhNMe2 Ph --- 304 
j H H 349  
k H Ph 340  
l(Z) TMS PhNO2 351  
l(E) PhNO2 TMS 352  
m PhNO2 PhNO2 356  
8 --- Ph --- 331 

 

Comparing the 13C-NMR chemical shifts of the acetylene carbons for the 
two different systems shows that the acetylene carbons of isomer 5 are gen-
erally shifted downfield compared to those of isomer 6. Interestingly, an 
exception occurs when there is a terminal acetylenic proton in isomer 5, as in 
5j,k, where the acetylenes resonate at lower chemical shifts. 
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5.2 UV/Vis Spectroscopy of Acetylenic Phosphaalkenes 
The absorption maxima of the APAs are presented in Table 2. Generally, the 
cross-conjugated silyl-substituted C,C-A2PAs have their longest wavelength 
absorption maxima at higher energies than the corresponding 1-phosphahex-
1-en-3,5-diynes. Introduction of arenes shifts the end absorption to lower 
energies, as expected. These shifts are also influenced by the electronic na-
ture of the terminal arene. The large difference in absorption maximum 
going from 6e (379 nm) to 6g (407 nm), 6h (441 nm) and octatetrayne 8 
(484 nm) can be explained by the alteration of the participating frontier mo-
lecular orbitals contributing to the π→π* transition (see section 5.4). A simi-
lar trend is observed for isomer 5 when going from 5d (347 nm) to 5f (368 
nm), 5l (386 nm). The introduction of a second arene substituent, as in 5e,m, 
does not change the absorption maximum significantly. 

Table 2. Absorption band maxima and molar extinction coefficients from UV/Vis 
spectroscopic measurements in CH2Cl2 at 25 °C. 

 Substituents 
Diacetylenic 
phospha-alkenes 
(isomer 5) 

1-Phosphahex- 
1-en-3,5-diyne 
(isomer 6) 

 
R1 R2 λmax [nm]  

(ε [103 M-1cm-1]) 
λmax [nm]  
(ε [103 M-1cm-1]) 

a TIPS TIPS 349 (18.5)  ---  
b TBDMS TBDMS 347 (17.0)  359 (13.0) 346 (13.5) 
c TES TES 355 (12.5) 343 (12.0) 359 (12.5) 346 (12.5) 
d TMS TMS 347 (11.5)  358 (13.0) 343 (13.0) 
e Ph Ph 370 (9.5) 284 (11.0) 379 (17.0)  
f(E) Ph TMS 368 (15.0) 276 (20.0)   
f(Z) TMS Ph 367 (15.0) 277 (20.5)   
g PhNO2 Ph ---  407 (15.5)  332 (21.5) 
h PhNMe2 Ph ---  441 (26.5) 328 (46.5) 
l TMS PhNO2 386 (70.7) 313 (62.7)   
m PhNO2 PhNO2 390(46.9)1 353 (51.5)   
8 --- Ph ---  484 (10.0) 443 (15.0) 

389 (22.5) 
9 TMS TMS 377 (16.1) 286 (9.1)   

 
A comparison of bis-TMS substituted A2PA 5d with a carbon analogue, 3-
methylene-1,4-pentadiyne, which is reported to have a λmax = 247 nm, shows 
a significant bathochromic shift for 5d.29 Focusing on compound 5l, an all-
carbon analogue, 4-methyl-3-[(4-nitrophenyl)ethynyl]-1-
(triisopropylsilyl)pent-3-en-1-yne, with similar π-system as 5l, but two ex-
otopic methyl groups instead of the Mes* group, displays an end absorption 
at 354 nm.150 This lowest energy absorption is blue-shifted by 32 nm com-
pared to that of 5l. An all-aromatic substituted analogue, (4-phenyl-2-
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phenylethynylbut-1-en-3-ynyl)benzene, has a λmax = 340 nm and is therefore 
higher in energy than that of both 5,6e.151 The last comparison to the all-
carbon systems will be for octatetrayne 8, which is red-shifted by 80 nm 
compared to a dodeca-1,11-diene-3,5,7,9-tetrayne.152 Additionally, compar-
ing the end absorptions of bis-phenyl substituted A2PA 5e with 2,2-diphenyl-
1-(2,4,6-tri-tert-butylphenyl)phosphaethylene (λmax = 326 nm) shows that 
introduction of acetylenic moieties into phosphaalkene system induces a red-
shift of 44 nm.153 In conclusion, the combination of phosphaalkenes and 
acetylenes result in bathochromically shifted absorption maxima, both in 
comparison to the all-carbon analogues and to arene-substituted phosphaal-
kenes. 

5.3 Electrochemistry of Acetylenic Phosphaalkenes 

The electrochemical data of the APAs are presented in Table 3. In general, 
the cyclic voltammograms show two irreversible processes, an oxidation 
around 1.0 V and a reduction around -2.0 V. Two representative examples of 
cyclic voltammograms of the silyl-substituted isomers 5b and 6b are shown 
in Figure 13. In both cases, the oxidations and reductions are irreversible. 
Both the reduction and oxidation processes occur at milder potentials for the 
cross-conjugated silylsubstituted isomer 5 compared to those of isomer 6. 

 
Figure 13. Cyclic Voltammograms of TBDMS-substituted 5b (left) and 6b (right). 

In both isomers 5 and 6, the introduction of arene substituents shifts both the 
reductions and oxidations to milder potentials. This is probably due to the 
participation of the arene in both the HOMO and the LUMO. For phenyl-
substituted 5f, the oxidation potential is shifted by ~ 50 mV compared to that 
of the silyl-substituted A2PA 5d. A second phenyl group, as in 5e, results in 
a shift of the same magnitude. For 5l and 5m, with nitrophenyl substituents, 
the trend is not as pronounced as in 5e,f, possibly because the nitrophenyl 
groups in the former compounds are not a part of their HOMOs. In the cyclic 

E / V vs. Fc+/0
-3 -2 -1 0 1 2

E / V vs. Fc+/0
-3 -2 -1 0 1 2

20 μA
20 μA
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voltammograms of isomer 6, the oxidations are shift by ~100 mV when in-
troducing two phenyl substituents. In compound 6h, the first oxidation po-
tential at 0.47 V is assigned to the N,N-dimethylaniline.154  

 

Table 3. Electrochemical data for 1 mM solutions of the A2PAs in CH2Cl2 (0.1 M 
NBu4PF6), ν = 100 mV/s. All potentials are given vs Fc+/0. 

 Substituents 
Diacetylenic  
phosphaalkenes 
(isomer 5) 

1-Phosphahex- 
1-en-3,5-diyne 
(isomer 6) 

 R1 R2 Ep,c
 (V) Ep,a (V) Ep,c

 (V) Ep,a (V) 
a TIPS TIPS -2.07 1.15 ---  
b TBDMS TBDMS -2.121 1.12 -2.21 1.18 
c TES TES -2.121 1.14 -2.19 1.19 
d TMS TMS -2.07 1.16 -2.17 1.18 
e Ph Ph -1.961, -2.18 0.93 -1.982 1.05 
f TMS Ph -2.043 1.02   
g PhNO2 Ph   -1.402, 

-1.842 
1.08 

h PhNMe2 Ph   -2.042 0.47, 1.07 
l TMS PhNO2 -1.431,-1.851 

-2.15 
1.12   

m PhNO2 PhNO2 -1.501, -1.951, 
-2.35 

1.10   

8 --- Ph ---  -1.622, 
-1.962 

1.06 

1 Reversible at scan rates higher than 1 V/s. 2 Electrochemically reversible E1/2 = 
(Ep,c + Ep,a)/2.3 From ref 131. 

Looking at the reduction potentials of isomer 5, nitrophenyl-substituted 5l 
exhibits three reduction potentials, where the first can be assigned to a reduc-
tion of the nitrophenyl group.154 Addition of a second nitrophenyl-
substituent, as in 5m, shifts the reduction potential to more negative values. 
The cyclic voltammogram can be seen in Figure 14. In the case of 5f, only 
one reduction potential is observed at -2.04, whereas the CV of 5e shows 
two reductions at -1.96 and -2.18 V. For isomer 6, the first reduction poten-
tial for compound 6g is similar to that in 5l, and is thus assigned to the nitro-
phenyl group. It is also worth noting that the more electron-rich 6h is re-
duced at a more negative reduction potential than electron-poor 6g. 
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Figure 14. Cyclic voltammograms of 5l (full line) and 5m (dash-dotted line). 

Octatetrayne 8 has an oxidation potential that is in the same range as that of 
6g,h. The interesting features of the compound are visible in the reductive 
scan. The first reduction occurs at -1.62 V, and is followed by a second re-
duction at -1.96 V. This phenomenon is assigned to the dimeric character of 
8 and indicates considerable communication between the two phosphaal-
kenes monomeric units. A similar feature has been observed in related 
bis(diphosphene) systems where the coupling occurs through a p-phenylene 
or ferrocene bridge.155-156 

5.4 DFT Calculations on Acetylenic Phosphaalkenes 
In order to explain the selectivity for the formation of one APA isomer over 
the others, a comparative calculation study was performed. 

 
Figure 15. Three possible isomers with a π-conjugated PC5 framework; C,C-A2PA 
(5), (Z)-1-phosphaahex-1-en-3,5-diyne ((Z)-6) and trans-1-phosphahex-1-en-3,5-
diyne ((E)-6). 

E / V vs. Fc+/0
-3 -2 -1 0 1 2

40 μA
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In addition to the two experimentally observed isomers, 5 and (Z)-6, the 
third possible isomeric form, isomer (E)-6, (Figure 15) was included in the 
DFT study. Conformational searches were performed with the OPLS2005 
force field and geometry optimizations at the B3LYP/6-
311++G**//B3LYP/6-31G* level of theory. To validate the method a com-
parative examination was performed for isomer 5, (Z)- and (E)-6 with the 
functional BLYP and BH&HLYP. The study showed that the energetic order 
of the isomers was maintained, while the energies varied slightly over the 
different functionals. As a result of this comparison, B3LYP was chosen as 
the functional for this study. Table 4 shows the relative energies of the dif-
ferent isomers. The energy of the lowest energy isomer is set to zero, and the 
other two isomers are relative to this value, except for (Z)-6n which is cali-
brated relative to (Z)-6f.  

 To minimize steric interactions that may conceal purely conjugation ef-
fects in the systems, the sterically demanding Mes* group was exchanged 
for a phenyl group, and the bulky acetylene substituents were replaced by 
hydrogens. 1-phosphaahex-1-en-3,5-diynes (Z)-6o and (E)-6o are signifi-
cantly lower in energy than 5o. This difference is explained by the cross-
conjugated geometry in 5o compared to the linearity in (Z)-6o and (E)-6o. 
The result is consistent with that found in all-carbon based π-conjugates for 
which linear geometries have been shown to be lower in energy compared to 
their cross-conjugated analogues.157-158 

Table 4. Relative energies (kJ/mol) of the three isomers 5, (Z)- and (E)-6, as calcu-
lated at the B3LYP/6-311++G**//B3LYP/6-31G* level of theory. 
Entry  Ar Isomer 5 Isomer (Z)-6 Isomer (E)-6 

a R1=R2=TIPS Mes* 0 6.8 74.1 
b R1=R2=TBDMS Mes* 6.0 0 28.9 
c R1=R2=TES Mes* 1.3 0 23.8 
d R1=R2=TMS Mes* 4.5 0 25.3 
e R1=R2=Ph Mes* 13.6 0 22.1 
f R1=TMS, R2=Ph Mes* 7.0 0 22.9 
n R1=TMS, R2=Ph Mes* - 10.3 - 
o R1=R2=H Ph 47.4 6.0 0 

The 6 kJ/mol energy difference between (Z)-6o and (E)-6o may be explained 
by the difference in the angle between the phenyl group and the plane de-
fined by the remaining molecule. For (Z)-6o, the angle is 50.4 ° and for (E)-
6o 31.7 °, indicating that the phenyl ring in the latter is participating in the π-
delocalization to a greater extent, resulting in a lower energy. 

Turning to the compounds with the Mes* group, the corresponding angle 
is close to 90 °, a result that is also visible in the crystal structures of the 
APAs. Hence, the Mes* and the remaining π-system are no longer in conju-
gation. With the introduction of the Mes* group, the energetic order of the 
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isomers changes dramatically. Isomer (E)-6 is the highest energy isomer, due 
to steric repulsions between the Mes* group and R1. In consistency with 
these calculations, isomer (E)-6 has so far never been detected experimental-
ly. In cases b-f, isomer (Z)-6 always proves to be the lowest-energy isomer, 
whereas for entry a, isomer 5 is lowest in energy. The effect must be purely 
governed by steric interactions, since the silyl groups are anticipated to be 
electronically equivalent. The fact that isomer 5a is only observed experi-
mentally in the a-series (R1 = R2 = TIPS) is in good agreement with the theo-
retical calculations. The sterically demanding TIPS groups that destabilize 
isomer (Z)-6a may also make the reaction at the central atom of the PC5-
system of the propargyl lithium species of (Z)-6a more favorable than at the 
allenyl lithium species (Section 3.4). 

In general, the larger delocalization of the π-conjugated system favors the 
stability of isomer (Z)-6 compared to isomer 5. The longer acetylene moiety 
in isomer (Z)-6 would be anticipated to reduce the steric interaction between 
the Mes* and the silyl groups. The difference in stabilization between isomer 
5b-e and (Z)-6b-e is, however, small (1.3 – 13.6 kJ/mol), in particular when 
compared to the energy difference between 5o and 6o. In addition to the 
stabilization of (Z)-6 by delocalization, it thus seems that there is a second 
factor that destabilizes (Z)-6b-e relative to 5b-e. A closer look at the space 
filling model of 5a-d and (Z)-6a-d reveals that the tert-butyl groups in ortho- 
and para position of the Mes* group are sterically very demanding. The 
geometry of the longer butadiyne places the silyl groups of (Z)-6a-d in a 
position where they sterically clash with the tert-butyl group in para posi-
tion, as shown representatively for isomers (Z)-6a,d (Figure 16). In isomer 5, 
the shorter acetylene moiety places the silyl group in a void that is present in 
the center of the Mes*. Consequently, there is a competition between the 
stabilization from π-delocalization and destabilization between Mes* and R1. 
In the case of 5b-d and (Z)-6b-d, the π-delocalization dominates, rendering 
(Z)-6b-d as the lowest energy conformer, whereas for 5a and (Z)-6a steric 
repulsion dominates, and 5a is lowest in energy. 
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Figure 16. Graphic representation of 5a,d and (Z)-6a,d at the B3LYP/6-
311++G**//B3LYP/6-31G* level of theory. The void in the center of the P-Mes* 
group in 5a,d and the steric demands at its periphery that lead to clashes with the 
butadiyne substituent in (Z)-6a,d is highlighted. 

 

 
Figure 17. Calculated HOMO and LUMO for 5d, 6d,e,g,h at the B3LYP/6-
311++G**//B3LYP/6-31G* level. The relative orbital energies εLUMO-εHOMO are 
given in eV. 

Figure 17 shows the calculated frontier molecular orbitals (FMOs) of repre-
sentative structures 5d and 6d,e,g,h. Both the HOMO and the LUMO are 
mainly localized over the same atoms on the π-conjugated backbone of the 
APAs. The localization of the FMOs on the P=C double bond, in all cases 
except for 6g, also indicates that the P=C double bond is part of the π-
delocalized system. This finding is consistent with the large influence of the 
remote substituents at the acetylene termini on the 31P-{1H}-NMR chemical 

5a (Z)-6a

5d (Z)-6d

Mes*pocket steric repulsion

5d (3.37eV) 6d (3.45eV) 6e (3.25 eV) 6g (2.95eV) 6h (2.85eV)

LUMO 

HOMO
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shifts (Section 5.1). Comparing the calculated εLUMO-εHOMO with the lowest 
energy absorption maxima from the UV/Vis absorption (Section 5.2) gives a 
good correspondence in case of the butadiyne systems. Compounds 6d,e,h 
have  εLUMO- εHOMO values of 3.45, 3.25 and 2.85 eV, respectively, corres-
ponding to the experimentally determined values of 3.46 (358 nm), 3.27 
(379 nm) and 2.81 eV (441 nm).  

In section 5.3 the cyclic voltammograms of the APAs were correlated to 
their FMOs. For example, introductions of arene substituents shift both the 
reduction and oxidation to milder potentials, indicating a participation of the 
arene in both the HOMO and the LUMO. As visible from Figure 17, this is 
indeed the case, as 6e shows a contribution from the phenyl substituent at the 
P=C carbon, but not from that at the acetylene terminus. In 6g the HOMO is 
similar to that of 6e, however the LUMO is mainly located on the nitro-
phenyl group. This is in good agreement with the first reduction wave in the 
cyclic voltammogram, which is assigned to the reduction of the nitrophenyl 
group. On the other hand the LUMO+1 for 6g is almost identical to the LU-
MO for 6e (Paper II). In the case of 6h, the LUMO is instead similar to that 
of 6e, and the electron donating dimethylaniline group contributes consider-
ably to the HOMO. The first oxidation assigned to the N,N-dimethylaniline, 
corresponds well to this molecular orbital. In analogy to 6g, the HOMO-1 is 
almost identical to the HOMO of 6e. 

 
 
Figure 18. Structures to Table 5. The left structure is for assignments of 5a,b and 
the right structure for 6g,h. 
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Table 5. Comparison of calculated bond lengths (Å) and angles (°) for of 5a,b and 
6g,h at the B3LYP/6-311++G**//B3LYP/6-31G* level compared with X-ray crystal 
structures of corresponding compounds. 

 5a 
TIPS 
(exp) 

5a 
TIPS 
(calc) 

5b 
TBDMS 
(exp) 

5b 
TBDMS 
(calc) 

 6g 
NO2 
(exp) 

6g 
NO2 
(calc) 

6h 
NMe2 
(exp) 

6h 
NMe2 
(calc) 

R2-C1 1.81 1.85 1.83 1.85 C1-C2 1.49 1.49 1.50 1.49 
C1≡C2 1.21 1.22 1.21 1.22 C2-C3 1.42 1.41 1.41 1.41 
C2-C3 1.46 1.42 1.43 1.42 C3≡C4 1.19 1.23 1.20 1.22 
C3-C4 1.46 1.42 1.42 1.42 C4-C5 1.36 1.36 1.38 1.35 
C4≡C5 1.19 1.22 1.20 1.22 C5≡C6 1.19 1.22 1.21 1.23 
C5-R1 1.83 1.85 1.84 1.85 C6-R1 1.43 1.42 1.43 1.42 
P=C 1.68 1.72 1.69 1.72 P=C2 1.69 1.72 1.70 1.73 
C6-P 1.85 1.86 1.84 1.87 C7-P 1.83 1.86 1.84 1.87 
α 116 118 118 115 α 116 118 116 119 
β 105 106 104 102 β 101 102 101 105 
γ(cis) 127 129 127 125 γ(cis) 123 122 124 121 
γ(trans) 117 114 115 120 γ(trans) 121 120 120 120 
dihedral 174 180 176 175 dihedral 176 177 179 175 

Selected calculated bond lengths and angles of 5a,b (left) and 6g,h (right) 
are shown in Table 5. In general, the computed double and triple bonds are 
longer than the experimentally determined bond lengths. The carbon-carbon 
single bonds, on the other hand, are equal to, or shorter than those found in 
the solid state. This might indicate an overestimation of the degree of deloca-
lization by the chosen computational method, or may be a consequence of 
packing forces in the crystals, since the calculations are performed in gas-
phase. The crystal packing forces might also explain the difference between 
the experimental angles and the theoretical. α is the C2-C3-C4 angle in iso-
mer 5, and the C1-C2-C3 angle in isomer 6, whereas β is the C6-P-C3 re-
spectively C7-P-C2 angle. γcis is the P-C3-C4 angle and γtrans is the P-C3-C2 
angle in isomer 5 and the analogues angles in isomer 6. The dihedral angle is 
the C6-P-C3-C2 and the C7-P-C2-C1 angle for isomer 5 and 6, respectively. 
The calculated angles deviate by about 1-3 °, and at most 6 °, from the expe-
rimentally determined angles. 
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6. Synthesis of Phosphole-Phosphaalkenes 

Phospholes have been shown to be feasible dopants in electroluminescent 
devices due to their emissive properties.12-13,81 Considering the fact that many 
synthetic routes towards phospholes involve acetylenes (Section 2.3.2), we 
envisaged that the acetylene units of acetylenic phosphaalkenes could be 
utilized for the preparation of the first examples of phosphaalkenes-
substituted phospholes. These compounds could make up a new class of 
tridentate ligands, but may also be interesting for applications such as in 
OLEDs. The combination of phospholes with phosphaalkenes gives rise to 
π-conjugated materials with two differently hybridized phosphorus atoms. 
The difference in reactivity of the two phosphorus heteroatoms will allow 
chemical modifications (metal coordination, oxidation or reaction with Lew-
is acids) to either one, or both of the phosphorus centers, and thus offer 
unique ways to tune the electronic and/or optical properties of the phos-
phole-phosphaalkenes (PPAs).  

 
6.1 Synthetic Strategies 
Potentially viable synthetic routes to PPAs from acetylenic phosphaalkenes 
include a reaction of butadiyne-substituted phosphaalkenes like those de-
scribed in chapter 3 and 4, with primary phosphines (Section 2.3.2, Scheme 
6). However, the metallacycle-based routes (Scheme 8a,b, Section 2.3.2) 
offer a large degree of reaction control and the possibility to introduce subs-
tituents in the 2,5-positions.16,20,101,104-105 The choice of method for the as-
sembly of the phosphole unit in PPAs fell on the Fagan-Nugent route; main-
ly because of the different substrates that are tolerated by this synthetic pro-
cedure.16,104-105 Tethering the two acetylene units by a butyl chain facilitates 
the synthesis. It also allows control over potential product regioisomers that 
are conceivable. 

Since phospholes generally exhibit varying stability towards oxygen and 
water, it was difficult to predict how their stability would be influenced upon 
combination with phosphaalkenes.12,81 It was therefore decided to form the 
phosphole in the last step of the reaction sequence. This synthetic strategy 
demands phosphaalkene-containing precursors which are sufficiently stable 
for purification steps, for example by silica gel chromatography. The choice 
once more fell on the Mes* group for stabilization of the P=C double bond, 
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as it has proven successful for the preparation of acetylenic phosphaalkenes, 
as seen in Section 3.3.  

 

Scheme 23. Retrosynthetic approach to phospholes-phosphaalkenes. 

Settling for the Fagan-Nugent route, and a strategy in which the phosphole is 
formed in the last step of the reaction sequence, the retrosynthetic analysis 
depicted in Scheme 23 was envisaged: The phosphole should be accessible 
from octadiyne-substituted phosphaalkenes, for the preparation of which, it 
would be suitable to utilize the synthetic route to monoacetylenic phosphaal-
kenes established by Bickelhaupt et al., in which a C-bromo-phosphaalkene 
is coupled to a Grignard reagent under Pd(0) catalysis.116 Note that this route 
is different to that employed for the construction of the diacetylenic phos-
phaalkenes discussed in Chapter 3. Finally, C-bromo-phosphaalkenes are 
accessible from C,C-dibromo-phosphaalkenes following a literature proce-
dure.159 

6.2 Synthesis of Monoacetylenic Phosphaalkenes 
The report by Bickelhaupt et al. that describes the synthesis of C-acetylenic 
phosphaalkenes through a Pd-catalyzed reaction between an acetylenic 
Grignard reagent and Mes*P=C(H)Br also postulates an isomerization reac-
tion that occurs during the synthetic sequence. Mes*P=CBr2 is converted 
selectively to cis-Mes*P=C(H)Br and the product of the subsequent coupling 
step shows a trans relationship between Mes* and the introduced acetylene 
substituent. In order to increase the thermal stability of the phosphaalkenes, 
and potentially prevent cis/trans isomerization, we decided to introduce a 
methyl group instead of a proton (R in Scheme 23) as in Bickelhaupt’s pa-
per. Before engaging in advanced compounds from which the phospholes 
could be prepared, a few test reactions of Mes*P=C(CH3)Br with phenylace-
tylene were performed to get accustomed to the synthetic procedures and to 
shine more light on the isomerization processes (Paper IV). 
 



 58 

The starting dibromophosphaalkene 11 was synthesized according to a pro-
tocol by Yoshifuji.160 Methylbromophosphaalkene 12 was prepared in analo-
gy to a previously established protocol, where 11 is treated with n-BuLi at -
130 °C in the Trapp mixture for 30 min. After quenching the reaction mix-
ture with MeI and subsequent workup, (Z)-Mes*P=C(CH3)Br 12 can be ob-
tained in good yields (Scheme 24).159 

 
Scheme 24. Synthesis of 12 and 13. (i) 1.) n-BuLi, -130 °C, Trapp mixture, 30 min; 
2.) MeI, -130 °C, 30 min then to r.t., 2h. 12 93 %. (ii) Phenylethynylmagnesium 
bromide; Pd(dba)2, PPh3, THF, 3h, 50 °C, 13 42 % (iii) Ethynylbenzene, 
Pd(PPh3)2Cl2, CuI, Et3N, 14 h, r.t, , 13 40 % 

As described above, we were interested in structurally characterizing as 
many products of the sequence as possible, in order to obtain unambiguous 
proof of their stereochemistry. Slow evaporation of a solution of 12 in 
CH2Cl2 and CH3CN gave colorless crystals suitable for X-ray analysis, 
which revealed that the (Z)-isomer exclusively is formed under the Trapp 
mixture conditions (Figure 19). 12 was then subjected to the coupling condi-
tions i.e. phenylethynylmagnesium bromide, Pd(dba)2, PPh3 in THF at 50 °C. 
31P-{1H}-NMR showed the formation of one single isomer at δ = 284.0 ppm. 
After filtration of the reaction mixture through silica and chromatographic 
workup in pentane, single crystals of 13 could be obtained using the same 
conditions as for 12. The crystallographic data shows that the Pd-mediated 
cross coupling reactions also induces the isomerization in methyl-substituted 
(Z)-Mes*P=C(CH3)Br 12 (Figure 19), similar to the findings by Bickelhaupt 
for Mes*P=C(H)Br. 
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Figure 19. ORTEP plot of phosphaalkenes 12 (left) and 13 (right). Ellipsoids are 
drawn at a probability level of 30%. Hydrogen atoms and disorder in the tert-butyl 
groups with occupancy of less than 0.5 are omitted for clarity. Phosphorus and bro-
mine atoms are depicted in orange and red respectively. Selected bond lengths (Å). 
12; P1-C3 1.853(8), P1=C2 1.680(8), C2-Br1 1.876(7). 13; P1-C3, 1.848(2), P1=C1 
1.694(2), C21≡C22 1.199(3). 

During further studies of the coupling reaction, it was discovered that 12 
could be coupled directly with ethynylbenzene, omitting preceding conver-
sion of the acetylene to its Grignard reagent. By reacting 12 in Et3N with 
ethynylbenzene under Pd(PPh3)2Cl2 and CuI catalysis, 13 was formed in 
yields similar to those obtained in the Grignard route. The product shows 
identical NMR spectra as the product obtained from the Grignard route, and 
it was thus concluded that the same product isomer has been formed.  

The reaction conditions that were established in the previous paragraphs 
were utilized to introduce the 1,7-octadiyne motif (Paper V) that is necessary 
for the assembly of the phosphole ring. We started by using the Grignard 
conditions and prepared 1,7-octadiynemagnesium bromide for the coupling 
to (Z)-Mes*P=C(CH3)Br 12. This reaction works best for medium to larger 
scales (≥ 1 g) and gives 14 in excellent 98 % yield. 
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Scheme 25. Synthesis of octadiyne-posphaalkenes 15a-c. (i) 1,7-
octadiynemagnesium bromide, Pd(dba)2, PPh3, THF, reflux 4-5 h, 14 98 %, (ii) 1,7-
octadiyne, CuI, Pd(PPh3)2Cl2, Et2NH, r.t. 3h, 14 65 % (iii) 1-(2-pyridyl)octa-1,7-
diyne, CuI, Pd(PPh3)2Cl2, Et2NH, r.t. 14 h, 15a 74 % (iv) 2-iodothiophene, CuI, 
Pd(PPh3)2Cl2, Et3N, r.t. 14 h, 15b 96%, (v) iodobenzene, CuI, Pd(PPh3)2Cl2, Et2NH, 
r.t. 14 h,  15c 54 %. 

Employing the modified coupling conditions by reacting 12 with 1,7-
octadiyne in Et2NH with Pd(PPh3)2Cl2 and CuI as catalysts  also affords 
compound 14. The advantage of this reaction is that it is easier to perform on 
smaller scales, however does require closer control of the reaction time to 
avoid homocoupling of the formed product. 

In the step towards compounds 15 in Scheme 25, similar cross-coupling 
conditions i.e. amine as solvent/base, catalytic amounts of Pd(PPh3)2Cl2 and 
CuI, and 2-iodothiophene or iodobenzene were used. For the preparation of 
pyridine-containing 15a, higher overall yields are obtained when the reaction 
order is reversed, and 2-bromopyridine is first reacted with 1,7-octadiyne to 
form 1-(2-pyridyl)octa-1,7-diyne161 which is subsequently used in the coupl-
ing with 12 (step iii in Scheme 25). All compounds 14, 15a-c exhibit 31P-
{1H}-NMR signals between δ=274.7-275.3 ppm. 

In order to verify the stereochemistry of the compounds, X-ray analysis 
was performed on 14 and 15b,c. All compounds were crystallized by evapo-
ration of a CH2Cl2/CH3CN solution. The X-ray analysis shows unambi-
guously that isomerization has occurred (Figure 20), equivalent to what has 
been observed in the phenylacetylene model system. All compounds show 
the expected P-C, P=C and C≡C bond lengths. 
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Figure 20. ORTEP plot of phosphaalkenes 14 (top) and 15b,c (middle and bottom, 
respectively). Ellipsoids are drawn at 50 % probability level. Hydrogen atoms and 
disorder in the alkyl groups are omitted for clarity. Phosphorus and sulfur atoms are 
depicted in orange and yellow, respectively.  Selected bond lengths (Å): 14; P1-C1 
1.855(2), P1=C19 1.693(2), C21≡C22 1.207(3), C27≡C28 1.194(4) 15b; P1-C1, 
1.852(3), P1=C19 1.686(3), C21≡C22 1.194(6), C27≡C28 1.183(6) 15c; P1-C1 
1.8449(16), P1=C19 1.6834(18), C21≡C22 1.198(11), C27≡C28 1.185(10). 

6.3 Synthesis of Phosphole-Phosphaalkenes 
With the phosphaalkene-substituted octadiyne precursors 15a-c in hand, we 
turned towards the preparation of the phosphole units using the Fagan-
Nugent procedure. Thus, compounds 15a-c were dissolved in THF together 
with Cp2ZrCl2, followed by the addition of n-BuLi at -78 °C. After stirring 
for 40-60 min the reaction mixture was warmed to room temperature and 
stirred overnight. After cooling once more to -78 °C, PhPBr2 was added and 
the reaction stirred at room temperature. PPAs 16a,b could be isolated after 
chromatographic workup (Scheme 26).  
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Scheme 26. Synthesis of phosphole-phosphaalkenes (PPAs) 16,17a-c. (i) 1.) 
Cp2ZrCl2, 2 eq. n-BuLi, THF, -78 °C 1h, then r.t. 14h,  2.) PhPBr2, -78 °C, then for 
16a; r.t. 4h, 16b,c; r.t. 24h. 16a 42 %, 16b 21 %, 16c not isolated. (ii) sulfur, 
CH2Cl2, r.t, 14 h. 17a 40 %, 17b 19 % (over 2 steps), 17c 29 % (over 2 steps). 

Pyridyl-substituted 16a was the first compound in the series to be synthe-
sized. The compound is stable under ambient conditions and can be purified 
by silica-gel column chromatography with minimal oxidation of the phos-
phole-P. Encouraged by our findings for 16a, PPA 16b was also subjected to 
flash column chromatography on silica. Unfortunately, 16b seems to oxidize 
very rapidly as indicated by new red bands that appear on the column during 
the chromatographic workup. It is thus clear that the electron-withdrawing 
effect of the pyridine group in 16a can be made responsible for the com-
pound’s surprising stability on silica. 

To facilitate purification of the PPAs, and to get a first indication of the 
reactivity of the two different P heteroatoms, it was decided to oxidize 16a-c 
by sulfur. Consequently, 16a-c or reaction mixtures thereof were stirred 
overnight with excess sulfur in CH2Cl2. While there is ample precedence for 
phosphole oxidations,105 also phosphaalkenes have been reported to be oxi-
dized under these conditions. There are examples of phosphaalkenes being 
converted to thiaphosphiranes by their reaction with sulfur (sometimes via 
their λ5-phosphorane). These procedures usually report the addition of base 
to decrease the reaction time, even though there are examples of phosphaal-
kenes reacting with sulfur without the presence of base.162-165 

The first indication that only the phosphole-P is reacting with sulfur 
(Scheme 26) can be seen from the 31P-{1H}-NMR. The 31P-{1H}-NMR sig-
nals of the phosphole units shift from δ = 10-12 ppm (for PPAs 16a-c) to δ = 
52-53 ppm for 17a-c. Also, the signal for the phosphaalkene-P shifts down-
field from δ = 246-249 ppm to δ = 268-270 ppm. Comparing these results 
with those of reactions that describe the sulfurization of Mes*P=C(Ph)2, 
where the 31P-{1H}-NMR signal shifts significantly upfield due to the forma-
tion of the corresponding λ5-phosphorane and the thiaphosphirane, the 31P-
{1H}-NMR indicates that the phosphaalkene-P of the PPAs remains un-
touched.164 We could also verify these results through HRMS and X-ray 
crystallographic studies (vide infra, Figure 21, right, Table 6, Paper V). 

In the oxidized state, PPA 17a isomerizes upon standing. After storing the 
sample in the fridge for 1 month, four new doublets appear in the 31P-{1H}-
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NMR, two for the phosphaalkene-P at δ = 263.7 ppm, 3JPP =35.9 Hz; 260.6 
ppm, 3JPP =36.3 Hz and two for the previous phosphole-P at δ = 64.9 ppm, 
3JPP =35.9 Hz; 63.3 ppm, 3JPP =36.3 Hz. These data are consistent with those 
reported for phospholenes that can be formed from phospholes through a 
base-catalysed 1,3-shift of an alkyl-proton to the phosphole ring. For exam-
ple, the 31P-{1H}-NMR chemical shifts of the isomerization product of 17a is 
well in agreement with those of 1-phenyl-2,5-bis(2-pyridyl) thiooxophos-
phole, which upon isomerization gives two new signals in the 31P-{1H}-
NMR at δ = 66.4 and 64.8 ppm.166 
 

Figure 21. ORTEP plot of PPAs 16a, left, and 17a, right, (ellipsoids are drawn at 50 
% probability level). Hydrogen atoms and disorder in the alkyl groups are omitted 
for clarity. Phosphorus is depicted in orange, nitrogen in blue and sulfur in yellow. 
Selected bond lengths (Å) and angles (°) can be seen in Table 6 with atom labeling 
as displayed above. 
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Table 6. Selected bond lengths (Å) and angles (°) for 16a and 17a. 
Bonds 16a 17a Angles 16a 17a 

P1-C1 1.7984(19) 1.802(4) C1-P1-C8 91.28(9) 94.17(17) 

P1-C8 1.811(2) 1.823(4) P1-C8-C7 109.85(14) 107.1(3) 

P1-C29 1.828(2) 1.821(3) P1-C1-C2 110.05(14) 108.0(3) 

P2=C9 1.705(2) 1.706(4) C8-P1-C29 105.42(9) 106.59(17) 

P2-C11 1.8582(19)  1.839(4) C1-P1-C29 101.78(9) 104.80(16) 

C1-C2 1.372(3) 1.367(5) C9-P2-C11 104.23(9) 104.03(18) 

C2-C7 1.463(3) 1.482(5) P2-C9-C8 115.61(15) 114.7(3) 

C7-C8 1.378(3) 1.377(5) S1-P1-C1 - 114.67(3) 

C8-C9 1.467(3) 1.455(5) S1-P1-C8 - 116.91(12) 

C1-C35 1.463(3) 1.470(5) C1-C2-C7 114.18(17) 115.4(3) 

P1-S1 - 1.9500(12) C2-C7-C8 113.73(18) 115.2(3) 

 
The X-ray crystallographic data of 16a and 17a (Figure 21, Table 6) show 
that the pyridyl moiety has an s-trans arrangement with respect to the phos-
phole ring in both structures whereas the phosphaalkene has a s-cis arrange-
ment, forming a bidentate pocket in the solid state. The bond lengths for the 
P=C double bonds are in the usual range, as are the phosphole bond lengths. 
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7. Characterization of Phosphole-
Phosphaalkenes 

As with the acetylenic phosphaalkenes in Chapter 5, the phosphole-
phosphaalkenes were characterized by NMR, UV/Vis spectroscopy, and 
cyclic voltammetry. The properties of the phosphole-phosphaalkenes are 
influenced by additional substituents at the 5-position of the phosphole unit, 
but also by the oxidation of the phosphole-P with sulfur. 

 
7.1 NMR properties of Phosphole-Phosphaalkenes 
The 31P-{1H}-NMR chemical shifts and the 3JPP coupling constants of the 
PPAs in CD2Cl2 are given in Table 7. PPAs 16a-c exhibit 31P-{1H}-NMR 
signals of δ ≈ 11 ppm for the phosphole-P. These shifts are similar to those 
of previously reported 2,5-substituted bispyridyl-, bisthienyl-, or bisphenyl-
phospholes.105 The 31P-{1H}-NMR chemical shift of the phosphaalkene-P in 
16a-c, with signals around δ ≈ 249 ppm, is also largely invariant to the na-
ture of the remote substituent at the phosphole. The coupling constant be-
tween the two different phosphorus centers is 3JPP ≈ 90 Hz. When converting 
PPAs 16a-c to their thiooxophoshole derivatives 17a-c, the coupling con-
stant decreases to 3JPP ≈ 36 Hz. 

Table 7. 31P-{1H}-NMR chemical shifts of the PPAs (CD2Cl2) and 3JPP coupling 
constants. 

Entry Substituent 31P-{1H}-NMR 
phosphole 

31P-{1H}-NMR  
phosphaalkene 

3JPP  
 

16a pyridyl   10.4  249.0 89.7 

16b thienyl   10.5  249.4 92.8 

16c phenyl         12.2 246.2 90.3 

17a pyridyl 52.3 269.6 35.8 

17b thienyl 51.7 268.6 36.7 

17c phenyl 53.4 267.8 35.7 
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Upon oxidation of 16 to 17, the signal for the phosphole-P is shifted down-
field by about 40 ppm to δ ≈ 52 ppm, consistent with literature reports of 
related systems.105 Interestingly, the 31P-{1H}-NMR chemical shifts of the 
phosphaalkene-P in 17a are also shifted downfield by about 20 ppm to δ ≈ 
268 ppm. 

7.2 UV/Vis Spectroscopy of Phosphole-Phosphaalkenes 
The electronic absorption spectra of solutions of 16a,b and 17a-c in CH2Cl2 
are shown in Figure 22. The thienyl-substituted PPA exhibits the longest 
wavelength absorption maxima (λmax) of the series both in its non-oxidized 
form 16b and its oxidized form 17b. For the corresponding pyridyl-
substituted 16, 17a, a λmax that is blue-shifted ~ 20 nm is observed. One can 
also notice that the λmax of thiooxophospholes 17a,b are generally shifted to 
the blue compared to those of their non-oxidized counterparts. Phenyl-
substituted 6c displays the highest energy absorption maximum of the series.  

It was also interesting to determine the influence of the phosphaalkene 
moiety on the optical properties of the PPAs compared to phospholes with 
more classical substituents. When comparing the PPAs to their correspond-
ing 2,5-bisaryl-phospholes and thiooxo-phospholes, i.e. 1-phenyl-2,5-bis(2-
pyridyl)phosphole, 1-phenyl-2,5-bis(2-thienyl)phosphole, and their thiooxo-
derivatives, the general feature to be deduced is that the phosphaalkene motif 
induces a bathochromic shift.105,167 The extent of this shift varies depending 
on the substituents at the 5-position of the phosphole unit, and is largest for 
pyridyl-substituted 16a at 41 nm, whereas it is 17 nm for 17c, but only 3 nm 
for 16b. 
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Figure 22. UV/Vis Spectroscopic Measurements of PPAs 16a,b and 17a-c in 
CH2Cl2 at room temperature. λmax [nm](ε)[M-1cm-1]; 16a 415 (14000); 16b 435 
(12000); 17a 407 (7700); 17b 429 (14500);  17c 397 (6400). 

7.3 Electrochemistry of Phosphole-Phosphaalkenes 
The cyclic voltammograms of PPAs 16a,b and 17a-c feature multiple reduc-
tion and oxidation processes (Table 8, all potentials are measured in CH2Cl2 
vs. Fc+/0). For PPAs 16a,b, the first reduction occurs at -2.16 V and -2.18 V, 
respectively, while sulfur oxidized 17a-c are reduced at milder potentials at -
1.90 V and -2.05 V. The difference in reduction potential between 16 and 17 
must be attributed to the part of the molecules that are structurally different, 
i.e. the phosphole moieties, which are thus also the units where electron up-
take occurs. Comparing the reduction of 16a,b to that of 1-phenyl-2,5-bis(2-
pyridyl)phosphole and 1-phenyl-2,5-bis(2-thienyl)phosphole, it emerges that 
the PPAs are reduced at considerably milder potentials.105 However, the 
reduction potentials of 17a,b are in the same range as those of the thiooxo-
phospholes that lack the P=C unit, namely phenyl-2,5-bis(2-
pyridyl)thiooxophospholes and 1-phenyl-2,5-bis(2-thienyl) thiooxophos-
phole. The electronic effect of the phosphole substituents thus seems to be 
negligible for the oxidized phospholes.  

The first oxidation process of 16a,b is almost identical to that of 17a,b. 
This indicates that there is only negligible contributions of the phosphole 
phosphorus in the HOMO, and that the substituents in the 2,5-positions, 
potentially connected through the butadiene backbone of the phosphole, 
contribute to the HOMO. The similar oxidation potentials of 16 and 17 are in 
contrast to e.g. 1-phenyl-2,5-bis(2-thienyl)phosphole where oxidation by 
sulfur was found to lead to a shift of the mildest oxidation potential by 280 
mV.105 Together, these results indicate that the phosphaalkene moiety and 
possibly the butadiene of the phosphole are included in the HOMOs of 16 
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and 17, with only marginal contributions of the auxiliary pyridyl or thienyl 
substituent. 

 
Table 8.  Electrochemical data for 1 mM solutions of the PPAs in CH2Cl2 (0.1 M 
NBu4PF6), ν = 100 mV/s. (All Potentials are given vs Fc+/0). 

Entry Substituent Ep,c (V) Ep,a (V) 

16a pyridyl -2.16 -2.27 0.48  0.81 0.99 0.26 
16b thienyl -2.18 -2.29 0.37 0.62       0.99 1.08 
17a pyridyl -1.90 -2.20 0.50 0.90 1.08  
17b thienyl -1.99 -2.28 0.39 0.59 1.02 1.21 
17c phenyl -2.05  -2.27 0.51 0.70 1.07  
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8. Synthesis, Reactivity and Characterization 
of C-Ethylenic Phosphaalkenes 

This chapter presents the first attempts to establish synthetic procedures that 
would allow olefin-metathesis reactions on C-ethylenic phosphaalkenes. The 
goal of this chemistry is to find novel routes for linking phosphaalkenes via 
unsaturated carbon chains that would expand our synthetic arsenal for the 
construction of phosphorus-containing π-conjugated materials. While sp-
hybridized carbon chains and the resulting acetylenic phosphaalkenes were 
at the heart of Section 3, the current section concentrates on sp2-hydridized 
carbon linkers instead. Although the work described in this section is still at 
an early stage, it outlines some of the possibilities, but also problems that 
may be encountered in future studies along these lines.  

8.1 Synthetic Strategies 
Olefin metathesis reactions on alkenes that are in conjugation to phosphaal-
kenes have, to the best of my knowledge, not been described in the literature 
before. The first aim of this study was thus to investigate whether vinylphos-
phaalkenes, available from C-bromophosphaalkenes using the synthetic 
routes presented in Section 6.2, could be converted to the corresponding 1,6-
diphosphahexa-1,3,5-triene using an olefin metathesis protocol (Scheme 27).  

Scheme 27. Retrosynthetic approach to C-olefine-bridged phosphaalkenes. 

If successful, a first step towards building up larger π-conjugated systems 
based on ethylene units would be realized. In addition, the target molecule 
may also possess interesting switching behavior. 1,6-Diphosphahexa-1,3,5-
trienes contains both a C=C and a P=C double bond which would facilitate 
four different switching modes of the molecule (E,E,E), (Z,Z,Z), (E,Z,E) and 
(Z,E,Z) under the assumption that the two P=C bonds are equivalent. The 
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switching could potentially be achieved through light induction, a process 
that is known for both P=C and C=C double bonds.25,141,143-144  

8.2 Synthesis of C-Ethylenic Phosphaalkenes  
As mentioned above, compound 12, i.e. the same precursor that was used for 
the synthesis of monoacetylenic phosphaalkenes in Section 5.2, could also 
be used for the preparation of vinylphosphaalkene 18. Hence, compound 12 
was treated with vinylmagnesium bromide in THF and catalytic amounts of 
Pd(dba)2 and PPh3, affording C-ethylenic phopsphaalkene 18 in excellent 
yield (Scheme 28 and Appendix 4). As expected from our studies in Section 
6.2, compound 18 also isomerizes during the Pd-mediated coupling reaction, 
as proven by X-ray analysis (Figure 23). 

 

  
Scheme 28. Synthesis of C-ethylenic phosphaalkene 18. (i) vinylmagnesium bro-
mide, Pd(dba)2, PPh3, THF, reflux 5 h, 18 93 %.  

In the following step, 18 was subjected to different olefin metathesis reaction 
conditions. Exposing 18 to the Hoveyda-Grubbs 2nd generation catalyst 
(Scheme 29) in refluxing CH2Cl2 for 7 days, has absolutely no effect and 
compound 18 can be recovered quantitatively. Even an increase in tempera-
ture, through the use of refluxing toluene, does not promote any reaction. 
Changing the catalyst to Grubbs 2nd generation catalyst, initiates the forma-
tion of a small amount of a new product that is characterized by a 31P-{1H}-
NMR chemical shift of δ = 267 ppm in contrast to the signal of 18 at δ = 264 
ppm. Addition of larger amounts of catalyst increases the amount of product 
to an extent that it can be isolated and purified by column chromatography. 
Initial NMR spectroscopic investigations of the compound were inconclu-
sive, but ultimate proof of the product identity could be obtained from single 
crystal X-ray crystallography (Figure 23). Much to our surprise, the isolated 
product 19 is not the expected 1,6-diphosphahexa-1,3,5-triene, but instead 
contains a phenyl group at the alkene portion. Compound 19 thus stems from 
a cross-metathesis reaction that occurs with the styrene moiety of Grubbs 2nd 
generation catalyst. After this initial step, the reaction comes to a halt and no 
further activity is observed. At present, we believe that this lack of reactivity 
is due to the steric hindrance from the Mes* group that disallows the forma-
tion of the desired 1,6-diphosphahexa-1,3,5-triene. When exposing com-
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pound 18 to equimolar amounts of the “catalyst”, compound 19 can be ob-
tained in 23 % isolated yield, along with recovered starting material 18. The 
X-ray analysis of 18 and 19 show that the P=C and C=C bond distances lie 
within the expected range. The phosphaalkene and the olefine moieties are in 
one plane as expected, providing efficient pathways for π-conjugation. In 
case of 19, the phenyl group is also a part of this plane.  

 
 

 
Scheme 29. Attempts for metathesis reaction of 18. (i) CH2Cl2 or toluene, reflux, 7 
days. 18 left intact. (ii) CH2Cl2, 35 °C, 2 days, 1 eq. of Grubbs 2nd Generation cata-
lyst, 19 23 %. 

 



 72 

  
 

Figure 23.  ORTEP plot of phosphaalkenes 18, left and 19, right (ellipsoids are 
drawn at 30 % probability level). Hydrogen atoms are omitted for clarity. Phospho-
rus is depicted in orange. Selected bond lengths (Å): 18; P1-C4 1.859(4), P1=C3 
1.687(4), C2-C3 1.459(6), C1=C2 1.325(7) 19; P1-C1, 1.8493(18), P1=C19 
1.6908(18), C19-C20 1.455(2), C20=C21 1.349(2), C21-C22 1.459(3). 

8.3 UV/Vis Spectroscopy of C-Ethylenic 
Phosphaalkenes 
The UV/Vis spectra of solutions of 18 and 19 in CH2Cl2 are shown in Figure 
24. C-vinylphosphaalkene 18 exhibits a longest wavelength absorption max-
imum at 295 nm. The introduction of a phenyl group leads to a bathochromic 
shift of ~50 nm of the lowest energy absorption maximum to 346 nm. Com-
pared to the C,C-A2PAs and the 1-phosphahex-1-en-3,5-diynes, the absorp-
tion profiles of C-ethylenic phosphaalkenes (Section 5.2) are considerably 
blue-shifted.  

 

Figure 24. UV/Vis Spectroscopic Measurements of PPAs 18 and 19 in CH2Cl2 at 
room temperature. λmax [nm](ε)[M-1cm-1]; 18 295 (34700); 19 346 (62700). 
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8.4 Electrochemistry of C-Ethylenic Phosphaalkenes 
The cyclic voltammograms of the ethylenic phosphaalkenes 18 and 19 are 
displayed in Figure 25. While the reduction of 18 is outside the solvent win-
dow, the introduction of the phenyl group in 19 renders the compound easier 
to reduce, and an irreversible reduction wave is observed at -2.45 V. A simi-
lar trend can be observed on the oxidation side. While the oxidation of 18 
occurs at 1.05 V, the phenyl group in 19 significantly lowers the oxidation 
potential to 0.80 V. It thus seems that both the HOMO and the LUMO of 
both compounds is mainly localized on the π-system of the compounds, also 
extending over the phenyl group in 19. 

 

Figure 25. Cyclic voltammogram of 1 mM solutions of 18 and 19 in CH2Cl2 (0.1 M 
NBu4PF6), ν = 100 mV/s. All potentials are given vs Fc+/0. 
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9. Summary and Concluding Remarks 

This thesis presents the development of synthetic pathways to π-conjugated 
organophosphorus compounds and their characterization. More specifically, 
the first synthesis of butadiyne-substituted and diacetylenic phosphaalkenes 
(A2PAs) were performed, and their properties were investigated by spectros-
copic and electrochemical techniques, supported by theory in some in-
stances. The synthetic route starts by the formation of propargylic alcohols 
through the reaction of lithium acetylides with ethyl- or methyl formate. In 
the following chlorination, an isomerization occurs, resulting in the forma-
tion of both 3-chloropenta-1,4-diynes and 1-chloropenta-1,2-dien-4-ynes. 
Upon reaction with Mes*PCl2 in the presence of LDA, the two different 
chlorides give rise to two different acetylenic phosphaalkene (APAs) regioi-
somers. Generally, the propargylic chlorides give rise to butadiyne-
substituted phosphaalkenes, whereas the allenic chlorides give the C,C-
A2PAs. A mechanism is proposed where both APAs are formed from an 
allenyl lithium species.  

The synthesized APAs have been shown to engage in Sonogashira-
Hagihara cross-coupling reactions. Modified reaction conditions have been 
developed to prevent MeOH addition across the P=C double bond. An iso-
merization study has shown that the APAs can undergo cis/trans isomeriza-
tion across the P=C double bond in the presence of amine. With the help of 
spectroscopic, electrochemical and theoretical studies, it is shown that the 
phosphorus heteroatom is an intrinsic part of the π-conjugated system. The 
incorporation of phosphorus heteroatoms leads to decreased HOMO-LUMO 
gaps compared to all-carbon based reference compounds. 

The thesis also presents the use of monoacetylenic phosphaalkenes as 
precursors for the synthesis of phosphaalkene-substituted phospholes. An 
investigation of monoacetylenic phosphaalkene starting materials was per-
formed to verify their stereochemistry. By utilizing the Fagan-Nugent proce-
dure, phosphole-phosphaalkenes (PPAs) were synthesized. A first step to-
wards the exploration of the difference in reactivity of the σ2,λ3 phosphaal-
kene-P and the σ3,λ3 phosphole-P was undertaken. It could be shown that 
oxidation of the PPAs with sulfur occurs selectively at the σ3,λ3-P. The 
phosphole-phosphaalkenes were characterized by UV/Vis spectroscopic 
studies and cyclic voltammetry, which both show that the phosphaalkene-P 
is an integral part of the compounds’ π-systems, and induces a decrease of 
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the HOMO-LUMO gap compared to reference phospholes that lack the 
phosphaalkene substituent. 

A first exploratory study to utilize metathesis reactions of C-ethylenic 
phosphaalkenes was performed in order to expand the possible synthetic 
pathways towards phosphorus-containing π-conjugated materials. 

In summary, this thesis presents the investigation of synthetic routes to 
novel phosphorus-containing π-conjugated molecules and a study of the 
influence that the introduced phosphorus heteroatoms have on the optical 
and electronic properties of the systems. While the presented work is of fun-
damental character, the hope is that it has laid the foundation for the devel-
opment of improved organic functional materials for future electronic device 
applications.  
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Svensk sammanfattning 

Om vi går tillbaka tio, tjugo år i tiden, hur såg din mobiltelefon ut då, din 
dator, din kamera? En sak är säker, tekniken har utvecklats väldigt snabbt på 
bara några få år. Mobiltelefoner och datorer har blivit mindre och mindre 
men deras kapacitet har ökat drastiskt. De elektroniska komponenterna har 
under årens lopp fortsatt att minska i storlek och vi har snart nått den punkt 
då vi måste gå ned på molekylär nivå för att utvecklingen ska kunna fortsätta 
i samma takt som den gjort tidigare. På ett plan är vi redan där, ensembler av 
molekyler och polymerer används t.ex. som ljusemitterande material i orga-
niska ljus-emitterande dioder (OLED) som i sin tur finns i skärmar för mo-
biltelefoner och kameror.1 Men det finns fortfarande stora utmaningar på 
molekylär nivå att övervinna. Det kommer antagligen att dröja många år 
innan den första elektroniska utrustningen med elektronikkomponenter base-
rade på en eller enstaka molekyler kan produceras och finnas tillgänglig i 
affärerna.  

Mycket forskning har inriktats på just organisk och molekylär elektronik. 
Uttrycket molekylär elektronik betecknar användandet av enskilda, eller ett 
fåtal, molekyler för tillverkning av elektroniska komponenter, medan orga-
nisk elektronik är inriktat på molekylära eller polymera material.2-3 Men det 
är inte enbart möjligheten att minska storleken på de elektroniska kompo-
nenterna som gör användandet av molekyler intressant. Genom kemisk syn-
tes kan man bygga upp komponenterna (molekylerna) från grunden och både 
fysikaliska och elektroniska egenskaper kan påverkas i designen. Den här 
forskningen kommer dock att kräva stort samarbete mellan både kemister, 
fysiker och ingenjörer. Kemisternas uppgift är att utveckla nya molekyler 
och polymerer för specifika tillämpningar, vilka måste gå hand i hand med 
utvecklingen av den utrustning som kan införliva dessa molekyler (fysiker 
och ingenjörer). Denna avhandling behandlar den första delen av dessa upp-
gifter, dvs. utvecklingen av syntesvägar till nya molekyler för potentiella 
tillämpningar inom organisk elektronik, samt undersökning av dessa mole-
kylers egenskaper. 

Ett av de första exemplen inom organisk elektronik ledde till Nobelpriset 
i kemi för Heeger, MacDiarmid och Shirakawa år 2000.5-6 De visade att den 
kolbaserade polymeren, polyacetylen, kan användas som en halvledare om 
man dopar den med jod. Detta ledde till ett stort intresse för π-konjugerade 
oligomerer och polymerer (dvs. föreningar som har överlappande p-orbitaler 
t.ex. genom att de innehåller alternerande enkel- och multipelbindingar). 
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Många π-konjugerade system har sedan dess framställts där enskilda mole-
kyler fungerat som potentiella elektroniska komponenter, såsom molekylära 
ledare och dioder och därmed inte enbart för tillämpning som halvledarmate-
rial. 2-3,7-10 Oligo- och poly(aryl)etylener och -acetylener bestående av etyle-
ner, acetylener eller arener är speciellt intressanta för uppbyggnaden av en-, 
två- och tredimensionella molekylära arkitekturer.2,7-9 Dessa system kan 
modifieras genom att man kan integrera heteroatomer såsom svavel, kväve 
eller fosfor.2,10-22 Detta gör att de elektroniska egenskaperna hos molekylerna 
ändras, men man kan även på kemisk väg modifiera heteroatomen och där-
med påverka de optiska och elektroniska egenskaperna hos systemet post-
syntetiskt dvs. efter att de färdigställts. 

Ett av målen med det här arbetet var att integrera fosfor i oligoacetylener 
samt att studera egenskaperna för de molekylära systemen som skapats. För 
att fosfor-centret ska kunna vara en del av det π-konjugerade systemet var 
det uppenbart att introducera det i form av en fosfaalken (fosfor-kol dubbel-
binding). Den klassiska kemin hos kol-baserade π-konjugerade oligoacetyle-
ner är väletablerad och det finns en stor kunskapsbas att använda sig av för 
uppbyggnad av oligomera och polymera strukturer.8-9 Stora delar av det ar-
bete som beskrivs i den här avhandlingen behandlar därför införlivningen av 
fosfaalkener i dietyneletener för att skapa diacetylena fosfaalkener och de 
första syntesvägarna till dessa nya π-konjugerade system. Teoretiska beräk-
ningar samt spektroskopiska och elektrokemiska mätningar har använts för 
att förstå huvudprinciperna i syntesvägarna och för att få insikt i egenskaper-
na hos de π-konjugerade systemen. En mekanism för bildandet av diacetyle-
na fosfaalkener har även föreslagits. Vi har även kunnat visa att fosfor-
atomen är en del av det π-konjugerade systemet och att integreringen av 
fosfor påverkar de optiska och elektroniska egenskaperna jämfört med de π-
konjugerade system som enbart innehåller kol.  

Den här avhandlingen behandlar även syntesen och användandet av mo-
noacetylena fosfaalkener som startmaterial för fosfaalken-substituerade fos-
foler. Genom användningen av två fosforatomer med olika hybridisering vill 
vi selektivt kunna styra reaktiviteten hos de olika fosforatomerna och där-
med kunna påverka molekylens optiska och elektroniska egenskaper. En 
första indikation på att detta är möjligt påvisas genom att fosforatomen till-
hörande fosfolen selektivt kan oxideras m.h.a. svavel.  

En första undersökande studie presenteras också för möjligheten att un-
dersöka huruvida användningen av metates-reaktioner är lämpligt för att 
skapa alken-sammanbundna fosfaalkener. 

Sammanfattningsvis, så presenterar denna avhandling syntesvägar till fos-
for-innehållande π-konjugerade molekyler samt hur fosforatomen påverkar 
dessa system. Vi har härmed tagit ett första steg mot uppfinningsrikt desig-
nade molekyler vars egenskaper lätt kan modifieras. Förhoppningsvis kan 
detta arbete vara grunden till utvecklingen av olika funktionella molekyler 
som kan användas som elektronikkomponenter.  
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Appendix 1 

Table A1. Crystallographic data for 5b.  
Compound 5b 
Formula C35H59PSi 
Mw (g/mol); F(000) 566.97; 2496 
T (K); wavelength (Å) 293(2) ; 0.71073 
Crystal System Monoclinic 
Space Group C2/c 
Unit Cell: a (Å) 31.928(6) 
b (Å) 11.565(2) 
c (Å) 22.765(5) 

β (°) 113.71(3) 
V (Å3); Z; ; dcalcd. (g/cm3) 7696(3) ; 8 ; 0.979   

θ range (°); completeness 1.89 to 25.02 

collected reflections; Rσ  30047 ; 0.0496 
unique reflections; Rint 6788 ; 0.0579 

µ (mm–1); Abs. Corr. 0.153;Semi-empirical 
from equivalents 

R1(F); wR(F2) [I > 2σ(I)] 0.0713; 0.1874 
R1(F); wR(F2) (all data) 0.1034; 0.2099 
GoF(F2) 1.081 
Residual electron density 
(e-/Å3) 

0.329 and -0.235 

 
 
Crystal structure data for 5b have been deposited at the Cambridge Crystal-
lographic Data Centre, and allocated the deposition number CCDC 825663. 
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Appendix 2 

Materials and general methods: Chemicals were purchased from Sigma-
Aldrich and used as received. THF was distilled from sodium/benzophenone. 
CH2Cl2 was distilled from calcium hydride. All reactions were performed 
under an inert atmosphere of nitrogen or argon. Flash chromatography was 
performed on Merck silica gel SI-60Å (35-70).  
 
NMR Spectroscopy: 1H-NMR spectra were recorded on a JEOL Eclipse + 
400 MHz spectrometer (operating at 399.8 MHz). Chemical shifts are given 
in ppm and referenced internally to the residual solvent signal (CHCl3, δH = 
7.26 ppm). 13C-NMR spectra were recorded on the same instrument (operat-
ing at 100.5 MHz) and were also referenced internally to the residual solvent 
signal (CHCl3, δc = 77 ppm, central signal). 31P-{1H}-NMR spectra were also 
measured on JEOL Eclipse + 400 MHz spectrometer (operating at 161.8 
MHz).  
 
Mass Spectrometry: Mass spectrometry were performed on a Finnigan 
MAT ThermoQuest GCQ mass spectrometer with electron impact (EI) ioni-
zation. 

 
1,5-Bis(trimethylsilyl)-3-bromopenta-1,4-diyne (7): 
To a solution of PPh3 (2.07g, 7.90 mmol) in 50 ml CH2Cl2, Br2 (0.40 ml, 
7.90 mmol) was added dropwise at 0 °C. The solution was stirred for 30 min 
and 1,5-bis(trimethylsilyl)penta-1,4-diyne-3-ol (1.76 g, 7.85 mmol) was 
added in portions. The reaction mixture was stirred for 2 h. After addition of 
10% Na2S2O3 (aq) to neutralize unreacted Br2, the phases were separated. 
The aqueous phase was extracted with pentane, and the combined organics 
dried with Na2SO4 and concentrated in vacuo. Purification by column chro-
matography (pentane). Yield: 1.62 g (5.64 mmol, 71 %). 1H-NMR (300 
MHz, CDCl3): δ = 5.17 (s, 1H, CH), 0.20 (s, 18H, CH3). 13C-NMR (75 MHz, 
CDCl3): δ = 98.9, 92.2, 19.0, -0.5 
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((Bis(trimethylsilylethynyl))methylene)(2,4,6-tri-tert-
butylphenyl)phosphine (5d): 
To a suspension of Rieke Mg (1.40 ml of a 25mg/l Rieke Mg in THF, ~ 1.44 
mmol) in THF (15 ml) at room temperature, 1,5-bis(trimethylsilyl)-3-
bromopenta-1,4-diyne (0.139 M in THF,1.39 mmol) was added dropwise 
during 45 minutes. The greenish brown suspension was stirred for 30 mi-
nutes and transferred to a solution of Mes*PCl2 (0.500 g, 1.44 mmol) at 0 °C. 
After warming to room temperature and stirring for 3 h, 1,4-
diazabicyclo[2.2.2]octane (0.314 g, 2.80 mmol) was added slowly. The reac-
tion mixture was stirred for 14 h, filtered through celite, dried with Na2SO4 
and concentrated in vacuo. Purification by column chromatography (1 % 
EtOAc in pentane). Yield: 0.154 g (0.329 mmol, 23 %). 1H-NMR (300 MHz, 
CDCl3): δ = 7.47 (s, 2H, CH), 1.50 (s, 18H, t-Bu), 1.33 (s, 9H, t-Bu), 0.25 (s, 
9H, SiCH3), -0.11 (s, 9H, SiCH3). 13C-NMR (100 MHz, CDCl3): δ = 
153.5, 150.4, 141.4 (d, 1JPC = 36 Hz), 134.8 (d, JPC = 58 Hz), 122.5, 108.4 (d, 
JPC = 8 Hz), 104.0 (d, JPC = 26 Hz), 102.9 (d, JPC = 19 Hz), 101.5 (d, JPC = 15 
Hz), 38.2, 35.0, 32.9 (d, 4JPC = 5 Hz), 31.4, -0.0, -0.4. 31P-{1H}-NMR (162 
MHz, CDCl3): δ = 346.2. EI MS (70 eV): m/z (%): 482.1 (55) [M+], 467.2 
(9) [M+-CH3], 409.3 (15) [M+-SiMe3], 275.3 (100) [Mes*P]+. Elemental 
analysis (%) calcd for (C35H59PSi2): C 72.14, H 9.81; Found: C 72.51, H 
9.79 
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Appendix 3 

For materials and general methods, see Appendix 2. 
 

Table A2. Crystallographic data for 10.  
Compound         10 
Formula C29H47AuClPSi2, 

(C3H7)0.5 

Mw (g/mol); F(000) 736.78; 2980 
T (K); wavelength (Å) 100 ; 0.71073 
Crystal System Monoclinic 
Space Group C2/c 
Unit Cell: a (Å) 19.021(11) (18) 
b (Å) 19.628 (10) 
c (Å) 20.340 (12) 

β (°) 104.031(11) 
V (Å3); Z; ; dcalcd. (g/cm3) 7368(7) ; 8 ; 1.328 

θ range (°); completeness 1.51 to 31.22; 0.834 

collected reflections; Rσ  69275 ; 0.1176 
unique reflections; Rint 9984 ; 0.0805 

µ (mm–1); Abs. Corr. 4.190;Semi-empirical  
from equivalents 

R1(F); wR(F2) [I > 2σ(I)] 0.0458; 0.0996 
R1(F); wR(F2) (all data) 0.0824; 0.1259 
GoF(F2) 0.916 
Residual electron density 
(e-/Å3) 

1.979 and -2.503 

 
Crystal structure data for 10 have been deposited at the Cambridge Crystal-
lographic Data Centre, and allocated the deposition CCDC 809644. 
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(1,5-bis(trimethylsilyl)penta-1,4-diyn-3-ylidene)(2,4,6-tri-tert-
butylphenyl)phosphine gold chloride (10) 
A2PA 5d (65 mg, 0.134 mmol) and [Au(tht)Cl] (43 mg, 0.134 mmol) was 
dissolved in 20 ml CH2Cl2. The yellow solution was stirred overnight under 
Ar. Solvent removed in vacuo. Recrystallization from CH2Cl2/pentane gave 
light yellow crystals. Yield 92 mg (0.13 mmol, 96 %).  1H-NMR (CDCl3, 
400 MHz): δ = 7.59, 7.58 (2s overlapping, 2H, Ar), 1.65 (2 s overlapping, 
18H, tert-Bu), 1.33 ppm (s, 9H, tert-Bu), 0.29 ppm (s, 9H, Si(CH3)3). -0.10 
ppm (s, 9H, Si(CH3)3).13C-NMR (CDCl3, 100 MHz): 156.2 (Mes*), 154.6 
(Mes*), 133.7 (d, JPC = 86.8 Hz), 128.3 (d, JPC = 14.9 Hz), 123.9 (Mes*), 
123.8 (Mes*), 122.8 (d, JPC = 25.9 Hz, Mes*), 115.0 (d, JPC = 17.2 Hz, 
acetylene ), 108.9 (d, JPC = 23.1 Hz), 101.3 (acetylene), 100.5 (d, JPC = 21.1 
Hz), 39.1, 35.4, 34.1, 31.1, -0.5, -0.8. 31P-{1H}-NMR (CDCl3, 162 MHz): 
264.0 ppm EI MS (70 eV): m/z [M+- AuCl] 482.2 (30), [Mes*P+-H] 275.3 
(100). Elemental analysis (%) calcd. for (C29H47AuClPSi2 · CH2Cl2); C 
45.03; H, 6.17; Found: C 45.31; H, 6.02. 
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Appendix 4 

For materials and general methods, see Appendix 2. 
 
 
(E)-but-3-en-2-ylidene)(2,4,6-tri-tert-butylphenyl)phosphine (18) 
Mes*P=C(CH3)Br (300 mg, 0.78 mmol), Pd(dba)2, (46 mg, 0.080 mmol) and 
PPh3 (21 mg, 0.080 mmol) were dissolved in 20 ml THF. Vinylmagnesium 
bromide (2.4 ml, 1 M, 2.4 mmol) was added dropwise and the reaction mix-
ture was refluxed for 5h. The mixture was filtered through a plug of silica 
which was rinsed with CH2Cl2. The solvent was removed in vacuo. Column 
chromatography in pentane yielded a white solid, 240 mg, 0.73 mmol (93 
%). Recrystallization from CH2Cl2/acetonitrile yields white crystals. 1H-
NMR (399.8 MHz, CDCl3): δ 1.31 (d, JPH =13.0 Hz, CH3) 1.35 (s, 9H, p-
tert-butyl), 1.46 (s, 18H, o-tert-butyl), 5.05 (ddd, 1H, 2Jgem=0.9Hz, 
JPH=4.6Hz, 3Jcis=10.5Hz, CHcis), 5.21 (ddd, 1H, , 2Jgem=0.9Hz, JPH=6.6Hz, 
3Jtrans=17.0Hz, alkene CHtrans), 7.03 (ddd, 1H, 3Jcis=10.5Hz, JPH=13.9Hz, 
3Jtrans=17.0Hz, alkene-CH), 7.43 (m, 2H, Mes*).  31P-{1H}-NMR (161.8 
MHz, CDCl3): δ 264.3. 13C-NMR(100.5 MHz, CDCl3): 18.3 (d, JPC=15.7Hz, 
CH3), 31.4 (s, p-C(CH3)3), 32.4 (s, o-C(CH3)3, 32.5 (s, o-C(CH3)3, 35.0 (s, p-
C(CH3)3), 37.9 (s, o-C(CH3)3), 110.2 (d, JPC =41.2 Hz, CH2), 121.5 (s, meta-
Ar), 136.7 (d, P-C, JPC =56.1 Hz), 141.4 (d, JPC =43.6 Hz, CH), 150.1 (s, 
para-Ar), 153.9 (s, orto-Ar), 179.6 (d, P-C, JPC = 35.9 Hz). ESI MS: m/z 
[2M+Ag] + 767.6 (100), [M+Ag] + 437.4 (34). Anal. Calcd. for  C22H35P; C, 
79.95; H, 10.67. Found C, 79.78; H, 10.58. 
 
Single crystals suitable for X-ray diffraction were obtained as colorless 
needles by slow evaporation of 18 in CH2Cl2/CH3CN at room temperature. 
Compound 18 crystallizes in the triclinic space group P-1(No. 2), C22H35P, 
M = 330.47g mol-1, crystal dimensions 0.1 x 0.2 x 0.4 mm, a = 6.1572(9) Å, 
b = 12.7564(18) Å, c = 13.3771(18) Å, α = 91.676(2) °, β = 95.369(2) °, γ = 
91.575(2) °, V = 1045.1(3) Å3, Z = 2, 2θmax=55.3 °, ρ =  1.050 g*cm-1, 
μ(MoKα) = 0.131 mm-1, F000 = 364, -7 ≤ h ≤ 8, -16 ≤ k ≤ 16, -17 ≤ l ≤ 16, 
16501 reflections measured, 4793 unique (Rint = 0.0405), R1 = 0.0921 
(I>2.0σ(I)), Rw = 0.2513 (all data), GooF = 1.016, 219 parameters, 0 re-
straints. 
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(E)-((E)-4-phenylbut-3-en-2-ylidene)(2,4,6-tri-tert-
butylphenyl)phosphine (19) 
Mes*P=C(CH=CH2)CH3 (114 mg, 0.35 mmol) and Grubbs Catalyst 2nd 
Generation (297 mg, 0.35 mmol) were dissolved in 10 ml CH2Cl2. The solu-
tion was stirred at 35 °C for 2 days. The solvent was removed in vacuo. Col-
umn chromatography in pentane yielded a white solid, 39 mg, 0.096 mmol 
(27 %) Recrystallization from CDCl3 yields white crystals. 1H-NMR (399.8 
MHz, CDCl3): δ 1.34 (s, 9H, p-tert-butyl), 1.42 (d, JPH =12.7 Hz, CH3)  1.46 
(s, 18H, o-tert-butyl), 6.57 (m, 1H, CH),7.21 CH), 7.32 (m, 2H, Ar), 7.44 (s, 
2H, Mes*), 7.32 (m, 3H, Ar). 31P-{1H}-NMR (161.8 MHz, CDCl3): δ 267.2 
ESI MS: m/z [2M+Ag] + 919.5 (100), [M+Ag] + 513.4 (34) HR-MS (ESI): 
m/z 513.18156 [M+Ag]+; calcd for C28H39PAg 513.18348 

 
Single crystals suitable for X-ray diffraction were obtained as colorless 
blocks by slow evaporation of 19 in CDCl3 at 4°C. Compound 19 crystalliz-
es in the monoclinic space group P2(1)/c (No. 14), C28H39P, M = 406.56g 
mol-1, crystal dimensions 0.13x 0.21 x 0.31 mm, a = 21.8508(29) Å, b = 
6.2362(8) Å, c = 18.5898(25) Å, β = 100.271(2), V = 2492.56 Å3, Z = 4, 
2θmax=61.0 °, ρ = 1.083 g*cm-1, μ(MoKα) = 0.12 mm-1, F000 = 888, -31 ≤ h ≤ 
29, -8 ≤ k ≤ 8, -26 ≤ l ≤ 26, 46654 reflections measured, 7462 unique (Rint = 
0.090), R1 = 0.0588 (I>2.0σ(I)), Rw = 0.1655 (all data), GooF = 0.971, 272 
parameters, 0 restraints. 
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