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Summary 
 
This work introduces a wide variety of polyyne rich compounds capable of 
accommodating a dicobalt hexacarbonyl cluster on each alkyne 
functionality. The aim of the project has been to synthesize and characterise 
these polyynes and the related cluster-rich compounds, from the smallest 
monoclusters to the heaviest tridecacluster obtained. 
 After the synthesis and the full characterization of the smallest 
polyynes, the related cluster-rich compounds were obtained. Furthermore 
some alkyne building blocks have been combined to obtain species with 
extended backbones with increasing numbers of polyyne functionalities, 
and again they have been reacted to form the cluster-rich compounds. 
Finally, some alkyne building blocks have been extended to form dendritic 
units with an increasing number of alkyne functionalities up to thirteen, on 
which thirteen clusters have been inserted. 
 Chapter 1 reports a brief introduction to set the compounds studied 
in this work in a wider context, giving an overview of synthetic approaches 
and potential applications of polyynes. 
 Chapter 2 reports a general discussion about the methodologies 
adopted for the polyyne synthesis using the well known Sonogashira 
reaction, and the insertion of dicobalt hexacarbonyl clusters into the 
polyyne backbones. 
 Chapter 3 describes the initial approach to the aromatic polyynes 
shown below. 
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The reaction of the TMS-protected compounds with dicobalt octacarbonyl 
resulted in the cluster-rich compounds shown below: 
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Combination of some aromatic polyynes produced the following higher 
molecular mass compounds: 
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After the reaction with dicobalt octacarbonyl, the corresponding cobalt 
derivates were obtained. 
 

BrBr

Br

Br

Br

Br

Br

BrBr

27

26

28  
 
 Chapter 4 reports the combination of some aromatic polyynes, to 
produce the following ethynyl-centred compounds: 
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The corresponding cluster-rich compounds could then be obtained: 
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 Chapter 5 discusses the synthesis of asymmetric substituted 
compounds: 
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After the insertion of dicobalt hexacarbonyl clusters into these compounds, 
the related cobalt-rich compounds were synthesized: 
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 Chapter 6 reports a variety of phenyl and biphenyl-functionalised 
compounds, which were used to obtain the following end capped polyynes: 
 

70 76

69 73

 
 
After the insertion of dicobalt hexacarbonyl clusters the corresponding 
compounds were studied: 
 

87 8985  
 
 In chapter 7 substituted benzene cores have been used to produce, by 
a convergent synthesis, the following benzene-centred dendritic compounds: 
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From the 1,4-disubstituted benzene core it has been possible to insert up to 
six cobalt clusters and the structures are the following: 
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From the 1,3,5-trisubstituted benzene core it was possible to insert into the 
backbone up to nine cobalt clusters as shown below: 
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From the 1,2,4,5-tetrasubstituted benzene core it was possible to isolate the 
following nonacluster and dodecaclusters. 
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 Chapter 8 describes the synthesis of the ethynyl-centred dendritic 
compounds by a divergent methodology 
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In the final step, cobalt-rich compounds with up to thirteen clusters were 
obtained: 
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 Chapter 9 reports some functionalised butadiyne compounds. 
 

TIPSTIPS

TIPS TIPSTMSTMS

TIPS

TIPS TIPS

TIPS

126

128127

125124

 
 
Those compounds have been extremely useful in terms of proving the 
efficiency of the reaction of vicinal polyynes with dicobalt octacarbonyl. The 
insertion has been complete and the following compounds were 
characterised. 
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 Chapter 10 reports a complete study of the observed spectroscopic 
data of polyyne compounds. Several trends have been observed in 1H and 
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13C-NMR spectroscopic data and the overall use of mass spectrometric and 
IR spectroscopic data in the characterization of polyynes has been assessed. 
 Chapter 11 reports a complete study of the observed spectroscopic 
ans spectrometric data of the cobalt hexacarbonyl-decorated derivatives of 
polyyne compounds. 
 Chapter 12 reports the conclusions from this thesis. 
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Abbreviations 
 
°C degree celsius 
CnX carbon atom on the n-position of the ring X (NMR) 
ArX aromatic ring X (NMR) 
Arx/y centroid of the aromatic ring containing the C atoms x-y (X-ray) 
bpy 2,2’-bipyridine 
br broad (NMR) 
calc calculated mass 
d doublet (NMR) 
dd doublet of doublets (NMR) 
DMSO dimethylsulfoxide  
dpp dipyridyl pyrazine 
dppe 1,2-bis(diphenylphosphino)ethane 
dt doublet of triplets 
EI-MS electon impact mass spectrometry  
FAB fast atom bombardment 
g gram 
HAr aromatic protons (NMR) 
HnX hydrogen atom on the n-position of the ring X (NMR) 
Hz hertz 
iPr isopropyl-group (MS) 
IR infrared spectoscopy 
LC liquid crystal 
LCD liquid crystal display 
m medium (IR) 
m/z mass per charge (MS) 
Maldi matrix assisted laser desorption ionisation mass spectrometry 
MS mass spectrometry 
MWNT multi-wall nanotube 
NMR nuclear magnetic resonance 
NT nanotube 
PAH polycyclic aromatic hydrocarbon 
Ph phenyl 
q quartet (NMR) 
s singlet (NMR) 
s strong (IR) 
S: Sonogashira reaction (Figure) 
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STM scanning tunneling microscopy 
SWNT single-wall nanotube  
t triplet (NMR) 
terpy 2,2’-6’,2’’-terpyridine 
THF tetrahydrofuran 
TIPS triisopropylsilyl-group 
TMS trimethylsilyl-group 
Tof time of flight 
tpy terpyridine 
tt triplet of triplets (NMR) 
vs very strong (IR) 
vw very weak (IR) 
w weak (IR) 
γ rocking mode (IR) 
δ bending mode (IR) 
δ chemical shift (NMR) 
ν stretching mode (IR) 

 substituted dicobalt hexacarbonyl-cluster: -C-Co2(CO)6-C- (Figure) 
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General experimental 
 
NMR spectroscopy 
 
Chemical shift are defined with internal TMS δ 0 ppm for 1H and 13C spectra 
and have been measured relative to the in the experimental section reported 
solvent (CDCl3 or DMSO). 
1H-NMR spectra were recorded on Bruker AM 250 MHz, on AV 400 MHz and 
on Bruker DRX-500 MHz spectrometers. 
13C-NMR spectra were recorded at 125 MHz on Bruker DRX-500 MHz 
spectrometer and 100 MHz on AV 400 MHz spectrometer. 
 
 
Mass spectrometry 
 
Fast-atom bombardment (FAB) and electron impact (EI) mass spectra were 
recorded on Kratos MS-50, Kratos MS-890, VG 70-250 or Kratos MS 902 
spectrometers. 
Maldi-Tof mass spectra were recorded on a Voyager-DE PRO spectrometer, 
in positive mode without matrix (if not specially annotated in the 
experimental section). 
Electrospray ionisation (ES) mass spectra were recorded on Micromass LCT 
or LCQ spectrometers. 
 
 
Infrared Spectroscopy 
 
Infrared spectra were recorded have been recorded on a Shimadzu FTIR-
8400S spectrophotometer with neat samples on a Golden Gate diamond 
ATR accessory. 
 
 
Elementary analyses 
 
The microanalyses have been performed with a LECO CHN-900 apparatus.
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Chapter 1 
Introduction 

 
The research field which is concerned with the synthesis and investigation 
of high molecular weight/size compounds is a very wide branch of 
chemistry. Therefore, it has been necessary to make a very selective choice 
of subjects for this introduction. A brief historical introduction will set the 
compounds studied in this work into the context of the wider research field 
by mentioning some key events in the evolution of the chemistry of the 
molecular «giants». The synthetic approaches used for the production of 
these elaborate architectures will be reported and the discussion will focus 
on polyyne-functionalised architectures. It will illustrate important 
properties which make these compounds fascinating both chemically and 
physically. Finally, potential applications of these particular compounds will 
be introduced by reporting briefly some of the most important results 
achieved in the last few years by selected researchers. 
 
 
1.1 Evolution of high molecular-weight compounds 
 
The chemistry of molecular «giants» officially began at the beginning of last 
century with the first synthesis of a big molecule: a polypeptide chain of 18 
amino acids. In 1931, the first important work on polymerisation was 
completed by Carothers1, who distinguished the polymerisation process 
from that used for the production of the aforementioned polypeptide chain; 
«the step-by-step synthesis of long molecular chains containing a repeating 
units is illustrated by Fisher’s synthesis of polypeptides. Reaction of 
polymerisation, however, lead to the formation of polymeric chains in a single 
operation… it is true that synthetic linear high polymers are availably 
mixtures whose building blocks are chains of slightly differing lenght… 
Neverthless, it must be admitted that a molecule does lose any of its 
definiteness as an entity [because] if can not be completely separated from 
other similar but slightly different molecules». So began polymer chemistry 
and only the chemists specialised in biopolymers were left to study discrete 
substances with high molecular weight. In 1985, Tomalia2 and Newkome3-4 
published their investigations on high-weight macromolecules, and thereby 
inaugurated the chemistry of high molecular weight compounds with well-
defined structure. The interest in the highly branched molecular 
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architectures has emerged to become a worldwide research field5-6. In this 
ever growing research area, both practical and esthetic7 goals are sought. 
However both have the common objective of improving methods of achieving 
highly branched architectures with specific structures and properties. For 
this purpose, new methodologies have been investigated to produce bigger 
and bigger architectures with defined shape and properties8. The continued 
growth of these architectures set the basis for a new specific branch of 
chemistry specialising in nanometer-sized molecules. Nanochemistry is 
nowadays the chemical field that presents the greatest increasing research 
expansion and new methodologies are under continuing investigation. Many 
research groups are involved in finding optimal synthetic strategies, suitable 
characterisation methods or potential applications for new molecular 
giants9. Furthermore, the incorporation of metals into dendritic frameworks 
pushed many researchers such as Balzani and Newkome5 toward new 
compounds, the so-called metallodendrimers. 
 Nowadays, chemical research is split into more branches, each of 
which is investigating a specific family of compounds. One of these 
branches concerns hydrocarbon chemistry10-11, which has witnessed in the 
last few years an exponential growth, especially in polyyne chemistry. New 
structures such as cyclo(n)carbons, graphine and graphidynes, 
polyphenylynes, polyyne-cages, superbenzenes (HBC) and many other 
carbon-rich structures have been synthetised and studied. Some members 
of this wide research field are reported in Figure 1.1. 
 

 
 

Figure 1.1: Some typical compounds of hydrocarbon chemistry; cyclo(60)carbon (top left), 
graphyne (top middle), graphidyne (top right), hexaphenylyne-macrocycle (bottom left), 

phenylyne-cage (bottom middle) and hexobenzocoronene (bottom right). 
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Moore and coworkers8 initially made significant contributions to the 
investigation of phenylyne-fuctionalised compounds, these have been used 
to obtain a wide variety of polyyne-rich compounds12 such as those reported 
in Figure 1.2. 
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Figure.1.2: Polyyne-rich dendrimers investigated by Schwab13 and Narayanan14 
respectively. 

 
The progressive integration of dendritic chemistry and nanochemistry is a 
general trend in every chemical and extra-chemical field in the search for 
new structures15 and potential applications of these compounds. This trend 
produces increasing collaboration between chemists, physicists and 
biologists. 
 
 
1.2 Polymers, dendrimers and metallodendrimers 
 
In general, dendrimers (from Greek dendro, which means tree-like) are 
highly branched compounds, each with a three-dimensional well-defined 
shape, size and molecular weight. Dendrimers may possess one or more, 
similar or different functionalities. 
 The initial evolution of dendritic chemistry found its origin in the 
research work of Flory (evidence for the existence of branched chains and 
three-dimensional macromolecules), and of Webster and Kim (first patent in 
1987 for the first intentional synthesis of a hyperbranched polymer). After 
this, a general interest arose very quickly16. From the point of view of 
molecular size, no strict distinction can be made between dendrimers and 
polymers, since big dendrimers (i.e. nanodendrimers) can achieve the same 
molecular scale as small polymers. On the contrary, the crucial distinction 
is the different composition of the two types of compounds. While there is no 
doubt about the importance of polymeric materials17, it is important to 
remember that these substances are chemical mixtures, which are 
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fundamentally different from a pure compound. This distinction between 
mixture and pure substance lies at the heart of polymer chemistry. 
 The combination of dendritic and metal-coordination chemistry 
permitted the evolution of a wide range of new metal-containing structures. 
Metallodendrimers are supramolecular dendritic structures possessing 
defined size and structure and they can be tuned to exhibit well-defined 
physical, optical, photochemical, biological or catalytic properties5. The 
metal ion(s) present in the architecture can serve various functions such as 
branching centers, building block connectors or structural auxiliaries. This 
role-diversity allows one to classify known metallodendrimers. 
 Metals, or metal-complexes can be used as a starting point for the 
growth of dendritic structures as in the case of the highly-branched 
dendrimers developed by Fréchet6 and by Chow18 and reported in Figure 
1.3. 
 

 
Figure 1.3: Metallodendrimers possessing a single metal ion placed in the center, Mn(II) 

and Tb(III) respectively6,18. 

 
As displayed clearly in Figure 1.3, the branches are built up from 1,3,5-
substituted phenyl-functionalities, which are linked together by ester-
bridges (left) and ether-bridges (right) respectively. The presence of metal 
ions is required only for complexation at the core. Fréchet inserted a Mn(II)-
ion in a central porphirine-ring (left), while Chow grew the dendrimer from a 
central Tb(III)-complex with three benzocarboxylate ligands (right). 
 Metal ions can cover the important function of building blocks’ 
connectors by the dendritic extension of the structure. An interesting 
example has been given by Newkome5 by the investigation of Ru(II) 
connectivity reported in Figure 1.4. 
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Figure 1.4: Metallodendrimer possessing metallic block connections (Ru(terpy-R)2) 
necessary for its construction5. 

 

The key reaction for the dendrimer-construction is based on the 
complexation of functionalized Ru(II)-building blocks with a tetra-terpy 
substituted core. 
 Metals can even be inserted as decoration around the periphery of the 
structure after the complete construction of the dendritic framework as in 
the architectures obtained by Moràn and Cuadrado19, which are displayed 
in Figure 1.5. 
 

 
Figure 1.5: Metallodendrimer possessing a ferrocene-functionalised periphery19. 

 
In this specific case, the terminal chlorosilane-functionalised units on the 
surface of the dendrimer were reacted with mono-substituted ferrocene 
complexes to give the reported ferrocene-rich dendrimer. Another interesting 

Si

Si

Si

Si

Si
Si

Si

Si

Si
Cl

Cl

Cl

Cl

Si

Si

Si

Si

Cl

Cl

Cl

Cl

CH3
CH3

CH3

CH3CH3

CH3

CH3

CH3
CH3

CH3

CH3

CH3

CH3

CH3CH3

CH3
CH3

CH3

CH3

CH3

+ C5H5-Fe-C5H5-CH2CH2NH2

N
N

N
O

NHO
O O

O

O
O

N N

N

O

O

NHO

Ru

Ru
NN

N
N N

N

Ru
NN

N

N

N

N
O

NH O
OO

O

O
O

NN

N

O

N N

N

O

NH O

Ru

Ru
N

N

N

N

N
O

NH O
OO

O

O
O

NN

N

O

N N

N

O

NH O

Ru

Ru

O

O

O

O

N

N

N

N
O

O

O

O

NN

N

O

N
H

O
O

O OO
O

N

N

N
O

N

N

N
O

N
H

O

Ru



Chapter 1 - Introduction 

24 

example was reported by Astruc20, in which the reaction between 81 
terminal ethene-functionalities and monosubstituted ferrocene units 
produced the highly branched compound reported in Figure 1.6. 

 
Figure 1.6: Highly branched metallodendrimer possessing 81 ferrocene-moieties on the 

periphery20. 

 
 Metal ions or atoms can be inserted throughout the architecture. This 
can be achieved by a stepwise building of the metallodendrimer using metal-
functionalised building-blocks (Figure 1.7) or in a single-step reaction. An 
important advantage of a stepwise connection of metal-functionalised 
building blocks is the possibility of alternating different metal-ions in the 
same structure. A typical example of a heteroleptic and heterometallic 
structure was investigated by Balzani21 and is reported in Figure 1.7. 

 
Figure 1.7: Heteroleptic metallodendrimer possessing heterometallic building connections21. 

 
The insertion of metal ions or atoms in a single-step reaction requires the 
presence of specific functionalities in the dendritic framework that can 
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undergo reaction with a metal ion or fragment under appropriate conditions. 
An important example is the reaction of a dendritic polyyne structure with 
dicobalt octacarbonyl, which produces the fully cobalt cluster-decorated 
corresponding compound22. A dendritic compound possessing twelve 
dicobalt hexacarbonyl clusters is reported in Figure 1.8. 
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Figure 1.8: Dendritic metallodendrimer possessing a fully Co2(CO)6-cluster-decorated 
backbone22. 

 
 
1.3 Synthetic methodologies for the production of dendritic 

frameworks 
 
The necessity to obtain molecular architectures of high molecular weight 
but controlled size and conformation23, leads the chemists to explore 
synthetic methodologies different from those adopted for the production of 
polymers. 
The synthetic routes for the construction of dendritic architectures follow 
two fundamental methodologies: the synthesis of the molecular backbone 
via a multistep synthesis or via a single “self-assembly”-step. The first 
methodology offers the possibility of selectively reaching the desired 
structure, since the creation of secondary products can be easily prevented 
by choosing the most appropriate reacting sites for each synthetic step. This 
methodology, however, has the disadvantage that the dendritic growth is not 
fast enough, and to obtain nanometer-sized architectures, the number of 
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synthetic steps is too great. The “self-assembly” approach leads in a single 
step to very large architectures (even nanometer-sized) through a natural 
assembling of the building blocks. 
 In general, the multiplicity of the core is defined as the number of the 
reacting sites (or branching points), able to link the building blocks (or 
generation units or branches). The number of branches, which grow from a 
branching point depends directly to the nature of the branching unit. The 
branching units can be of two general types: one will produce a linear 
growth while the second will lead to a true branching and to a growth of a 
“tree-like” structure. 
 
 
1.3.1 Stepwise synthesis of dendrimers 
 
The stepwise construction of an architecture can follow two principal 
methodologies: (i) the growth of the structure can proceed in a divergent 
way, by flourishing from the core and proceeding to the periphery or (ii) the 
construction can proceed in a convergent way (inward) from the peripherial 
building blocks to the core. Both methods usually employ key reaction steps 
involving protection or deprotection as activation of complementary parts of 
the structure. 
 The divergent synthesis (Figure 1.9) can be considered as a sequential 
addition of small, identical building blocks (monomers or generation units) 
on a central core unit. This repetitive linkage of building blocks to the core 
produces recurrent concentric loops (or generations) within the super-
structure. 
 

 
 

Figure 1.9: Divergent approach consisting in a sequential linkage of the same building 
blocks to the previously formed product16. 

 
An important advantage of this methodology is the relatively easy 
purification of small monomers and reactants from the larger product 
species, but a disadvantage is the problematic appearance of branching 
defects which tend to occur with an increasing number of transformations. 
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 The convergent synthetic method (Figure 1.10) involves the 
construction of dendritic structures starting from the periphery and 
proceeding inwards. The small monomers mentioned above are replaced by 
dendritic wedges (Figure 1.10, top) characterized by a single reactive 
functionality, which is necessary for the linkage of the wedge to another 
monomer, or to the core for the final dendrimer assembly (Figure 1.10, 
bottom). An important advantage of the convergent method is the small 
number of transformations of the building blocks that are necessary to 
reach the dendrimer. This minimizes statistically the creation of branching 
defects. A disadvantage however, is that, due to the increasing size of the 
monomers, steric hinderance, especially during the linkage to the core, may 
be a problem. 
 

 

 
Figure 1.10: Convergent approach consisting of the linkage of a pre-constructed building 

block (top) to the central core16 (bottom). 

 
In practice some of the synthetic problems can be overcome by the 
combination of both methods. For example by using a strategy which 
involves the linkage of convergently-prepared building blocks to a 
divergently-synthesised extended core. 
 
 
1.3.2 Self-assembly 
 
The “self-assembly” approach consists of a one-step building reaction which 
produces the most stable compounds of the system. By considering a 
supramolecular architecture as an ordered assembly of building blocks, it is 
possible to focus on the intermolecular interactions which hold the different 
building blocks together24-25. To complete the desired architecture, it is 
necessary that these building blocks possess specific recognition sites, 
which permit selective linkages to their target partners. Furthermore, the 
building processes have to be reversible to allow the system to self-repair. 
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Some typical building blocks and the corresponding network, which can be 
selectively achieved are reported in Figure 1.11. 
 
 

       = FeII  + 

 

 

 

 

       = FeII  +  

 

 
Figure 1.11: “Self-assembly” approach for the two specific reactions: the synthesis of Fe(II)-

ions with linear bis-terpyridine ligand (above) and Fe(II)-ions with folded bis-terpyridine 
ligand respectively (below)25. 

 
For the reported reaction of Fe(II) ions with one of the two represented 
ligands (Figure 1.11, left), the self assembly may produce one of two 
possible arrangements respectively (right). In the specific case of the 
reaction of Fe(II) ions with the linear bis(terpy)-functionalised bipyridine 
ligand (Figure 1.11, top left) only a single arrangement will be produced (top 
right). The reaction of Fe(II) ions with the folded bis(terpy)-functionalised 
phenanthroline (bottom left), leads to two different arrangements (bottom 
right): a tris-iron or a tetra-iron containing macrocycle, respectively. 
 The self-assembly approach permits one to produce larger 
architectures more easily than with a multistep synthesis. However, this 
assembling of building blocks is difficult to control and the chosen 
conditions have to be extremely selective, otherwise many different side-
products can be produced. This method is generally applied for metal-
functionalised architectures (metallo-dendrimers), in which a selective 
synthesis can be achieved by tuning a higher number of reaction conditions 
that permit very selective complexation reactions. In complex-systems, the 
conditions can be modified in a range of ways. Tuning the conditions can 
involve the stength of the ligand, the coordination number of the metal ion 
and the pH for the complexation. For the production of pure organic 
dendrimers, fewer tunable conditions are available, and generally it is 
difficult to obtain a given structure as the most stable of the system. 
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1.4 Important properties of polyyne compounds 
 
In general, a building block that is inserted into an elaborate structure 
preserves its own particular properties even when linked to other building 
blocks. Therefore, once locked in the structure, the specific properties of 
each building block can either combine together or interfer with each other. 
The investigation of the elementary properties of each single building block 
is a useful tool to predict the behaviour of a hypothetical structure 
containing multiple building blocks. Alkyne-functionalities are one of the 
most interesting building blocks12 and are inserted into a wide range of 
differing architectures. 
 
 
1.4.1 Π-delocalised system 
 
Polyynes, just like analogous polyenes, are an elementary class of Π-
conjugated systems which recently have received much attention due to 
their linear structure which could reach nanoscale proportions. Figure 1.12 
reports schematicly the hybridisation of the s and p-orbitals of the alkyne 
carbon atoms. 

 
Figure 1.12: Hybridisation of the s and p-orbitals in a carbon atom. 

 
The linkage of sp-hybridised carbon atoms produces a triple-bond, which is 
characterised by σ-bond and two Π-bond components, as displayed in 
Figure 1.13. 

 
Figure 1.13: Molecular orbitals in acetylene; σ-bond (left), σ and Π-bonds (right). 

 
The delocalisation of electrons over the whole Π-system is the basis of the 
special behaviour of alkynes and for this reason extended Π-systems are 
nowadays widely investigated as electronic and photochemical building 
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blocks26. As a result of the Π-delocalisation of the electrons of the alkyne 
functionalities, polyynes exhibit interesting photoactive behaviour such as 
fluorescence and general trends have been observed for homologous 
compounds. Nagano27 have investigated the correlation between calculated 
molecular parameters (i.e. bond lengths and angles) and spectral properties 
of a wide series of homologous diphenyl-capped polyyne chains such as 
those displayed in Figure 1.14. 
 

 
Figure 1.14: Homologous phenyl-capped polyyne chains investigated by Nagano. 

 
A correlation between bond length and conductivity was found; the energy 
gap between the valence and conduction bands can be tuned by the bond 
alternation. The elongation of the conjugated Π-systems produces a red shift 
for the S10-S00 bands of the observed spectra; longer Π-systems possess a 
smaller energy gap than shorter ones. Zhao28 have investigated elaborate 
molecular chains containing a sequential arrangement of phenyl substituted 
alkenes linked by alkyne-functionalised bridges. The structure of one of 
these elongated compounds is reported in Figure 1.15. 
 

Et3Si SiEt3 SiEt3
Et3Si

...

 
 

Figure 1.15: Phenylene-functionalised polyyne compounds. The Π-delocalised system has 
been extended from the compound containing two alkyne units (left) to the longest 

compounds containing 16 alkyne units (right)28. 

 
The most obvious aspect of the UV-VIS-spectra is the increasing molecular 
absorptivity as the length of the Π-system is extended (ε up to 160000 
(Mcm)-1 for the compound with sixteen alkyne-functionalities). Furthermore, 
the emission spectra reveal a bathochromic shift of about 40 nm for the 
absorption maximum proceeding from the shortest (two alkyne units) to the 
longest member (16 alkyne units) of the series. 
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1.4.2 Shape persistence 
 
As is known from basic chemistry lectures, the sp-hybridised systems are 
rigid and only a rotation around the single bond linkage is possible. The 
rigid structure of alkyne-functionalities is inserted in a wide range of 
different architectures29. Frameworks, such as those reported in Figure 1.16 
reported by Moore30 and Bruce31 can therefore be obtained 
 
 

C6H13O

C6H13O

H13C6O

H13C6O

 
 

 
 
Figure 1.16: Shape-persistent structures; a trismacrocycle containing phenylyne building 
units and the crystal structure of a square planar Pt(II)-complex -[-C≡C-Pt(dppe)-C≡C-]-4. 

 
This shape-persistence in cyclic structures is important, since, in contrast 
to flexible macrocycles (i.e. cycloalkanes or crown ethers), the shape-
persistent polyyne backbones perfectly define the molecular interior and 
exterior. Shape-persistant macrocycles are defined as rigid, noncollapsable 
macrocycles with a cavity whose size can vary from less than one to several 
nanometers32. Topochemically controlled polymerisation of the butadiyne 
units furnishes structurally ordered phenylynes as those reported in Figure 
1.17. 

 
Figure 1.17: Well-defined molecular cavities obtained by the assembly of shape-persistant 

phenylbutadiyne units.
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Such types of rigid macrocycles can be constructed, for example, by linking 
aromatic or heteroaromatic-rings through ethynyl-functionalized bridges33. 
 Furthermore, the rigidity of the structures can be tuned, as needed, 
by replacing one or more sp or sp2-systems with more flexible sp3-
hybridised building blocks such as methylene-groupd or even heteroatoms. 
The research group of Yamaguchi34 reported interesting macrocyclic 
systems, which accommodate flexible functionalities such as ether or 
thioether functionalities. 

 
Figure 1.18: Tuning of the molecular cavity through the insertion of functional groups34. 

 
As displayed in Figure 1.18, the rigidity of the system has been reduced by 
the ether-bridges without influencing the shape-persistence of the 
phenylyne-moieties. The properties of these compounds are directly 
dependent on the ring size and the functional group linked to the aromatic 
rings in the structure’s perimeter32. Interestingly, the crystallinic macrocycle 
(Figure 1.18, left) trapped two benzene molecules in its cavity which 
indicates that the cavity exhibits hydrophobic behaviour. Furthermore, the 
incorporation of anchor groups in the structural perimeter, (for example 
thiophene or polypyridine) allows one to anchor metal ions or small 
molecules in fixed positions inside the macrocyclic cavity. The introduction 
of different functionalities in the structure of these shape-persistent 
macrocycles is of particular interest in the context of emerging potential 
biological, chemical and/or physical functions. 

OO

OO
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1.4.3 Aggregation behaviour 
 
The organisation of molecular entities into structures with a high level of 
complexity is one of the objectives of supramolecular chemistry. The 
functionality of the molecular rigid framework of polyyne and phenylyne 
compounds has a strong influence on the materials properties35. For 
example, the aggregation behaviour of a specific compound can be strongly 
influenced by the functionalities linked to the structure and very different 
ordering can be achieved. In the specific case of macrocyclic entities, some 
examples for the possible aggregation pattern are given in Figure 1.19. 
 

 
Figure 1.19: Three different aggregation patterns; columnar (left), bidimensional (middle) 

and intraannular (right) arrangements35. 

 
Macrocycles with an orthogonal arrangement of the polar groups (Figure 
1.19, left) are able to form a columnar characterised solid state. If the 
functionalities are pointing outside the macrocycle (Figure 1.19, middle), the 
formation of a bidimensional solid network is favoured. Finally, if the 
functionalities are all pointing inside the macrocycle (Figure 1.19, right), an 
intraannular interaction will be observed. Shape-persistent phenylyne-
macrocycles possess a general columnar aggregation behaviour due to Π-Π-
stacking in solution and in crystal35. A representation of one columnar 
crystal packing is reported in Figure 1.20. 
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Figure 1.20: Phenylyne-macrocyclic compounds commonly exhibit a columnar arrangement 
in the crystal packing. Structure of a deca-phenylyne macrocyclic compound (left) with the 

corresponding crystal packing viewed along its crystallographic b axis (right)35. 

 
The highly substituted compounds reported in Figure 1.21 exhibit a solvent-
polarity aggregation. The degree of association increases with decrease in 
solvent. 
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Figure 1.21: Phenylyne macrocycles possessing a well-defined solvent-dependent 
association due to the specific hydro/hypophilic substituents35. 

 
This solvent-dependent behaviour was also observed by Höger35 for the 
specific compound reported in Figure 1.21 (right). Furthermore, the 
reversible conformational changes have been documented by the 
recrystallisation of the compound from different solvents. The structures 
obtained are reported in Figure 1.22. 

 
Figure 1.22: Crystal structures collected for a phenylyne-macrocyclic compound (middle) by 

recrystallisation from two different solvents; pyridine (left) and THF (right) respectively. 
Arrows are given for the recognition of the hydroxy-oxygen atoms35.
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Lahiri36 reported a detailed investigation on the aggregation behaviour 
caused by small changes in molecular funtionalities. The study was carried 
out for the same rigid phenylyne-macrocyclic framework (Figure 1.23). The 
three compounds investigated had a similar substitution pattern (six 
aliphatic substituents) and showed a reduction of the Π-stacked aggregation 
proceeding from the ester-functionalised compound 1 (Figure 1.23) to the 
ether-functionalised compounds 2 and 3 (Figure 1.23). 
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Figure 1.23: Phenylyne-macrocycles investigated for the dependance of the aggregation 
behaviour on external substituents36. 

 
 
1.5 Potential applications of ethynyl-functionalised 

dendrimers and metallodendrimers 
 
1.5.1 Electronic and photonic molecular devices 
 
Molecular devices in nanostructured materials are a new area of current 
interest37. The synthesis of potential molecular wires based on oligomeric 
structures of conjugated molecules is proceeding rapidly. The study of the 
electronic conduction of different new materials is the subject of many 
studies on a molecular scale38. Investigations of electronic charge-transfer 
processes between electron-donor and electron-acceptor groups, bound 
through a conjugated oligomeric molecular bridge, has led many research 
groups to investigate the conduction properties of new molecular organic 
wires39. The Π-conduction channel of a molecular wire can be seen as a one-
dimensional channel of charge migration between a donor and an acceptor 
group. Special changes in electronic conduction of the molecules have been 
attributed to a wide range of mechanisms such as reversible reduction or 
rotation of functional groups as conformational induced tunnel barrers40. 
Many results have been achieved in the past few years in the creation of 
experimental molecular rods and wires41-42. The rational design and 
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synthesis of molecular candidates in the fabrication of molecular-scale 
devices to be used in electronics and sensing, is the focus of many 
reseachers43. Important molecular properties required for the construction 
of molecular devices are not only the particular electronic properties but 
also an appreciable surface self-assembly behaviour. The most difficulties to 
overcome nowadays are the problems that rise by the practical construction 
of such components. Furthermore, the progressive miniaturisation of the 
device components requires bigger efforts by physicists, who are forced to 
work on smaller molecular aggregates. In contrast, nano-sized species can 
be reached “out-wards” by chemists, who are continually investigating 
bigger and bigger structures. This “chemical” approach allows to assemble 
molecular building blocks by creating molecules, with the required size, 
structure and functionalities. Molecular wires, and molecular devices in 
general, posses high potentialities and optimal responses for the properties 
needed to become active electronic components. However, a lot of practical 
difficulties divide the experimental work from the wide-scale applications44. 
As an example, consider how one might organize a billion molecules on a 
monolayer45 by avoiding defects in organisation or how to create perfect 
signal homogenity and amplification for compounds which possess a non 
linear electronic behaviour46. 
 
 
Electronic molecular devices 
 
To evaluate organic molecules for these applications, a common approach is 
the investigation of a wide series of similar molecules differing in one or 
more functional groups. In this way, the differences observed in the 
electronic behaviour had to be due to the diversity of the linked functional 
groups. 
 The flourishing research field of molecular electronics has 
demonstrated that phenylyne architectures are conductive and can be used 
as molecular wires. Price47 reported a very exhaustive study of the 
properties exhibited by linear substituted phenylynes as those shown in 
Figure 1.24. 



Chapter 1 - Introduction 

37 

SAc

R

NO2

NO2

R'

O2N

NO2

R" R"

R = -SAc, -NC
R' = -SAc, -NC, -COOH
R" = -NC, -SH

 
 

Figure 1.24: Functionalised phenylyne molecular wires investigated for switching 
behaviour47. 

 

The mechanistic causes of this behaviour seem to be due to the presence in 
the structure of a redox-active center such as a nitro-functionality. The 
capacity of these systems to accept electrons is accompanied by a change in 
the molecular conformation as well as a change in the molecular 
conductivity. The result is a switching behaviour of the structure48-49. 
Several phenylyne oligomers have been identified as possessing appreciable 
electronic properties and providing electron delocalisation along the 
molecules. The study of electron transfer in molecules with different 
lengths50 resulted in the conclusion that an extended Π-conjugation 
through the backbone generally improves the overlap of the orbitals and the 
electron delocalisation. For this reason a new class of highly-conjugated 
compounds was synthetized by Maya51; some of these Π-systems are 
displayed in Figure 1.25. 
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Figure 1.25: Phenylyne-functionalised molecular wires possessing an extended Π-
conjugated system51. 
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Many researchers are investigating new architectures incorporating 
heteroatoms or metal centers in the framework, which may give rise to new 
switching properties47. 
 Studies of the variations in functional groups and in the rigidity of 
these structures showed that phenylyne compounds possess the physical 
properties necessary for high-condictivity wires. Polyyne chains have been 
adopted, for example, as linkages for C60-fullerenes in electronic molecular 
devices53 and nanoarchitectures. Fullerenes possess a very interesting and 
unique three-dimensional electron delocalisation, and this unit has been 
connected to rigid Π-conjugated systems as illustrated in Figure 1.26. 

 
Figure 1.26: Π-conjugated systems consisting of phenylyne-chains connecting electroactive 

units such as porphyrin rings and fullerenes. 

 
The introduction of Π-conjugated molecular wires in donor-acceptor 
systems is under continuing investigation in order to improve the efficiency 
of the communication between donor and acceptor. 
 An investigation of Reed54 has reported a demonstration of the charge 
storage in self assembled nanoscale devices that operated as memory with 
practical thresholds and output under ambient operation, with bit retention 
times under ten minutes. A memory storage device operates by the storage 
of high and low conductivity state. A schematic representation of this 
memory cell is given in Figure 1.27. 
 

 
Figure 1.27: Schematic representation of a memory cell, in which the energy of a given 

voltage pulse is stored in the system54. 
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An initially low conductivity state (low σ) is changed into a high conductivity 
state (high σ) by a voltage pulse (written). The high state σ persists as a 
stored «bit» which is not affected by successive read pulses. The direction of 
the current flows are illustrated along the rows. The synthesis of these 
systems is indicative of a promising evolution of molecular electronic 
materials. 
 
 
Photochemical molecular devices 
 
Photoinduced electron transfer is the basis of photosynthetic conversion of 
light energy into useful electrochemical potential and is important in a 
variety of technological applications. The potential uses of such processes 
onto the molecular scale induced the researchers to develop methods able to 
control the photoinduced photon transfer using light or other inputs. Good 
candidates are molecules which possess two stable molecular structures, 
which can be alternatively activated by the right impuls. Nowadays, the 
investigation of the photoactivity in Π-conjugated polyyne systems is a 
common field for many researchers, who are investigating the changes in 
the exhibited optical activity as function of the conjugation length55. The 
development of molecular wires where photoactive terminal groups are 
linked by molecular spacers of varying length, is opening new ways to the 
storage or utilisation of energy56. In general, the design approach is to link 
unsaturated organic linear spacers with redox-active terminal groups, 
mainly metallic moieties such as ferrocene, Ru(II/III), Os(II/III), Pt(II)-
complexes or even Co-clusters57-58. It is important to adopt a spacer which 
is able to enhance the capacity of the system to transport informations and 
which can be synthesised under conditions that control their length. Some 
stuctures of spacers are reported in Figure 1.28. 
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Figure 1.28: Typical Π-conjugated spacers for photochemical systems consisting in two 
photoactive metal-centers (as example terpyridine metal-complexes) linked by a spacer. 
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Straight59 has reported an interesting case of a photochemical switching 
system, (Figure 1.29) in which a porphyrin ring (electron donor) is linked on 
one side to a fullerene unit (electron acceptor) and on the other to a 
dihydroindolizine (electron acceptor) photochrome. The excitation of the 
porphyrin moiety produces electron transfer and a photoinduced 
isomerisation of the dihydroindolizine. 

 
Figure 1.29: Porphyrin-fullerene system which exhibits a photochemical switching 

behaviour59. 

 
The switch may be cycled many times, since the inverse isomerisation may 
be achieved with visible light or thermally. Porphyrin-fullerene-systems 
possess long-lived charge-separated states, which can be used to generate 
photocurrents53. 
 In another area, development in the research of extended dendritic 
structures has permitted many new synthetic targets to be achieved. The 
fusion of different research fields has resulted in a flourishing investigation 
of dendrimers with specific structural properties such as the capacity to 
absorb visible light, to give luminescence, or undergo redox processes60-61. 
Complexes involving transition-metal ions with pyridine-like ligands are 
widely investigated for this purpose62. Dendritic architectures are chosen, 
rather than simple structures, because each building block brings to the 
assembly its own specific “information” in the form of photochemical or 
redox-properties. Researchers including Balzani63 and Ziessel25 are engaged 
on polypyridine-substituted ligands and on related transition-metal 
complexes. Some of the ligands investigated are displayed in Figure 1.30. 
These are only a small fraction of the numerous structures reported to date. 
 

hυ > 590 nm
heat

hυ 366 nm
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Figure 1.30: Some typical pyridyl-functionalised ligands used in the assembly of 
photoactive metallodendrimers. 

 
The complexation of these conjugated ligands and their subsequent 
assembly into small and extended architectures permits one to obtain 
structures with predefined shape and properties. The stepwise assembly 
allows one to create heterotopic and heterometallic architectures such as 
that reported in Figure 1.31. Thus example is the specific case of a 
heterometallic (Ru(II)/Os(II)-ions) heteroleptic (2,2’-bpy/2,3’-dpp-ligand) 
decanuclear dendrimeric complex. 
 

 
Figure 1.31: Decanuclear heteroleptic and heterometallic dendritic complex possessing 

photoactive behaviour63. 

 
The decanuclear complex shown in Figure 1.31 has been made so that the 
energy absorbed by all the units in the complex flows, via efficient 
intercomponent energy transfer processes, from the center to the periphery 
of the complex, where it is reemitted by the Os(II)-rich units as near-infrared 
luminescence. Other predetermined energy migration patterns have been 
obtained in similar decanuclear species, simply by using different 
combinations63 of metal ions and ligands (Figure 1.32). 
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Figure 1.32: Different variations of the decanuclear dedrimer shown in Figure 1.31. Ru(II)-
ions are shown as empty circles, Co(II)-ions by black circles and wavy lines indicate 2,3-

dpp-moieties63. 

 
The combination of these photoactive systems with molecular wires of 
different lengths and the synthetic success of dendritic architectures, has 
made it possible to create photoactive structures on a nanosize scale. 
McDonagh64 has reported the synthesis and the investigation of the 
photoactive behaviour of some interesting architectures, which are 
displayed in Figure 1.33. 
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Figure 1.33: Photoactive Ru(II)-decorated phenylyne-functionalised dendrimers64. 

 
Ziessel65 has preferred to study linear structures, which can be developed 
more easily over longer distances. Many of the investigated stuctures 
possess tris-bipyridine-Ru(II) or Os(II)-moieties linked together by rigid 
ethynyl-functionalized bridges redining in different positions. One of these 
structures is reported in Figure 1.34. 
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Figure 1.34: Heterometallic tris(bpy)-complexes arranged in a rigid chain through ethynyl-

thiophene-bridges65. 

 
 
1.5.2 Host-guest systems 
 
The rigidity of polyyne systems discussed above allows one, in the special 
case of cyclic arrangements, to create selective host-guest interactions. 
Through appropriate synthetic strategies, it is possible to tune the size of 
the host cavity and its functionalities to create the right conditions to 
accommodate a specific guest. Guest species can be of different types, for 
example ions or molecules, and the interactions which hold the two 
components can even vary; from labile interactions to covalent bonds. 
Figure 1.35 displays some host-guest systems, in which a fullerene 
molecule is accommodated perfectly in the cavity. 
 

 
 
Figure 1.35: Rigid phenylyne-macrocycles can selectively accommodate big guest molecules 

such as C60-fullerene34. 

 
A structure can even be conceived so that it accommodates in its cavity 
specific metal-complex fragments such as SbVCl4 or Cu(hfa)2-moieties. Two 
of these macrocyclic compounds are reported in Figure 1.36. Furthermore, 
for the tetrapyridyl-functionalised compound, the available crystal structure 
has confirmed the proposed arrangement. 
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Figure 1.36: Pyridyl-functionalised macrocycles accommodating metal-complexes in their 

cavities34. 

 
Functionalisation of the macrocycle itself can be modified according to the 
specific interactions necessary to accommodate a guest molecule. As an 
example, the macrocycle lypophility can be tuned, both on the cavity side or 
on the exterior of the macrocycle. This type of functionalisation permits one 
to alter even the solubility behaviour of the system. A schematic example is 
given in Figure 1.37. 

 
 

Figure 1.37: Schematic representation of specific functionalisation on macrocycles. 
Hydrophilic cavity/hyphophilic exterior (left), hypophilic cavity/hydrophilic exterior 

(right)35. 

 
Similar macrocycles are interesting systems as potential transporters to 
deliver substances through the cavity or through an environment with a 
lyophilitic behaviour opposite to that of the delivering substance. 
 
 
1.5.3 Liquid-crystals 
 
In the late nineteenth century, a new “state” intermediate between solid and 
liquid was discerned for the first time. The investigation arose from doubts 
encountered by the classification of many biological systems. These systems 
are highly ordered but are not crystalline solids. Furthermore, the discovery 
of optical properties known for crystals in liquids such as cholesteryl acetate 
gave rise to many doubts. Cholesteryl acetate exhibits crystal melting at 
145.5°C, which produce a cloudy fluid, which becomes clear only at 
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175.5°C. This is typical of the solid-fluid intermediary phase of a liquid 
crystal (LC). Nowadays, these compounds are classified as mesophases and 
generally they posses orientational or weak positional orders. They reveal 
physical properties typical of crystals but they flow like fluids. A schematic 
comparison of an ordered solid, liquid crystals and a liquid is given in 
Figure 1.38. 

 
Figure 1.38: Molecular order and properties of states of matter between solid and liquid. 

 
The first important classification of these compounds arises from their 
composition which can present a single component (thermotropic LC) or can 
present two or more components (lyotropic LC). Additional classification is 
done by considering the nature of the molecules present: mesophases 
containing calamitic molecules are called nematic LC, those containing 
chiral molecules are known as cholesteric LC and those containing disk-
shaped molecules are known as discotic columnar LC. Other classifications 
are possible if one considers the phase transitions; thermotropic LC possess 
a temperature-dependent phase-transition, while lyotropic LC possess a 
concentration-dependent phase-transition. The presence of orientational 
structural orders influences the most physical properties of these 
compounds, which are anisotropic. Several examples of this anisotropic 
behaviour are known such as heat diffusion, magnetic susceptibility and 
dielectric permittivity. Furthermore, new physical properties, totally absent 
in normal fluids, are of interest nowadays, for example, static or dynamic 
deformation. 
 Generally, an external input (i.e. temperature increasing or applying 
of magnetic field) influences the internal structure of the compound so that 
it leads a response in the form on an optical effect. 
 Natural compounds have been widely investigated leading the 
conclusion that the important properties of liquid crystals arise from a 
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partial organisation on the molecular level. It is possible to create, 
synthetically, a structure which possesses a forced partial organisation due 
to the presence in the structure of rigid and flexible building blocks. 
 
The initially investigated compounds66-67 were relatively small compounds 
such as those reported in Figure 1.39. Long aliphatic chains were quickly 
recognized as important building blocks in liquid crystalline phases and a 
wide study was carried out on these substituents. 
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2f: X = n-C12H25O

 
Figure 1.39: First investigated structure exhibiting liquid crystallinity. 

 
The rigid framework of compounds 1a, 1b and 1c in Figure 1.39, possesses 
a planar central structure to which are linked aromatic (compounds 1a and 
1b) or aliphatic chains (compound 1c) with variable lengths. These 
compounds were observed to have liquid crystalline phases between 132-
146°, 190-204° and 80-120°C respectively. In the specific case of compound 
1c, a rapid decrese in fluidity was observed and arises from increasing 
thermal polymerisation. Numerous examples of liquid crystals are known32 
and often polyyne building blocks have been used to build the rigid 
framework of these new synthetic liquid crystals. In contrast, to mimic the 
semi-rigid behaviour, flexible functionalities are commonly inserted such as 
long aliphatic chains. 
 All discotic liquid crystals follow the same design reported in Figure 
1.40: a rigid structure surrounded by a flexible periphery. 

 
Figure 1.40: Disk-like structures characteristic for discotic LC. 
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Some highly substituted phenylyne-macrocycles35 as reported in Figure 
1.41. 
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Figure 1.41: Highly substituted phenylyne-macrocycles investigated for liquid crystallinity. 

 
The properties of these compounds are extremely sensitive to the functional 
groups linked to the rigid backbone. Interestingly, the results showed liquid 
crystalline behaviour only for compounds 1 and 4 (Figure 1.41). 
 Compounds able to exhibit a liquid crystalline phase (or phases) are 
nowadays under avid investigation68-70 because the LC industry is under 
continued expansion. To appreciate the big potential of these compounds, 
one only has to think how many every-day objects possess an LC-display, 
from the smallest on analog watches to the most complex on LCD-monitors. 
A schematic representation of the process involved in the mechanism of the 
simplest displays is reported in Figure 1.42. 
 

 
 

Figure 1.42: Multilayer assembly in the simplest liquid crystal displays (LCD). See text for 
explanation. 
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A vertical filter film (1) polarizes the entering light, which converges to a 
glass containing the electrode film (2). Some parts of the total film surface 
are cut off, and this determines the shape of the “dark” symbols appearing 
on the display when it is turned on. Behing this glass, the twisted nematic 
LC are deposited on a surface (3) and the active system is closed with a 
glass cover by a second electrode film (4). A horizontal filter film (5) will 
block or allow the light to go through to reach the reflective surface (6), 
which will reflect the light back to the viewer. 
 
 
1.5.4 Molecular machines  
 
Studies aimed at a better understanding of how to control the molecular 
motion71 arose only a few years ago. Neverless, there is now increasing 
interest in the creation of molecules possessing a rigid part of the structure 
able to support a second highly mobile part. The design of single nanosized 
molecules has permitted the creation of nanoscale machines with controlled 
mechanical motion such as switches, shuttles, turnstiles, gears, bearings, 
gyroscopes and elevators72-73. 
 
 
Gyroscopes 
 
Dominquez74 had studied rotational dynamics of special molecular dipoles. 
These researchers synthesised compounds built by molecules having 
structure and functions that are analogous to those of macroscopic 
compasses: i.e. molecular gyroscopes. These structures are characterised by 
a rigid framework that shields reorienting of polar groups through a 
selective internal rotation. The movement is the forced response of the 
molecule to changes in external factors such as electromagnetic fields. 
Typical structures are reported in Figure 1.43. 
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Figure 1.43: Typical structures of molecular gyroscopes. 

 
The study has been carried out principally by the investigation of NMR-data 
(at variable temperature) and crystallographic analysis. The results reported 
showed that the substituents X, Y or Z would become aligned in a 
preferential orientation. These observations led the conclusion that rotation 
must be limited to single 360°-rotations or to two sequential 180°-rotations, 
with a very short intermediate state. The two rotations are schematicly 
reported in Figure 1.44. 
 

 
Figure 1.44: Molecular motion of the investigated gyroscopes appeared in form of 360° or 

180°-flips. 

 
Khuong75 has developped similar structures, and his investigation was 
aimed at optimising the conditions that facilitate the motion. The rotation 
may be facilitated by the insertion in the structure of bridging chains or 
sufficiently bulky groups, for example, as illustrated in Figure 1.45. 
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Figure 1.45: Development of a gyroscope with application of bulky tert-butyl-functionalities. 
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While the compound reported in Figure 1.44 underwent 180°-flips around 
the central aromatic units with a rate of about 6 KHz at room temperature, 
the similar compound reported in Figure 1.45 underwent (even at room 
temperature), 180°-flips with rates of about 105 KHz. 
 
 
Nanocars 
 
With the intention of creating nano-sized transporters activated by external 
stimuli (e.g. electronic fields), Shirai76 proposed “nanocars”, i.e. molecular 
structures capable to move on a surface. The compounds synthesised by 
this group possess a rigid phenylyne framework, able to hold fullerene-
“wheels”, 3 or 4 respectively. The structure of theses potential nanocars are 
displayed in Figure 1.46.  
 

 
Figure 1.46: Elaborate structures of nanocars76. 

 
Observations, through STM-imaging (Figure 1.47, right), showed the 
movement of the nanocars as a wheel-like rolling motion on the terminal 
fullerene-units (the wheels). The studies of these researchers report the 
applied conditions for the movements and the prefered motion directions. In 
the specific case of the “three-wheel”-nanocar, a pivot motion was observed, 
while the monitoring of the “four-wheel”-nanocar showed that it started to 
move above 170°C and the expected one dimensional direction was, 
surprisingly, replaced by a two-dimensional motion. 
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Figure 1.47: Sequence of STM-images showing the 
dislocation of the nanocar (right). Model of the nanocar 
reporting the calculated sizes (left). The bidimensional 
motion exhibited by the “four-wheel”-nanocar is 
symbolised by the pointers. 
 
 
 
 
 
 
 
 
1.6 Hydrocarbon chemistry 
 
Carbonaceous materials, and therefore carbon-rich compounds, have been 
investigated in detail for several reasons10, the main being the high 
potentialities of all the carbon allotropes such as graphite, fullerenes and 
nanotubes. Common synthetic precursors are polyyne-functionalised 
compounds, and these have therefore grown in importance. Graphite and 
diamond have been known for a very long time and their properties are well-
known. In recent decades, fullerene, and nanotubes have joined the family. 
Buckminsterfullerene, C60, is an important building block for various 
nanoscale structures and architectures and its covalent linkage to 
conjugated systems has become an important research area, aiming to 
improve the electronic properties of composites. Nowadays, nanotubes are 
highly investigated compounds and the potential applications of these 
structures are extremely varied. Finally, the absence of an sp-hybridised 
carbon allotrope (theorists call it carbyne) lead many researchers to 
investigate long polyyne-chains77. 
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1.6.1 Fullerenes 
 
Conjugated polyynes are ideal candidates for the preparation of 
nanospheres78, since they are reactive enough to polymerize even in the 
solid state when subject to heat, UV light, γ-ray irradiation or pressure. 
 Fullerenes are generally produced by arc-vaporisation of graphite and 
are readily available from commercial sources. From a synthetic point of 
view, it is necessary to find useful methodologies for the production of these 
compounds (C≥60) due to increasing chemical demands. Furthermore, well-
defined synthese for the simplest compounds (C≥60) would be, theoretically, 
the first step towards a strategy to obtain fullerenes with specific peripherial 
or internal functionalities. Methodologies for the formation of C60 have been 
investigated for a number of years by several researchers such as Tobe79 
and Rubin80 and a successful route is reported schematicly in Figure 1.48. 
 

 
Figure 1.48: Synthetic approach to produce C60-fullerene through specific phenylyne-

cages79. 

 
This new synthetic method involves as a key-step the cyclisation of highly 
reactive polyynes. The reactive polyyne-cage C60H6 isomerizes to the most 
stable structure of C60 (with icosahedral symmetry) by forming five- and six-
membered rings with the loss of the six hydrogen atoms. Another method 
for the synthesis of C60 is the forced rearrangement of the cyclo[n]carbon 
atoms of the cyclic C60-conjugated system reported in Figure 1.49 (left) 
under flash vacuum pyrolitic conditions. 
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Figure 1.49: Production of C60-fullerene through a cyclisation of  cyclo(60)carbon ring80. 

 
 Furthermore, a metal guest inserted in the planar ring should then be 
trapped in the cavity of the cage structure after the atoms’ rearrangement81-

82. These reactions would give a new series of interesting compounds, since 
the cavity of buckyball has a diameter large enough to accommodate (in 
theory) most known metal ions. 
 The synthesis of heavier fullerenes (C>60) has been less well 
investigated and researchers such as Tobe83 are involved in finding specific 
synthetic approaches to produce multicyclic cagelike precursors. Their 
recent work reported the structure displayed in Figure 1.50 for the 
production of C78. 

 
Figure 1.50: Synthetic approach for the production of C78-fullerene83. 

 
In contrast to Rubin’s approach, the insertion of benzene rings or phenylyne 
units into a butadiyne-chain, should produce compounds which may be 
used as precursors for the formation of higher fullerenes C(60+18n) (n=1,2). 
 Rubin84 has investigated the functionalisation of the C60-moiety 
obtaining a wide variety of structures containing different organic tails. The 
investigation reported that the benzene rings on the cage surface are able to 
undergo [2+2+2]-cycloaddition reactions which give fullerene-moieties with 
functionalized tails or a superficial opening. The cycloaddition and the 
related retro [2+2+2]-products are schematicly reported in Figure 1.51. 
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Figure 1.51: Cycloaddition reaction on a benzene face of C6084. 

 
A wide series of interesting results has been reported for different 
functionalised fullerene moieties and many reactions on the cage84 surface 
have been investigated. Some examples of functionalised cages are reported 
in Figure 1.52. 
 

 
Figure 1.52: C60-fullerene possessing specific functionalisations groups84. 

 
Research in this area continues since potential applications of these 
interesting components are continually expanding 81-82. 
 
 
1.6.2 Compounds related to graphite 
 
Multinanometer-sized substructures of phenylene and phenylyne appear 
very interesting since the Π-conjugation typically linear in polyyne is 
extended in two dimensions85. Over the last two decades, highly conjugated 
organic materials have been recognised as ideal candidates for a new-
generation of electronic and optoelectronic devices, thanks to their unique 
electrical, optical and structural properties. Phenylynes are a key class of 
highly conjugated organic materials that are widely investigated for their 
highly polarizable Π-electrons and their structure rigidity. Graphidynes 
(Figure 1.53, compound 1) are known for particular properties such as high 
fluorescence efficiency, extreme hardness, thermal resistance, 
superconductivity and ion transport through the plane. 
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Figure 1.53: Graphite-similar graphidyne (1) as polymer form of graphine monomer (2)86. 

 
The remarkable optical properties of the oligomeric structures presumably 
arise from the extended bidimensional Π-conjugation. The structure is 
nowadays under investigation86 and the aim is to increase the conjugated 
system with the hope of increasing the optical behaviour of the structure. 
Compounds similar to graphite are widely investigated due to their 
bidimensional Π-delocalised system10. Hexa-peri-hexabenzocoronene (with 
42 carbon atoms) was for long the largest fully characterised polycyclic 
aromatic hydrocarbons (PAH). Simpson87 reached 132 carbon atoms, using 
two key-steps: first, synthesis of the oligophenylene precursor and second, 
an oxidative cyclodehydrogenation to the corresponding PAH. The synthetic 
methodology is schematicly reported in Figure 1.54. 
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Figure 1.54: Central role of polyynes in the production of compounds similar to graphite87. 
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Hexa-peri-hexabenzocoronene is a remarkable polycyclic aromatic 
hydrocarbon and is often called “superbenzene” because of its similarity to 
benzene. 
 Oligoarylenes have attracted great interest88 because they serve as 
model compounds for related polyarylenes, active semiconducting materials 
in organic electronic devices, and “molecular wires89 in molecular scale 
electronics. Hexa-peri-hexabenzocoronenes (HBC) carrying alkyl chains 
(Figure 1.54) are gaining increasing attention as discotic liquid crystalline 
materials as a result of their high tendency to form well ordered mesophases 
(they offer a perfectly columnar stacking) and very high charge mobility 
along the columnar axis. 
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Figure 1.56: Functionalised assemblies of carbon rich compounds; trigonal linked 
suprabenzene (HBC) (left) and linear linked hehaphenylbenzene88. 

 
 „Cubic graphite“ is a hypothetical carbon allotrope composed totally of 
benzene rings linked to six other benzene rings. Synthetic precursors for 
these compounds are, again, polyynes as displayed schematicly in Figure 
1.57. 
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Figure 1.57: Synthesis for hexaphenylbenzene dendrimers90. 
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The total absence of hydrogen atoms, allows a meaningful comparison with 
graphite. The linkage of many such hexaphenylbenzene-units together has 
been investigated by Shen90 because of the large molecular cavities present 
in the nano-sized structures. These cavities can theoretically be host for 
guest molecules such as solvents or reagents. The typical arrangement of 
cubic graphite is reported in Figure 1.58. 
 
For cubic graphite:

For phenylogous cubic graphite

=

=

 
 
Figure 1.58: Arrangement of the hexagonal units in cubic graphite or “phenylogous” cubic 

graphite. Open (left), folded (middlE), cage-like (right) conformations90 

 
Current synthetic methods allows these compounds to be in a continue 
evolution and under intense investigation10-11. 
 
 
1.6.3 Carbon nanotubes 
 
Nanotubes91 were the last carbon allotropes to be discovered and they sit 
alongside fullerenes, since all these compounds possess structures built 
only of sp2-hybridised carbon atoms. In practice, nanotubes are formed from 
graphite sheets (or similar carbonaceous layers) through methods that roll 
and stick this sheet into cylindrical tubes92-93. The similarities of C60 and a 
nanotube are displayed in Figure 1.59. 
 

 
Figure 1.59: sp2-hybridised carbon allotropes; fullerene (left) and a nanotube (right).
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Nanotubes can be synthesised on a scale of up to several centimeters. 
Unfortunately, no method is available to form long nanotubes without 
structural defects. The production processes generally necessitate high 
temperatures and the formation of holes (atom vacancies) or folds (creation 
of sp3-hybridised carbon atoms) is favoured. 
 Interest in these structures is increasing exponentially since unique 
properties have been observed in such architectures94. These structures 
exhibit extraordinary strength (estimated to be greater than that of the sp3-
hybridised allotrope, diamond) and flexibility, and furthermore they possess 
important electronic behaviour. Nanotubes are at the moment classified in 
two main families; single-wall (SWNT) and multiwall (MWNT) nanotubes. 
These last types of nanotubes consist of two or more concentric 
intraannular nanotubes as displayed in Figure 1.61. 
 

 
Figure 1.61: General representation for multiwall nanotubes (MWNT). 

 
 Depending on its thickness and its superficial conformation, a 
nanotube can exhibit a conductive or semiconductive behaviour and can 
tolerate very high voltages. The conformation of a nanotube results from the 
building process, which consists of rolling a graphite sheet in a specific 
direction. The symmetry of the building process can be parallel or 
perpendicular to the C-C-bonds of graphite but may also be totally 
arbitrary. Figure 1.62 reports these three possible conformations, which are 
the basis of the conductivity behaviour exhibited by the nanotube. 
 



Chapter 1 - Introduction 

59 

 
 

Figure 1.62: Possible conformations of carbon nanotubes; armchair (left), zig-zag (middle) 
and chiral (right). (n,m) are the vectorial indices for the tube formation. 

 
The conduction of these structure is strongly dependent on the vectorial 
indices (n and m); a nanotube exhibits a metallic behaviour when 2n+m=3q 
and a semiconductor behaviour when 2n+3≠3q (q is a whole number). 
For each of these particular properties, there are potential candidates for 
many applications95-97 in different fields such as replacement of silicon in 
computer chips, electronic nano-wires, diodes, ultrastrong fibers (already 
used in common fiber polymers) or as special materials for space 
applications. Furthermore, the chemistry of nanotubes is still open for 
modifications such as particular functionalisation of the carbon structure or 
the filling of the cylindrical cavity with reagents98-100. 
 
 
1.6.4 Carbyne – the sp-hybridised carbon allotrope 
 
Some researchers are interested in the fact that an sp-hybridised carbon 
allotrope is notably absent from the list of known carbon allotropes that 
currently includes diamond (sp3), graphite, fullerenes and nanotubes (all 
sp2). Polyynes are investigated as theoretical models for carbyne, which is 
the hypothetical linear form of carbon constisting entirely in sp-hybridised 
carbon atoms. For this significant synthetic challenge, a complete series of 
conjugated Π-systems are strongly under investigation12,77. 
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Chapter 2 
General procedures 

 
Two types of metal-catalyzed coupling-reactions are available for the 
formation of carbon-carbon bonds; the coupling of halogenated substrates 
with terminal alkynes1, commonly defined as the Sonogashira cross-coupling 
reaction, or the coupling of halogenated subtrates with alkylmetal reagents. 
Figure 2.1 shows the required reacting components for the most important 
methodologies able to form carbon-carbon bonds by linking alkyne-
functionalities onto organic substrates. 
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Figure 2.1: Metal-catalyzed cross-coupling reactions for the synthesis of alkynylated organic 
substrates. 

 
A comparison between all these methodologies has been reported by 
Negishi2. The investigation reports many observations for a wide range of 
reacting organic substrates, alkylmetal reagents and reaction conditions. 

During our work, the method proposed by Sonogashira was adopted, 
because the conditions used turned to be convenient and to give good 
results. The compounds, involved in the reactions, generally halogenated and 
alkynylated arenes and biphenyls, did not require especially gentle contitions 
due to any sort of instability. Therefore, no significant modifications of the 
methodology previously used inside own group were necessary3. Thus, no 
other metal-catalyzed coupling reactions other than the Sonogashira cross-
coupling reaction were investigated in this work. 
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2.1 Sonogashira coupling-reaction 
 
The original coupling-reaction proposed in 1975 by Sonogashira4, and by 
two other independent research groups5-6, described the same mechanism 
and this is reported in Figure 2.2. 
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Figure 2.2: Pd-catalyzed cross-coupling reaction of halogenated organic substrates with 
terminal alkynes. 

 
This mechanism can be considered as an application of the old Pd-catalyzed 
reaction reported in 1963 by Stephens and Castro7. In this reaction 
halogenated aryls (Ar-X) and alkyls (Alk-X) reacted with copper-activated 
terminal alkynes (Cu-C≡C-R) to give the disubstituted coupling-products, 
i.e. Ar-C≡C-R or Alk-C≡C-R. 

The protocol reported in Figure 2.2 is based on a copper(I) iodide 
transmetallation in the presence of amine [5] and is the result of the 
cooperation of three catalytic processes, cycles A, B and B’. The exact 
mechanism and the role of the co-catalyst remain obscure, although the 
reaction follows a normal oxidative addition - reductive elimination which is 
a common process for Pd-catalyzed carbon-carbon bond formation. 

The Sonogashira reaction is nowadays one of the most widely used 
reactions for the formation of carbon-carbon bonds. The early standard 
protocol is a reliable method for the synthesis of conjugated alkynes by 
coupling vinyl halides, aryl iodides, bromides or triflates with terminal 
alkynes. However, it requires a careful choice of substrate and has two 
handicaps, which can became crucial points in some cases. The first 
handicap is the necessity for relatively large amounts of Pd-catalyst and Cu-
co-catalyst (3-5 mol% for Pd and 3-10mol% for Cu) and the second is that 
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side reactions are often observed if less reactive halide components are 
chosen. The products obtained by these side reactions are the self-coupling 
products of the alkyne component8. 

The reaction is generally carried out in an organic solvent such as 
toluene, dimethylformamide or tetrahydrofuran. The coupling requires the 
presence of a base, which is usually an amine such as triethyl-, diethyl- or 
isopropylamine. The commonly used catalyst is bis(triphenylphosphine) 
palladium dichloride or tetrakis(triphenylphosphine)palladium in 
combination with copper(I) iodide. The coupling reaction is generally very 
efficient and with particular reactive components, it can be carried out at 
room temperature by prolonging the reaction times. The adoption of this 
coupling-reaction by many research groups around the world permitted the 
continuous development of this method. As an example, the original 
procedure has been modified by Leadbeater9 to simplify the method of 
carrying out of the reaction. The target of these researchers was to find a 
methodology using readily available palladium complexes and avoiding the 
use of pre-dried reagents. They developed an easy and copper-free 
Sonogashira coupling with restricted reaction times and a smaller amount 
of amine than had been used in previously reported protocols. Another 
interesting modification of this reaction is the copper-free versions adopted 
by several researchers including Grosshenny10 and Liang11. The reasons for 
removing the co-catalyst vary. For example an unwished complexation with 
copper(I) can occur if N-donor-functionalities are present in one or both 
reacting components, such as bipyridine- or terpyridine-units. Figure 2.3 
displays some of these ethynyl-functionalised N-donating substrates. 
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Figure 2.3: Some ethynyl-functionalised building blocks commonly used10. 
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2.1.1 Experimental conditions 
 
By restricting our discussion of the original reaction mechanism reported in 
Figure 2.2 to specified reagents, it is perhaps possible to better understand 
the theory behind this process. As Figure 2.4 shows, the reaction involves a 
catalytic mechanism initiated by bis(triphenylphosphine)palladium 
dichloride and the co-catalyst, copper(I) chloride. The reaction takes place in 
the presence of a base, which can be introduced as a reagent, or as a 
solvent as is typically the case. 

The terminal alkyne is activated through copper(I) chloride and 
triethylamine to allow the reduction of bis(triphenylphosphine)palladium(II) 
dichloride [a] to bis(triphenylphosphine)Pd(0) [b] with the elimination of an 
alkyne dimer [c] (see Figure 2.4). Pd(0) can then undergo oxidative addition 
of the halogenated substrate [d] and by elimination of the halide, the 
coordination of a second alkyne unit [e] can occur. The last step is the 
elimination of the desired disubstituted alkyne [f] by reformation of 
bis(triphenylphosphine)Pd(0) [d]. 
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Figure 2.4: Partial mechanism of the Sonogashira reaction for the linkage of substituted 

alkynes to a substrate with a halide functionality 

 
In this thesis, a standard set of reaction conditions was used. Generally, the 
reacting halide component was dissolved under argon in freshly distilled 
and degassed triethylamine. After this, the catalytic (from 0.05 to 0.20 
equivalents) amounts of copper(I) chloride and 
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bis(triphenylphosphine)palladium dichloride were added. To the suspension 
was then added the ethynyl component and the mixture was heated with 
constant stirring. The partial insolubility of the various components at room 
temperature has not been a problem since the mixture was always heated to 
about 40-60°C, and the temperature was kept constant for all the reaction 
period. The reaction time was in a range from 2 to 24 hours and generally, 
the time was increased when highly substituted ethynyl components or 
highly branched halide components were used. No decrease in reactivity 
was observed by replacing copper(I) iodide with another copper(I) salt. 
 Bis(triphenylphosphine)palladium dichloride was easily synthesised in 
a 10 g amount in good yield following the literature method of Cookson12 
starting from the commercially available palladium dichloride and 
triphenylphosphine. 
 When special reaction conditions or particular methodologies were 
necessary, their details will be indroduced in the discussion. 
 
 
2.1.2 Self-coupling of the ethynyl component 
 
Over the past few years, it has been found that Sonogashira reactions have 
became a good procedure to produce butadiyne compounds4-13. As 
mentioned before, the choice of the halide substrate plays an important role 
for the production of the desired compound. Since investigations of the 
Sonogashira mechanism still leaves some unknown details, the mechanistic 
investigation of the ethynyl component self-coupling is extremely difficult. 
Despite this fact, efforts have been made to find experimental conditions to 
optimise the production of the desired product; the alkyne or the butadiyne 
compound. This has been the case in the work carried out by Liu13 in which 
the Sonogashira conditions have been modified to produce the self-coupling 
product as the main or even the only product. The proposed methodology is 
a Sonogashira reaction of the desired ethynyl component using iodine as 
reported in Figure 2.5. 
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Figure: 2.5: Mechanism of the Sonogashira reaction to increase the production of self-

coupling butadiynes. 

 
 By investigating the appearance of these butadiyne products in our 
work, some remarks can be made about their observed reproducibility 
under particular conditions. A big reactivity difference between brominated 
and iodinated substrates has been observed; the iodinated compound 
normally reacted more rapidly and selectively than the brominated 
analogues. This difference could be used to an advantage and examples will 
be discussed in detail in later Chapters. However, one example shows that 
1-bromo-4-iodobenzene and 1,3-dibromo-5-iodobenzene, reacted more 
selectively than the fully brominated analogues to form the substituted 
bromo-ethynyl-benzenes. The reaction is displayed in Figure 2.6. 
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Figure 2.6: Butadiyne products obtained from the Sonogashira reaction with halide 

functionalities which posses different reactivities. 

 
In these reactions it has been observed that the bromine site did not 
participate in the reaction even in the presence of small excesses of TMS-
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ethyne. On the contrary, the alkyne in excess reacted totally with itself to 
give the corresponding butadiyne self-coupling product (Figure 2.6, right). 

Throughout all the reactions carried out during the whole work, there 
are two typical reactions that can be given to exemplify the two important 
cases in which side products were produced in significant amounts.  

The first case was observed as just mentioned, for the reaction of 
bromo-iodo-benzenes with trimethylsilyl-protected or triisopropylsilyl-
protected alkynes. The ethynyl component was added in about 0.1% excess 
to optimise the reaction of the iodo-substituent. After the reaction was 
complete, the alkyne in excess did not react with the bromo-substituent but 
instead, produced the self-coupling products 1,4-bis(TMS)butadiyne and 
1,4-bis(TIPS)butadiyne, respectively. 
 The second case, shown in Figure 2.7, has been observed in the 
reaction of polybrominated benzenes with more substituted alkyne 
compounds. This is shown in particular for the compounds used for the 
production of dendritic frameworks. 
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Figure 2.7: Butadiyne products obtained from Sonogashira reactions with halide 
functionalities of insufficient reactivity. 

 
The reactivity of the brominated benzenes was not sufficient enough to 
permit reaction with higher substituted alkyne components (Figure 2.7, 
middle) and the only product observed in these cases was the corresponding 
butadiyne. These butadiyne compounds were highly soluble in solvents like 
hexane, dichloromethane or chloroform and this behaviour had to be 
considered carefully when deciding upon purification methods for the 
reaction mixtures. 
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2.2 Insertion of cobalt carbonyl clusters into the 
alkynylated backbone 

 
Discrete or dendritic polyynes offer the opportunity of introducing, through 
appropriate chemistry, many interesting and potentially useful 
functionalities such as dicobalt hexacarbonyl clusters. 
 As reported in all text books, the smallest neutral cobalt polycarbonyl 
compound is dicobalt octacarbonyl. This compound is very reactive and is 
nowadays used for many different applications14-18. For example dicobalt 
octacarbonyl shows an important catalytic role in the Pauson-Khand 
reaction (a [2+2+1]-cycloaddition of an alkyne, an alkene and carbon 
monoxide) for the production of substituted cyclopentenone or in the 
hydroformylation. For us however, it is important that this reactive 
compound is a reagent for the production of other polycarbonyl clusters 
such as Co4(CO)12 or the anionic [Co3(CO)10]- and [HCo6(CO)15]-. Some 
products obtained from the reaction of this reactive compound with different 
reagents are reported in Figure 2.8. 
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Figure 2.8: Chemical reactions initiated by dicobalt octacarbonyl. 

 
Furthermore dicobalt octacarbonyl reacts with organic substrates to 
produce functionalised polycarbonyl clusters such as R-C-Co2(CO)6-C-R’. 
Dicobalt octacarbonyl reacts very easily and efficiently with alkyne 
fuctionalities to produce the corresponding substituted dicobalt 
hexacarbonyl clusters with the loss of two molecules of carbon monoxide 
units per inserted cluster. An example of this reaction has been taken from 
the work of Seyferth19 and is reported in Figure 2.9. 
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Figure 2.9: Insertion of dicobalt hexacarbonyl clusters into an alkynylated backbone 

through the reaction with dicobalt octacarbonyl. 

 
The reaction of Co2(CO)8 with an alkyne is one of ligand substitution. In 
Co2(CO)8, each Co atom is an 18 electron center, obeying the 18 electron 
rule. The incoming alkyne can provide four electrons to the bonding in the 
molecule, and this replaces the four electrons of two carbon monoxide 
ligands. Therefore, in Co2(CO)6(RC≡CR) complexes, the electron count is the 
same as in Co2(CO)8. Carbon monoxide acts as 2σ-electron donor with the 
possiblity of accepting Π-backbonding as reported in Figure 2.10. 
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Figure 2.10: σ-Bonding and Π-backbonding in carbonyl metal complexes. 

 
The substitution of two carbon monoxide units by an alkyne ligand involves 
a Π-type bonding. Considering that an alkyne ligand posseses two 
orthogonal set of orbitals for two Π-bonds (Figure 1.13), it easy to 
understand how it acts as 4Π-electron donor. In Figure 2.11 is reported an 
example of the interactions which can accour between the metal- and 
alkyne-orbitals. 
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Figure 2.11: Π-Type donation of a filled pz-orbital (left) and a filled px-orbital (right) of an 
alkyne ligand. 

 
Formally, the triple C-C-bond is reduced to a “single” bond and, as 
expected, the C-C-bond distances for coordinated alkynes are typically 
larger than in the uncoordinated ligand. Furthermore, the effect of this 
additional Π-donation is that alkynes are usually non-linear when 
coordinated to a transition metal complex; the R-C-C angles are variable but 
generally far from 180°. Figure 2.12 reports the structure of a functionalised 
Co2(CO)6-cluster20. 
 

 
Figure 2.12: Molecular structure of Co2(CO)6-functionalised 1,2-di(tert-butyl)ethyne20. 

Hydrogen atoms are omitted for clarity. 
 
The specific compound reported was obtained from the reaction of 1,2-
di(tert-butyl)ethyne with cobalt octacarbonyl. In the structure is clearly 
visible the folded arrangement of the tert-butyl-C-C-tert-butyl-moiety (angle 
C7-C12-C13 measures 144.1°). Furthermore, the central C7-C12-bond shows a 
length of about 1.35 Å, clearly different from the typical values for triple C-
C-bonds (generally about 1.2 Å). 
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2.2.1 Experimental conditions 
 
The methodology of this reaction is universal and the only procedural 
modifications arise from the solubility behaviour of the polyyne 
compounds21-22. After some considerations of the similarities between 
compounds reported in this these with those previously published by 
Constable23-25, the same method was adopted. 
 The standard procedure was to dissolve (under inert atmosphere) the 
alkyne precursor in an appropriate solvent (freshly distilled and degassed 
dichloromethane has been used for the compounds in this work) and to add 
solid dicobalt octacarbonyl while stirring. After the solution became dark, it 
was allowed to stir at room temperature normally for 2-4 hours before the 
work up. Generally, the reaction times depended on the number of alkyne-
functionalities; small alkynes were stirred for two hours, while reaction with 
heavier dendritic polyynes needed up to 4 hours. After evaporation of the 
solvent under reduced pressure at room temperature, the dark solid 
obtained was purified by column chromatography using silica as the 
stationary phase and hexane as eluant. In some cases a small increase in 
solvent polarity has been necessary, and dichloromethane was gradually 
added to achieve this. The cobalt rich products were generally highly soluble 
in common organic solvents such as hexane, dichloromethane and 
chloroform. Therefore, chloroform was used for all the necessary 
characterisations. The solid products were generally dark red in colour and 
in some cases a metallic lustre was present. The cluster-rich compounds 
(the pure solids, the solutions or even their crude reaction mixture) had to 
be stored at 4°C because decomposition was observed at room temperature 
after some weeks. In the case of the red metallic solids, they became grey 
powders and in case of the clear red solutions, they decolorised and a grey 
precipitate appeared. Solids or solutions have typically been stored at 4°C 
for periods of 2 to 3 months without traces of decomposition. 
 A violet solid (probably a cobalt hydrocarbonate or carbonate) was 
always observed during the purification, sticking on the top of the column, 
and it was insoluble in commercially available organic solvents. The yields of 
the cobalt clusters have been variable but generally the reaction turned out 
very efficient and yields between 50 and 100% were obtained. 
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2.3 Experimental 
 
Synthesis of bis(triphenylphosphine)palladium dichloride, 1 
 
Palladium dichloride (5.00 g, 28.2 mmol, 1 eq) was 
dissolved in chloroform (150 ml). After the addition of 
triphenyphosphine (19.2 g, 73.2 mmol, 2.60 eq) the 
mixture was stirred at room temperature for 1 hour. 
Further triphenylphosphine (9.60 g, 36.7 mmol, 1.3 eq) was added and the 
reaction mixture was refluxed at 60°C for 10 min. The solvent was removed 
under reduced pressure and the residue was washed with toluene (200 ml) 
and dichloromethane. The yellow solid was redissolved in chloroform and 
the insoluble dark impurities were filtered. The solvent was removed under 
reduced pressure and the product dried in vacuo to give 14.8 g (74.7%) of a 
strong yellow solid. Recrystallisation from chloroform gave an intense yellow 
crystalline powder. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.71 (m, 12H, H2/6), 7.41 (m, 18H, 
H3/4/5) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.0 (t, J=7.6 Hz, Ct, -CH-CH-CH-), 
130.5 (s, Ct, P-C-CH-), 129.6 (t, J=30.4 Hz, Ct, P-C-CH-), 128.0 (t, J=6.75 
Hz, Ct, P-C-CH-CH-) 
IR (cm-1): 3043 (νC=CH, m), 1585 (δCH, m), 1572 (δCH, m), 1479 (νP-Ph, s), 1433 
(νP-Ph, vs), 743 (δCH, vs), 706 (δCH, s), 689 (δCH, vs) 
MS (FAB, m/z): 667 [M-Cl]+ (16%), 623 [M-2Cl]+ (7%), 339 [PPh4]+ (100%) 
 
 
2.4 References 
 
1. K. Sonogashira, J. Organomet. Chem., 2002, 653, 46-49 
2. E-I. Negishi, L. Anastasia, Chem. Rev., 2003, 103, 1979-2017 
3. O. Eich, “Inaugural dissertation”, University of Basel, 2000. 
4. K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett., 1975, 16, 

4467-4470 
5. H. H. Dieck, F. R. Heck, J. Organomet. Chem., 1975, 93, 259-263 
6. L. Cassar, J. Organomet. Chem., 1975, 93, 253-257 
7. R. D. Stephens, C. E. Castro, J. Org. Chem., 1963, 28, 3313-3315 
8. Q. Liu, D. J. Burton, Tetrahedron Lett., 1997, 38, 4371-4374 

P Pd P

Cl

Cl



Chapter 2 - General procedures 

77 

9. N. E. Leadbeater, B. J. Tominak, Tetrahedron Lett., 2003, 44, 8653-
8656  

10. V. Grosshenny, F. Romero, R. Ziessel, J. Org. Chem., 1997, 62, 1491-
1500 

11. B. Liang, M. Dai, J. Chen, Z. Yang, J. Org. Chem., 2005, 70, 391-393 
12. R. C. Cookson, D.W. Jones, J. Chem. Soc., 1965, 2, 1881-1892 
13. Q. Liu, D. J. Burton, Tetrahedron Lett., 1997, 38, 25, 4371-4374 
14. E. W. Abel, F. G. A. Stone, G. Wilkinson (eds.), “Comprehensive 

Organometallic Chemistry – The Synthesis, Reactions and Structures of  
Organometallic Compounds” Pergamon Press Ltd - Oxford, 1982 (ISBN 
0-08-025269-9) 

15. E. W. Abel, F. G. A. Stone, G. Wilkinson (eds.), “Comprehensive 
Organometallic Chemistry II – A Review of the Literature 1982-1994”, 
Vol 8, Pergamon Press Ltd - Oxford, 1995 (ISBN 0-08-042315-9) 

16. A. Slawisch, J. Füssel. U. Krüerke, “Gmelins Handbuch der anorg 
Chemie”, Band 6, Teil II, ed: Verlag Chemie - Weinheim, 1972, (ISBN 
3-527-88104-2) 

17. C. White, “Organometallic Compounds of Co, Rh and Ir”, Chapman and 
Hall Ltd - London, 1985 (ISBN 0-412-26800-0) 

18. D. W. Hart, R. G. Teller, C.-Y. Wei, R. Bau, G. Longoni, S. 
Campanella, P. Chini, T. F. Koetzle, J. Am. Chem. Soc., 1981, 103, 
1458-1466 

19. D. Seyfert, T. Kugita, A. L. Rheingold, G. P. A. Yap, Organometallics, 
1995, 14, 5362-5366 

20. D. Gregson, J. A. K. Howard, Acta Crystallogr. C, 1983, C39, 1024-
1027 

21. M. I. Bruce, B. C. Hall, B. D. Kelly, P. J. Low, B. W. Skelton, A. H. 
White, J. Chem. Soc., Dalton Trans., 1999, 3719-3728 

22. C. Kim, I. Jung, J. Organomet. Chem., 1999, 588, 9-19 
23. E. C. Constable, O. Eich, C. E. Housecroft, Inorg. Chem. Commun., 

1999, 2, 431-433 
24. E. C. Constable, D. Fenske, C. E. Housecroft, L. A. Johnston, Chem. 

Eur. J., 2000, 6, 4364-4370 
25. E. C. Constable, C. E. Housecroft, L. A. Johnston, D. Armspach, M. 

Neuburger, M. Zehnder, Polyhedron, 2001, 20, 483-492 



Chapter 3 - Benzene-centred polyynes and polyclusters 

78 

Chapter 3 
Benzene-centred polyynes and polyclusters 

 
3.1 Synthesis of functionalised phenyl rings 
 
A wide series of synthetic procedures1-8 are available for the synthesis of 
phenylene compounds, since they are very useful building blocks in 
elaborate architectures. In this work, the synthesis of the central building 
blocks was carried out from the commercially available 1,4-di, 1,3,5-tri, 
1,2,4,5-tetra, 1,2,3,4,5,6-hexabromobenzene and 1-bromo-3-iodo- and 1,4-
diiodobenzene. For the alkyne components the commercially available TMS-
protected and TIPS-protected ethyne were used and when necessary, TMS- 
and TIPS chloride were used for the protection. 

To obtain the TMS-protected polyynes up to compound 10 the 
appropriate commercial poly-brominated precursor was dissolved in 
triethylamine and allowed to react under standard Sonogashira conditions 
with a small excess (0.1 to 0.5 equivalents) of TMS-ethyne. Reaction times 
varied between 6 and 18 hours and the compounds so-obtained are shown 
in Figure 3.1. 
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2) 1M NaOH, THF, rt

  

 
Figure 3.1: General synthesis for the ethynylation of brominated arenes. 

 
A different method was adopted for the synthesis of the 1,3-disubstituted 
benzene 6, since the starting material was the commercially available 3-
bromoiodobenzene. As reported in Chapter 2 (see Figure 2.6), the reaction of  
hetero-halogenated substrates with TMS-ethyne produce in a first step the 
alkynylation of only the most reactive halide-substituents. For this reason  
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the production of compound 6 and 7, needed an extra step compared to the 
preparations of the homologous compounds 4 and 5. The complete 
synthesis of compound 7 is reported in Figure 3.2. 
 

Br I Br
TMS TMSTMS HH

1) S: CuCl/1, NEt3, TMS-ethyne, 40°C
2) S: CuCl/1, NEt3, TMS-ethyne, 60°C
3) 1M NaOH, THF, rt

1) 2) 3)

6 732

 
Figure 3.2: Synthesis of 1,3-disubstituted benzene derivatives 6 and 7. 

 
The synthesis of hexa(TMS-ethynyl)benzene, 14, was, on the contrary, less 
trivial and several attempts had to be made, since the first (lucky) attempt 
could not be reproduced. The reaction was first repeated keeping the 
conditions as similar as possible to the first attempt ( Figure 3.1, bottom) 
but a reproducible result was not achieved. The attempts are summarised in 
Figure 3.3. 
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Figure 3.3: Failed attempts to form hexa(TMS-ethynyl)benzene, 14. 

 
The same reaction was repeated one more time with a slow dropwise 
addition of TMS-ethyne over 4 hours (Figure 3.3, first reaction) to permit 
reaction of the two reacting components, but only the self-coupling product 
of TMS-ethyne could be isolated after the purification (see Chapter 9, 
compound 124). 

Following the work of Von Diercks9, hexabromobenzene was boiled 
with a catalytic amount of copper(I) chloride and 
bis(triphenylphosphine)palladium dichloride in triethylamine for 72 hours 
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(Figure 3.3, second reaction). Six equivalents of TMS-ethyne were added at 
the beginning and another six equivalents were added in two portions, the 
first after 24 hours and the second after a further 24 hours. Unfortunally, 
no results were obtained and after purification by column chromatography, 
only a mixture of polyynes and self-coupling product 124 was observed in 
the 1H and 13C-NMR spectra.  

A further attempt based upon the higher reactivity of polyiodinated 
benzene was tried (Figure 3.3, third reaction). For this purpose, 
hexaiodobenzene, 12, was synthesised in 50% yield following the work of 
Mattern10. After the reaction of compound 12 with TMS-ethyne, no traces of 
the expected compound 14 could be reached and the total amount of alkyne 
component was recovered after the purification as the self-coupling product 
124 (see Chapter 9). 

Since in one previous attempt, a mixture of products had been 
observed, for the attempt a two step synthesis was planned starting from 
1,3,5-tribromo-2,4,6-triiodobenzene, 13 and TMS-ethyne (Figure 3.3, fourth 
reaction). The first step had to link three alkyne functionalities to the more 
reactive iodinated substituents and the second was to link the further three 
TMS-ethynyl functionalities to the remaining brominated reacting sites. 
1,3,5-Tribromo-2,4,6-triiodobenzene, 13, was obtained according to the 
procedure of K. and N. Kobayashi11 in about 75% yield but the Sonogashira 
reaction of compound 13 with TMS-ethyne did not produce the expected 
hexa(TMS-ethynyl)benzene, 14. 

The general procedure for the deprotection of the TMS-groups was 
carried out by dissolving the protected polyynes in tetrahydrofuran, adding 
an excess of aqueous sodium hydroxide (10 to 20 equivalents) and allowing 
the mixture to stir at room temperature for 10 to 15 hours. 

The purification of all the products (TMS-protected and not) was 
carried out by column chromatography on alumina, eluting first with pure 
hexane and, if necessary, increasing the polarity by adding dichloromethane 
in variable portions specified in the experimental section. 

The efficiency of the Sonogashira reaction produced the TMS-ethynyl-
substituted benzenes in variable yields between 60 and 100%. Following 
deprotection, terminal alkynes were obtained in yields between 80 and 
100%. An exception was observed for hexaethynylbenzene, 15, which was 
lost during the purification. 
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3.2  Synthesis of extended aromatic frameworks 
 
Some highly brominated derivatives could be obtained through the 
combination of 1,3-, 1,4- and 1,3,5-substituted polyynes and the adopted 
synthetic strategy is displayed in Figure 3.4. 
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Figure 3.4: Synthesis of heavier polybrominated compounds 

 
In general, these brominated dendritic compounds were obtained under the 
usual Sonogashira conditions, with reaction times between 4 and 16 hours. 
The crude products were purified by column chromatography using alumina 
and eluting with hexane and dichloromethane, gradually increasing the 
solvent polarity. Compound 19 could be obtained in 25% while compounds 
16 and 18 were isolated in about 50% yield. The heavier hexabromo-
substituted derivative 20 was obtained in only 6% yield. 
 
 
3.3  Synthesis of cobalt carbonyl clusters 
 
The obtained TMS-protected polyynes were reacted with dicobalt 
octacarbonyl at room temperature for two to four hours. After purification 
by column chromatography using silica as stationary phase and hexane as 
eluant (sometimes dichloromethane was used to increase the polarity), the 
corresponding cluster-rich compounds reported in Figure 3.5 could be 
isolated as pure solids in variable yields from 70 to 100%. 
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Figure 3.5: General synthesis for the production of cobalt-decorated compounds 21-25. 

 
In a similar way to that shown in Figure 3.5, the reaction of the dendritic 
compounds 16, 18 and 19 with dicobalt octacarbonyl permitted the cobalt-
decorated compounds 26, 27 and 28 (reported in Figure 3.6) to be obtained. 
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Figure 3.6: Cluster-decorated compounds obtained from the polybrominated frameworks 

16, 18 and 19. 

 
 A complete discussion about the spectroscopic characterisation of the 
compounds synthesised in this Chapter is reported in Chapters 10 and 11 
to permit a useful comparison of all the results and to avoid repetitions. 
 
 
3.4  Experimental – functionalised phenyl rings 
 
Synthesis of (trimethylsilylethynyl)benzene, 2 
 
Iodobenzene (1.00 ml, 9.00 mmol, 1 eq) was dissolved under argon 
with copper(I) chloride (44.6 mg, 0.45 mmol, 0.05 eq) and 
Pd(PPh3)2Cl2, 1 (316 mg, 0.45 mmol, 0.05 eq) in triethylamine (100 
ml) and after the addition of TMS-C≡CH (1.40 ml, 9.90 mmol, 1.1 eq) 
the mixture was stirred at 60°C for 3.5 hours. The dark mixture was 

TMS
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evaporated under reduced pressure, the residue redissolved in hexane (150 
ml) and the solution filtered. The solvent was removed under reduced 
pressure and the crude product purified by column chromatography 
(alumina, hexane) to give 1.47 g (93.6%) of a light yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.55 (m, 2H, H2/6), 7.35 (m, 3H, H3/4/5), 
0.37 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 131.9 (Ct, C2), 128.4 (Ct, C4), 128.1 (Ct, 
C3), 123.2 (Cq, C1), 105.2 (Cq, -C≡C-TMS), 93.9 (Cq, -C≡C-TMS), -0.1 (Cp, -
TMS) 
IR (cm-1): 2959 (νC-CH, w), 2899 (νC-CH, w), 2158 (νC≡C, w), 1489 (δCH, s), 1445 
(δCH, m), 1250 (δTMS, s), 841 (γTMS, s), 756 (γTMS, s), 862 (δCH, s), 691 (δCH, s), 
633 (δCH, s) 
MS (FAB-MS, m/z): 174 M+ (18%), 159 [M-CH3]+ (100%), 129 [M-3CH3]+ (6%) 
 
Synthesis of phenylethyne, 3 
 
(Trimethylsilylethynyl)benzene, 2 (750 mg, 4.30 mmol, 1 eq) was 
dissolved under argon in tetrahydrofuran (50 ml) and after the 
addition of sodium hydroxide (45 ml 1M, 10 eq) the mixture was 
stirred at room temperature for 16 hours. Water (50 ml) was added 
until a precipitate formed. The mixture was extracted with dichloromethane 
(100 ml) and the solvent removed under reduced pressure. The residue was 
purified by column chromatography (silica, hexane) to give 371 mg (84.5%) 
of a yellow oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.58 (d, J=7.2 Hz, 2H, H2/6), 7.37 (m, 
3H, H3/4/5), 3.15 (s, 1H, -C≡H) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.0 (Ct, C2), 128.7 (Ct, C4), 128.2 (Ct, 
C3), 122.1 (Cq, C1), 83.5 (Cq, -C≡CH), 77.2 (Ct, -C≡CH) 
IR (cm-1): 3290 (νC≡CH, s), 2943 (νC-CH, m), 2866 (νC-CH, m), 1487 (δCH, s), 
1443 (δCH, s), 756 (δCH, s), 692 (δCH, s), 664 (δCH, s), 633 (δC≡H, vs) 
MS (FAB, m/z): 102 M+ (100%), 76 [M-C2H2]+ (24%) 
Elem. anal.: C8H6·0.07 CH2Cl2·0.025 C6H14: calc: C: 93.40%, H: 6.11%, 
found: C: 93.39% H: 6.11% 

H
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Synthesis of 1,4-di(trimethylsilylethynyl)benzene, 4 
 
1,4-Dibromobenzene (1.00 g, 4.24 mmol, 1 eq) was dissolved under 
argon with copper(I) chloride (126 mg, 1.27 mmol, 0.3 eq) and 
Pd(PPh3)2Cl2, 1 (891 mg, 1.27 mmol, 0.3 eq) in triethylamine (75 ml) 
and after the addition of TMS-C≡CH (1.81 ml, 12.7 mmol, 4 eq) the 
mixture was stirred at 60°C for 6 hours. The dark mixture was 
evaporated under reduced pressure, the residue redissolved in 
hexane (150 ml) and the solution filtered. The solvent was removed under 
reduced pressure and the crude product purified by column 
chromatography (alumina, hexane) to give 1.28 g (55.9%) of a light yellow 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.38 (s, 4H, HAr), 0.24 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.0 (Ct, C2/3/5/6), 123.4 (Cq, C1/4), 
104.8 (Cq, -C≡C-TMS), 96.6 (Cq, -C≡C-TMS), 0.2 (Cp, -TMS) 
IR (cm-1): 2961 (νC-CH, m), 2901 (νC-CH, m), 2158 (νC≡C, s), 1504 (δCH, m), 1491 
(δCH, m), 1418 (νTMS, w), 1404 (νTMS, w), 1242 (δTMS, s), 841 (γTMS, vs), 752 
(γTMS, vs), 824 (δCH, vs), 698 (δCH, s) 
MS (FAB-MS, m/z): 270 M+ (27%), 255 [M-CH3]+ (100%) 
 
Synthesis of 1,4-diethynylbenzene, 5  
 
1,4-Di(trimethylsilylethynyl)benzene, 4 (1.00 g, 3.70 mmol, 1 eq) was 
dissolved under argon in tetrahydrofuran (50 ml) and after the 
addition of sodium hydroxide (55 ml 1M, 15 eq) the mixture was 
stirred at room temperature for 6 hours. Water (50 ml) was added 
until a precipitate formed, the mixture extracted with 
dichloromethane (100 ml) and the solvent removed under reduced pressure. 
The residue was purified by column chromatography (alumina, hexane) to 
give 467 mg (100%) of a light brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.44 (s, 4H, HAr), 3.17 (s, 2H, -C≡H) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.3 (Ct, C2/3/5/6), 122.8 (Cq, C1/4), 
83.3 (Cq, -C≡CH), 79.4 (Ct, -C≡CH) 
IR (cm-1): 3281 (νC≡CH, vs), 3273 (νC≡CH, vs), 3111 (νC=CH, w), 3096 (νC=CH, w), 
3059 (νC=CH, w), 1605 (δCH, s), 1506 (δCH, vs), 845 (δCH, s), 831 (δCH, vs), 825 
(δCH, vs), 654 (δC=CH, vs), 642 (δC≡H, vs), 619 (δCH, vs) 
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TMS

H
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MS (FAB, m/z): 126 M+ (100%) 
Elem. anal.:C10H6·0.17 CH2Cl2·0.03 C6H14: calc: C: 86.81%, H: 4.76%, 
found: C: 86.80% H: 4.73% 
 
Synthesis of 1,3-di(trimethylsilylethynyl)benzene, 6 
 
1-Bromo-3-(trimethylsilylethynyl)benzene, 32 (1.00 g, 3.95 mmol, 
1 eq) was dissolved under argon with copper(I) chloride (58.4 mg, 
0.59 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (414 mg, 0.59 mmol, 
0.15 eq) in triethylamine (100 ml) and after the addition of TMS-
C≡CH (0.84 ml, 5.93 mmol, 1.5 eq) the mixture was stirred at 
60°C for 16 hours. The dark mixture was removed under reduced pressure, 
the residue redissolved in 30% dichloromethane in hexane (100 ml) and the 
solution filtered. The solvent was removed under reduced pressure and the 
residue purified by column chromatography (alumina, hexane) to give 910 
mg (85.1%) of a white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.59 (t, J=1.6 Hz, 1H, H2), 7.39 (dd, 
J=1.6, 7.6 Hz, 2H, H4/6), 7.22 (t, J=7.6 Hz, 1H, H5), 0.24 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.5 (Ct, C2), 131.7 (Ct, C4/6), 128.2 
(Ct, C5), 123.3 (Cq, 2C, C1/3), 104.0 (Cq, -C≡C-TMS), 94.9 (Cq, -C≡C-TMS), -
0.1 (Cp, -TMS) 
IR (cm-1): 2961 (νC-CH, w), 2901 (νC-CH, w), 2152 (νC≡C, m), 1487 (δCH, m), 
1475 (δCH, m), 1402 (δTMS, w), 1248 (δTMS, s), 829 (γTMS, vs), 758 (γTMS, vs), 
804 (δCH, vs), 700 (δCH, s), 685 (δCH, s) 
MS (FAB, m/z): 270 M+ (19%), 255 [M-CH3]+ (100%) 
 
Synthesis of 1,3-diethynylbenzene, 7 
 
1,3-Di(TMS-ethynyl)benzene, 6 (775 g, 2.79 mmol, 1 eq) was 
dissolved under argon in tetrahydrofuran (50 ml) and after the 
addition of sodium hydroxide (60 ml 1M, 20 eq) the mixture was 
stirred at room temperature for 12 hours. Water (50 ml) was added 
until a precipitate formed, the mixture extracted with 
dichloromethane (100 ml) and the solvent removed under reduced pressure. 
The residue was purified by column chromatography (alumina, hexane) to 
give 282 mg (80%) of a volatile yellow oil. 
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1H-NMR (400 MHz, CDCl3, δ/ppm): 7.65 (t, J=1.2 Hz, 1H, H2), 7.48 (dd, 
J=1.6, 6.0 Hz, 2H, H4/6), 7.28 (t, J=7.6 Hz, 1H, H5), 3.12 (s, 2H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.6 (Ct, C2), 132.3 (Ct, C4/6), 128.3 
(Ct, C5), 122.4 (Cq, C1/3), 82.5 (Cq, -C≡CH), 78.0 (Ct, -C≡CH) 
IR (cm-1): 3286 (νC≡CH, m), 2924 (νC-CH, vs), 2854 (νC-CH, vs), 2106 (νC≡H, w) 
1720 (δCH, m), 1458 (δCH, m), 833 (δCH, vs), 624 (δC≡H, m) 
MS (FAB, m/z): 126 M+ (100%), 101 [M-C≡CH]+ (4%), 76 [M-2C≡CH]+ (8%) 
 
Synthesis of 1,3,5-tris(trimethylsilylethynyl)benzene, 8 
 
1,3,5-Tribromobenzene (500 mg, 1.59 mmol, 1 eq) was 
dissolved under argon with copper(I) chloride (47.0 mg, 
0.48 mmol, 0.3 eq) and Pd(PPh3)2Cl2, 1 (337 mg, 0.48 
mmol, 0.3 eq) in triethylamine (35 ml) and after the 
addition of TMS-C≡CH (0.90 ml, 6.36 mmol, 4 eq) the 
mixture was stirred at 60°C for 6 hours. The solvent was removed under 
reduced pressure and the residue extracted with hexane (75 ml). The dark 
mixture was filtered and the solvent removed under reduced pressure. The 
residue was purified by column chromatography (alumina, hexane) to give 
550 mg (94.3%) of a light yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.49 (s, 3H, HAr), 0.23 (s, 27H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.2 (Ct, C2/4/6), 124.0 (Cq, C1/3/5), 
103.5 (Cq, -C≡C-TMS), 95.9 (Cq, -C≡C-TMS), 0.1 (Cp, -TMS) 
IR (cm-1): 2961 (νC-CH, w), 2901 (νC-CH, w), 2164 (νC≡C, s), 1578 (δCH, m), 1491 
(δCH, m), 1412 (δTMS, m), 1248 (δTMS, vs), 831 (γTMS, vs), 758 (γTMS, vs), 980 
(δCH, s), 704 (δCH, m), 679 (δCH, s) 
MS (EI, m/z): 366 M+ (28%), 351 [M-CH3]+ (100%) 
 
Synthesis of 1,3,5-triethynylbenzene, 9 
 
1,3,5-Tris(trimethylsilylethynyl)benzene, 8 (750 mg, 2.03 
mmol, 1 eq) was dissolved in dry tetrahydrofuran (25 ml) and 
after the addition of sodium hydroxide (25 ml 1M, 12 eq) 
stirred at room temperature for 4.5 hours. Water (100 ml) was 
added until a precipitate formed and the mixture was extracted with 
dichloromethane (100 ml). The solvent was removed under reduced pressure 
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and the residue was purified with chromatography (silica, hexane) to give 
268 mg (86.9%) of a bronze-brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.57 (s, 3H, HAr), 3.10 (s, 3H, -C≡H) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.6 (Ct, C2/4/6), 122.9 (Cq, C1/3/5), 
81.6 (Cq, -C≡CH), 78.7 (Ct, -C≡CH) 
IR (cm-1): 3296 (νC≡CH, vs), 3275 (νC≡CH, vs), 3065 (νC=CH, m), 2924 (νC-CH, m), 
1582 (δCH, s), 1558 (δCH, s), 883 (δCH, vs), 679 (δCH, vs), 662 (δCH, vs) 
MS (EI-MS, m/z): 150 M+ (100%) 
Elem anal.: C12H6·0.04 CHCl3·0.07 C6H14: calc: C: 92.94%, H: 4.39%, found: 
C: 92.95% H: 4.35% 
 
Synthesis of 1,2,4,5-tetrakis(trimethylsilylethynyl)benzene, 10 
 
1,2,4,5-Tetrabromobenzene (500 mg, 1.27 mmol, 1 eq) 
was dissolved under argon with copper(I) chloride (37.6 
mg, 0.38 mmol, 0.3 eq) and Pd(PPh3)2Cl2, 1 (267 mg, 0.38 
mmol. 03 eq) in triethylamine (35 ml). After the addition 
of TMS-C≡CH (0.90 ml, 6.35 mmol, 5 eq) the mixture was stirred at 60°C for 
6 hours. The solvent was removed under reduced pressure, the residue 
extracted with hexane (100 ml) and the solution evaporated again under 
reduced pressure. The residue was purified by column chromatography 
(alumina, hexane) to give 542 mg (92.2%) of a light yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.64 (s, 2H, HAr), 0.25 (s, 36H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 136.2 (Ct, C3/6), 125.5 (Cq, C1/2/4/5), 
102.1 (Cq, -C≡C-TMS), 101.0 (Cq, -C≡C-TMS), 0.0 (Cq, -TMS) 
IR (cm-1): 2961 (νC-CH, m), 2903 (νC-CH, m), 2166 (νC≡C, m), 1485 (δCH, s), 1246 
(δTMS, s), 826 (γTMS, vs), 756 (γTMS, vs), 881 (δCH, s), 854 (δCH, s), 700 (δCH, s) 
MS (FAB-MS, m/z): 462 M+ (100%), 447 [M-CH3]+ (44%), 389 [M-TMS]+ (11%) 
Elem. anal.: C26H38Si4·0.1 CH2Cl2·0.06 C6H14 calc: C: 66.68%, H: 8.26%, 
found: C: 66.68%, H: 8.26% 
 
Synthesis of 1,2,4,5-tetraethynylbenzene, 11 
 
1,2,4,5-Tetrakis(trimethylsilylethynyl)benzene, 10 (540 mg, 
1.37 mmol, 1 eq) was dissolved in tetrahydrofuran (25 ml) and 
after the addition of sodium hydroxide (25 ml 1M, 18 eq) 
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stirred at room temperature for 4 hours. Water (100 ml) was added until a 
precipitate formed. The mixture was extracted with dichloromethane (100 
ml), the solvent removed under reduced pressure and the residue purified 
by column chromatography (silica, hexane) to give 190 mg (93.1%) of a 
brown metallic solid which decomposed after some weeks. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.64 (s, 2H, HAr), 3.42 (s, 4H, -C≡H) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 136.7 (Ct, C3/6), 125.4 (Cq, C1/2/4/5), 
83.6 (Cq, -C≡CH), 80.6 (Ct, -C≡CH) 
IR (cm-1): 3275 (νC≡CH, s), 2959 (νC-CH, s), 2899 (νC-CH, s), 1483 (δCH, w), 907 
(δCH, s), 675 (δCH, s), 625 (δC≡H, s) 
MS (FAB, m/z): 174 M+ (100%), 74 [M-4C≡CH]+ (9%) 
 
Synthesis of 1,2,3,4,5,6-hexaiodobenzene, 12 
 
Periodic acid (6.66 g, 24.0 mmol, 2.13 eq) was dissolved in 
concentrated sulfuric acid (75 ml) and crushed iodine (18.3 g, 72.2 
mmol, 6.42 eq) was added. The dark solution was cooled to 5°C and 
benzene (1.00 ml, 11.3 mmol, 1 eq) was slowly added. The solution was 
stirred 18 hours at room temperature and 48 hours at 110°C before being 
allowed to cool and quenched in crushed ice (150 g). The yellow solid was 
collected and washed with water (100 ml) and diethyl ether (200 ml) to 
remove the excess of iodine. The orange powder was dryed in vacuo to 
obtain 4.61 g (49.2%) of hexaiodobenzene. 
 
1H-NMR (400 MHz, DMSO, δ/ppm): no signals 
13C-NMR (125 MHz, CDCl3, δ/ppm): 122.6 (Cq) 
IR (cm-1): 3059 (νC=CH, s), 1423 (δCH, s), 1397 (δCH, s), 1348 (δCH, s), 1107 (δC-

I, s), 982 (δCH, vs), 874 (δCH, vs) 
MS (FAB, m/z): 834 M+ (22%), 707 [M-I]+ (100%), 580 [M-2I]+ (30%), 453 [M-
3I]+ (14%), 326 [M-4I]+ (11%), 199 [M-5I]+ (14%), 72 [M-6I]+ (2%) 
 
Synthesis of 1,3,5-tribromo-2,4,6-triiodobenzene, 13 

 
To concentrated sulfuric acid (40.0 ml, 180 eq) at room 
temperature periodic acid (2.72 g, 11.9 mmol, 3 eq) was added in 
small portions over 2 minutes. The mixture was cooled to 0°C and 
after the slowly addition of potassium iodide (5.93 g, 35.7 mmol, 9 eq) the 
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solution turned to dark brown. At the same temperature 1,3,5-
tribromobenzene (1.25 g, 3.97 mmol, 1 eq) was added over 5 minutes and 
the mixture was allowed to reach the room temperature to be stirred for 3 
days. The mixture was then quenched in of crushed ice (150 g) and the 
formed precipitate was filtred and washed with water (150 ml) and methanol 
(100 ml). The product was dried in high vacuo to give 2.04 g (74.2%) as a 
grey powder. 
 
1H-NMR (400 MHz, DMSO, δ/ppm): no signals. 
13C-NMR (125 MHz, DMSO, δ/ppm): 138.6 (Cq, C1/3/5), 108.2 (Cq, C2/4/6) 
IR (cm-1): 2991 (νC-C, m), 1506 (δC-C, s), 1493 (δC-C, vs), 1050 (δC-Br, s), 1003 
(δC-I, s) 860 (δC-C, vs), 841 (δC-C, vs) 
MS (FAB-MS, m/z): 691 M+ (100%), 564 [M-I]+ (17%), 437 [M-2I]+ (15%), 358 
[M-2I-Br]+ (5%), 277 [M-2I-2Br]+ (9%), 150 [M-3I-2Br]+ (8%), 70 [M-3I-3Br]+ 
(7%) 
Elem. anal.: C6Br3I3: calc: C: 10.41%, H: 0.0%, N: 0.0%, found: C: 10.44%, 
H: 0.0% N: 0.0% 
 
Attempt to prepare hexakis(trimethylsilylethynyl)benzene, 14 
 
Hexaiodobenzene, 12 (1.00 g, 1.20 mmol, 1 
eq) was dissolved under argon with copper(I) 
chloride (17.8 mg, 0.18 mmol, 0.15 eq) and 
Pd(PPh3)2Cl2, 1 (126 mg, 0.18 mmol, 0.15 
eq) in triethylamine (75 ml) and after the 
addition of TMS-C≡CH (1.37 ml, 9.60 mmol, 8 eq) the mixture was stirred at 
60°C for 18 hours. The dark mixture was evaporated under reduced 
pressure and the residue extracted with 30% dichloromethane in hexane 
(200 ml). 
The solvent was removed under reduced pressure and the crude product 
purified by column chromatography (alumina, hexane) to obtain a white 
solid identified as 1,4-bis(TMS)butadiyne, 124 (see Chapter 9) 
 
Attempt to prepare hexakis(trimethylsilylethynyl)benzene, 14 
 
1,3,5-Tribromo-2,4,6-triiodobenzene, 13 
(500 mg, 0.72 mmol, 1 eq) was dissolved 
under argon with copper(I) chloride (10.9 

TMS

TMS TMS

TMS
TMS

TMS

Br Br

Br
I

I

I

TMS

TMS TMS

TMS
TMS

TMS

I

I
I

I

I

I



Chapter 3 - Benzene-centred polyynes and polyclusters 

90 

mg, 0.11 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (77.2 mg, 0.11 mmol, 0.15 eq) 
in triethylamine (50 ml) and after the addition of TMS-C≡CH (0.36 ml, 2.52 
mmol, 3.5 eq) the mixture was stirred at 60°C for 70 hours. The dark 
mixture was removed under reduced pressure and the residue extracted 
with hexane (100 ml). 
The solvent was removed under reduced pressure and the crude product 
purified by column chromatography (alumina, hexane). 
The dark product was redissolved in triethylamine (50 ml) and after the 
addition of copper(I) chloride (10.9 mg, 0.11 mmol, 0.15 eq), Pd(PPh3)2Cl2, 1 
(77.2 mg, 0.11 mmol, 0.15 eq) and TMS-C≡CH (0.36 ml, 2.52 mmol, 3.5 eq) 
was stirred at 70°C for 6 hours. The solvent was removed under reduced 
pressure and the crude product purified by column chromatography 
(alumina, hexane) to give a mixture of product without reasonable yield on 
compound 14. 
 
Attempt to prepare hexakis(trimethylsilylethynyl)benzene, 14 
 
Hexabromobenzene (1.10 g, 2.00 mmol, 1 
eq) was dissolved under argon with copper(I) 
chloride (20.0 mg, 0.20 mmol, 0.1 eq) and 
Pd(PPh3)2Cl2, 1 (140 mg, 0.20 mmol, 0.1 eq) 
in triethylamine (75 ml) and after the 
addition of TMS-C≡CH (1.74 ml, 12.22 mmol, 6.11 eq) the mixture was 
stirred at 90°C for 24 hours. A second portion of TMS-C≡CH (0.87 ml, 6.11 
mmol, 3.06 eq) was added and the mixture stirred further 24 hours. A third 
portion of TMS-C≡CH (0.87 ml, 6.11 mmol, 3.06 eq) was added and the 
mixture stirred for the last 24 hours. The dark solvent was removed under 
reduced pressure and the residue extracted with 30% dichloromethane in 
hexane (200 ml). 
The solvent was removed under reduced pressure and the crude product 
purified by column chromatography (alumina, hexane).to give a mixture of 
product without reasonable yield on compound 14. 
 
Synthesis of hexakis(trimethylsilylethynyl)benzene, 14 
 
Hexabromobenzene (2.50 g, 4.53 mmol, 1 
eq) was dissolved under argon with copper(I) 
chloride (67.3 mg, 0.68 mmol, 0.15 eq) and 
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Pd(PPh3)2Cl2, 1 (477 mg, 0.68 mmol, 0.15 eq) in triethylamine (75 ml) and 
after the addition of TMS-C≡CH (5.16 ml, 36.24 mmol, 8 eq) the mixture 
was stirred at 60°C for 18 hours. The dark mixture was evaporated under 
reduced pressure and the residue extracted with hexane (100 ml). 
The solvent was removed under reduced pressure and the crude product 
purified by column chromatography (alumina, hexane:dichloromethane, 1:0 
to 5:1) to give 1.74 g (58.6%) of a red sticky solid. The reaction showed no 
reproducibility. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 0.27 (s, 54H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 128.1 (Cq, CAr), 105.4 (Cq, -C≡C-TMS), 
101.1 (Cq, -C≡C-TMS), 0.2 (Cp, -TMS) 
MS (FAB-MS, m/z): 654 M+ (100%), 639 [M-CH3]+ (13%) 
 
Attempt to prepare hexaethynylbenzene, 15 
 
Hexakis(trimethylsilylethynyl)benzene, 14 (1.70 g, 2.59 mmol, 
1 eq) was dissolved in tetrahydrofuran (25 ml) and after the 
addition of sodium hydroxide (35 ml 1M, 12  eq) stirred at 
room temperature for 18 hours. Water (100 ml) was added 
until a precipitate formed. The mixture was extracted with 
dichloromethane (300 ml), the solvent removed under reduced pressure and 
the residue purified by column chromatography (silica, hexane, 1:0 to 0:1) 
but no traces of the compound could be isolated. 
 
 
3.5 Experimental – extended aromatic frameworks 
 
Synthesis of 1,3-di(2-(3-bromophenyl)ethynyl)benzene, 16 
 
1-Bromo-3-iodobenzene (30.0 ml, 2.33 mmol, 2.1 eq) 
was dissolved under argon with copper(I) chloride 
(16.5 mg, 0.17 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 
(117 mg, 0.17 mmol, 0.15 eq) in triethylamine (50 ml) 
and after the addition of 1,3-diethynylbenzene, 7 (140 mg, 1.11 mmol, 1 eq) 
the mixture was stirred at 40°C for 16 hours. The solvent was removed 
under reduced pressure and the residue purified by column 
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chromatography (alumina, hexane) to give 266 mg (55.0%) of an ice white 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.69 (t, J=1.6 Hz, 3H, H2A/2B), 7.47 (m, 
6H, H4A/6A/4B/6B), 7.23 (t, J=7.6 Hz, 2H, H5A), 7.35 (t, J=7.6 Hz, 1H, H5B) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.7 (Ct, C2B), 134.3 (Ct, C2A), 131.6 
(Ct, C6B), 131.6 (Ct, C6A), 130.2 (Ct, C4A), 129.8 (Ct, C5A), 128.6 (Ct, C5B), 
124.9 (Cq, C1A), 123.2 (Cq, C3A), 122.2 (Cq, C1B), 89.6 (Cq, ArA-C≡C-ArB), 
88.462 (Cq, ArA-C≡C-ArB) 
IR (cm-1): 3068 (νC=CH, w), 3036 (νC=CH, w), 2954 (νC-CH, w), 2150 (νCC≡C, w), 
1586 (δCH, s), 1554 (δCH, vs), 1413 (δCH, s), 1090 (δC-Br, s), 1065 (δC-Br, s), 786 
(δCH, vs), 680 (δCH, vs), 664 (δCH, vs) 
MS (FAB, m/z): 436 M+ (100%), 356 [M-Br]+ (2%), 276 [M-2Br]+ (16%) 
 
Synthesis of 3,5-dibromoiodobenzene, 17 
 
A solution of 1,3,5-tribromobenzene (5.00 g, 15.9 mmol, 1 eq) in 
dry diethylether (150 ml) was cooled under argon at -90°C before 
the addition of n-butyllithium (7.00 ml 2.5M in hexane, 17.5 
mmol, 1.1 eq) over 15 minutes. The solution was stirred for 30 minutes and 
after the addition of iodine (6.05 g, 23.8 mmol, 1.05 eq) in 1 distilled 
diethylether (10 ml), the mixture was slowly warmed to rt. 
The organic phase was extracted with 5% sodium sulfite and with saturated 
sodium chloride (both 50 ml), dried over magnesium sulfate and removed 
under reduced pressure. 
The brown residue was quickly purified by column chromatography 
(alumina, hexane:dichloromethane, 1:0 to 2:1) and the white solid so-
obtained was recrystallised from hexane to give 3.92 g (68.2%) of white 
needles. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.79 (d, J=1.6 Hz, 2H, H2/6), 7.63 (t, J= 
1.6 Hz, 1H, H4) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 138.5 (Ct, C2/6), 133.6 (Ct, C4), 123.3 
(Cq, C3/5), 94.4 (Cq, C1) 
IR (cm-1): 3098 (νC=CH, w), 3063 (νC=CH, w), 2212 (νC≡C, w), 1545 (δCH, vs), 
1396 (δCH, vs), 1094 (δC-Br, vs), 843 (δCH, vs), 735 (δCH, vs), 716 (δCH, vs), 656 
(δCH, s) 
MS (FAB, m/z): 362 M+ (100%), 235 [M-I]+ (58%) 
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Elem. anal.: C6H3Br2I: calc: C: 20.07% H: 0.87%, found C:20.07% H: 0.82% 
 
Synthesis of 1,4-bis(2-(3,5-dibromophenyl)ethynyl)benzene, 18 
 
3,5-Dibromoiodobenzene, 17 (445 mg, 1.23 mmol, 
2.5 eq) was dissolved under argon with copper(I) 
chloride (7.30 mg, 0.70 mmol, 0.15 eq) and 
Pd(PPh3)2Cl2, 1 (51.9 mg, 0.07 mmol, 0.15 eq) in triethylamine (50 ml). After 
the addition of 1,4-diethynylbenzene, 5 (61.8 mg, 0.49 mmol, 1 eq) the 
mixture was stirred at 40°C for 4 hours. The solvent was then removed 
under reduced pressure and the residue purified by column 
chromatography (alumina, hexane:dichloromethane, 1:0 to 2:1) to give 136 
mg (46.5%) of a beige solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.65 (t, J=1.6 Hz, 2H, H4A), 7.61 (d, 
J=1.6 Hz, 4H, H2A), 7.50 (s, 4H, H2B) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.2 (Ct, C4A), 133.0 (Cq, C2A), 131.7 
(Ct, C2B), 126.3 (Ct, C1A), 122.8 (Ct, C3A), 122.7 (Cq, C1B), 91.3 (Cq, ArA-C≡C-
ArB), 88.5 (Cq, ArA-C≡C-ArB) 
IR (cm-1): 3078 (νC=CH, w), 2923 (νC-CH, w), 2214 (νC≡C, w) 1574 (δCH, vs), 1481 
(δCH, vs), 1072 (δC-Br, s), 1011 (δC-Br, s), 871 (δCH, vs), 817 (δCH, vs), 743 (δCH, 
s), 679 (δCH, s) 
MS (FAB, m/z): 594 M+ (100%), 514 [M-Br]+ (1.9%), 434 [M-2Br]+ (12%), 354 
[M-3Br]+ (1.9%), 274 [M-4Br]+ (18%) 
Elem. anal.: C22H10Br4·0.08 CH2Cl2·0.42 C6H14: calc: C: 46.37% H: 2.52%, 
found C: 46.37% H: 2.53% 
 
Synthesis of 1,3,5-tris(4-(2-bromophenyl)ethynyl)benzene, 19 
 
1-Bromo-4-iodobenzene (1.89 g, 13.3 mmol, 4 eq) was 
dissolved under argon with copper(I) chloride (27.3 mg, 
0.45 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (316 mg, 0.45 
mmol, 0.15 eq) in triethylamine (70 ml). After the 
addition of 1,3,5-triethynylbenzene, 9 (500 mg, 3.33 
mmol, 1 eq) the mixture was stirred at 40°C for 16 
hours, then the solvent removed under reduced 
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pressure. The crude product was purified by column chromatography 
(alumina, hexane:dichloromethane, 1:0 to 2:1) to give 549 mg (26.8%) of a 
beige solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.64 (s, 3H, H2B), 7.50 (dt, J=1.6, 6.4 
Hz, 6H, H2A), 7.39 (dt, J=1.6, 6.4 Hz, 6H, H3A) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.1 (Ct, C2B), 133.1 (Ct, C2A), 131.7 
(Ct, C3A), 123.8 (Ct, C4A), 122.4 (Cq, C1B), 121.6 (Cq, C1A), 89.6 (Cq, ArA-C≡C-
ArB), 88.7 (Cq, ArA-C≡C-ArB) 
IR (cm-1): 3078 (νC=CH, m), 2955 (νC-CH, m), 2922 (νC-CH, m), 2212 (νC≡C, m), 
1576 (δCH, s), 1488 (δCH, vs), 1070 (δC-Br, vs), 1011 (δC-Br, vs), 814 (δCH, vs), 
872 (δCH, vs), 752 (δCH, vs), 673 (δCH, vs) 
MS (FAB, m/z): 615 M+ (100%), 535 [M-Br]+ (2%), 455 [M-2Br]+ (5%), 375 
[M-3Br]+ (38%) 
 
Synthesis of 1,3,5-tris(2-(3,5-dibromophenyl)ethynyl)benzene, 20 
 
3,5-Dibromoiodobenzene, 17 (847 mg, 2.34 mmol, 
3.5 eq) was dissolved under argon with copper(I) 
chloride (9.90 mg, 0.10 mmol, 0.15 eq) and 
Pd(PPh3)2Cl2, 1 (70.2 mg, 0.10 mmol, 0.15 eq) in 
triethylamine (50 ml). After the addition of 1,3,5-
triethynylbenzene, 9 (100 mg, 0.67 mmol, 1 eq) the 
mixture was stirred at 60°C for 16 hours. The solvent 
was then removed under reduced pressure and the crude product was 
purified by column chromatography (alumina, hexane:dichloromethane, 1:0 
to 0:1) to give 35.5 mg (6.2%) of a brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.67 (t, J=1.6 Hz, 3H, H4A), 7.63 (s, 3H, 
H2B), 7.61 (d, J=1.6 Hz, 6H, H2A) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.7 (Ct, C2B), 134.5 (Ct, C4A), 133.1 
(Ct, C2A), 125.9 (Cq, C1A), 123.4 (Cq, C1B), 122.7 (Cq, C3A), 89.7 (Cq, ArA-C≡C-
ArB), 87.9 (Cq, ArA-C≡C-ArB) 
IR (cm-1): 3063 (νC=CH, m), 2953 (νC-CH, m), 2920 (νC-CH, m), 2212 (νC≡C, w), 
1576 (δCH, s), 1483 (δCH, vs), 1070 (δC-Br, vs), 1011 (δC-Br, vs), 814 (δCH, vs), 
872 (δCH, vs), 750 (δCH, vs), 673 (δCH, vs) 
MS (FAB, m/z): 852 M+ (100%), 772 [M-Br]+ (4%), 692 [M-2Br]+ (6%), 612 
[M-3Br]+ (1%), 532 [M-4Br]+ (9%), 452 [M-5Br]+ (4%), 372 [M-6Br]+ (25%) 
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3.6 Experimental – cobalt carbonyl clusters 
 
Synthesis of monocluster, 21 
 
Compound 2 (200 mg, 1.14 mmol, 1 eq) was dissolved 
under argon in dichloromethane (50 ml). Dicobalt 
octacarbonyl (858 mg, 2.51 mmol, 2.2 eq) was added and the mixture 
stirred at room temperature for 2 hours. The solvent was removed under 
reduced pressure and the residue purified by column chromatography 
(silica, hexane) to give 514 mg (98.0%) of a metallic dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.54 (s, 2H, H2/6), 7.34 (s, 3H, H3/4/5), 
0.41 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.0 (Cq ,-Co2(CO)6-), 138.2 (Cq, 1C, 
C1), 130.0 (Ct, C2/6), 128.9 (Ct, C3/5), 127.9 (Ct, C4), 105.4 (Cq, -C-Co2(CO)6-
C-TMS), 79.6 (Cq, -C-Co2(CO)6-C-TMS), 0.8 (Cp, -TMS) 
IR (cm-1): 3080 (νC=CH, w), 2970 (νC-CH, w), 2083 (νC=O, vs), 2047 (νC=O, vs), 
1994 (νC=O, vs), 1599 (δCH, s), 1580 (δCH, s), 1571 (δCH, s), 1443 (νTMS, s), 
1260 (δTMS, s), 1245 (δTMS, vs), 828 (γTMS, vs), 755 (γTMS, s), 855 (δCH, s), 691 
(δCH, vs), 640 (δCH, s) 
MS (FAB, m/z): 460 M+ (8%), 432 [M-CO]+ (88%), 404 [M-2CO]+ (10%), 376 
[M-3CO]+ (100%), 348 [M-4CO]+ (46%), 320 [M-5CO]+ (32%), 292 [M-6CO]+ 
(19%), 233 [M-6CO-Co]+ (27%), 174 [M-6CO-2Co]+ (3%), 159 [M-6CO-2Co-
CH3]+ (9%) 
 
Synthesis of dicluster, 22 
 
Compound 4 (100 mg, 0.37 mmol, 1 eq) was 
dissolved under argon in dichloromethane 
(50 ml). Dicobalt octacarbonyl (557 mg, 
1.63 mmol, 4.4 eq) was added and the mixture stirred at room temperature 
for 6 hours. The solvent was removed under reduced pressure and the 
residue purified by column chromatography (silica, 
hexane:dichloromethane, 1:0 to 10:1) to give 290 mg (92.9%) of a metallic 
dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.44 (br s, 4H, HAr), 1.34 (s, 18H, -TMS)  

C2Co2(CO)6-TMS

TMS-(CO)6Co2C2

C2Co2(CO)6-TMS
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13C-NMR (125 MHz, CDCl3, δ/ppm): 200.4 (Cq, -Co2(CO)6-), 138.5 (Cq, C1/4), 
130.8 (Cq, C2/3/5/6), 104.7 (Cq, -C-Co2(CO)6-C-TMS), 80.3 (Cq, -C-Co2(CO)6-C-
TMS), 1.3 (Cp, -TMS) 
IR (cm-1): 2962 (νC-CH, w), 2918 (νC-CH, w), 2075 (νC=O, s), 2023 (νC=O, vs), 
2006 (νC=O, vs), 1988 (νC=O, vs), 1599 (δCH, s), 1475 (δCH, s), 1406 (νTMS, s), 
1247 (δTMS, s), 829 (γTMS, vs), 754 (γTMS, s), 875 (δCH, s), 690 (δCH, s), 615 
(δCH, s) 
MS (FAB, m/z): 842 M+ (1%), 814 [M-CO]+ (2%), 758 [M-3CO]+ (3%), 702 [M-
5CO]+ (3%), 674 [M-6CO]+ (2%), 618 [M-6CO-Co]+ (3%), 559 [M-6CO-2Co]+ 
(2%), 528 [M-7CO-2Co]+ (29%), 472 [M-9CO-2Co]+ (62%), 444 [M-10CO-
2Co]+ (30%), 416 [M-11CO-2Co]+ (24%), 388 [M-12CO-2Co]+ (13%), 329 [M-
12CO-3Co]+ (16%), 270 [M-12CO-4Co]+ (8%), 255 [M-12CO-4Co-CH3]+ (10%) 
 
Synthesis of dicluster, 23 
 
Compound 6 (145 mg, 0.54 mmol 1 eq) was dissolved 
under argon in dichloromethane (50 ml). Dicobalt 
octacarbonyl (814 mg, 2.38 mmol, 4.4 eq) was added and 
the mixture stirred at room temperature for 6 hours. The solvent was 
removed under reduced pressure and the residue purified by column 
chromatography (silica, hexane:dichloromethane, 1:0 to 10:1) to give 317 
mg (69.8%) of a metallic dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.72 (s, 1H, H2), 7.47 (s, 2H, H4/6), 7.31 
(s, 1H, H5), 0.44 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.8 (Cq, -Co2(CO)6-), 139.4 (Ct, C1/3), 
131.6 (Cq, C2), 129.2 (Cq, C4/6), 129.1 (Cq, C5), 104.7 (Cq, -C-Co2(CO)6-C-
TMS), 84.9 (Cq, -C-Co2(CO)6-C-TMS), 0.8 (Cp, -TMS) 
IR (cm-1): 2957 (νC-CH, w), 2905 (νC-CH, w), 2087 (νC=O, s), 2044 (νC=O, vs), 
1992 (νC=O, vs), 1587 (δCH, s), 1566 (δCH, s), 1404 (νTMS, s), 1248 (δTMS, vs), 
831 (γTMS, vs), 752 (γTMS, s), 868 (δCH, s), 791 (δCH, vs), 685 (δCH, s) 
MS (FAB, m/z): 842 M+ (2%), 814 [M-CO]+ (12%), 758 [M-3CO]+ (21%), 730 
[M-4CO]+ (23%), 702 [M-5CO]+ (29%), 674 [M-6CO]+ (5%), 646 [M-7CO]+ 
(17%), 618 [M-8CO]+ (11%), 590 [M-9CO]+ (17%), 472 [M-9CO-2Co]+ (18%), 
444 [M-10CO-2Co]+ (11%), 416 [M-11CO2-Co]+ (9%), 388 [M-12CO-2Co]+ 
(8%), 329 [M-12CO-3Co]+ (7%), 270 [M-12CO-4Co]+ (3%) 

C2Co2(CO)6-TMS

C2Co2(CO)6-TMS



Chapter 3 - Benzene-centred polyynes and polyclusters 

97 

Synthesis of tricluster, 24 
 
Compound 8 (535 mg, 0.91 mmol, 1 eq) 
was dissolved under argon in 
dichloromethane (50 ml). 
Dicobalt octacarbonyl (2.06 g, 6.03 mmol, 6.6 eq) was added and the 
mixture stirred at room temperature for 2 hours. The solvent was removed 
under reduced pressure at room temperature and the residue purified by 
column chromatography (silica, hexane) to give 815 mg (72.8%) of a dark 
red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.52 (s, 3H, HAr), 0.40 (s, 27H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.2 (Cq, -Co2(CO)6-), 140.5 (Cq, 
C1/3/5), 130.8 (Ct, C2/4/6), 104.5 (Cq, -C-Co2(CO)6-C-TMS), 81.2 (Cq, -C-
Co2(CO)6-C-TMS), 1.3 (Cp, -TMS) 
IR (cm-1): 2962 (νC-CH, w), 2908 (νC-CH, w), 2083 (νC=O, s), 2044 (νC=O, vs), 
1983 (νC=O, vs), 1582 (δCH, s), 1551 (δCH, s), 1396 (νTMS, s), 1250 (δTMS, s), 833 
(γTMS, vs), 756 (γTMS, s), 687 (δCH, s), 601 (δCH, s), 501 (δCH, s), 447 (δCH, s), 
409 (δCH, vs) 
MS (FAB, m/z): 1139 [M-3CO]+ (5%), 1111 [M-4CO]+ (10%), 1083 [M-5CO]+ 
(5%), 1027 [M-7CO]+ (8%), 943 [M-10CO]+ (5%), 915 [M-11CO]+ (6%), 887 
[M-12CO]+ (4%), 831 [M-14CO]+ (4%), 772 [M-14CO-Co]+ (3%), 744 [M-
15CO-Co]+ (4%), 686 [M-15CO-2Co]+ (4%), 659 [M-16CO-2Co]+ (3%), 630 [M-
17CO-2Co]+ (3%), 602 [M-18CO-2Co]+ (3%), 543 [M-18CO-3Co]+ (3%), 484 
[M-18CO-4Co]+ (2%), 424 [M-18CO-5Co]+ (3%), 365 [M-18CO-6Co]+ 
(11%),351 [M-18CO-6Co-CH3]+ (3%) 
 
Synthesis of tetracluster, 25 
 
Compound 10 (200 mg, 0.43 mmol, 1 eq) 
was dissolved in dichloromethane (50 ml), 
dicobalt octacarbonyl (1.30 g, 3.80 mmol, 
8.8 eq) was added and the mixture stirred at room temperature for 4 hours. 
The solvent was removed under reduced pressure at room temperature and 
the residue purified by column chromatography (silica, hexane) to give 484 
mg (69.7%) of a black solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.56 (s, 2H, HAr),0.24 (s, 36H, -TMS) 

C2Co2(CO)6-TMS

C2Co2(CO)6-TMSTMS-(CO)6Co2C2

TMS-(CO)6Co2C2

C2Co2(CO)6-TMS

C2Co2(CO)6-TMS

TMS-(CO)6Co2C2
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13C-NMR (125 MHz, CDCl3, δ/ppm): 202.5 (Cq, -Co2(CO)6-), 136.4 (Cq, 
C1/2/4/5), 125.7 (Ct, C2/6) 102.4 (Cq, -C-Co2(CO)6-C-TMS), 101.3 (Cq, -C-
Co2(CO)6-C-TMS), 0.3 (Cp, -TMS) 
IR (cm-1): 2962 (νC-CH, w), 2901 (νC-CH, w), 2083 (νC=O, s), 2044 (νC=O, vs), 
1998 (νC=O, vs), 1558 (δCH, s), 1458 (δCH, s), 1404 (νTMS, m), 1242 (δTMS, s), 
833 (γTMS, vs), 756 (γTMS, s), 694 (δCH, s) 
MS (FAB, m/z): 978 [M-14CO-4Co]+ (1%), 894 [M-17CO-4Co]+ (5%), 866 [M-
18CO-4Co]+ (6%), 810 [M-20CO-4Co]+ (6%), 462 [M-24CO-8Co]+ (2%) 
 
Synthesis of dicluster, 26 
 
Compound 16 (70.0 mg, 0.16 mmol, 1 eq) was dissolved in 
dichloromethane (50 ml). 
Dicobalt octacarbonyl (239 mg, 0.70 mmol, 4.4 eq) was 
added and the mixture stirred at room temperature for 3 
hours. The solvent was removed under reduced pressure at 
room temperature and the residue purified by column 
chromatography (silica, hexane) to give 109 mg (67.7%) of a 
dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.47 (br s, 12H, HAr) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.1 (Cq, -Co2(CO)6-), 141.1 (Cq, C1B), 
139.6 (Cq, C1A), 132.0 (Ct, C2A), 131.4 (Ct, C4B), 130.9 (Ct, C4A), 130.7 (Ct, 
C2B), 130.2 (Cq, C5B), 128.6 (Ct, C6A), 128.1 (Ct, C5A), 123.4 (Ct, C3A), 91.2 (Cq, 
ArA-C-Co2(CO)6-C-ArB), 90.1 (Cq, ArA-C-Co2(CO)6-C-ArB) 
IR (cm-1): 2972 (νC-CH, w), 2872 (νC-CH, w), 2089 (νC=O, s), 2052 (νC=O, vs), 
2029 (νC=O, vs), 1994 (νC=O, vs), 1601 (δCH, s), 1581 (δCH, s), 1556 (δCH, s), 
1068 (δC-Br, s), 995 (δCH s), 874 (δCH, s), 777 (δCH, s), 741 (δCH, s), 681 (δCH, 
vs), 656 (δCH, s) 
MS (Maldi-Tof, m/z): 952 [M-2CO]+ (41%), 924 [M -3CO]+ (46%), 896 [M-
4CO]+ (51%), 868 [M-5CO]+ (48%), 840 [M-6CO]+ (54%), 812 [M-7CO]+ (46%), 
784 [M-8CO]+ (46%), 756 [M-9CO]+ (48%), 728 [M-10CO]+ (53%), 669 [M-
10CO-Co]+ (75%), 610 [M-10CO-2Co]+ (50%), 551 [M-10CO-3Co]+ (78%), 523 
[M-11CO-3Co]+ (73%), 495 [M-12CO-3Co]+ (58%), 436 [M-12CO-4Co]+ (50%) 
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Synthesis of dicluster, 27 
 
Compound 18 (60.0 mg, 0.11 mmol, 1 eq) was dissolved in 
dichloromethane (50 ml). Dicobalt octacarbonyl (168 mg, 
0.49 mmol, 4.4 eq) was added and the mixture stirred at 
room temperature for 2 hours. The solvent was removed 
under reduced pressure at room temperature and the 
residue purified by column chromatography (silica, hexane) 
to give 32.8 mg (25.6%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.63 (br s, 6H, H2A/4A), 7.53 (s, 4H, H2B) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.4 (Cq, -Co2(CO)6-), 142.8 (Cq, C1A), 
137.9 (Cq, C1B), 133.9 (Ct, C4A), 130.3 (Ct, C2B), 129.8 (Ct, C2A), 123.4 (Ct, 
C3A), 90.9 (Cq, ArA-C-Co2(CO)6-C-ArB), 88.0 (Cq, ArA-C-Co2(CO)6-C-ArB) 
IR (cm-1): 2950 (νC-CH, vw), 2089 (νC=O, vs), 2054 (νC=O, vs), 2021 (νC=O, vs), 
1568 (δCH, w), 1541 (δCH, w), 1100 (δC-Br, w), 746 (δCH m) 
MS (Maldi-Tof, m/z): 1189 [M+Na]+ (16%), 1161 [M+Na-CO]+ (33%), 1133 [M-
2CO]+ (18%), 1105 [M+Na-3CO]+ (16%), 1076 [M+Na-4CO]+ (18%), 1053 [M-
4CO]+ (55%), 1025 [M-5CO]+ (56%), 997 [M-6CO]+ (90%), 969 [M-7CO]+ 
(18%), 941 [M-8CO]+ (16%), 913 [M-9CO]+ (30%), 885 [M-10CO]+ (30%), 857 
[M-11CO]+ (33%), 829 [M-12CO]+ (18%), 771 [M-12CO-Co]+ (20%), 712 [M-
12CO-2Co]+ (31%), 653 [M-12CO-3Co]+ (18%), 594 [M-12CO-4Co]+ (16%), 
514 [M-12CO-4Co-Br]+ (100%) 
 
Synthesis of tricluster, 28 
 
Compound 19, (75.0 mg, 0.12 mmol, 1 eq) was 
dissolved in dichloromethane (25 ml). 
Dicobalt octacarbonyl (270 mg, 0.79 mmol, 6.6 eq) 
was added and the mixture stirred at room 
temperature for 3 h. The solvent was removed 
under reduced pressure at room temperature and 
the residue purified by column chromatography (silica, hexane) to give 164 
mg (92.8%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.71 (br s, 3H, H2B), 7.43 (br s, 12H, 
H2A/3A) 

C2Co2(CO)6

Br Br

BrBr
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13C-NMR (125 MHz, CDCl3, δ/ppm): 198.6 (Cq, -Co2(CO)6-), 140.3 (Cq, C1B), 
137.0 (Cq, C1A), 132.2 (Ct, C2A), 130.4 (Ct, C3A), 128.6 (Ct, C2B), 122.0 (Ct, 
C4A), 90.3 (Cq, ArA-C-Co2(CO)6-C-ArB), 89.6 (Cq, ArA-C-Co2(CO)6-C-ArB) 
IR (cm-1): 2947 (νC-CH, w), 2089 (νC=O, vs), 2052 (νC=O, vs), 1998 (νC=O, vs), 
1576 (δCH, s), 1558 (δCH, s), 1475 (δCH, s), 1070 (δC-Br, s), 1008 (δC-Br, s), 862 
(δCH, m), 825 (δCH, s), 571 (δCH, vs) 
MS (Maldi-Tof, m/z): 1496 [M+Na]+ (7%), 1353 [M+Na-3CO-Co]+ (9%), 1325 
[M+Na-4CO-Co]+ (13%), 1269 [M+Na-6CO-Co]+ (31%), 1189 [M+Na-6CO-Co-
Br]+ (18%), 1161 [M+Na-7CO-Co-Br]+ (36%), 1133 [M+Na-8CO-Co-Br]+ 
(20%), 1110 [M-8CO-Co-Br]+ (17%), 1082 [M-9CO-Co-Br]+ (19%), 1054 [M-
10CO-Co-Br]+ (61%), 1025 [M-12CO-Co-Br]+ (62%), 998 [M-12CO-Co-Br]+ 
(100%), 970 [M-13CO-Co-Br]+ (20%), 942 [M-14CO-Co-Br]+ (18%) 
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Chapter 4 
Ethynyl-centred polyynes and polyclusters 

 
4.1 Synthesis of polybrominated precursors 
 
Through the linkage of 1,3-di, 1,4-di and 1,3,5-trisubstituted benzene units 
with an ethynyl bridge, it has been possible to obtain three different 
structural patterns. Following the work of Waybright1 a direct coupling of 4-
bromoiodobenzene was carried out in triethylamine under a continuous 
stream of acetylene gas but no brilliant results for compound 31 (less than 
20% yield) were obtained. This encouraged us to find a better strategy, 
which consisted of a three-step synthesis (Figure 4.1) that could increase 
the total yield of compound 31 up to 60%. 
 

Br
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Br
I

Br

Br

Br Br

Br

Br Br

Br

1) S: CuCl, 1, TMS-ethyne
    NEt3, 60°C
2) 1M NaOH, THF, rt
3) S: CuCl, 1, I-Ar-Br 
   NEt3, Br-Ar-I, 60°C
  

31

34

3717

 
Figure 4.1: Strategy for the synthesis of diverse ethynyl-centred polyaromatics. 

 
As Figure 4.1 shows, this three-step synthesis could then be adopted to also 
obtain compounds 34 and 37. The first step selectively linked a TMS-
ethynyl functionality to the position of an iodo-substituent under standard 
Sonogashira conditions. The second step activated the terminal alkyne 
functionality through the deprotection of TMS-group. Finally, in the third 
step, this reactive mono-substituted alkyne reacted selectively under 
standard Sonogashira conditions with the iodo-functionality of a second 
bromo-iodo-substituted benzene. 

For the halogenated reagents, the commercially available 3-bromo- 
and 4-bromoiodobenzene have been used, while 3,5-dibromoiodobenzene, 
17, has been synthesised following the selective iodination of 1,3,5-
tribromobenzene with n-butyllithium and iodine as reported by Lustenberg2. 
The synthesis of compound 17 is reported in detail in Chapter 3. 
All the synthesised products were purified by column chromatography using 
alumina as stationary phase and eluting with hexane and dichloromethane 
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before proceeding to the following step. After the three-step synthesis, the 
three polybrominated products were obtained in acceptable total yields; 
di(4-bromophenyl)ethyne, 31, was obtained in 55% yield, while di(3-
bromophenyl)ethyne, 34, was isolated in 45% and di(3,5-
dibromophenyl)ethyne, 37, in 55%. 
Compounds 31, 34 and 37 have been chosen as precursors to the related 
TMS- protected and deprotected polyethynyl compounds. In the special case 
of 37, this compound covered an important synthetic role as core (after the 
deprotection of the external alkyne functionalities) of the dendritic 
structures described in Chapter 8. 

The planar structures of 31 and 37 were confirmed by single crystal 
X-ray diffraction analysis. Crystals were obtained from chloroform solutions 
through extremely slow evaporation. 
 Compound 31, packs in the monoclinic system in P21/c space group 
with a=10.171(4) Å, b=4.9900(2) Å, c=11.3093(3) Å and β=94.245(2)° (see 
also Appendix 1). The molecular structure is shown in Figure 4.2 and some 
important bond legths and angles are given below. 
 

 
Figure 4.2: Molecular structure of compound 31. All atoms are related by symmetry to the 

numbered atoms in the other half of the molecule. 

 
C1-C1a=1.2021(6) Å, C1-C2= 1.432(4) Å, C5-Br1=1.897(3) Å, C1-C2-
C3=120.5(3)°, C1-C2-C7=120.9(3)°, C2-C1-C2a=179.3(4)° 
As the ORTEP representation in Figure 4.2 shows, the molecule is totally 
planar and molecules pack into parallel layers. In the unit cell, the 
molecules show two different orientations: one molecule is oriented 
perpendicular to the other four as shown in Figure 4.3. The molecules 
oriented in different directions are colour-coded in grey and black. 
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Figure 4.3: Unit cell in the solid state structure of compound 31. Hydrogen atoms are 

omitted for clarity. Distances reported in Å. 

 
Four of these five molecules (those in grey) are aligned along the b-axis 
building parallel planes. The distance between pairs of like atoms in 
adjacent parallel molecules, e.g. Br1…Br1 is 4.99 Å while the distance 
between like atoms in adjacent molecules in the same plane, e.g. Br1...Br1 is 
11.31 Å. The angle between the least squares plane containing a grey 
molecule and the least squares plane containing a black molecule is 88.2°. 

A more extended view of the packing is shown in Figure 4.4. It is 
possible to distinguish the two sets of parallel planes nearly perpendicular 
to each other. 

 
Figure 4.4: Nearly perpendicular (88.2°) planes in the crystal packing of compound 31. 

 
In Figure 4.5, it is evident that there is no Π-Π-stacking between adjacent 
aromatic rings, since the parallel planes lie at a distance of 4.99 Å. By 
investigating the structure further, it is possible to observe that the bromine 
atoms show short interactions between one other. 
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Figure 4.5: Br…Br interactions in the crystal packing of compound 31. 

Distances reported in Å. 

 
Since two bromine atoms lying on parallel planes are 4.99 Å apart, which is 
greater than the sum of the Van der Waals radii, the only short contacts are 
those of two bromine atoms lying in two planes with different orientations. 
These short contacts are 3.53 Å as shown in Figure 4.5. 

Figure 4.6 shows clearly that there are Π-interactions involving alkyne 
and aryl Π-clouds. The observed distance between the least squares planes 
of two parallel molecules is 3.59 Å. 
 

 
Figure 4.6: View perpendicular to alternate molecular planes. 

 
These interactions are an example of the important forces which are present 
in aromatic molecule crystal packings. An interesting investigation of these 
forces is reported by Jennings3 and an exhaustive study is reported by 
Nishio4. 

Compound 37, crystallises in the monoclinic system, P21/n space 
group with a=13.336(2) Å, b=3.9189(2) Å, c=14.2221(19) Å and 
β=110.741(10)° (see also Appendix 1). The molecular structure is shown in 
Figure 4.7 and some important bond lengths and angles are given below. 
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Figure 4.7: Molecular structure of compound 37. All the atoms are symmetry related to the 

numbered atoms on the other half of the molecule. 

 
C7-C7a=1.17(1) Å, C6-C7=1.444(8) Å, C2-Br1=1.890(5) Å, C4-Br2=1.899(5) Å, 
C5-C6-C7=119.3(5)°, C1-C6-C7=121.0(5)°, C6-C7-C7a=179.3(8)°. 

At the molecular level, compound 37 is like 31, i.e. it is planar, and 
the packing is characterised by a sequence of parallel planes. 

 
Figure 4.8: Crystal packing of 37, viewed along the b-axis. 

 
As Figure 4.8 shows, the molecules lie in perfectly parallel planes and the 
layers are placed along the b-axis in a distance of 3.92 Å. The network is 
characterised by a zig-zag arrangement of two different planes as shown in 
Figure 4.9. Molecules oriented in different directions are colour-coded in 
grey and black. The angle formed by a plane containing a grey unit with a 
plane containing a black unit, measures 47.6°. 
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Figure 4.9: Crystal packing of compound 37. Distances are reported in Å. 

 
The only possible short contacts in the structure are those between the 
bromine atoms and the alkyne Π-cloud of the nearest molecule. The 
distance between a bromine atom and the alkyne carbon atoms of a parallel 
molecule is too big (6.12 Å) to permit an interaction, so the only possibility 
is the contact of the bromine atom (those of the grey unit) with the alkyne 
Π-cloud of the nearest twisted molecule (the black one). This distance is 
only 3.57 Å. 
 The crystal structure of 31 was deposited in the Cambridge 
Crystallographic Data Center by Tejada5, but the packing was not fully 
discussed. The structure of 37 was previously unreported and the data have 
been deposited with the CCDC (number 270614) and described in the 
corresponding publication7. 
 Furthermore, the crystal structures of diphenylethyne6 and 1-phenyl-
2-(4-bromophenyl)ethyne are available in the CCDC for a comparison. 
Diphenylethyne crystallises in a monoclinic system, P21/a space group with 
a=12.778 Å, b=5.764 Å, c=15.508 Å, β= 113.39° (no errors are given5) while 
the 4-monobrominated analogue crystallises in a triclinic system, P-1 space 
group with a=11.49(1) Å, b=5.01(1) Å, c=19.94(1) Å, α=89.9(1)°, β=105.7(1)°, 
γ=89.9(1)°. Both compounds possess two coplanar aromatic rings (planar 
diphenylethyne moiety) similar to those observed in the molecular 
arrangement of compounds 31 and 37. Furthermore, the crystal packing of 
1-phenyl-2-(4-bromophenyl)ethyne shows a criss-cross arrangement of two 
set of parallel molecules similar to that observed for the packing of 
compound 31 (compare Figure 4.4). 
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4.2 Synthesis of polyynes 
 
The polybrominated compounds 31, 34 and 37 described earlier have been 
subsequently involved in a new Sonogashira reaction under standard 
conditions to obtain the corresponding TMS-protected polyynes 38, 40 and 
42 as displayed in Figure 4.10. The obtained yields are in a range between 
50 and 100%. 
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Figure 4.10: General synthesis of ethynyl-centred polyynes. 

 
In a second step, the TMS-protected compound were deprotected under 
basic conditions to produce the corresponding deprotected compounds 39, 
41 and 43. In the specific case of compound 43, it will be used as the 
ethyne component in a new Sonogashira reaction to produce the dendritic 
compounds 120 and 121 reported in Chapter 8. 

Some X-ray quality crystals were obtained from a dichloromethane 
solution of compound 38 and the single crystal structural analysis 
discovered some interesting analogies with the analysis of the previously 
discussed compound 31. Compound 38 crystallises in a monoclinic system 
with P21/n space group, the same as for the brominated precursor, 31. The 
unit cell dimensions of compounds 31 and 38 are similar: for 38 
a=12.868(2) Å, b=5.8363(10) Å, c=15.0226(3) Å, β=94.3004(12)° (see also 
Appendix 1). Figure 4.11 shows the molecular structure of 38 and some 
important bond lengths and angles are listed below. 
 

 
Figure 4.11: Molecular structure of compound 38. All atoms on the left-hand side are 

symmetry-related to the numbered atoms in the other half of the molecule. 
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C12-C12a=1.195(3) Å, C4-C5= 1.204(2) Å, C9-C12=1.437(2) Å, Si1-C4=1.837(1) 
Å, Si1-C1=1.848(1) Å, Si1-C2=1.846(1) Å, Si1-C3=1.852(1) Å, C9-C12-
C12a=179.7(2)°, C4-C5-C6=179.72(18)°, C5-C4-Si1=178.13(16)°, C4-Si1-
C1=109.47(8)°, C4-Si1-C2=108.77(8)°, C4-Si1-C3=108.16(9)°. 
 As shown in Figures 4.11 and 4.12, the molecule is linear and planar 
over the whole conjugated Π-system. 

 
Figure 4.12: Molecular structure of compound 38 in the solid state. 

 
Figure 4.12 clearly shows the staggered arrangement of the TMS-methyl 
groups: the measured torsion angle C1-Si1-Si1a-C1a (numbering as in Figure 
4.11) is exactly180°. 
 To simplify the following discussion, the TMS-groups are omitted and 
the planarity of the molecule is defined through the calculated least squares 
plane of the conjugated Π-system (from Si1 to Si1a). Accordingly, the 
molecules are described as being planar and the TMS-groups will be 
reconsidered in the discussion later. 

The crystal packing shows, as previously observed for compound 31 
(Figures 4.3 and 4.4), two different molecular orientations. These are shown 
in Figure 4.13, in which the molecules oriented in different directions are 
colour-coded in grey and black. 
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Figure 4.13: Molecules of compound 38 are arranged in two different directions. 

 
The distance between two molecules of the same colour and lying in the 
same plane is 5.84 Å, this is the distance measured between the two Si1 
atoms. The distance between the least squares planes of two molecules of 
the same colour is 2.72 Å. The angle formed by the least squares plane 
containing a black molecule and the least squares plane containing a grey 
unit is 55.5°. In each molecule, a mirror plane is present and relates atoms 
C12-C9-C6-C5-C4-Si1-C1-H12 to the symmetry related atoms. 

If we view the packing so as to focus on the stacking of like-coloured 
molecules (Figure 4.13), we observe that molecules are shifted with respect 
to one another. Furthermore, no important interactions between the ethyne 
and the aryl Π-clouds are observed (compare Figure 4.6 for compound 31). 
The cause of this arrangement can probably be assigned to the presence of 
the terminal bulky TMS-groups. This shift permits the approach of the 
methyl-hydrogen atoms of one molecule to the aromatic rings of the nearest 
parallel molecule as shown in Figure 4.14. 

 
Figure 4.14: Interactions of the bulky TMS-groups with the aryl Π-clouds. Distances are 

reported in Å. 
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The anti-conformation of the methyl-groups pushes some of the methyl-
hydrogen atoms into a favoured position for an interaction with the nearest 
aryl Π-cloud. This is the specific case for the interaction H13…ArC6/11=2.76 
Å, which forms an angle of 169.9° (C1-H13…ArC6/11) and H23…ArC6/11=2.93 Å, 
forming an angle of 148.4° (C2-H23…ArC6/11). The first interaction (of H13) 
holds two molecules with different orientations (a grey and a black) while 
the second (of H23) connects two units of the same colour. 
 

 
Figure 4.15: Interactions of the bulky TMS-groups with the ethynyl Π-clouds. Distances are 

reported in Å. 

 
Finally, some methyl-hydrogen atoms point to the ethynyl Π-cloud as shown 
in Figure 4.15. This is the case of interactions as H33…C12=3.42 Å forming 
an angle of 162.2° (C3-H33…C12) and H33…C12a=3.24 Å forming an angle of 
162.7° (C3-H33…C12a). These intermolecular interactions are relatively long, 
and the interaction is therefore weak. 

In order to increase the number of alkyne functionalities still further 
and, therefore, the synthesis of compound 55 was attempted. Figure 4.16 
shows a retrosynthesis of compound 55. 
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Figure 4.16: Retrosynthetic approach for the synthesis of heptaethynyl-fuctionalised 
compound 55. 
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Since no commercially halogenated precursor was available, it was 
necessary to find a new synthetic strategy, in which the whole backbone 
had to be built step by step. A first attempt was carried out relying on the 
reactivity of bromo-substituted arenes and following the procedure reported 
by Carlin8. 2,6-Dibromo-4-nitroaniline, 44, was obtained in 93% yield by 
the electrophilic addition of bromine to 4-nitroaniline as shown in Figure 
4.17. 
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Figure 4.17: One step synthesis of  compound 44. 

 
By applying the results of Niedemann9, the synthetic strategy reported in 
Figure 4.18 was devised. 
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Figure 4.18: Synthetic strategy to compound 51. 

 
2,6-Dibromo-4-nitroaniline, 44, was successfully converted to 3,5-dibromo-
4-iodonitrobenzene, 45, but unluckily, the following Sonogashira reaction 
with excess of TIPS-ethyne produced the monoacetylated compound 46, and 
a second reaction was necessary. The 3,4,5-tris(TIPS-ethynyl)nitrobenzene, 
47, so obtained was then heated under reducting conditions but without 
result; the whole starting material (47) was recollected after the purification. 

A second attempt following the work of Kalb10, involved the more 
reactive 2,6-diiodo-4-nitroaniline, 48, as starting compound. This was made 
in a one-step synthesis as shown in Figure 4.19. 
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Figure 4.19: One-step synthesis of compound 48. 
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Figure 4.20 illustrates the new synthetic strategy adopted for the production 
of the iodinated precursors necessary for the preparation of the 
heptaethynyl-functionalised target 55. 
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Figure 4.20: Synthetic procedure for the production of compound 52. 

 
Compound 48 was selectively converted to 3,4,5-triiodonitrobenzene, 49, 
with high efficiency. Then 49 was reduced using tin(II) chloride in 
hydrochloric acid to 3,4,5-triiodoaniline, 50. The reaction produced a 
reasonable amount of crude product, but much was lost during the 
purification and the final yield of pure 3,4,5-triiodoaniline, 50, was only 
about 20%. After the Sonogashira reaction shown in Figure 4.20, only about 
10% of pure 3,4,5-tris(TIPS-ethynyl)aniline, 51, was obtained. This was 
converted to the corresponding iodobenzene, 52. Figure 4.21 shows the last 
steps for the production of compound 55, in which the linkage of the last 
TMS-ethyne via the iodo-substituent of compound 52 plays a crucial role. 
The deprotection of this TMS-group would then permit the activation of the 
terminal alkyne-functionality for the following linkage of the two aromatic 
subunits (compounds 52 and 54). 
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Figure 4.21: Last steps for the synthesis of compound 55. 

 
The first step in the synthesis involved the ethynylation of the iodo-
substituent of compound 52 with TMS-ethyne under standard Sonogashira 
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conditions (Figure 4.21, top). The product collected after the reaction was 
once again the self-coupling product of the ethynyl component, compound 
124 (see Chapter 9). No traces of the TMS-protected compound was 
detected after the purification of the dark reaction mixture. A last attempt 
was then tried following the same procedure already used to produce 
compound 311 through the reaction of acetylene gas with the iodinated 
substrate 52 (Figure 4.21, middle). Unfortunately, in practice this last 
attempt produced no compound 54. Further attempts to synthesise 55 were 
reluctantly abandoned. 
 Some X-ray quality crystals were grown from a chloroform solution of 
3,5-dibromo-4-(TIPS-ethynyl)nitrobenzene, 46, but surprisingly, the 
structure of an unexpected compound was obtained. This unexpected 
compound will be named compound 46a for convenience. Its molecular 
structure is shown in Figure 4.22 and the compound can be considered as a 
condensation product of three reagents used in the Sonogashira reaction for 
the production of compound 46. Figure 4.18 reported the Sonogashira 
reaction adopted for the synthesis of compound 46. Under standard 
conditions, compound 45 was dissolved in triethylamine with copper(I) 
chloride and the Pd(II) catalyst and after the addition of TIPS-ethyne, the 
reaction mixture was heated at 45° and stirred for half a day. It is important 
to remember that compound 45 was previously synthesised from 2,6-
dibromo-4-nitroaniline, 44, as reported in Figure 4.18. By carefully 
observing the structure of the unexpected product in Figure 4.22, three 
condensed reagents are clearly visible. The structure presents a 
triisopropylsilyl-group and a diethylamino-residue linked together by an 
ethyl-bridge. Furthermore, a dibromo-nitro-functionalised aniline unit is N-
linked to this bridge. 

 
 

Figure 4.22: Molecular structure scheme of 46a and an interpretation in terms of 
components present in the reaction mixture.
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A possible explanation of the events is that, even if the starting 
material of the reaction, compound 45, was purified by column 
chromatography before the Sonogashira reaction, some traces of its 
precursor 44, still present in the reaction mixture, took part in the reaction. 
The synthetic investigation of this reaction will follow after the 
crystallographic discussion. 
 Compound 46a crystallises in a triclinic system in P-1 space group 
and the dimension of the unit cell are a=9.5058(20) Å, b=10.5158 (20) Å and 
c=12.7195(20) Å, α=84.5138(9)°, β=88.4554(8)° and γ=78.6724(8)° (see also 
Appendix 1). The molecular structure of 46a is shown in Figure 4.23 and 
selected bond lengths and angles are given below. 
 

 
Figure 4.23: Molecular structure of compound 46a. 

 
Br1-C2=1.8959(19) Å, Br2-C6=1.893(2) Å, C1-C6=1.425(3) Å, C1-C2= 1.426(3) 
Å, C2-C3=1.379(3) Å, C3-C4=1.387(3) Å, C4-C5=1.393(3) Å, C5-C6=1.374(3) Å, 
C8-C14=1.1498(2) Å, N1-O1/2=1.229(3) Å, N7-C1=1.358(3) Å, N7-C8=1.305(2) Å, 
N9-C8=1.353(2) Å, N9-C10=1.474(3) Å, N9-C12=1.467(3) Å, Br1-C2-
1=119.08(14)°, Br2-C6C1=117.85(15)°, C2-C1-N7=125.02(17)°, C1-N7-
C8=125.59(16)°, N7-C8-N9=116.91(17)°, N7-C8-C14=124.15(17)°, C8-N9-
C12=123.41(16)°, C8-C14-Si1=119.51(12)°. 
 Figure 4.23 shows clearly that in the solid state the molecule adopts a 
folded conformation in which an important interaction H193…Ar1/6=2.72 Å is 
present. The angle C19-H193…Ar1/6 measures 53.7°. This value agrees well 
with the examples of similar intramolecular interactions reported by 
Jennings3. The unit cell contains two symmetric units with opposite 



Chapter 4 - Ethynyl-centred polyynes and polyclusters 

115 

orientation as shown in Figure 4.24, i.e. the unit cell contains a centre of 
symmetry. 

 
Figure 4.24: Unit cell of compound 46a. Distances reported in Å. 

 
An extended view of the packing (Figure 4.25) shows the pairing of 
molecules in opposite directions. The molecules with different orientation 
are colour-coded in grey and black. 
 

 
Figure 4.25: Packing of compound 46a, viewed along the c-axis. Hydrogen atoms are 

omitted for clarity. 

 
All the aromatic rings contained in the packing are arranged parallel to one 
another and this is best seen with a view along the c-axis (Figure 4.25). By 
rotating the packing and by observing it along the a-axis as reported in 
Figure 4.26, an ordering of the molecules into layers can be seen. 
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Figure 4.26: Molecular superposition along the a-axis. Hydrogen atoms are omitted for 

clarity. 

 
The whole packing is supported by intermolecular hydrogen-bonded 
interactions. As shown in Figure 4.27, most of the interactions are between 
molecules with different orientations. 
 

 
 

Figure 4.27: Intermolecular contacts present in the packing. The values are reporten in Å. 
Aromatic rings are drawn with negative colour to distinguish the depth caused by the 

molecular folding. 

 
Examples for contacts between oppositely oriented molecules are 
O2…H221=2.90 Å (C22-H221…O2=116.9°), Br2…H101=3.02 Å (C10-
H101…Br2=130.8°) and O1…H163=2.55 Å (C16-H163…O1=171.1°). Molecules of 
the same colour (i.e. same orientation) are supported by the interaction 
O1…H131=2.71 Å (C13-H131…O1=164.3°). 
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In order to investigate the formation of the condensation product 46a, 
a further reaction was attempted; a Sonogashira reaction of 2,6-dibromo-4-
nitroaniline, 44, under the same conditions as for the production of 46. The 
compound obtained after the reaction and the following purification of the 
reaction mixture was 2,6-bis(TIPS-ethynyl)-4-nitroaniline, 47 (77% yield) 
and no traces of condensation-product 46a were observed. Hence the origin 
of compound 46a remains unresolved. 
 
 
4.3 Synthesis of cobalt carbonyl clusters 
 
Compounds 39, 41, and 43, reacted with dicobalt octacarbonyl to produce 
the corresponding cluster-rich compounds displayed in Figure 4.28. 
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Figure 4.28: General methodology for the synthesis of ethynyl-centred cluster-rich 
compounds 57-59. 

 
The insertion of dicobalt hexacarbonyl clusters produced the cobalt-rich 
derivatives 57, 58 and 59 in yields of between 60 and 75%.  

A complete discussion about the spectroscopic characterisation of the 
compounds synthesised in this Chapter is reported in Chapters 10 and 11 
to permit a useful comparison of the results and to avoid repetition. 
 
 
4.4 Experimental – polybrominated precursors 
 
Synthesis of 1-bromo-4-(trimethylsilylethynyl)benzene, 29 
 
1-Bromo-4-iodobenzene (1.00 g, 3.54 mmol, 1 eq), copper(I) chloride 
(105 mg, 1.06 mmol, 0.3 eq) and Pd(PPh3)2Cl2, 1 (740 mg, 1.06 mmol, 
0.3 eq) were dissolved under argon in triethylamine (75 ml). After the 

Br

TMS
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addition of TMS-C≡CH (0.50 ml, 3.54 mmol, 1 eq) the mixture was stirred at 
60°C for 6 hours. The solvent was removed under reduced pressure and the 
residue extracted with hexane (150 ml). The dark mixture was filtered and 
the solvent removed. The residue was purified by column chromatography 
(alumina, hexane:dichloromethane, 1:0 to 10:1) to give 1.71 g (95.5%) of a 
white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.43 (dt, J=2.8, 14.0 Hz, 2H, H2/6), 7.30 
(dt, J=2.8, 14.0 Hz, 2H, H3/5), 0.24 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 133.4 (Cq, C3/5), 131.4 (Ct, C2/6), 122.7 
(Ct, C1), 122.1 (Cq, C4), 103.8 (Cq, -C≡C-TMS), 95.6 (Cq, -C≡C-TMS), -0.1 (Cp, 
-TMS) 
IR (cm-1): 2957 (νC-CH, m), 2899 (νC-CH, m), 2158 (νC≡C, s), 1481 (δCH, s), 1470 
(δCH, s),1250 (δTMS, s), 1244 (δTMS, s), 1070 (δC-Br, m), 841 (γTMS, vs), 754.9 
(γTMS, vs), 860 (δCH, s), 814 (δCH, vs), 699 (δCH, s), 664 (δCH, vs) 
MS (FAB, m/z): 253 M+ (189%), 238 [M-CH3]+ (100%), 208 [M-3CH3]+ (5%) 
 
Synthesis of 1-bromo-4-ethynylbenzene, 30 
 

1-Bromo-4(trimethylsilylethynyl)benzene, 29 (565 mg, 2.23 mmol, 1 eq) 
was dissolved in 15 ml tetrahydrofuran and after the addition of sodium 
hydroxide (25 ml 1M, 15 eq) the mixture was stirred at room 
temperature for 4 hours. Water (100 ml) was added until a precipitate 
formed. The mixture was extracted with dichloromethane (100 ml), the 
solvent removed under reduced pressure and the residue purified by 
column chromatography (silica, hexane) to give 334 mg (84.2%) of a dark 
yellow oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.46 (dt, J=2.0, 8.4 Hz, 2H, H3/5), 7.35 
(dt, J=2.0, 8.4 Hz, 2H, H2/6), 3.12 (s, 1H, -C≡H) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 133.5 (Cq, C2/6), 131.6 (Ct, C3/5), 123.1 
(Ct, C1), 121.0 (Cq, C4), 82.5 (Cq, -C≡CH), 78.3 (Ct, -C≡CH) 
IR (cm-1): 3263 (νC≡CH, s), 3078 (νC=CH, w), 2924 (νC-CH, w), 2106 (νC≡H, w) 
1581 (δCH, w), 1481 (δCH, s), 1064 (δC-Br, vs), 1011 (δC-Br, vs) , 817 (δCH, vs), 
771 (δCH, m), 663 (δCH, vs), 624 (δC≡H, vs) 
MS (FAB, m/z): 181 M+ (100%) 
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Synthesis of di(4-bromophenyl)ethyne, 31 
 
1-Bromo-4-iodobenzene (5.00 g, 17.7 mmol, 1 eq) was 
dissolved with copper(I) chloride (16.9 mg, 0.09 mmol, 0.005 
eq) and Pd(PPh3)2Cl2, 1 (62.0 mg, 0.09 mmol, 0.005 eq) in 
triethylamine (80 ml) and the suspension was stirred at room 
temperature for 8 hours under a continuous stream of ethyne 
The solvent was removed under reduced pressure and the 
residue extracted with hexane (150 ml). After the evaporation of the solvent, 
the crude product was purified by column chromatography (silica, 
hexane:dichloromethane, 1:0 to 10:1). The product was crystallised from 
pure hexane to give 720 mg (24.2%) of white crystals. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.49 (dt, J=2.0, 4.8 Hz, 4H, H3/5), 7.38 
(dt, J=2.0, 4.8 Hz, 4H, H2/6) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 133.0 (Cq, C2/6), 131.7 (Ct, C3/5), 122.6 
(Cq, C4), 121.9 (Cq, C1), 89.4 (Cq, -C≡C-) 
IR (cm-1): 3078 (νC=CH, m), 2250 (νC≡C, w), 1472 (δCH, s), 1103 (δC-Br, s), 1073 
(δC-Br, m), 818 (δCH, vs), 779 (δCH, s), 756 (δCH, s) 
MS (FAB, m/z): 336 M+ (100%), 176 [M-2Br]+ (53%) 
 
Synthesis of di(4-bromophenyl)ethyne, 31 

 
1-Bromo-4-iodobenzene (1.56 g, 5.51 mmol, 1 eq) was dissolved 
with copper(I) chloride (27.7 mg, 0.28 mmol, 0.005 eq) and 
Pd(PPh3)2Cl2 (197 mg, 0.28 mmol, 0.005 eq) in triethylamine 
(100 ml) and after the addition of 1-bromo-4-ethynylbenzene, 
30 the mixture was stirred at 60°C for 20 hours. The solvent 
was then removed and the residue extracted with 30% 
dichloromethane in hexane (100 ml). After the evaporation of the solvent, 
the crude product was purified by column chromatography (alumina, 
hexane:dichloromethane, 1:0 to 10:1) to obtain 676 mg (36.6%) of white 
crystals. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.49 (dt, J=2.0, 4.8 Hz, 4H, H3/5), 7.38 
(dt, J=2.0, 4.8 Hz, 4H, H2/6) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 133.0 (Cq, C3/5), 131.7 (Ct, C2/6), 122.6 
(Cq, C4), 121.9 (Cq, C1), 89.4 (Cq, -C≡C-) 
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IR (cm-1): 3078 (νC=CH, m), 2250 (νC≡C, w), 1472 (δCH, s), 1103 (δC-Br, s), 1073 
(δC-Br, m), 818 (δCH, vs), 779 (δCH, s), 756 (δCH, s) 
MS (FAB, m/z): 336 M+ (100%), 176 [M-2Br]+ (53%) 
Smp: 179°C 
Elem anal.: C14H8Br2·0.02 CH3Cl·0.01 hexane: calc: C: 49.85%, H: 2.42%, 
found: C: 49.81%, H: 2.44% 
X-Ray: Crystals were obtained from chloroform (see Appendix 1). 
 
Synthesis of 1-bromo-3-(TMS-ethynyl)benzene, 32 
 
1-Bromo-3-iodobenzene (2.00 ml, 15.7 mmol, 1 eq) was dissolved 
under argon with copper(I) chloride (77.2 mg, 0.78 mmol, 0.05 eq) 
and Pd(PPh3)2Cl2, 1 (548 mg, 0.78 mmol, 0.05 eq) in triethylamine 
(100 ml). After the addition of TMS-C≡CH (2.55 ml, 17.3 mmol, 1.1 
eq) the mixture was stirred at 40°C for 2.5 hours. The solvent was removed 
under reduced pressure and the residue extracted with 20% 
dichloromethane in hexane (150 ml). The dark mixture was filtered, the 
solvent removed and the crude product purified by column chromatography 
(alumina, hexane) to give 3.96 g (99.8%) of a colorless oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.62 (t, J=2.0 Hz, 1H, H2), 7.44 (dt, 
J=2.0, 7.6 Hz, 1H, H6), 7.38 (dt, J=2.0, 7.6 Hz, 1H, H4), 7.16 (t, J=7.6 Hz, 
1H, H5), 0.26 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.7 (Ct, C2), 131.6 (Ct, C6), 130.4 (Ct, 
C4), 129.6 (Ct, C5), 125.1 (Cq, C3), 122.0 (Cq, C1), 103.3 (Cq, -C≡C-TMS), 95.8 
(Cq, -C≡C-TMS), -0.2 (Cp, -TMS) 
IR (cm-1): 2959 (νC-CH, m), 2897 (νC-CH, m), 2160 (νC≡C, m), 1472 (δCH, s), 1250 
(δTMS, s), 1067 (δC-Br, s), 841 (γTMS, vs), 760 (γTMS, s), 874 (δCH, vs), 781 (δCH, 
m), 681 (δCH, m) 
MS (FAB, m/z): 254 M+ (16%), 239 [M-CH3]+ (100%) 
 
Synthesis of 1-bromo-3-ethynylbenzene, 33 
 
1-Bromo-3-(TMS-ethynyl)benzene, 32 (2.25 g, 8.89 mmol, 1 eq) was 
dissolved in tetrahydrofuran (75 ml) and after the addition of sodium 
hydroxide (90 ml 1M, 10 eq) stirred at room temperature for 12 
hours. Water (75 ml) were added until a precipitate formed. The 
mixture was extracted with dichloromethane (150 ml), the solvent removed 
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under reduced pressure and the residue purified by column 
chromatography (alumina, hexane) to give 1.04 g (64.6%) of a colourless oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.65 (t, J=2.0 Hz, 1H, H2), 7.48 (dt, 
J=2.0, 7.6 Hz, 1H, H6), 7.42 (dt, J=2.0, 7.6 Hz, 1H, H4), 7.18 (t, J=7.6 Hz, 
1H, H5), 3.13 (s, 1H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.8 (Ct, C2), 132.0 (Ct, C6), 130.6 (Ct, 
C4), 129.7 (Ct, C5), 124.0 (Cq, C3), 122.0 (Cq, C1), 82.0 (Cq, -C≡CH), 78.5 (Ct, -
C≡CH) 
MS (FAB, m/z): 181 M+ (100%), 101 [M-Br]+ (65%) 
 
Synthesis of di(3-bromophenyl)ethyne, 34 
 
1-Bromo-3-iodobenzene (0.49 ml, 3.88 mmol, 1.1 eq) was 
dissolved under argon with copper(I) chloride (52.5 mg, 0.53 
mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (372 mg, 0.53 mmol, 
0.15 eq) in triethylamine (50 ml). After the addition of 1-bromo-3-
ethynylbenzene, 33 (640 mg, 3.53 mmol, 1 eq) the mixture was stirred at 
60°C for 6 hours. The solvent was removed under reduced pressure and the 
residue extracted with 20% dichloromethane in hexane (100 ml). The dark 
mixture was filtered, the solvent removed and the crude product purified by 
column chromatography (alumina, hexane) to give 901 mg (76.3%) of a 
colourless oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.68 (t, J=2.0 Hz, 2H, H2), 7.48 (ddd, 
J=0.8, 1.2, 7.2 Hz, 2H, H4), 7.44 (td, J=1.2, 8.4 Hz, 2H, H6), 7.23 (t, J=8.4 
Hz, 2H, H5) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.4 (Ct, C2), 131.7 (Ct, C4), 130.2 (Ct, 
C6), 129.8 (Ct, C5), 124.7 (Cq, C1), 122.2 (Cq, C3), 89.0 (Cq, -C≡C-) 
IR (cm-1): 3061 (νC=CH, m), 2150 (νC≡C, w), 1591 (δCH, s), 1557 (δCH, s), 1477 
(δCH, s), 1088 (δC-Br, s), 1078 (δC-Br, s), 891 (δCH, vs), 874 (δCH, vs), 768 (δCH, 
vs), 673 (δCH, vs) 
MS (FAB, m/z): 336 M+ (100%), 176 [M-2Br]+ (66%) 
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Synthesis of 1,3-dibromo-5-(TMS-ethynyl)benzene, 35 
 
3,5-Dibromoiodobenzene, 17 (5.00 g, 13.8 mmol, 1 eq) was 
dissolved with copper(I) chloride (87.1 mg, 0.88 mmol, 0.05 eq) and 
Pd(PPh3)2Cl2, 1 (618 mg, 0.88 mmol, 0.05 eq) in triethylamine (150 
ml) and after the addition of TMS-C≡CH (1.97 ml, 13.8 mmol, 1 eq) 
the mixture was stirred at 40°C for 3.5 hours. The solvent was removed 
under reduced pressure and the residue extracted with hexane (150 ml). 
The dark mixture was filtered and the solvent removed. The residue was 
purified by column chromatography (alumina, hexane:dichloromethane, 1:0 
to 3:1) to give 4.46 g (97.4%) of a colorless oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.60 (t, J=2.0 Hz, 1H, H2), 7.53 (d, J=2.0 
Hz, 2H, H4/6), 0.25 (s, 9H, -C-TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.2 (Ct, C2), 133.3 (Ct, C4/6), 126.5 
(Cq, C5), 122.5 (Cq, C1/3), 101.7 (Cq, -C≡C-TMS), 97.5 (Cq, -C≡C-TMS), -0.3 
(Cp, -C-TMS) 
IR (cm-1): 2959 (νC-CH, w), 2897 (νC-CH, w), 2181 (νC≡C, w), 1578 (δCH, s), 1541 
(δCH, vs), 1420 (νTMS, m), 1400 (νTMS, m), 1250 (δTMS, m), 1103 (δC-Br, m), 841 
(γTMS, vs), 748 (γTMS, s), 899 (δCH, vs), 669 (δCH, s) 
MS (FAB, m/z): 332 M+ (16%), 317 [M-CH3]+ (100%) 
 
Synthesis of 1,3-dibromo-5-ethynylbenzene, 36 
 
1,3-Dibromo-5-(TMS-ethynyl)benzene, 35 (1.57 g, 4.14 mmol, 1 eq) 
was dissolved in tetrahydrofuran (35 ml) and sodium hydroxide (40 
ml 1M, 15 eq) was added. The mixture was stirred at room 
temperature for 4 hours, subsequently water (100 ml ) was added 
until a precipitate formed. The mixture was extracted with dichloromethane 
(200 ml), the solvent removed under reduced pressure and the residue was 
purified by column chromatography (silica, hexane) to give 1.16 g (91.3%) of 
a white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.66 (t, J=2.0 Hz, 1H, H2), 7.56 (d, J=2.0 
Hz, 2H, H4/6), 3.16 (s, 1H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.6 (Ct, C2), 133.6 (Ct, C4/6), 125.5 
(Cq, C5), 122.6 (Cq, C1/3), 85.0 (Cq, -C≡CH), 79.9 (Ct, -C≡CH) 
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IR (cm-1): 3285 (νC≡CH, m), 3067 (νC=CH, m), 2924 (νC-CH, m), 2115 (νC≡H, 
w)1539 (δCH, vs), 1555 (δCH, s), 1101 (δC-Br, s), 854 (δCH, vs), 745 (δCH, vs), 
656 (δCH, vs), 625 (δCH, s) 
MS (FAB, m/z): 260 M+ (100%), 180 [M-Br]+ (16%), 100 [M-2Br]+ (16%) 
 
Synthesis of di(3,5-dibromophenyl)ethyne, 37 
 
1,3-Dibromo-5-iodobenzene, 17 (1.00 g, 2.76 mmol, 1 eq) 
was dissolved under argon with copper(I) chloride (41.1 mg, 
0.42 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (291 mg, 0.42 
mmol, 0.15 eq) in triethylamine (75 ml). After the addition of 1,3-dibromo-5-
ethynylbenzene, 36 (718 mg, 2.76 mmol, 1 eq) the mixture was stirred at 
60°C for 6 hours. The solvent was removed under reduced pressure and the 
residue extracted with hexane (150 ml). The dark mixture was filtered, the 
solvent removed and the crude product purified by colum chromatography 
(alumina, hexane:dichloromethane, 3:1) to give 1.10 g (80.8%) of a yellow 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.67 (t, J=1.6 Hz, 2H, H4), 7.59 (d, J=1.6 
Hz, 4H, H2/6) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.8 (Ct, C4), 133.2 (Cq, C2/6), 125.8 
(Ct, C1), 122.9 (Ct, C3/5), 88.8 (Cq, -C≡C-) 
IR (cm-1): 3094 (νC=CH, w), 3063 (νC=CH, w), 2250 (νC≡C, w), 1582 (δCH, s), 1543 
(δCH, s), 1443 (δC=CH, s), 1404 (δC=CH, s), 1103 (δC-Br, s), 1072 (δC-Br, m), 849 
(δCH, vs), 748 (δCH, vs), 664 (δCH, vs) 
MS (FAB-MS,m/z): 494 M+ (100%), 334 [M-2Br]+ (24%), 254 [M-3Br]+ (4%), 
174 [M-4Br]+ (22%), 
Smp: 192°C 
X-Ray: Crystals were obtained from chloroform (see Appendix 1).
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4.5 Experimental - polyynes 
 
Synthesis of di[4-(TMS-ethynyl)phenyl]ethyne, 38 
 
Di(4-bromophenyl)ethyne, 31 (500 mg, 1.49 
mmol, 1 eq) was dissolved under argon with 
copper(I) chloride (21.8 mg, 0.22 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (154 
mg, 0.22 mmol, 0.15 eq) in triethylamine (50 ml). After the addition of TMS-
C≡CH (0.64 ml, 4.46 mmol, 3 eq) the dark mixture was stirred at 70°C for 6 
hours. The solvent was removed under reduced pressure and the residue 
extracted with hexane (150 ml). The solvent was removed again and the 
crude product purified by column chromatography (alumina, 
hexane:dichloromethane, 1:0 to 3:1) to give 546 mg (99.0%) of a white 
product. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.44 (s, 8H, HAr), 0.25 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 131.9 (Ct, C2/6), 131.3 (Ct, C3/5), 123.1 
(Cq, C1/4), 104.5 (Cq, -C-C-TMS), 96.4 (Cq, -C-C-TMS), 90.9 (Cq, -C-C≡C-C-), -
0.1 (Cp, -TMS) 
IR (cm-1): 2957 (νC-CH, w), 2900 (νC-CH, w), 2156 (νC≡C, s), 1512 (δCH, s), 1495 
(δCH, s), 1245 (δTMS, s), 827 (δTMS, vs), 758 (γTMS, vs), 864 (δCH,vs) 845 (δCH, 
vs) 
MS (FAB, m/z): 370 M+ (65%), 355 [M-CH3]+ (100%) 
Smp: 98°C 
X-Ray: Crystals were obtained from dcm (see Appendix 1). 
 
Synthesis of di(4-ethynylphenyl)ethyne, 39 
 
Di[4-(TMS-ethynyl)phenyl]ethyne, 38 (500 mg, 1.35 
mmol, 1 eq) was dissolved under argon in 25 ml dry 
tetrahydrofuran and after the addition of sodium hydroxide (25 ml 1M, 20 
eq) stirred at room temperature for 20 hours. Water (25 ml) was added until 
a precipitate formed. The mixture was extracted with 100 ml 
dichloromethane, the solvent removed under reduced pressure and the 
residue was purified by column chromatography (alumina, 
hexane:dichloromethane, 1:0 to 2:1) to give 282 g (95.5%) of a silver-colred 
product, which turned to bronze after some days. 
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1H-NMR (400 MHz, CDCl3, δ/ppm): 7.47 (s, 8H, HAr), 3.18 (s, 2H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.1 (Ct, C2/6), 131.5 (Ct, C3/5), 123.4 
(Cq, C1), 122.1 (Cq, C4), 90.7 (Cq, -C-C≡C-C-), 83.2 (Cq, -C≡CH), 79.1 (Ct, -
C≡CH) 
IR (cm-1): 3271 (νC≡H, s), 3101 (νC=CH, w) 3050 (νC=CH, w) 2987 (νC-CH, w), 2216 
(νC≡C, w), 2108 (νC≡C, w) 1506 (δCH, vs), 1404 (δCH, vs), 844 (δCH, vs), 825 
(δTMS, vs), 652 (δC≡H, vs) 
MS (FAB, m/z): 226 M+ (100%), 113 M2+ (6%) 
Elem. anal.: C18H10·0.072 CH2Cl2·0.062 hexane: calc: C: 93.17%, H: 4.67%, 
found: C: 93.17%, H: 4.67% 
 
Synthesis of di[3-(TMS-ethynyl)phenyl]ethyne, 40 
 
Di(3-bromophenyl)ethyne, 34 (750 mg, 2.23 mmol, 1 
eq) was dissolved under argon with copper(I) chloride 
(32.7 mg, 0.33 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1, 
(232 mg, 0.33 mmol, 0.15 eq) in triethylamine (50 ml). 
After the addition of TMS-C≡CH (0.79 ml, 5.58 mmol, 
2.5 eq) the dark mixture was stirred at 70°C for 6 hours. The solvent was 
removed under reduced pressure and the residue extracted with hexane 
(100 ml). The solvent was removed again and the crude product purified by 
column chromatography (alumina, hexane:dichloromethane, 1:0 to 3:1) to 
give 679 mg (82.1%) of a white product. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.64 (t, J=1.2 Hz, 2H, H2), 7.45 (dt, 
J=1.2, 7.6 Hz, 2H, H4/6), 7.42 (dt, J=1.2, 7.6 Hz, 2H, H4/6), 7.28 (t, J=7.6 Hz, 
2H, H5), 0.26 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.0 (Ct, C2), 131.7 (Ct, C6), 131.5 (Ct, 
C4), 128.3 (Ct, C5), 123.5 (Cq, C1), 123.2 (Cq, C3), 104.0 (Cq, -C≡C-TMS), 95.0 
(Cq, -C≡C-TMS), 89.0 (Cq, -C-C≡C-C-), -0.1 (Cp, -TMS) 
IR (cm-1): 2966 (νC-CH, w), 2903 (νC-CH, w), 2156 (νC≡C, m), 1597 (δCH, m), 
1572 (δCH, m), 1483 (δCH, s), 1410 (νTMS, m), 1248 (δTMS, s), 833 (γTMS, vs), 
758 (γTMS, vs), 797 (δCH, vs), 685 (δCH, vs), 648 (δCH, s) 
MS (FAB, m/z): 370 M+ (100%), 355 [M-CH3]+ (93%) 
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Synthesis of di(3-ethynylphenyl)ethyne, 41 
 
1,2-Di[3-(TMS-ethynyl)phenyl]ethyne, 40 (645.0 mg, 1.4 
mmol, 1 eq) was dissolved under argon in dry 
tetrahydrofuran (25 ml) and after the addition of sodium 
hydroxide (35 ml 1M, 20 eq) stirred at room temperature for 
6 hours. Water (25 ml) was added until a precipitate 
formed. The mixture was extracted with chloroform (100 ml), the solvent 
removed under reduced pressure and the residue dried in vacuo to give 
393.0 mg (100%) a light yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.65 (t, J=1,2 Hz, 2H, H2), 7.50 (dt, 
J=1.2, 7.6 Hz, 2H, H4/6), 7.46 (dt, J=1.2, 7.6 Hz, 2H, H4/6), 7.32 (t, J=7.6 Hz, 
2H, H5), 3.10 (s, 2H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.1 (Ct, C2), 132.0 (Ct, C6), 131.9 (Ct, 
C4), 128.5 (Ct, C5), 123.3 (Cq, C1), 122.5 (Cq, C3), 88.7 (Cq, -C≡C-), 82.6 (Cq, -
C≡CH), 77.9 (Ct, -C≡CH) 
IR (cm-1): 3288 (νC≡CH, vs), 3060 (νC=CH, m), 2955 (νC-CH, m), 2941 (νC-CH, m), 
2108 (νC≡CH, m), 1597 (δCH, s), 1574 (δCH, s), 1479 (δCH, vs), 893 (δCH, vs), 781 
(δCH, vs), 671 (δC≡H, vs) 
MS (FAB-MS, m/z): 226 M+ (100%), 113 M2+ (5%) 
Elem. anal.: C17H18·0.014 CH2Cl2·0.06 C6H14: calc: C: 91.30% H: 4.61%, 
found C: 91.28% H: 4.61% 
 
Synthesis of di[3,5-(TMS-ethynyl)phenyl]ethyne, 42 
 
Di(3,5-dibromophenyl)ethyne, 37 (550 mg, 1.11 mmol, 
1 eq) was dissolved under argon with copper(I) chloride 
(11.0 mg, 0.11 mmol, 0.1 eq) and Pd(PPh3)2Cl2, 1, (77.9 
mg, 0.11 mmol, 0.1 eq) in triethylamine (50 ml). After 
the addition of TMS-C≡CH (0.65 ml, 4.55 mmol, 4.1 eq) 
the mixture was stirred at 60°C for 6 hours. The solvent was removed under 
reduced pressure and the residue extracted with hexane (100 ml). 
The dark mixture was filtered and the solvent removed. The crude product 
was purified by column chromatography (alumina, hexane) to give 490 mg 
(86.1%) of a light brown solid. 
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1H-NMR (400 MHz, CDCl3, δ/ppm): 7.52 (s, 6H, HAr), 0.24 (s, 32H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.1 (Ct, C4), 134.6 (Ct, C2/6), 123.8 
(Cq, C3), 123.3 (Cq, C1), 103.0 (Cq, -C≡C-TMS), 95.8 (Cq, -C≡C-TMS), 88.7 (Cq, 
-C-C≡C-C-), 0.2 (Cp, -TMS) 
IR (cm-1): 2959 (νC-CH, w), 2905 (νC-CH, w), 2156 (νC≡C, m), 1582 (δCH, s), 1416 
(νTMS, s), 1248 (δTMS, s), 831 (γTMS, vs), 750 (γTMS, vs), 984 (δCH, s), 880 (δCH, 
s), 677 (δCH, s), 652 (δCH, s) 
MS (FAB-MS, m/z): 562 M+ (81%), 547 [M-CH3]+ (16%), 490 [M-TMS]+ 
(100%) 
 
Synthesis of di(3,5-ethynylphenyl)ethyne, 43 
 
Di[3,5-(TMS-ethynyl)phenyl]ethyne, 42 (440 mg, 0.78 mmol, 
1 eq) was dissolved under argon in tetrahydrofuran (35 ml) 
and after the addition of sodium hydroxide (30 ml 1M, 40 eq) 
the mixture was stirred at room temperature for 4 hours, 
after then water (100 ml) was added until a precipitate 
formed. The mixture was extracted with 100 ml dichloromethane, the 
solvent removed under reduced pressure and the residue purified by 
column chromatography (silica, hexane) to give 205 mg (95.7%) of a light 
yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.59 (s, 4H, H2/6), 7.57 (s, 2H, H4), 3.12 
(s, 4H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.5 (Ct, C4), 135.2 (Ct, C2/6), 123.4 
(Cq, C1), 123.4 (Cq, C3/5), 88.6 (Cq, -C≡C-), 81.6 (Cq, -C≡CH), 78.7 (Ct, -C≡CH) 
IR (cm-1): 3279 (νC≡CH, m), 3067 (νC=CH, w), 2914 (νC-CH, w), 1582 (δCH, s), 
1425 (δCH, s), 881 (δCH, vs), 675 (δCH, vs), 654 (δCH, vs), 615 (δC≡H, vs) 
MS (Maldi-Tof, m/z): 275 [M+H]+ (100%), 549 [2M+H]+ (53%), 823 [3M+H]+ 
(15%) 
MS (FAB, m/z): 274 M+ (100%) 
 
Synthesis of 2,6-dibromo-4-nitroaniline, 44 
 
4-Nitroaniline (5.00 g, 36.2 mmol, 1 eq) was dissolved in 50 ml 
glacial acetic acid and heated to 75°C. Bromine (3.82 ml, 74.2 
mmol, 2.05 eq) in glacial acetic acid (30 ml) was added over 40 
minutes and 40 ml tetrahydrofuran were added to keep a 
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suspension. The mixture was stirred at 60°C for 15 min and then quenched 
in crushed ice (100 g). The yellow precipitate was collected and redissolved 
in dichloromethane. After the solution have been dried over magnesium 
sulfate and the solvent removed, the yellow cristalline solid was 
recrystallised from acetone to give 9.97 g (93.1%) yellow needles. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.34 (s, 2H, HAr), 5.29 (s, 2H, -C-NH2) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 147.5 (Cq, C1), 146.1 (Cq, C4), 128.0 (Ct, 
C3/5), 106.4 (Cq, C2/6) 
IR (cm-1): 3475 (νC-NH2, m), 3364 (νC-NH2, m), 3084 (νC=CH, m), 1599 (δC-NH2, s), 
1564 (δC-NH2, s), 1497 (δCH, s), 1474 (δCH, s), 1319 (νC-NO2, m), 1126 (δC-Br, s), 
1028 (δC-Br, s), 899 (δCH, vs), 823 (δCH, vs), 745 (δCH, s), 696 (δCH, s) 
MS (FAB, m/z): 296 M+ (100%), 250 [M-NO2]+ (33%), 170 [M-NO2-Br]+ (39%), 
90 [M-NO2-2Br]+ (29%) 
Elem. anal.: C6H4N2O2Br2·0.012 CH3CN: calc: C: 24.41% H: 1.37% N: 
9.51% O: 10.56%, found: C: 24.41% H: 1.36% N: 9.51% O: 10.60% 
 
Synthesis of 3,5-dibromo-4-iodo-nitrobenzene, 45 
 
Concentrated sulfuric acid (5.00 ml, 88.50 mmol, 25 eq) was 
cooled to 0°C, sodium nitrite (245 mg, 3.55 mmol, 1.05 eq) was 
slowly added and after production of gas had finished, the mixture 
was allowed to reach rt. The mixture was quickly heated to 70°C 
and cooled again to 0°C. A solution of 2,6-dibromo-4-nitroaniline, 44 (1.00 g, 
3.38 mmol, 1 eq) in 40 ml acetic acid was quickly heated to 140°C to obtain 
a clear solution and cooled to 10°C before being slowly added to the acidic 
solution. The mixture was allowed to reach rt and was stirred for 2 hours 
before being quenched in a solution of copper(I) iodide (64.4 mg, 0.34 mmol, 
0.1 eq) and potassium iodide (3.37 g, 20.28 mmol, 6 eq) in water (50 ml). The 
red mixture was stirred overnight at rt and after the reaction of the excess 
iodine with aqueous sodium thiosulfate, it was extracted with 
dichloromethane (150 ml). The organic layer was washed with saturated 
sodium chloride (50 ml), dried over magnesium sulfate and the solvent 
removed under reduced pressure to give a dark solid, which was purified by 
chromatography (alumina, hexane) to give 928 mg (67.7%) of a light yellow 
powder. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.38 (s) 
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13C-NMR (125 MHz, CDCl3, δ/ppm): 147.9 (Cq, C1), 132.1 (Ct, C2/6), 125.8 
(Cq, C3/5), 118.8 (Cq, C4) 
IR (cm-1): 3092 (νC=CH, m), 3070 (νC=CH, m), 1514 (δCH, vs), 1360 (νC-NO2, vs), 
1335 (νC-NO2, vs), 1016 (δC-Br, s), 1001 (δC-I, s), 744 (δCH, vs), 680 (δCH, vs), 
652 (δCH, vs) 
MS (FAB, m/z): 407 M+ (100%), 361 [M-NO2]+ (19%), 234 [M-NO2-I]+ (25%), 
154 [M-NO2-I-Br]+(13%), 74 [M-NO2-I-2Br]+ (28%) 
 
Synthesis of 3,5-dibromo-4-(TIPS-ethinyl)nitrobenzene, 46 
 
3,5-Dibromo-4-iodo-nitrobenzene, 45 (1.50 g, 3.69 mmol, 1 eq) 
was dissolved under argon with copper(I) chloride (54.5 mg, 0.55 
eq, 0.15 eq) and Pd(PPh3)2Cl2, 1 (381,1 mg, 0.55 mmol, 0.15 eq) in 
triethylamine (50 ml). After the addition of TIPS-C≡CH (4.90 ml, 
22.1 mmol, 5 eq) the mixture was stirred at 45°C for 17 hours. The solvent 
was removed and the residue extracted with 10% dichloromethane in hexane 
(100 ml). The dark mixture was filtered and the solvent removed. The 
residue was purified by chromatography (alumina, hexane:dichloromethane, 
1:0 to 3:1) to give 947 mg (55.7%) of a yellow brown solid. 
 

1H-NMR (400 MHz, CDCl3, δ/ppm): 8.41 (s, 2H, HAr), 1.18 (s, 21H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 133.5 (Cq, C1), 126.8 (Cq, C4), 126.1 (Ct, 
C2/6), 125.6 (Cq, C3/5), 109.7 (Cq, -C≡C-TIPS), 102.3 (Cq, -C≡C-TIPS), 18.6 (Ct, 
-TIPS (-CH)), 11.2 (Cp, -TIPS (-CH3)) 
IR (cm-1): 3099 (νC=CH, m), 3084 (νC=CH, m), 2941 (νC-CH, s), 2862 (νC-CH, s) 
2160 (νC≡C, s) 1514 (δCH, vs), 1360 (νC-NO2, vs), 1335 (νC-NO2, vs), 1016 (δC-Br, 
s), 1001 (δC-I, s), 744 (δCH, vs), 680 (δCH, vs), 652 (δCH, vs) 
MS (FAB m/z): 461 M+ (2%), 418 [M-iPr]+ (100%) 
 
Synthesis of 3,4,5-tris(TIPS-ethynyl)nitrobenzene, 47 
 
3,5-Dibromo-4-(TIPS-ethynyl)nitrobenzene, 46 (500 mg, 
1.08 mmol, 1 eq) was dissolved under argon with copper(I) 
chloride (15.8 mg, 0.16 mmol, 0.1 eq) and Pd(PPh3)2Cl2, 1 
(112 mg, 0.16 mmol, 0.15 eq) in triethylamine (50 ml). After 
the addition of TIPS-C≡CH (2.22 ml, 3.24 mmol, 3 eq) the 
mixture was stirred at 60°C for 12 hours. The solvent was removed and the 
residue extracted with 10% dichloromethane in hexane (100 ml). 
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The dark mixture was filtered and the solvent removed. The residue was 
then purified by chromatography (alumina, hexane) to give 558 mg (77.8 %) 
of a yellow sticky oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.19 (s, 2H, HAr), 1.14 (s, 63H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 145.8 (Cq, C1), 131.6 (Cq, C4), 128.3 (Ct, 
C2/6), 127.7 (Cq, C3/5), 106.6 (Cq, -C-C≡C-TIPS (pos 3,5)), 103.4 (Cq, -C-C≡C-
TIPS (pos 4)), 101.8 (Cq, -C-C≡C-TIPS (pos 4)), 99.3 (Cq, -C-C≡C-TIPS (pos 
3,5)), 18.8 (Ct, -TIPS (-CH-) (pos 4)), 18.7 (Ct, -TIPS (-CH-) (pos 3,5)), 11.5 (Cp, 
-TIPS (-CH3) (pos 4)), 11.3 (Cp, -TIPS (-CH3) (pos 3,5)) 
IR (cm-1): 2941 (νC-CH, vs), 2899 (νC-CH, s), 2964 (νC-CH, vs), 2156 (νC≡C, w), 
1526 (δCH, vs), 1461 (δCH, vs), 1344 (νC-NO2, vs), 1242 (δTIPS, w), 997 (δCH, vs), 
881 (δCH, vs), 773 (δCH, vs), 675 (δCH, vs) 
MS (FAB, m/z): 663 M+ (2%), 620 [M-iPr]+ (100%) 
 
Synthesis of 2,6-diiodo-4-nitroaniline, 48 
 
4-Nitroaniline (2.50 g, 18.1 mmol, 1 eq) was dissolved in glacial 
acetic acid (50 ml) and after the addition of iodine monochloride 
(2.46 ml, 47.1 mmol, 2.6 eq) the mixture was stirred at 60°C for 5 
hours. The reaction mixture was allowed to cool and quenched in of crushed 
ice (150 g). The formed yellow precipitate was collected, washed with water 
(300 ml) and with diethyl ether (250 ml), then dried in vacuo to give 5.27 g 
(74.8%) of a dark yellow powder. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.56 (s, 2H, HAr), 5.36 (s, 2H, -C-NH2) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 153.4 (Cq, C1), 143.9 (Cq, C4), 135.3 (Ct, 
C3/5), 117.9 (Cq, C2/6) 
IR (cm-1): 3452 (νC-NH2, s), 3344 (νC-NH2, s), 3068 (νC=CH, s), 2957 (νC-CH, s), 
1595 (δC-NH2, vs), 1549 (δC-NH2, vs), 1483 (δC=CH, vs), 1456 (δCH, vs), 1312 (νC-

NO2, s), 1115 (δC-I, s), 1016 (δC-I, s) 899 (δCH, vs), 741 (δCH, vs), 679 (δC=CH, s) 
MS (FAB, m/z): 390 M+ (100%), 360 [M-NO]+ (25%), 344 [M-NO2]+ (11%), 217 
[M-NO2-I]+ (18%), 90 [M-NO2-2I]+ (16%) 
Elem. anal.: C6H4N2O2I2·0.015 H2O·0.032 C4H10O: calc: C: 18.75% H: 1.12% 
N: 7.14% O: 8.34%, found: C: 18.76% H: 1.10% N: 7.26% O: 8.34% 
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Synthesis of 3,4,5-triiodonitrobenzene, 49 
 
Concentrated sulfuric acid (3.60 ml, 64.0 mmol, 25 eq) was cooled at 
0°C, sodium nitrite (186 mg, 2.69 mmol, 1.05 eq) was slowly added 
and after the production of gas had finished, the mixture was allowed 
to reach rt. The mixture was quickly heated to 70°C and cooled again 
to 0°C. A solution of 2,6-diiodo-4-nitroaniline, 48 (1.00 g, 2.56 mmol, 1 eq) 
in acetic acid (40 ml) was heated at 140°C to obtain a clear solution and 
cooled to 10°C before being slowly added to the acidic solution. The mixture 
was allowed to reach rt and was stirred for 2 hours before being quenched in 
a solution of copper(I) iodide (49.5 mg, 0.26 mmol, 0.1 eq) and potassium 
iodide (2.56 g, 15,4 mmol, 6 eq) in 20 ml water. The red mixture was stirred 
overnight at rt and after the reaction of the iodine excess with sodium 
thiosulfate, was extracted with dichloromethane (150 ml), washed with 
saturated sodium chloride (50 ml) and dried over magnesium sulphate. 
Solvent was removed under reduced pressure to give 1.28 g (100%) of a 
brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.61 (s) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 147.2 (Cq, C1), 132.6 (Ct, C2/6), 130.8 
(Cq, C4), 106.7 (Cq, C3/5) 
IR (cm-1): 3099 (νC=CH, m), 3055 (νC=CH, m), 2920 (νC-CH, m), 1506 (δCH, vs), 
1489 (δCH, s), 1335 (νC-NO2, s), 1327 (νC-NO2, vs), 1116 (νC-I, s), 1005 (νC-I, m), 
893 (δCH, vs), 874 (δCH, vs), 735 (δCH, vs), 702 (δCH, vs), 671 (δCH, vs) 
MS (FAB, m/z): 501 M+ (100%), 455 [M-NO2]+ (13%), 328 [M-NO2-I]+ (23%), 
201 [M-NO2-2I]+ (17%), 74 [M-NO2-3I]+ (19%) 
Elem. anal.: C6H3NO2I2·0.47 H2O: calc: C: 18.80% H: 1.04% N: 3.65% O: 
10.31%, found: C: 18.78% H: 1.04% N: 3.89% O: 10.31% 
 
Synthesis of 3,4,5-triiodoaniline, 50 
 
3,4,5-Triiodonitrobenzene, 49 (1.28 g, 2.56 mmol, 1 eq) was 
dissolved in acetone (100 ml) and heated to the boiling point. Then, a 
hot solution of tin chloride (2.03 g, 10.2 mmol, 4 eq) in conc sulfuric 
acid (5 ml) was added dropwise. 
The mixture was boiled for 1 hour and allowed to cool. The grey precipitate 
was filtered, redissolved in acetone and failed with water. The white cloudy 
precipitate was filtered, redissolved in diethyl ether and dried over 
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magnesium sulfate. The solvent was removed under reduced pressure and 
the light brown solid dried in vacuo to obtain 1.20 g (100%) of 3,4,5-
triiodoaniline. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.23 (s, 2H, HAr), 3.65 (s, 2H, -NH2) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 148.0 (Cq, C1), 125.4 (Ct, C2/6), 106.6 
(Cq, C3/5 ), 99.3 (Cq, C4) 
IR (cm-1): 3383 (νC-NH2, m), 2951 (νC-CH, vs), 2920 (νC-CH, vs), 2851 (νC-CH, vs), 
1699 (δNH2, w), 1681 (δNH2, w), 1539 (δCH, m), 1456 (δCH, m), 1161 (νC-I, s), 
1072 (νC-I, s), 908 (δCH, s), 848 (δCH, s) 
MS (FAB, m/z): 471 M+ (100%), 344 [M-I]+ (29%), 217 [M-2I]+ (10%), 90 [M-
3I]+ (22%) 
 
Attempt to prepare 3,4,5-tris(TIPS-ethynyl)aniline, 51 
 
A suspension of 3,4,5-tris(TIPS-
ethynyl)nitrobenzene, 47 (500 mg, 0.75 
mmol, 1 eq) in water (10 ml) was added 
to a solution of ammonium chloride 
(144 mg, 2.70 mmol, 3.6 eq) in 10 ml concentrated ammonia, and the 
mixture was warmed to 85°C. Sodium sulfide (167 mg 60%, 1.28 mmol, 1.7 
eq) was added in three portions over 30 minutes and the dark mixture was 
stirred at 85°C for 20 hours. The solution was evaporated and the residue 
dissolved in water (20 ml) before being extracted with dichloromethane (100 
ml) and dried over magnesium sulfate. Solvent was then removed under 
reduced pressure. The yellow residue was purified by chromatography 
(alumina, hexane:ethyl acetate, 1:0 to 10:1) but no traces of the desired 
compound could be isolated; the total initial amount of 3,4,5-tris(TIPS-
ethynyl)nitrobenzene, 47, was recollected. 
 
Synthesis of 3,4,5-tris(TIPS-ethinyl)aniline, 51 
 
3,4,5-Triiodoaniline, 50 (500 mg, 1.06 mmol, 1 
eq), copper(I) chloride (15.8 mg, 0.16 mmol, 0.15 
eq) and Pd(PPh3)2Cl2, 1 (112 mg, 0.16 mmol, 0.15 
eq) were dissolved in triethylamine (50 ml) and 
after the addition of TIPS-C≡CH (0.94 ml, 4.24 mmol, 4 eq) the mixture was 
stirred at 60°C for 16 hours. The solvent was removed under reduced 
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pressure and the residue extracted with 10% dichloromethane in hexane 
(100 ml). The dark mixture was filtered and the solvent removed. The 
residue was dried in vacuo and purified by chromatography (alumina, 
hexane: dichloromethane, 1:0 to 5:1) to give 71.8 mg (10.7%) a brown sticky 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 6.75 (s, 2H, -HAr), 3.75 (s, 2H, -NH2), 
1.14 (s, 21H, -TIPS (pos 4)), 1.12 (s, 42H, -TIPS (pos 3,5)) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 145.2 (Cq, C1), 128.0 (Ct, C2/6), 120.1 
(Cq, C3/5), 116.5 (Cq, C4), 105.8 (Cq, -C≡C-TIPS (pos 3,5)), 103.5 (Cq, -C≡C-
TIPS (pos 4)), 96.0 (Cq, -C≡C-TIPS (pos 4)), 94.6 (Cq, -C≡C-TIPS (pos 3,5)), 
18.9 (Ct, -TIPS (-CH-) (pos 4)), 18.7 (Ct, -TIPS (-CH-) (pos 3,5)), 11.6 (Cp, -
TIPS (-CH3) (pos 4)), 11.4 (Cp, -TIPS (-CH3) (pos 3,5)) 
MS (FAB, m/z): 633 M+ (69%), 590 [M-iPr]+ (32%), 548 [M-2iPr]+ (100%), 506 
[M-3iPr]+ (86%), 464 [M-4iPr]+ (47%), 422 [M-5iPr]+ (20%) 
 
Synthesis of 3,4,5-tris(TIPS-ethynyl)iodobenzene, 52 
 
3,4,5-Tris(TIPS-ethynyl)aniline, 51 (150 mg, 0.23 mmol, 1 
eq) was suspended under argon in 60 ml water, 5 ml 
concentrated hydrochloric acid were added and the brown 
solution cooled to 0°C. Sodium nitrite (17.3 mg, 0.25 
mmol, 1.05 eq) in water (10 ml) was sowly added, and the mixture was 
stirred at 0°C for 1 hour. A catalytic amount of CuI (10 mg) was added and 
after the slow addition of potassium iodide (99.6 mg, 0.60 mmol, 2.6 eq), the 
reaction mixture was then stirred at 0°C for 20 hours. From time to time 
tetrahydrofuran (total 50 ml) was added to increase the solubility. 50% 
water in diethyl ether (150 ml) were added under strong stirring and the two 
layers separated. The aqueous phase was extracted two times with diethyl 
ether (100 ml). The organic layers collected, washed with brine, and dried 
over magnesium sulfate. Solvent was evaporated under reduced pressure. 
The dark residue was purified with chromatography (alumina, hexane) to 
give 156 mg (91.0%) of an orange oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.73 (s, 2H, HAr), 1.20 (t, J=6.0 Hz, 21H, 
-TIPS (pos 4)), 1.10 (s, 42H, -TIPS (pos 3,5)) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 142.1 (Ct, C1), 134.1 (Ct, C2/6), 126.3 
(Cq, C4), 123.1 (Cq, C3/5), 107.4 (Cq, -C≡C-TIPS (pos 4)), 106.6 (Cq, -C≡C-TIPS 
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(pos 3,5)), 96.0 (Cq, -C≡C-TIPS (pos 4)), 94.3 (Cq, -C≡C-TIPS (pos 3,5)), 18.7 
(Ct, -TIPS (-CH-)(pos 3,5)), 18.5 (Ct, -TIPS (-CH-) (pos 4)), 11.5 (Cp, -TIPS (-
CH3) (pos 4)), 11.4 (Cp, -TIPS (-CH3)(pos 3,5)) 
MS (EI, m/z): 715 [M-CH2CH3]+ (4%), 672 [M-CH2CH3-iPr]+ (3%), 643 [M-
2CH2CH3-iPr]+ (4%), 600 [M-2CH2CH3-2iPr]+ (6%), 557 [M-2CH2CH3-3iPr]+ 
(5%), 514 [M-2CH2CH3-4iPr]+ (8%), 471 [M-2CH2CH3-5iPr]+ (2%), 428 [M-
2CH2CH3-6iPr]+ (1%), 385 [M-CH2CH3-6iPr-SiCH3]+ (1%), 342 [M-2CH2CH3-
6iPr-2 SiCH3]+ (5%), 157 [Si(iPr)3]+ (100%) 
 
Attempt to prepare 1,2,3-tris(TIPS-ethynyl)-5-(TMS-ethynyl)benzene, 53 
 
3,4,5-Tris(TIPS-ethynyl)iodobenzene, 52 (100 mg, 0.13 
mmol, 1 eq), copper(I) chloride (2.00 mg, 0.02 mmol, 0.15 
eq) and Pd(PPh3)2Cl2, 1 (14.0 mg, 0.02 mmol, 0.15 eq) were 
dissolved in triethylamine (50 ml) and after the addition of 
TMS-C≡CH (0.20 ml, 0.14 mmol, 1.1 eq) the mixture was 
stirred at 60°C for 12 hours. The solvent was removed under reduced 
pressure and the residue purified by chromatography (alumina, hexane: 
dichloromethane, 1:0 to 0:1) but only the self-coupling product of TMS-
C≡CH (compound 124) was obtained. 
 
Attempt to prepare 3,4,5-tris(TIPS-ethynyl)ethynylbenzene, 54 
 
3,4,5-Tris(TIPS-ethynyl)iodobenzene, 52 (5.00 g, 0.67 
mmol, 1 eq) was dissolved with copper(I) chloride (3.00 mg, 
0.03 mmol, 0.005 eq) and Pd(PPh3)2Cl2, 1 (21.1 mg, 0.03 
mmol, 0.005 eq) in triethylamine (50 ml) and the 
suspension was stirred at room temperature for 6 hours 
under a continuous stream of ethyne The solvent was removed under 
reduced pressure and the residue was purified by column chromatography 
(silica, hexane:dichloromethane, 1:0 to 3:1) but not traces of compound 54 
were observed. 
 
Synthesis of 2,6-di(TIPS-ethynyl)-4-nitroaniline, 56 
 
2,6-Dibromo-4-nitroaniline, 44 (2.00 mg, 6.76 mmol, 1 eq), 
copper(I) chloride (33.7 mg, 0.34 mmol, 0.005 eq) and 
Pd(PPh3)2Cl2, 1 (239 mg, 0.34 mmol, 0.005 eq) were 
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dissolved in triethylamine (150 ml) and after the addition of TMS-C≡CH (2.89 
ml, 20.3 mmol, 3 eq) the mixture was stirred at 45°C for 20 hours. The 
solvent was removed under reduced pressure and the residue purified by 
chromatography (alumina, hexane: dichloromethane, 1:0 to 1:1) to give 1.68 
g (77.4%) of a light brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.17 (s, 2H, HAr), 5.53 (s, 2H, -C-NH2), 
1.14 (s, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 154.4 (Cq, C1), 138.0 (Cq, C4), 128.9 (Ct, 
C3/5), 107.6 (Cq, C2/6), 100.9 (Cq, -C≡C-TIPS), 99.7 (Cq, -C≡C-TIPS), 19.1 (Ct, 
-TIPS (-CH-)), 11.6 (Cp, -TIPS (-CH3)) 
MS (FAB, m/z): 498 M+ (34%), 455 [M-iPr]+ (100%) 
 
 
4.6 Experimental – cobalt carbonyl clusters 
 
Synthesis of tricluster, 57 
 

Di(4-ethynylphenyl)benzene, 39 (100 mg, 0.44 mmol, 1 eq) 
was dissolved under argon in dichloromethane (50 ml), 
dicobalt octacarbonyl (992 mg, 2.90 mmol, 4.4 eq) was added 
and the mixture stirred at room temperature for 4 hours. The 
solvent was removed under reduced pressure at room 
temperature and the residue purified by column 
chromatography (silica, hexane) to give 305 mg (63.4%) of a black solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.52 (s, 8H, HAr), 6.40 (s, 2H, -Co2(CO)6-
CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.7 (Cq, -Co2(CO)6-), 138.7 (Cq, C1), 
137.9 (Cq, C4), 131.1 (Ct, C2/6), 130.0 (Ct, C3/5), 91.7 (Cq, -C-Co2(CO)6-C-), 
89.5 (Cq, -C-Co2(CO)6-CH), 73.2 (Cq, -C-Co2(CO)6-CH) 
IR (cm-1): 3084 (νC=CH, w), 2959 (νC-CH, w), 2928 (νC-CH, w), 2083 (νC=O, vs), 
2041 (νC=O, vs), 2002 (νC=O, vs), 1985 (νC=O, vs), 1591 (δCH, s), 1556 (δCH, s), 
1479 (δCH, s), 866 (δCH, s), 835 (δCH, s), 714 (δCH, s), 571 (δCH, vs) 
MS (FAB, m/z): 1084 M+ (3%), 1055 [M-CO]+ (10%), 1027 [M-2CO]+ (3%), 
999 [M-3CO]+ (13%), 971 [M-4CO]+ (13%), 943 [M-5CO]+ (14%), 915 [M-
6CO]+ (14%), 887 [M-7CO]+ (6%), 859 [M-8CO]+ (6%), 831 [M-9CO]+ (7%), 
803 [M-10CO]+ (3%), 775 [M-11CO]+ (4%), 747 [M-12CO]+ (5%), 719 [M-
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13CO]+ (4%), 663 [M-15CO]+ (5%), 604 [M-15CO-Co]+ (4%), 545 [M-15CO-
2Co]+ (4%), 586 [M-15CO-3Co]+ (3%), 427 [M-15CO-4Co]+ (4%), 400 [M-
16CO-2Co]+ (4%), 372 [M-17CO-2Co]+ (4%), 344 [M-18CO-2Co]+ (5%), 285 
[M-18CO-5Co]+ (4%), 226 [M-18CO-6Co]+ (4%) 
MS (Maldi-Tof, m/z): 1630 [M+Na]+ (11%), 1602 [M+Na-CO]+ (17%), 1573 
[M+Na-2CO]+ (18%), 1543 [M+Na-3CO]+ (34%), 1515 [M+Na-4CO]+ (100%), 
1488 [M+Na-5CO]+ (65%), 1459 [M+Na-6CO]+ (57%), 1401 [M+Na-6CO-Co]+ 
(64%), 1341 [M+Na-6CO-2Co]+ (74%), 1312 [M+Na-7CO-2Co]+ (35%), 1283 
[M+Na-8CO-2Co]+ (37%), 1225 [M+Na-10CO-2Co]+ (25%), 1196 [M+Na-
11CO-2Co]+ (17%), 1167 [M+Na-12CO-2Co]+ (25%), 1108 [M+Na-12CO-3Co]+ 
(12%), 1048 [M+Na-12CO-4Co]+ (9%), 526 [M-24CO-7Co]+ (11%), 466 [M-
24CO-8Co]+ (2%) 
Elem. anal.: C36H10O18Co6⋅0.84 CH2Cl2·0.34 hexane: calc: C: 39.41% H: 
1.40% found: C: 39.41% H: 1.40%  
 
Synthesis of tricluster, 58 
 
Di(3-ethynylphenyl)benzene, 41 (100 mg, 0.44 
mmol, 1 eq) was dissolved under argon in 
dichloromethane (50 ml), dicobalt octacarbonyl 
(992 mg, 2.90 mmol, 4.4 eq) was added and the 
mixture stirred at room temperature for 3.5 
hours. The solvent was removed under reduced pressure at room 
temperature and the residue purified by column chromatography (silica, 
hexane:dichloromethane, 1:0 to 10:1) to give 351.0 mg (73.2%) of a black 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.78 (br s, 2H, H2), 7.53 (d, J=7.6 Hz, 
2H, H6), 7.48 (d, J=7.6 Hz, 2H, H4), 7.31 (t, J=7.6 Hz, 2H, H5), 6.39 (s, 2H, -
C-Co2(CO)6-CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.6 (Cq, -Co2(CO)6-CH), 199.3 (Cq, -
Co2(CO)6-), 139.6 (Cq, C1), 139.1 (Ct, C3), 132.2 (Ct, C2), 129.7 (Cq, C6), 129.4 
(Cq, C4), 128.5 (Cq, C5), 91.5 (Cq, -C-Co2(CO)6-C-), 89.7 (Cq, -C-Co2(CO)6-CH), 
73.1 (Cq, -C-Co2(CO)6-CH) 
IR (cm-1): 2961 (νC-CH, w), 2930 (νC-CH, w), 2858 (νC-CH, w), 2091 (νC=O, vs), 
2050 (νC=O, vs), 2014 (νC=O, vs), 1587 (δCH, w), 1468 (δCH, m), 687 (δCH, w), 
633 (δCH, w) 

C2Co2(CO)6

C2Co2(CO)6-H

H-(CO)6Co2C2
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MS (FAB, m/z): 1084 M+ (2%), 1056 [M-CO]+ (2%), 1028 [M-2CO]+ (4%), 
1000 [M-3CO]+ (11%), 972 [M-4CO]+ (9%), 944 [M-5CO]+ (18%), 916 [M-
6CO]+ (16%), 888 [M-7CO]+ (23%), 860 [M-8CO]+ (21%), 832 [M-9CO]+ (10%), 
804 [M-10CO]+ (11%), 744 [M-10CO-Co]+ (5%), 685 [M-10CO-2Co]+ (13%), 
657 [M-11CO-2Co]+ (6%), 630 [M-12CO-2Co]+ (7%), 602 [M-13CO-2Co]+ 
(5%), 574 [M-14CO-2Co]+ (7%), 546 [M-15CO-2Co]+ (7%), 519 [M-16CO-
2Co]+ (7%), 460 [M-16CO-3Co]+ (5%), 400 [M-16CO-4Co]+ (6%), 372 [M-
17CO-4Co]+ (3%), 344 [M-18CO-4Co]+ (4%), 285 [M-18CO-5Co]+ (6%), 226 
[M-18CO-6Co]+ (6%) 
 
Synthesis of pentacluster, 59 
 
Di(3,5-ethynylphenyl)ethyne, 43 (25.0 mg, 0.09 
mmol, 1 eq) was dissolved under argon in 
dichloromethane (25 ml). 
Dicobalt octacarbonyl (343 mg, 1.00 mmol, 11q) 
was added and the mixture stirred at room 
temperature for 4 hours. The solvent was removed under reduced pressure 
at room temperature and the residue purified by column chromatography 
(silica, hexane) to give 110 mg (70.8%) of a black solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.58 (d, 2H, H4), 7.54 (d, 4H, H2/6), 6.35 
(s, 4H, -C-Co2(CO)6-CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.0 (Cq, -Co2(CO)6-CH), 198.5 (Cq, -
Co2(CO)6-), 139.7 (Cq, C1), 139.4 (Cq, C3/5), 130.8 (Ct, C4), 129.4 (Ct, C2/6), 
91.4 (Cq, -C-C-Co2(CO)6-C-), 88.4 (Cq, -C-Co2(CO)6-CH), 72.8 (Cq, -C-
Co2(CO)6-CH) 
IR (cm-1): 2955 (νC-CH, w), 2932 (νC-CH, w), 2862 (νC-CH, w), 2091 (νC=O, s), 
2044 (νC=O, vs), 2006 (νC=O, vs), 1582 (δCH, s), 1466 (δCH, m), 1956 (δCH, m), 
864 (δCH, m), 679 (δCH, m), 618 (δCH, s), 586 (δCH, s) 
MS (Maldi-Tof, m/z): 1743 [M+K]+ (20%), 1715 [M+K-CO]+ (25%), 1687 
[M+K-2CO]+ (26%), 1659 [M+K-3CO]+ (45%), 1631 [M+K-4CO]+ (32%), 1603 
[M+K-5CO]+ (35%), 1577 [M+K-6CO]+ (37%), 1549 [M+K-7CO]+ (46%), 1516 
[M+K-8CO]+ (49%), 1491 [M+K-9CO]+ (46%), 1463 [M+K-10CO]+ (40%), 1435 
[M+K-11CO]+ (36%), 1407 [M+K-12CO]+ (36%), 1379 [M+K-13CO]+ (37%), 
1351 [M+K-14CO]+ (38%), 1323 [M+K-15CO]+ (37%), 1295 [M+K-16CO]+ 
(36%), 1267 [M+K-17CO]+ (34%), 1239 [M+K-18CO]+ (34%), 1211 [M+K-
19CO]+ (34%), 1183 [M+K-20CO]+ (32%), 1049 [M-21CO-Co]+ (25%), 1021 

C2Co2(CO)6

C2Co2(CO)6-HH-(CO)6Co2C2

H-(CO)6Co2C2 C2Co2(CO)6-H
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[M-22CO-Co]+ (26%), 937 [M-25CO-Co]+ (30%), 910 [M-26CO-Co]+ (30%), 
854 [M-28CO-Co]+ (35%), 826 [M-29CO-Co]+ (37%), 767 [M-29CO-2Co]+ 
(37%), 708 [M-29CO-3Co]+ (46%), 649 [M-29CO-4Co]+ (56%), 591 [M-29CO-
5Co]+ (64%), 532 [M-29CO-6Co]+ (76%), 507 [M-30CO-Co]+ (100%), 451 [M-
30CO-7Co]+ (71%) 
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Chapter 5 
Asymmetric polyynes and polyclusters 

 
5.1 Synthesis 
 
During the synthesis reported in Chapter 4, the necessity for us to 
investigate in detail the different protection groups for the terminal ethynyl 
functionalities was seen for the first time. A detailed study was necessary, 
especially of the behaviour and the spectroscopic properties of TIPS-
protecting group, since it would be regularly used. For this purpose some 
asymmetric protected phenylyne were synthesised. These compounds are 
reported in Figure 5.1. 
 

TMS

TIPS

TMS

TIPS TIPS

TMS

TMS

TIPS

TIPS

TMS

TIPS

60 61 62 64  
Figure 5.1: Asymmetric substituted alkynes. 

 
The simplest asymmetric compound 1-TMS-2-TIPS-ethyne, 60, had to be 
synthesised in a different way from the standard Sonogashira approach. 
Instead of linking TMS-ethyne to a halogenated substrate through a 
Sonogashira reaction, the unprotected carbon atom of TIPS-ethyne was 
protected with a TMS group using standard protection conditions1. 
Compound 60 could be isolated (after the purification by column 
chromatography on alumina) in about 50% yield. 

For the aromatic compounds, the general synthetic strategy discussed 
in Chapter 2 was adopted and is reported in Figure 5.2. 
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17
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Figure 5.2: Synthetic strategy for the synthesis of asymmetric protected arenes 

 
The respective bromo-iodo-benzene precursors were involved in two 
sequential Sonogashira reactions. In the first step, TMS-ethynyl 
functionalities were linked on the iodo-activated carbon atoms and in the 
second, TIPS-ethynyl moieties reacted with the remaining bromo-
substituents. 

For the polyhalogenated precursors, the commercially available 4-
bromoiodobenzene was used in addition to dibromoiodobenzene, 17, and 
dibromodiiodobenzene, 63, which were prepared respectively from 1,3,5-
tribromobenzene and 1,4-diiodobenzene. 3,5-Dibromoiodobenzene, 17, was 
synthesised according to the work developed by Lustenberger2 as reported 
in detail in Chapter 3. 1,4-Dibromo-2,5-diiodobenzene, 63, was obtained by 
modifying the procedure described by Goldfinger3 using a bigger excess of 
iodine than that reported. The product could be isolated in about 65% yield. 

Coloumn chromatography was used after each cross-coupling reaction 
using alumina as the stationary phase and eluting with hexane (sometimes 
dichloromethane was added to increase the polarity). This removed residual 
catalyst, as well as the butadiynes that had resulted from the self-coupling 
reaction of the ethynyl component. 

For compounds 61 and 62, the corresponding bromoethynyl 
intermediates were isolated and fully characterised. These compounds were 
then used as starting materials in another part of the work (see Chapter 2, 
compounds 29 and 35). For the tetrasubstituted compound 64, only the 
terminal product has been fully characterised. The yields for the two-step 
synthesis varied from 50 to 100%. These compounds were reacted with 
dicobalt octacarbonyl at room temperature for two to three hours and the 
cluster-rich compounds shown in Figure 5.3 were obtained after purification 
by column chromatography with silica as stationary phase and hexane as 
eluant. The product yields were in the range of 40 to 100%. 
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Figure 5.3: General synthesis for cluster-rich asymmetric protected compound. 

 
 A complete discussion about the spectroscopic characterisation of the 
compounds synthesised in this Chapter is reported in Chapters 10 and 11 
to permit a useful comparison of the results and to avoid repetition. 
 
 
5.2 Experimental - polyynes 
 
Synthesis of 1-TMS-2-TIPS-ethyne, 60 
 
Triisopropylsilylethyne (1.50 ml, 10.5 mmol, 1 eq) was 
dissolved under argon in diethylether (50 ml) and cooled at -
78°C. n-Butillithium (4.46 ml, 2.5M in hexane, 1.06 eq) was then added 
dropwise. The mixture was stirred at -78°C for 2 hours before the addition 
of trimethylsilyl chloride (2.48 ml, 11.6 mmol, 1.1 eq). After having stirred 
for a further 2 hours at -78°C, the mixture was allowed to reach the room 
temperature and was kept overnight under stirring. The mixture was 
quenched in saturated ammonium chloride (50 ml) and extracted with 
diethylether (200 ml). The organic layer was dried over magnesium sulfate 
and the solvent removed under reduced pressure. The white sticky solid was 
purified by column chromatography (alumina, hexane:dichloromethane, 1:0 
to 20:1) to obtain 610 mg (22.8%) of a white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 1.07 (s, 21H, -TIPS), 0.18 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 116.2 (Cq, -C≡C-), 110.1 (Cq, -C≡C-), 
18.6 (Ct, -TIPS (-CH-)), 11.1 (Cp, -TIPS (-CH3)), 0.0 (Cp, -TMS) 
IR (cm-1): 2949 (νC-CH, m), 2966 (νC-CH, m), 2156 (νC≡C, m), 2062 (νC≡C-TMS/TIPS, 
m), 1504 (δCH, m), 1493 (δCH, m), 1456 (δCH, m), 1242 (δTMS, s), 838 (γTMS, s), 
766 (γTMS, s), 856 (δCH, s), 640 (δCH, s) 

TMSTIPS
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MS (FAB,m/z): 254 M+ (1%), 239 [M-CH3]+ (5%), 211 [M-iPr]+ (100%), 169 
[M-2iPr]+ (52%), 97 [M-TIPS]+ (6%) 
 
Synthesis of 1-(TIPS-ethynyl)-4(TMS-ethynyl)benzene, 61 
 
1-Bromo-4-(TMS-ethynyl)benzene, 29 (1.00 g, 3.95 mmol, 1 eq) was 
dissolved under argon with copper(I) chloride (58.4 mg, 0.59 mmol, 
0.15 eq) and Pd(PPh3)2Cl2, 1 (414 mg, 0.59 mmol, 0.1 eq) in 
triethylamine (75 ml). After the addition of TIPS-C≡CH (1.05 ml, 
4.74 mmol, 1 eq) the mixture was stirred at 60°C for 6 hours. The 
solvent was removed under reduced pressure and the residue 
extracted with hexane (150 ml). 
The dark mixture was filtered and the solvent removed. The residue was 
purified by column chromatography (alumina, hexane: dichloromethane, 1:0 
to 10:1) to give 1.09 g (77.8%) of a white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.40 (s, 4H , HAr), 1.14 (s, 21H, -TIPS), 
0.25 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.0 (Ct, C2/6), 131.9 (Ct, C3/5), 123.7 
(Ct, C1), 123.1 (Ct, C4), 106.7 (Cq, -C≡C-TIPS), 104.8 (Cq, -C≡C-TMS), 96.3 
(Cq, -C≡C-TMS), 92.9 (Cq, -C≡C-TIPS), 18.8 (Cq, -TIPS (-CH-)), 11.5 (Cq, -TIPS 
(-CH3)), 0.1 (Cq, -TMS) 
IR (cm-1): 2949 (νC-CH, m), 2866 (νC-CH, m), 2156 (νC≡C, m), 1504 (δCH, m), 
1493 (δCH, m), 1456 (δCH, m), 1247 (δTMS, s), 839 (γTMS, s), 756 (γTMS, s), 881 
(δCH, s), 663 (δCH, vs) 
MS (FAB, m/z): 354 M+ (13.4%) 339 [M-CH3]+ (8%), 311 [M-iPr]+ (100%), 281 
[M-TMS]+ (20%) 
 
Synthesis of 3,5-bis(TIPS-ethynyl)-(TMS-ethynyl)benzene, 62 
 
1,3-Dibromo-5-(TMS-ethynyl)benzene, 35, (900 mg, 2.71 
mmol, 1 eq) was dissolved under argon with copper(I) 
chloride (80.2 mg, 0.81 mmol, 0.3 eq) and Pd(PPh3)2Cl2, 1 
(569 mg, 0.81 mmol, 0.3 eq) in triethylamine (75 ml). 
After the addition of TIPS-C≡CH (1.26 ml, 5.69 mmol, 2.1 
eq) the mixture was stirred at 60°C for 24 hours. The solvent was removed 
under reduced pressure and the residue extracted with hexane (150 ml). 

TMS

TIPS TIPS

TIPS
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The dark mixture was filtered and the solvent removed. The residue was 
purified by column chromatography (alumina, hexane:dichloromethane, 1:0 
to 3:1) to give 1.45 g (100%) of a yellow oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.49 (d, J=1.6 Hz, 2H, H2/6), 7.47 (t, 
J=1.6 Hz, 1H, H4), 1.12 (s, 42H, -TIPS), 0.25 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.0 (Ct, C2/6), 134.8 (Ct, C4), 124.0 
(Cq, C3/5), 123.5 (Cq, C1), 105.1 (Cq, -C≡C-TIPS), 103.2 (Cq, -C≡C-TMS), 95.6 
(Cq, -C≡C-TMS), 92.1 (Cq, -C≡C-TIPS), 18.6 (Cs, -TIPS (-CH-)), 11.3 (Cp, -TIPS 
(-CH3)), -0.1 (Cp, -TMS) 
IR (cm-1): 3084 (νC=CH, m), 2926 (νC-CH, s), 2864 (νC-CH, s), 2162 (νC≡C, w), 
1576 (δCH, vs), 1485 (δCH, vs), 1416 (νTMS, s), 1393 (νTMS, s), 1275 (δTMS, m), 
1250 (δTMS, m), 840 (γTMS, s), 752 (γTMS, s), 874 (δCH, vs), 818 (δCH, vs), 675 
(δCH, s), 635 (δCH, s) 
MS (FAB, m/z): 534 M+ (3%), 491 [M-iPr]+ (100%) 
Elem. anal.: C33H54Si3·0.305 CH2Cl2·0.055 hexane: calc: C: 72.23%, H: 
10.32%, found: C: 72.26%, H: 10.32% 
 
Synthesis of 1,4-dibromo-2,5-diiodobenzene, 63 
 
Periodic acid (1.93 g, 8.48 mmol, 0.5 eq) was dissolved with vigorous 
stirring in concentrated sulfuric acid (40 ml, 40 eq) and after its 
total dissolution, potassium iodide (4.22 g, 35.4 mmol, 1.5 eq) was 
added in small portions over 2 minutes. The deep purple solution 
was cooled to -25°C and 1,4-dibromobenzene (4.00 g, 17.0 mmol, 1 eq) was 
slowly added. Concentrated sulfuric acid (10 ml) was added to facilitate the 
stirring and the mixture was kept at -25°C for 24 hours. The dark mixture 
was quenched in crushed ice (100 g) and the solid that formed was filtered. 
The solid was redissolved in chloroform (150 ml), washed with 5% sodium 
hydroxide and water (both 50 ml) before being dried over magnesium 
sulfate. After evaporation the residue was recrystallised from a mixture of 
chloroform:tetrahydrofuran (2:1) to give 5.50 g (66.6%) of an off white 
crystals. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.04 (s) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 142.3 (Ct, C3/6), 129.2 (Cq, C1/4), 101.3 
(Cq, C2/5) 
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IR (cm-1): 3059 (νC=CH, s), 1431 (δCH, vs), 1408 (δCH, vs), 1124 (δC-Br, vs), 1105 
(δC-I, vs) 999 (δCH, vs), 876 (δCH, vs) 
MS (FAB, m/z): 488 M+ (100%), 361 [M-I]+ (17%), 234 [M-2I]+ (10%), 154 [M-
2I-Br]+ (6%), 74 [M-3I-2Br]+ (16%) 
Elem. anal.: C6H2Br2I·0.25 CHCl3·0.01 C6H14: calc: C: 14.62%, H: 0.46%, 
found: C: 14.62%, H: 0.46% 
 
Synthesis of 1,4-bis(TMS-ethynyl)-2,5-bis(TIPS-ethynyl)benzene, 64 
 
1,4-Dibromo-2,5-diiodobenzene, 63 (550 mg, 1.13 mmol, 
1 eq) was dissolved under argon with copper(I) chloride 
(16.8 mg, 0.17 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (119 
mg, 0.17 mmol, 0.15 eq) in triethylamine (50 ml). After the addition of TMS-
C≡CH (0.34 ml, 2.37 mmol, 2.1 eq) the mixture was stirred overnight at 
60°C. The solvent was removed under reduced pressure and the residue 
extracted with 30% dichloromethane in hexane (100 ml). The dark mixture 
was filtered and the solvent removed under reduced pressure. The residue 
was purified by column chromatography (alumina, hexane:dichloromethane, 
1:0 to 2:1). The obtained light yellow product was redissolved with copper(I) 
chloride (16.8 mg, 0.17, 0.15 eq) and Pd(PPh3)2Cl2, 1 (119 mg, 0.17 mmol, 
0.15 eq) in triethylamine (50 ml) and after the addition of TIPS-C≡CH (0.53 
ml, 2.37 mmol, 2.1 eq) was stirred at 60°C for further 20 hours. The solvent 
was removed under reduced pressure and the residue extracted with 30% 
dichlromethane in hexane (00 ml). The mixture was filtered and after 
evaporation of the solvent, the crude product was purified by column 
chromatography (alumina, hexane) to obtain 704 mg (98.7%) of a light 
yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.39 (s, 2H, HAr), 1.09 (s, 42H, -TIPS), 
0.25 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 131.7 (Ct, C3/6), 123.5 (Cq, C2/5), 123.1 
(Cq, C1/4), 106.6 (Cq, -C≡C-TIPS), 104.6 (Cq, -C≡C-TMS), 96.1 (Cq, -C≡C-
TMS), 92.8 (Cq, -C≡C-TIPS), 18.6 (Ct, -TIPS (-CH-)), 11.3 (Cp, -TIPS (-CH3)), 
0.1 (Cp, -TMS) 
IR (cm-1): 2946 (νC-CH, s), 2866 (νC-CH, s), 2170 (νC≡C, s), 1456 (δCH, s), 1365 
(δCH, m), 1250 (δTMS, s), 1230 (δTMS, s), 841 (γTMS, vs), 757 (γTMS, m), 664 (δCH, 
vs), 612 (δCH, vs) 
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MS (FAB, m/z): 630 M+ (24%), 587 [M-iPr]+ (20%), 544 [M-2iPr]+ (100%), 501 
[M-3iPr]+ (20%) 
 
 
5.3 Experimental – cobalt carbonyl clusters 
 
Synthesis of monocluster, 65 
 
Compound 60, (150 mg, 0.59 mmol 1 eq) was dissolved under 
argon in dichloromethane (25 ml). Dicobalt octacarbonyl (444 mg, 
1.30 mmol, 4.4 eq) was added and the mixture stirred at room 
temperature for 2 hours. The solvent was removed under reduced 
pressure and the residue purified by column chromatography (silica, 
hexane) to give 319 mg (100%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 1.18 (s, 21H, -TIPS), 0.36 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 201.4 (Cq, -Co2(CO)6-), 95.3 (Ct, -C-
Co2(CO)6-C-), 86.3 (Ct, -C-Co2(CO)6-C-), 19.1 (Ct, -TIPS (-CH-)), 13.6 (Cp, -
TIPS (-CH3)), 1.9 (Cp, -TMS) 
IR (cm-1): 2952 (νC-CH, w), 2871 (νC-CH, w), 2080 (νC=O, s), 2054 (νC=O, s), 2020 
(νC=O, s), 1987 (νC=O, vs), 1533 (δCH, s), 1461 (δCH, s), 1406 (νTMS, s), 1246 
(δTMS, s), 834 (γTMS, vs), 756 (γTMS, s), 857 (δCH, s), 817 (δCH, s), 667 (δCH, s) 
MS (FAB, m/z): 540 M+ (2%), 512 [M-CO]+ (38%), 484 [M-2CO]+ (100%), 456 
[M-3CO]+ (23%), 428 [M-4CO]+ (27%), 414 [M-4CO-CH3]+ (39%), 385 [M-
5CO-CH3]+ (66%), 357 [M-6CO-CH3]+ (23%), 342 [M-6CO-2CH3]+ (28%), 283 
[M-6CO-2CH3-Co]+ (12%), 225 [M-6CO-2CH3-2Co]+ (39%), 187 [M-6CO-
2CH3-2Co-iPr]+ (39%) 
 
Synthesis of dicluster, 66 
 
Compound 61, (200 mg, 0.56 mmol 1 eq) 
was dissolved under argon in 
dichloromethane (50 ml). Dicobalt 
octacarbonyl (841 mg, 2.46 mmol, 4.4 eq) was added and the mixture 
stirred at room temperature for 3 hours. The solvent was removed under 
reduced pressure and the residue purified by column chromatography 
(silica, hexane) to give 437 mg (84.3%) of a metallic dark red solid. 
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1H-NMR (400 MHz, CDCl3, δ/ppm): 7.48 (br s, 4H, HAr), 1.19 (s, 21H, -TIPS), 
0.44 (br s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.9 (Cq, -Co2(CO)6-), 138.9 (Ct, C4), 
137.8 (Ct, C1), 130.3 (Cq, C3/5), 120.0 (Cq, C2/6), 108.8 (Cq, -C-Co2(CO)6-C-
TIPS), 104.3 (Cq, -C-Co2(CO)6-C-TMS), 79.8 (Cq, -C-Co2(CO)6-C-TIPS/TMS), 
19.2 (Ct, -TIPS (-CH-)), 14.0 (Cp, -TIPS (-CH3)), 0.9 (Cp, -TMS) 
IR (cm-1): 2951 (νC-CH, m), 2868 (νC-CH, m), 2083 (νC=O, s), 2042 (νC=O, s), 1990 
(νC=O, vs), 1558 (δCH, s), 1471 (δCH, s), 1382 (νTMS, s), 1248 (δTMS, s), 831 
(γTMS, vs), 756 (γTMS, s), 881 (δCH, s), 864 (δCH, s), 665 (δCH, s) 
MS (FAB, m/z): 898 [M-CO]+ (3%), 870 [M-2CO]+ (1%), 842 [M-3CO]+ (9%), 
814 [M-4CO]+ (11%), 786 [M-5CO]+ (17%), 578 [M-6CO]+ (11%), 730 [M-
7CO]+ (3%), 702 [M-8CO]+ (27%), 674 [M-9CO]+ (4%), 646 [M-10CO]+ (6%), 
618 [M-11CO]+ (4%), 590 [M-12CO]+ (3%), 531 [M-12CO-1Co]+ (3%), 477 [M-
12CO-2Co]+ (3%), 413 [M-12CO-3Co]+ (3%), 354 [M-12CO-4Co]+ (3%) 
 
Synthesis of tricluster, 67 
 
Compound 62, (300 mg, 0.56 mmol, 1 eq) 
was dissolved under argon in 
dichloromethane (50 ml). Dicobalt 
octacarbonyl (1.26 g, 3.70 mmol, 6.6 eq) was added and the mixture stirred 
at room temperature for 4 hours. The solvent was removed under reduced 
pressure at room temperature and the residue purified by column 
chromatography (silica, hexane) to give 780 mg (100%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.37 (br m, 3H, HAr), 1.14 (s, 42H, -
TIPS), 0.39 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.4 (Cq, -Co2(CO)6-TIPS), 200.0 (Cq, -
Co2(CO)6-TMS), 141.8 (Cq, C3/5), 139.3 (Cq, C1), 131.1 (Ct, C4), 130.4 (Ct, 
C2/6), 110.3 (Cq, -C-Co2(CO)6-C-TIPS), 104.8 (Cq, -C-Co2(CO)6-C-TMS), 81.0 
(Cq, -C-Co2(CO)6-C-TIPS), 78.8 (Cq, -C-Co2(CO)6-C-TMS), 19.5 (Ct, -TIPS (-CH-
)), 14.6 (Cp, -TIPS (-CH3)), 1.2 (Cp, -TMS) 
IR (cm-1): 2949 (νC-CH, m), 2868 (νC-CH, m), 2085 (νC=O, s), 2046 (νC=O, vs), 
1994 (νC=O, vs), 1575 (δCH, m), 1461 (δCH, s), 1383 (νTMS, s), 1250 (δTMS, s), 
837 (γTMS, s), 879 (δCH, s), 669 (δCH, s) 
MS (Maldi-Tof, m/z): 1392 M+ (14%), 1276 [M-4CO]+ (17%), 1239 [M-5CO]+ 
(21%), 1211 [M-6CO]+ (23%), 1183 [M-7CO]+ (20%), 1155 [M-8CO]+ (35%), 
1128 [M-9CO]+ (37%), 1096 [M-9CO-Co]+ (36%), 1068 [M-10CO-Co]+ (31%), 

C2Co2(CO)6-TMS

C2Co2(CO)6-TIPSTIPS-(CO)6Co2C2

1
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1009 [M-10CO-2Co]+ (51%), 981 [M-11CO-2Co]+ (61%), 953 [M-12CO-2Co]+ 
(61%), 925 [M-13CO-2Co]+ (86%), 897 [M-14CO-2Co]+ (78%), 712 [M-18CO-
3Co]+ (62%), 594 [M-18CO-5Co]+ (93%), 535 [M-18CO-6Co]+ (71%), 492 [M-
18CO-6Co-iPr]+ (61%) 
 
Synthesis of tetracluster, 68 
 
Compound 64, (175 mg, 0.28 mmol, 1 eq) 
was dissolved under argon in 
dichloromethane (50 ml). Dicobalt 
octacarbonyl (841 g, 2.46 mmol, 8.8 eq) 
was added and the mixture stirred at room temperature for 4 hours. The 
solvent was removed under reduced pressure at room temperature and the 
residue purified by column chromatography (silica, hexane) to give 179 mg 
(36.0%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.44 (br m, 2H, HAr), 1.18 (s, 42H, -
TIPS), 0.42 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.3 (Cq, -Co2(CO)6-TIPS), 139.2 (Cq, 
C2/5), 138.5 (Cq, C1/4), 130.8 (Ct, C3/6), 109.2 (Cq, -C-Co2(CO)6-C-TIPS), 104.7 
(Cq, -C-Co2(CO)6-C-TMS), 80.3 (Cq, -C-Co2(CO)6-C-TMS), 77.1 (Cq, -C-
Co2(CO)6-C-TIPS), 19.6 (Ct, -TIPS (-CH-)), 14.4 (Cp, -TIPS (-CH3)), 1.3 (Cp, -
TMS) 
IR (cm-1): 2961 (νC-CH, w), 2870 (νC-CH, w), 2081 (νC=O, vs), 2042 (νC=O, vs), 
2010 (νC=O, vs), 1990 (νC=O, vs), 1599 (δCH, s), 1475 (δCH, s), 1404 (νTMS, s), 
1246 (δTMS, s), 822 (γTMS, s), 574 (γTMS, s), 877 (δCH, s), 694 (δCH, s), 665 (δCH, 
s) 
MS (Maldi-Tof, m/z): 1645 [M+K-6CO]+ (8%), 1617 [M+K-7CO]+ (10%), 1589 
[M+K-8CO]+ (11%), 1561 [M+K-9CO]+ (13%), 1533 [M+K-10CO]+ (18%), 1505 
[M+K-11CO]+ (23%), 1477 [M+K-12CO]+ (42%), 1449 [M+K-13CO]+ (67%), 
1421 [M+K-14CO]+ (66%), 1393 [M+K-15CO]+ (75%), 1365 [M+K-6CO]+ 
(95%), 1337 [M+K-17CO]+ (100%), 1309 [M+K-18CO]+ (93%), 1281 [M+K-
19CO]+ (95%), 1253 [M+K-20CO]+ (89%), 1225 [M+K-21CO]+ (90%), 1197 
[M+K-22CO]+ (92%), 1169 [M+K-23CO]+ (95%), 1141 [M+K-24CO]+ (88%), 
1082 [M+K-24CO-Co]+ (89%), 1023 [M+K-24CO-2Co]+ (72%), 964 [M+K-
24CO-3Co]+ (55%), 905 [M+K-24CO-4Co]+ (52%), 846 [M+K-24CO-5Co]+ 
(69%), 787 [M+K-24CO-6Co]+ (51%), 728 [M+K-24CO-7Co]+ (50%), 669 
[M+K-24CO-8Co]+ (36%) 

C2Co2(CO)6-TMSTIPS-(CO)6Co2C2

TMS-(CO)6Co2C2
C2Co2(CO)6-TIPS

1

2
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Chapter 6 
Phenyl/biphenyl-substituted polyynes and polyclusters 

 
6.1 Synthesis 
 
In addition to the phenyl-substituted polyynes, some biphenyl-
functionalised polyynes have been synthesised starting from the 
commercially available 4-bromo, 4-iodo, 4,4’-dibromo and 4,4’-
diiodobiphenyl. The iodinated precursors were involved in a Sonogashira 
reaction under standard conditions and the relative TMS-protected alkynes 
were obtained. After deprotection with aqueous sodium hydroxide, the 
compounds reported in Figure 6.1 were isolated. 
 

I

II

H

H H

1) S: CuCl, 1, TMS-ethyne, 
    NEt3, 60°C
2) 1M NaOH, THF, rt

72

75
 

Figure 6.1: Synthesis of alkynes with a biphenyl unit. 

 
Both the TMS-protected and the free alkyne compounds were purified by 
column chromatography using alumina and eluting with a mixture of 
hexane and dichloromethane. Biphenylethyne, 72, could be obtained in 
96% total yield while 4,4’-diethynylbiphenyl, 75, in 67%. Both biphenyl-
functionalised compounds (72 and 75) and phenyl-analogues (compounds 3 
and 5) were used in a Sonogashira reaction to be linked to the 
corresponding iodinated precursor to produce the capped compounds 
reported in Figure 6.2. 
 

HH

H

H H

H 69

70

73

76

3

5

72

75

S: CuCl, 1, Ar-I,
    NEt3, 60°

 
Figure 6.2: Synthesis of alkynes capped with phenyl or biphenyl groups. 

 
An initial attempt at the production of compound 73 was made using 4,4’-
dibromobiphenyl under standard Sonogashira conditions but no desired 
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compound could be isolated. Instead of compound 73, the alkyne 72 
underwent self-coupling and the only observed product was 1,4-
bis(biphenyl)butadiyne, 126. This reaction is reported in Chapter 9 and will 
be discussed with the analogues series of butadiyne compounds. 

After purification by column chromatography using alumina and 
eluting with a mixture of hexane and dichlorometane diphenylethyne, 69, 
was isolated in 75% total yield, 1,4-di(ethynylphenyl)benzene, 70, in 70% 
while di(biphenyl)ethyne, 73, was formed in 25% yield, and 4,4’-
bis(biphenylethynyl)biphenyl, 76, in about 15%. 

In an attempt to extend the range of compounds, the synthesis of 
1,2,4,5-tetrakis[4-(TMS-ethynyl)phenyl]benzene, 83, was undertaken, 
initially following the old work of Allen1-4 to produce the tetrabromo 
precursor 78. This planned scheme of reactions is shown in Figure 6.3 
 

Br

Br Br

Br
O

Br O

Br

Br

O

Br

       Acetone,
20% KOH/MeOH
       20h, rt
       (53%)

1,2-di(4-bromophenyl)ethyne
       p-xylene, 6h, reflux
                  (0%)

7877  
Figure 6.3: Methodology reported by Allen. 

 
It was possible to isolate 3,4-bis(4-bromophenyl)-cyclopenta-2,4-dienone, 77 
in reasonable yield and the characterisation of 77 shows the presence of the 
same self-coupling product described by Fuchs5. Unfortunately the coupling 
reported by White6 (Figure 6.3, left) did not produce compound 78. 
Therefore, using the method of Wang7, a second attempt was tried, in which 
two carboxylate functions are inserted to facilitate the coupling (Figure 6.4). 
As in the first attempt, only the first step worked and the substituted 
derivative, 80 was isolated (in about 60% yield). No reasonable amount of 
product 81 was obtained. 
 

Br

Br Br

BrCOOEt

COOEt

O

BrO

Br

Br

O

Br

COOEtEtOOCdiethylacetone-
         dicarboxylate,
  20% KOH/MeOH
         20h, rt
          (62%)

36, p-xylene, 
   6h, reflux
    (traces)

80 81  
Figure.6.4: Synthesis reported by Wang with two activating carboxy-functionalities. 

 
A third and last attempt was done using the Suzuki coupling reported 

by Dol8 to directly produce compound 83 but without satisfactory results. 
 



Chapter 6 - Phenyl/biphenyl-substituted polyynes and polyclusters 

151 

TMS

TMS TMS

TMS

Br

TMS

B(OH)2

TMS

Mg, B(OCH3)3
THF, 24h, reflux
       (99%)

1,2,4,5-tetrabromobenzene
         K2CO3, Pd(PPh3)4
        toluene, reflux, 4d
                (0%)

8382  
Figure 6.5: Attempt for the production of 83 through Suzuki coupling. 

 
Since no appreciable results were achieved, the synthesis was abandoned. 

When the study was extended to the cobalt cluster rich compounds, 
only deprotected alkyne functionalities were used in the reactions with 
dicobalt octacarbonyl to investigate terminal clusters. The insertion of 
dicobalt hexacarbonyl clusters into the polyyne backbones of the phenyl-
substituted compounds produced the cobalt rich compounds reported in 
Figure 6.6. The alkyne functionalities reacted smoothly to produce the 
desired cluster-rich compounds in good yields between 83 and 95%. 
 

HH

H

HH

H

= -C-Co2(CO)6-C-

69

5

70

3

85

86

87

84

1) Co2(CO)8, dcm, 
    rt, 2-3 h
2) Silica, hexane:dcm

 
Figure 6.6: Synthesis of phenyl-functionalised dicobalt hexacarbonyl clusters. 

 
Through a similar reaction of biphenyl-substituted polyynes and dicobalt 
octacarbonyl, the related cobalt-rich compounds reported in Figure 6.7 were 
obtained. 
 

H

H H

H

H H

72

1) Co2(CO)8, dcm, 
    rt, 2-3 h
2) Silica, hexane:dcm

75

73

88

90

89

 
Figure 6.7: Synthesis of biphenyl-functionalised dicobalt hexacarbonyl clusters. 

 
These cluster-rich biphenyl compounds were obtained in extremely high 
yields (between 90 and 95%) with the exception of compound 89, which was 
formed in 70 % yield. 
 A complete discussion about the spectroscopic characterisation of the 
compounds synthesised in this Chapter is reported in Chapters 10 and 11 
to permit a useful comparison of the results and to prevent repetitions.
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6.2 Experimental - polyynes 
 
Synthesis of diphenylethyne, 69 
 
Iodobenzene (1.03 ml, 9.20 mmol, 1.01 eq) was dissolved with 
copper(I) chloride (45.5 mg, 0.46 mmol, 0.05 eq) and 
Pd(PPh3)2Cl2, 1 (323 mg, 0.46 mmol, 0.005 eq) in triethylamine (75 ml). After 
the addition of ethynylbenzene, 3 (1.0 ml, 9.11 mmol, 1 eq, the mixture was 
stirred at 60°C for 16 hours. The solvent was then removed and the residue 
extracted with 30% dichloromethane:hexane (100 ml). After the evaporation 
of the solvent, the crude product was purified by column chromatography 
(alumina, hexane:dichloromethane, 1:0 to 50:1) to obtain 1.51 g (93.2%) of 
yellow crystals. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.56 (m, 4H, H2/6), 7.36 (m, 6H, H3/4/5) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 131.6 (Ct, C2/6), 128.2 (Ct, C3/5), 128.2 
(Cq, C5), 123.2 (Cq, C1), 89.9 (Cq, -C≡C-) 
IR (cm-1): 3067 (νC=CH, m), 3034 (νC=CH, m), 3020 (νC=CH, m), 1601 (νC=C, m), 
1493 (δCH, s), 1443 (δCH, s), 918 (δCH, s), 752 (δCH, vs), 687 (δCH, vs), 667 (δCH, 
s) 
MS (FAB, m/z): 178 M+ (100%), 89 M2+ (7%) 
Elem. anal.: C14H10·0.025 C6H14: calc: C: 94.22% H: 5.78%, found C: 
94.03% H: 5.78% 
 
Synthesis of 1,4-di(ethynylphenyl)benzene, 70 
 
Iodobenzene (647 mg, 3.17 mmol, 2.1 eq) was dissolved 
with copper(I) chloride (14.9 mg, 0.15 mmol, 0.1 eq) and 
Pd(PPh3)2Cl2, 1 (105 mg, 0.15 mmol, 0.1 eq) in 
triethylamine (50 ml). After the addition of 1,4-diethynylbenzene, 5 (190 mg, 
1.51 mmol, 1 eq), the mixture was stirred at 60°C for 5 hours. The solvent 
was removed and the residue extracted with 30% dichloromethane:hexane 
(150 ml). After the evaporation of the solvent, the crude product was 
purified by column chromatography (alumina, hexane:dichloromethane, 1:0 
to 5:1) to obtain 304 mg (72.2%) of a white solid. 

AB
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1H-NMR (400 MHz, CDCl3, δ/ppm): 7.54 (m, 4H, H2A), 7.51 (s, 4H, H2B), 7.35 
(dd, J=2.0, 6.4 Hz, 6H, H3A/4A) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 131.6 (Ct, C2A), 131.5 (Ct, C2B), 128.5 
(Ct, C4A), 128.4 (Cq, C3A), 123.1 (Cq, C1A), 123.0 (Cq, C1B), 91.2 (Cq, -C≡C-), 
89.1 (Cq, -C≡C-) 
IR (cm-1): 3059 (νC=CH, w), 3041 (νC=CH, w), 3019 (νC=CH, w), 1594 (νC=C, s), 
1568 (νC=C, s), 1505 (δCH, s), 1439 (δCH, s), 921 (δCH, s), 838 (δCH, vs), 751 
(δCH, vs), 689 (δCH, s) 
MS (FAB, m/z): 278 M+ (100%), 139 M2+ (12%) 
 
Synthesis of 4-(TMS-ethynyl)biphenyl, 71 
 
4-Bromobiphenyl (2.00 g, 8.58 mmol, 1 eq) was dissolved under 
argon with copper(I) chloride (59.4 mg, 0.60 mmol, 0.07 eq) and 
Pd(PPh3)2Cl2, 1 (421.1 mg, 0.60 mmol, 0.07 eq) in triethylamine (75 
ml). TMS-C≡CH (1.83 ml, 12.9 mmol, 1.5 eq) was added and the 
mixture stirred at 60°C for 16 hours. The dark mixture was 
evaporated under reduced pressure, the residue extracted with hexane (100 
ml) and the solvent removed again. The crude product was purified by 
column chromatography (alumina, hexane) to give 2.08 g (97.2%) of a silver 
coloured product. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.59 (m, 2H, H3B), 7.54 (s, 4H, H2B/2A), 
7.45 (m, 2H, H3A), 7.37 (m, 1H, H4A), 0.27 (s, 9H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 141.1 (Cq, C1A), 140.3 (Cq, C1B), 132.4 
(Ct, C3B), 128.8 (Ct, C3A), 127.6 (Ct, C4A), 127.0 (Ct, C2A), 126.8 (Ct, C2B), 
122.0 (Cq, C4B), 105.0 (Cq, -C≡C-TMS), 94.8 (Cq, -C≡C-TMS), 0.0 (Cp, -TMS) 
IR (cm-1): 3038 (νC=CH, m), 2962 (νC-CH, m), 2901 (νC-CH, m), 2160 (νC≡C, s), 
1483 (δC=CH, s), 1448 (δCH, m), 1443 (δCH, s), 1252 (δTMS, s), 1242 (δTMS, s), 
835 (γTMS, vs), 758 (γTMS, vs), 719 (δCH, vs), 687 (δCH, vs), 639 (δCH, vs) 
MS (FAB, m/z): 250 M+ (35%), 235 [M-CH3]+ (100%), 205 [M-3CH3]+ (5%), 
117 [M-CH3]2+ (2%) 
Elem. anal.: C17H18Si·0.01 CH2Cl2·0.04 C6H14: calc: C: 81.34% H: 7.35%, 
found C: 81.34% H: 7.36% 

TMS

A

B
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Synthesis of 4-ethinylbiphenyl, 72 
 
4-(TMS-ethynyl)biphenyl, 71 (1.50 g, 5.99 mmol, 1 eq) was dissolved 
under argon in dry tetrahydrofuran (50 ml) and, after the addition of 
sodium hydroxide (75 ml 1M, 12 eq) stirred at room temperature for 
24 hours. Water (50 ml) was added until a precipitate was formed. 
The mixture was extracted with dichloromethane (200 ml), the 
solvent removed under reduced pressure and the residue purified by 
column chromatography (silica, hexane:dichloromethane, 1:0 to 10:1) to 
give 1.05 g (99.0%) of a yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.59 (m, 2H, H3B), 7.56 (s, 4H, H2B/2A) 
7.45 (tt, J=1.6, 6.8 Hz, 2H, H3A), 7.37 (tt, J=1.6, 6.8 Hz, 1H, H4A), 3.13 (s, 
1H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 141.6 (Cq, C1B/C1A), 132.3 (Cq, C3B), 
128.9 (Ct, C3A), 127.7 (Ct, C4A), 127.0 (Ct, C2A), 127.0 (Ct, C2B), 120.9 (Ct, 
C4B), 83.5 (Cq, -C≡CH), 77.7 (Ct, -C≡CH) 
IR (cm-1): 3273 (νC≡CH, w), 3063 (νC=CH, m), 3032 (νC=CH, m), 2922 (νC-CH, m), 
2852 (νC-CH, m), 1475 (δCH, s), 1433 (δCH, s), 1392 (δCH, s), 829 (δCH, vs), 750 
(δCH, vs), 689 (δC≡H, vs) 
MS (FAB, m/z): 178 M+ (100%), 152 [M-C2H2]+ (7%), 89 M2+ (4%) 
 
Synthesis of 1,2-di(biphenyl)ethyne, 73 
 
4-Iodobiphenyl (475 mg, 1.69 mmol, 1.01 eq) was 
dissolved with copper(I) chloride (24.8 mg, 0.25 
mmol, 0.15 eq) and Pd(PPh3)2Cl2 1 (176 mg, 0.25 
mmol, 0.15 eq) in triethylamine (50 ml) and after the addition of 4-
ethynylbiphenyl, 72 (116 mg, 0.65 mmol, 1 eq), the mixture was stirred at 
60°C for 7 hours. The solvent was then removed and the residue extracted 
with dichloromethane (100 ml). The solvent was removed and the crude 
product was purified by column chromatography (alumina, 
hexane:dichloromethane, 1:0 to 2:1) to obtain 143 mg (25.8%) of a metallic 
orange solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.60 (m, 12H, H2A/2B/3B), 7.46 (t, J=8.0 
Hz, 4H, H3A), 7.37 (m, 2H, H4A) 

AB

H

A

B
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13C-NMR (125 MHz, CDCl3, δ/ppm): 141.9 (Cq, C1A), 140.1 (Cq, C1B), 132.9 
(Ct, C3B), 132.0 (Ct, C3A), 128.8 (Ct, C2A), 127.0 (Ct, C4A), 127.0 (Ct, C2B), 
122.2 (Cq, C4B), 90.0 (Cq, -C≡C-) 
IR (cm-1): 3058 (νC=CH, w), 3036 (νC=CH, w), 2923 (νC-CH, w), 1597 (νC=C, s), 
1581 (νC=C, s), 1489 (δCH, s), 1482 (δCH, s), 837 (δCH, vs), 758 (δCH, vs), 717 
(δCH, vs), 664 (δCH, vs) 
MS (FAB, m/z): 330 M+ (100%), 165 M2+ (10%) 
 
Synthesis of 4,4’-di(TMS-ethynyl)biphenyl, 74 
 
4,4’-Dibromobiphenyl (2.00 g, 6.41 mmol, 1 eq) was 
dissolved under argon with copper(I) chloride (95.2 
mg, 0.96 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (675 mg, 0.96 mmol, 0.15 eq) 
in triethylamine (100 ml). TMS-C≡CH (2.28 ml, 16.1 mmol, 2.5 eq) was 
added and the mixture stirred at 50°C for 3 hours. The dark mixture was 
evaporated under reduced pressure, the residue extracted with hexane (100 
ml) and the solvent removed. The crude product was purified by column 
chromatography (alumina, hexane) to give 2.18 g (98.2%) of a light brown 
metallic solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.53 (s, 8H, HAr), 0.27 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 140.2 (Cq, C1), 132.4 (Ct, C2/3/5/6), 
126.7 (Cq, C4), 104.8 (Cq, -C≡C-TMS), 95.2 (Cq, -C≡C-TMS), 0.0 (Cp, -TMS) 
IR (cm-1): 3036 (νC=CH, m), 2960 (νC-CH, m), 2900 (νC-CH, m), 2154 (νC≡C, s), 
1487 (δCH, s), 1394 (δCH, m), 1283 (δTMS, s), 1250 (δTMS, s), 1221 (δTMS, s), 
835 (γTMS, vs), 754 (γTMS, vs), 813 (δCH, vs), 700 (δCH, s), 646 (δCH, vs) 
MS (FAB, m/z): 346 M+ (52%), 331 [M-CH3]+ (100%) 
Elem. anal.: C22H26  0.03 CHCl3: calc: C: 77.13% H: 7.02%, found: C: 
77.14% H: 7.02% 
 
Synthesis of 4,4’-diethynylbiphenyl, 75 
 
4,4’-Di(TMS-ethynyl)biphenyl, 74 (2.00 g, 6.41 mmol, 1 
eq) was dissolved under argon in dry tetrahydrofuran 
(50 ml) and, after the addition of sodium hydroxide (60 ml 1M, 20 eq) stirred 
at room temperature for 12 hours. Water (100 ml) was added until a 
precipitate formed. The mixture was extracted with dichloromethane (150 
ml), the solvent removed under reduced pressure and the residue purified 

TMS TMS

HH
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by column chromatography (silica, hexane:dichloromethane, 1:0 to 2:1) to 
give 996 mg (85.9%) of a yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.59 (s, 8H, HAr), 3.14 (s, 2H, -C≡CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.6 (Cq, C1), 126.9 (Ct, C2/3/5/6), 
126.5 (Cq, C4), 83.4 (Cq, -C≡CH), 78.1 (Ct, -C≡CH) 
IR (cm-1): 3271 (νC≡CH, s), 3040 (νC=CH, m), 2106 (νC≡H, w) 1489 (δCH, s), 1394 
(δCH, m), 856 (δCH, s), 820 (δCH, vs), 677 (δCH, vs), 646 (δC≡H, vs), 621 (δCH, vs) 
MS (FAB, m/z): 202 M+ (100%), 101 M2+ (4%) 
Elem. anal.: C16H10·0.01 CH2Cl2·0.05 C6H14: calc: C: 94.44% H: 5.21%, 
found C: 94.44% H: 5.25% 
 
Synthesis of 4,4’-di(4-ethynylbiphenyl)biphenyl, 76 
 
4-Iodobiphenyl (871 mg, 3.11 mmol, 2.1 eq) 
was dissolved with copper(I) chloride (21.8 
mg, 0.22 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 
1 (154 mg, 0.22 mmol, 0.15 eq) in triethylamine (50 ml) and after the 
addition of 4,4’-diethynylbiphenyl, 75 (300 mg, 1.48 mmol, 1 eq), the 
mixture was stirred at 60°C for 16 hours. The solvent was then removed and 
the residue extracted with dichloromethane (100 ml). The precipitate was 
filtred and the solvent removed. The crude product was purified by column 
chromatography (alumina, hexane:dichloromethane, 1:0 to 1:1) to obtain 
137 mg (18.3%) of a metallic orange solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.31 (br s, 2H, H4A), 7.52 (m, 24H, 
H2C/3C/2B/3B/2A/3A) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 138.8 (Cq, C1A), 137.8 (Cq, C1C/4B), 
132.1 (Ct, C4C/1B), 132.0 (Ct, C3C/2B), 130.9 (Ct, C3A), 128.9 (Ct, C2C), 128.6 
(Ct, C4A), 127.8 (Ct, C2A), 127.0 (Ct, C3B), 124.1 (Cq, C4C/1B), 90.9 (Cq, -C≡C-), 
90.6 (Cq, -C≡C-) 
MS (FAB, m/z): 506 M+ (100%), 253 M2+ (31%) 
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Synthesis of 3,4-bis(4-bromophenyl)cyclopenta-2,4-dienone, 77 
 
1,2-bis(4-bromophenyl)ethane-1,2-dione (5.00 g, 13.6 mmol, 1 
eq) was dissolved in acetone (3.15 g, 54.3 mmol, 4 eq) and 
diluted with methanol (150 ml). A methanolic solution of 
potassium hydroxide (25 ml 20%, 20 eq) was added and the 
mixture was stirred at room temperature for 20 hours. The suspension was 
poured into water (100 ml) and the precipitate that formd was filtered, 
washed with diethylether and dried in vacuo. 
The proton spectrum was recorded and the peaks could be assigned to 3,4-
bis(4-bromophenyl)-4-hydroxycyclopent-2-enone. This product was 
dissolved in acetic anhydride (10 ml) and to the mixture some drops of 
concentrated sulfuric acid were added. The precipitate was extracted with 
dichloromethane (200 ml), which was then removed under reduced pressure 
to give a light yellow solid, which was redissolved in diethyl ether, filtered 
and dried to obtain 2.81 g (53%) of a light yellow crystalline solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.50 (dt, J=1.6, 
8.8 Hz, 2H, -CH-CH-), 7.36 (dt, J=1.6, 8.8 Hz, 2H, -
CH-CH-), 7.31 (dt, J=1.6, 8.8 Hz, 2H, -CH-CH-) 
7.14 (dt, J=1.6, 8.8 Hz, 2H, -CH-CH-), 7.12 (dt, 
J=1.6, 8.8 Hz, 2H, -CH-CH-), 7.07 (dt, J=1.6, 8.8 
Hz, 2H, -CH-CH-), 6.94 (s, 1H, C=CH-CO), 6.85 (dt, 
J=1.6, 8.8 Hz, 2H, -CH-CH-), 6.77 (dt, J=1.6, 8.8 Hz, 2H, -CH-CH-), 4.27 (d, 
J=1.6 Hz, 2H, -C=C-CO-CH-), 3.77 (dd, J=1.6, 4.4 Hz, 1H, -C=C-CH-C=O), 
3.08 (d, J=4.4 Hz, 1H, -C=C-CH-CO) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 195.3 (Cq, -CO), 172.3 (Cq, -C=C-), 
134.5 (Cq, -C-C-CO), 133.3 (Cq, -C-CH-CH-C-Br), 132.2 (Ct, -CH-CH-C-Br), 
132.0 (Ct, -CH-CH-C-Br), 130.9 (Ct, -CH-CH-C-Br), 130.3 (Ct, -CH-CH-C-Br), 
129.8 (Ct, -CH-CO), 128.0 (Cq, -C-Br) 
MS (FAB, m/z): 780 [2M]+ (14%), 752 [2M-CO]+ (100%), 672 [2M-CO-Br]+ 
(11%), 390 M+ (22%), 310 [M-Br]+ (12%), 180 [Br-Ph-C≡CH]+ (44%) 
 
Attempt to prepare 1,2,4,5-tetra(4-bromophenyl)benzene, 78 
 
3,5-Di(4-bromophenyl)cyclopentenon dimer, 77 (0.50 g, 
0.63 mmol, 2 eq) was dissolved in p-xylene (75 ml) and 
after the addition of 1,2-di(4-bromophenyl)ethyne, 31 (650 
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mg, 1.92 mmol, 3 eq) the mixture was refluxed for 6 hours. The solvent was 
removed under reduced pressure and the crude product purified by column 
chromatography (alumina, hexane: dichloromethane, 1:3) but no pure 
compound could be isolated. 
 
Synthesis of 4,5-bis(4-bromophenyl)-5-hydroxy-2-oxo-cyclopent-3-ene-1,3-
dicarboxylic acid diethyl ester, 79 
 
1,2-Bis(4-bromophenyl)ethane-1,2-dione (1.50 g, 4.08 
mmol, 1 eq) was dissolved with diethylacetone 
dicarboxylate (1.35 ml, 8.16 mmol, 2eq) and potassium 
hydroxide (350 mg, 3.06 mmol, 1.5 eq) in ethanol (50 ml). 
The mixture was stirred at room temperature for 20 hours and after the 
addition of a second portion of diethylacetone dicarboxylate (1.00 ml, 6.00 
mmol, 1.5 eq) was heated to 40°C and stirred for 3 hours. The mixture was 
quenched in water (75 ml) and the orange crystals that formed were filtered. 
After redissolution in chloroform (200 ml) the solution was dried over 
magnesium sulfate and removed under reduced pressure to dryness in 
vacuo to obtain 1.45 g (64.2%) of an orange powder. 
 
1H-NMR (500 MHz, CDCl3, δ/ppm): 7.46 (dt, J=2.5, 11 Hz, 2H, Br-C-CH-), 
7.41 (dt, J=2.5, 11 Hz, 2H, Br-C-CH-), 7.27 (d, J=2.5 Hz, 2H, Br-C-CH-CH-), 
7.25 (d, J=2.5 Hz, 2H, Br-C-CH-CH-), 5.45 (s, 1H, -OH), 4.28 (m, 4H, -CH2-
CH3), 1.32 (t, J=9.0 Hz, 3H, -CH2-CH3), 1.23 (t, J=9.0 Hz, 3H, -CH2-CH3) 
13C-NMR (150 MHz, CDCl3, δ/ppm): 192.5 (Cq, -CO), 172.7 (Cq, -COO-), 
168.1 (Cq, -COO-), 163.0 (Cq, Br-C-CH-CH-C-C-OH-), 140.7 (Cq, Br-C-CH-
CH-C-), 133.6 (Cq, Br-C-CH-CH-C-), 132.1 (Ct, Br-C-CH-CH-C-), 131.6 (Ct, 
Br-C-CH-CH-C-), 130.6 (Ct, Br-C-CH-CH-C-), 129.7 (Ct, Br-C-CH-CH-C-), 
126.6 (Cq, Br-C-), 125.8 (Cq, Br-C-), 122.3 (Cq, -OC-C-CO), 80.8 (Cq, Br-C-
CH-CH-C-), 65.2 (Cq, -CO-C-CO), 62.9 (Cs, -CH2-CH3), 62.1 (Cs, -CH2-CH3), 
14.0 (Cp, -CH2-CH3) 
MS (FAB, m/z): 553 M+ (100%), 535 [M-H2O]+ (56%), 507 [M-H2O-CO]+ (27%) 
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Synthesis of 4,5-bis(4-bromophenyl)-2-oxo-cyclopenta-3-diene-1,3-
dicarboxylic acid diethyl ester, 80 
 
4,5-Bis(4-bromophenyl)-5-hydroxy-2-oxo-cyclopent-3-
ene-1,3-dicarboxylic acid diethyl ester, 79 (1.25 g, 2.26 
mmol, 1 eq) was dissolved in acetic anhydride (20 ml) and 
after the addition of sulfuric acid (2 ml) was heated under 
stirring until complete dissolution. The solution was allowed to cool at room 
temperature before being quenched under vigorous stirring in water (50 ml). 
The orange crystals that formed were collected, washed with water and dried 
under high vacuo to obtain 1.17 g (96.9%) of a dark orange solid. 
 
1H-NMR (500 MHz, CDCl3, δ/ppm): 7.44 (dt, J=2.5, 3.5 Hz, 4H, Br-C-CH-), 
6.91 (dt, J=2.5, 3.5 Hz, 4H, Br-C-CH-CH-), 4.21 (q, J=9.0 Hz, 4H, -CH2-
CH3), 1.20 (t, J=9.0 Hz, 6H, -CH2-CH3) 
13C-NMR (150 MHz, CDCl3, δ/ppm): 190.0 (Cq, -C=O), 145.5 (Cq, Br-C-CH-
CH-C-C-C-), 145.3 (Cq, -COO-), 131.3 (Cq, Br-C-CH-CH-C-), 130.5 (Ct, Br-C-
CH-CH-C-), 129.4 (Ct, Br-C-CH-CH-C-), 125.2 (Cq, -CO-C-CO-), 119.9 (Cq, -
C-Br), 61.5 (Cs, -CH2-CH3), 14.0 (Cp, -CH2-CH3) 
MS (FAB, m/z): 534 M+ (100%), 489 [M-OEt]+ (57%), 462 [M-COOEt]+ (65%) 
 
Attempt to prepare 1,4-diacetyl-2,3,5,6-tetra(4-bromophenyl)benzene, 81 
 
2,4-Diacetyl-3,4-di(4-bromophenyl)cyclopentenol, 80 (500 
mg, 0.93 mmol, 1 eq)  was dissolved in dichlorobenzene 
(50 ml) and after the addition of 1,2-Di(4-
bromophenyl)ethyne, 31 (472 mg, 1.40 mmol, 1.5 eq) the 
mixture was refluxed for 12 hours. The solvent was 
removed under reduced pressure and the crude product purified by column 
chromatography (alumina, hexane: dichloromethane, 1:3) but no pure 
product could be isolated. 
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Synthesis of 4-(TMS-ethynyl)phenyl boronic acid, 82 
 
Magnesium pellets (192 mg, 7.90 mmol, 2 eq) were dissolved in 
tetrahydrofuran (25 ml) with 1-bromo-4-(TMS-ethynyl)benzene, 29 
(1.00 g, 3.95 mmol, 1 eq) and refluxed for 24 hours. The mixture 
was allowed to reach room temperature, tetrahydrofuran (20 ml) 
was added and the precipitate filtered. The solution was cooled to -78°C and 
trimethoxyboran (0.47 ml, 4.15 mmol, 1.05 eq) in tetrahydrofuran (5 ml) 
was added. The mixture was allowed to reach room temperature overnight 
and was quenched in a solution of 1M chloridic acid (20 ml) and diethyl 
ether (50 ml). 
The organic layer was washed with 1M sodium hydroxide (50 ml) and 
extracted with dichloromethane (100 ml). The inorganic layer was acidified 
with concentrated chloridic acid and extracted with chloroform (75 ml). The 
organic layers were collected, dried over magnesium sulfate and removed 
under reduced pressure. The obtained white solid was dried in vacuo to 
obtain 855 mg (99.2%) of the shown trimer product. 
 
1H-NMR (250 MHz, CDCl3, δ/ppm): 7.46 (dt, J=1.8, 
8.5 Hz, 2H, -CH-C-B(OH)2), 7.35 (dt, J=1.8, 8.5 Hz, 
2H, -C≡C-C-CH-), 1.29 (s, 2H, -B(OH)2), 0.27 (s, 9H, -
TMS) 
MS (EI, m/z): 218 M+ (25%), 648 [(O-B-Ph-≡-TMS)3]+ 
(100%) (see Figure beside) 
 
Attempt to prepare 1,2,4,5-tetra(TMS-ethynyl)phenyl)benzene, 83 
 
1,2,4,5-Tetrabromobenzene (307 mg, 0.78 mmol, 
1 eq) was dissolved in toluene (35 ml) under an 
argon stream. Sodium carbonate (20 ml 2M, 40 
mmol, 50  eq) and tetrakis(triphenylphosphine) 
palladium (180 mg, 0.16 mmol, 0.2 eq) were 
added. 
A solution of trimer 82 (850 mg, 1.31 mmol, 1.67 eq) in ethanol (35 ml) was 
prepared and slowly added to the reaction mixture under argon. The 
mixture was heated under reflux for 4 days then diluted with 50% toluene 
in water (100 ml). The solvent was removed under reduced pressure and the 
solution extracted with chloroform (150 ml) and dried over magnesium 
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sulfate. The residue was purified on a TLC plate (alumina, hexane: 
dichloromethane, 4:1) but no traces of the desired product could be 
obtained. 
 
 
6.3 Experimental – cobalt carbonyl clusters 
 
Synthesis of monocluster, 84 
 
Compound 3 (93.0 mg, 0.91 mmol, 1 eq) was dissolved 
under argon in dichloromethane (25 ml). Dicobalt 
octacarbonyl (685 mg, 2.00 mmol, 2.2 eq) was added and the mixture 
stirred at room temperature for 2.5 hours. The solvent was removed under 
reduced pressure and the residue purified by column chromatography 
(silica, hexane) to give 326 mg (92.4%) of a metallic dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.51 (d, J=30 Hz, 5H, HAr), 6.35 (br s, 
1H, -Co2(CO)6-CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.5 (Cq, -Co2(CO)6-), 137.5 (Cq, C1), 
130.3 (Ct, C2/6), 128.9 (Ct, C3/5), 128.2 (Ct, C4), 90.2 (Cq, -C-Co2(CO)6-CH), 
72.6 (Cq, -C-Co2(CO)6-CH) 
IR (cm-1): 3074 (νC=CH, w), 3023 (νC-CH, w), 2092 (νC=O, s), 2048 (νC=O, s), 2010 
(νC=O, vs), 1595 (δCH, w), 1550 (δCH, w), 1472 (δCH, m), 1444 (δCH, m), 691 
(δCH, m), 627 (δCH, m) 
MS (FAB, m/z): 388 M+ (25%), 360 [M-CO]+ (100%), 332 [M-2CO]+ (58%), 
304 [M-3CO]+ (51%), 276 [M-4CO]+ (16%), 248 [M-5CO]+ (14%), 220 [M-
6CO]+ (1%), 161 [M-6CO-Co]+ (21%) 
 
Synthesis of monocluster, 85 
 
Compound 69 (200 mg, 1.12 mmol, 1 eq) was dissolved in 
dichloromethane (50 ml). Dicobalt octacarbonyl (844 mg, 2.47 
mmol, 2.2 eq) was added and the mixture stirred at room 
temperature for 4 hours. The solvent was removed under 
reduced pressure and the residue purified by column 
chromatography (silica, hexane) to give 49 mg (95.2%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.59 (s, 4H, H2/6), 7.35 (s, 6H, H3/4/5) 
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13C-NMR (125 MHz, CDCl3, δ/ppm): 199.0 (Cq, -Co2(CO)6-), 138.5 (Cq, C1), 
129.4 (Ct, C2/6), 129.0 (Ct, C3/5), 128.0 (Ct, C4), 92.1 (Cq, -C-C-Co2(CO)6-C-) 
IR (cm-1): 3078 (νC=CH, w), 2862 (νC-CH, w), 2083 (νC=O, s), 2037 (νC=O, s), 1983 
(νC=O, vs), 1605 (δCH, s), 1481 (δCH, s), 1443 (δCH, s), 748 (δCH, s), 687 (δCH, s), 
563 (δCH, vs), 509 (δCH, vs), 486 (δCH, s) 
MS (FAB, m/z): 464 M+ (8%), 436 [M-CO]+ (89%), 408 [M-2CO]+ (47%), 380 
[M-3CO]+ (100%), 352 [M-4CO]+ (68%), 324 [M-5CO]+ (51%), 297 [M-6CO]+ 
(24%), 237 [M-6CO-Co]+ (69%), 178 [M-6CO-2Co]+ (19%) 
Elem. anal.: C20H10O6Co2·0.095 CH2Cl2·0.045 C6H14: calc: C: 51.83% H: 
2.32% O:20.76%, found: C:51.83%, H: 2.32%, O: 20.62% 
 
Synthesis of dicluster, 86 
 
Compound 5 (100 mg, 0.79 mmol 1 eq) was 
dissolved under argon in dichloromethane (50 
ml). Dicobalt octacarbonyl (1.50 g, 3.49 mmol, 
4.4 eq) was added and the mixture stirred at room temperature for 5 hours. 
The solvent was removed under reduced pressure and the residue purified 
by column chromatography (silica, hexane:dichloromethane, 1:0 to 10:1) to 
give 671 mg (100%) of a metallic dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.58 (s, 4H, HAr), 6.70 (s, 2H, -Co2(CO)6-
CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.7 (Cq, -Co2(CO)6-), 138.0 (Ct, C1/4), 
131.0 (Cq, C2/3/4/6), 89.5 (Cq, -C-Co2(CO)6-CH), 73.2 (Ct, -C-Co2(CO)6-CH) 
IR (cm-1): 3033 (νC=CH, w), 2924 (νC-CH, w), 2854 (νC-CH, w), 2086 (νC=O, s), 
2031 (νC=O, vs), 1988 (νC=O, vs), 1572 (δCH, m), 1469 (δCH, m), 869 (δCH, s), 
836 (δCH, s), 770 (δCH, s) 
MS (FAB, m/z): 698  M+ (6%), 670 [M-CO]+ (26%), 642 [M-2CO]+ (14%), 614 
[M-3CO]+ (40%), 586 [M-4CO]+ (22%), 558 [M-5CO]+ (22%), 530 [M-6CO]+ 
(14%), 474 [M-8CO]+ (9%), 415 [M-8CO-Co]+ (3%), 356 [M-8CO-2Co]+ (8%), 
328 [M-9CO-2Co]+ (7%), 300 [M-10CO-2Co]+ (6%), 241 [M-10CO-3Co]+ 
(22%), 213 [M-11CO-3Co]+ (2%) 
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Synthesis of dicluster, 87 
 
Compound 70 (50.0 mg, 0.18 mmol, 1 eq) was dissolved in 
dichloromethane (50 ml). Dicobalt octacarbonyl (270 mg, 0.79 
mmol, 4.4 eq) was added and the mixture stirred at room 
temperature for 2 hours. The solvent was removed under 
reduced pressure and the residue purified by column 
chromatography (silica, hexane) to give 127 mg (83.0%) of a 
dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.63 (s, 4H, H2A), 7.58 (s, 4H, H2B), 7.39 
(s, 6H, H3A/4A) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.1 (Cq, -Co2(CO)6-), 138.2 (Cq, 
C1B/1A), 129.7 (Ct, C2B), 129.2 (Ct, C2A), 129.0 (Ct, C3A), 127.9 (Ct, C4A), 92.3 
(Cq, -ArA-C-Co2(CO)6-C-ArA), 91.0 (Cq, ArA-C-Co2(CO)6-C-ArB) 
IR (cm-1): 3068 (νC=CH, w), 3029 (νC=CH, w), 2921 (νC-CH, w), 3851 (νC-CH, w) 
2083 (νC=O, vs), 2017 (νC=O, vs), 1990 (νC=O, vs), 1997 (νC=O, vs), 1961 (νC=O, 
vs), 1494 (δCH, s), 1443 (δCH, s), 1399 (δCH, m) 760 (δCH, s), 695 (δCH, s), 660 
(δCH, vs) 
MS (FAB, m/z): 822 [M-CO]+ (5%), 766 [M-3CO]+ (5%), 738 [M-4CO]+ (12%), 
710 [M-5CO]+ (6%), 682 [M-6CO]+ (12%), 564 [M-6CO-2Co]+ (15%), 536 [M-
7CO-2Co]+ (74%), 508 [M-8CO-2Co]+ (34%), 480 [M-9CO-2Co]+ (100%), 452 
[M-10CO-2Co]+ (49%), 424 [M-11CO-2Co]+ (36%), 365 [M-11CO-3Co]+ (27%), 
337 [M-12CO-3Co]+ (36%), 278 [M-12CO-4Co]+ (32%) 
 
Synthesis of monocluster, 88 
 
Compound 72 (70.0 mg, 0.39 mmol, 1 eq) was dissolved in 
dichloromethane (25 ml), dicobalt octacarbonyl (294 mg, 
0.86 mmol, 2.2 eq) was added and the mixture stirred at 
room temperature for 4 hours. The solvent was removed 
under reduced pressure and the residue purified by column 
chromatography (silica, hexane) to give 167 mg (93.0%) of a black solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.60 (s, 9H, HAr), 6.41 (s, 1H, -C-C-
Co2(CO)6-CH) 
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13C-NMR (125 MHz, CDCl3, δ/ppm): 199.4 (Cq, -Co2(CO)6-), 140.9 (Cq, C1A), 
140.4 (Cq, C1B), 136.4 (Cq, C4B), 130.6 (Ct, C3B), 128.8 (Ct, C3A), 127.5 (Cq, 
C2A/4A), 126.9 (Ct, C2B), 89.6 (Cq, -C-Co2(CO)6-CH), 72.7 (Ct, -C-Co2(CO)6-CH) 
IR (cm-1): 3077 (νC=CH, w), 3028 (νC=CH, w), 2091 (νC=O, s), 2046 (νC=O, s) , 
2011 (νC=O, vs) , 1995 (νC=O, vs), 1562 (δCH, s), 1475 (δCH, s), 1479 (δCH, s), 
870 (δCH, s), 836 (δCH, s), 765 (δCH, vs), 720 (δCH, vs), 689 (δCH, vs) 
MS (FAB, m/z): 464 M+ (18%), 436 [M-CO]+ (66%), 408 [M-2CO]+ (76%), 380 
[M-3CO]+ (100%), 352 [M-4CO]+ (37%), 324 [M-5CO]+ (29%), 296 [M-6CO]+ 
(11%), 237 [M-6CO-Co]+ (48%), 178 [M-6CO-2Co]+ (10%) 
 
Synthesis of monocluster, 89 
 
Compound 73 (75.0 mg, 0.22 mmol, 1 eq) was dissolved in 
dichloromethane (35 ml). Dicobalt octacarbonyl (164 mg, 0.48 
mmol, 2.2 eq) was added and the mixture stirred at room 
temperature for 3 hours. The solvent was removed under 
reduced pressure and the residue purified by column 
chromatography (silica, hexane) to give 96.9 mg (69.3%) of a 
dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.71 (br m, 12H, H2B/3B/2A), 7.50 (s, 4H, 
H3A), 7.41 (s, 2H, H4A) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.3 (Cq, -Co2(CO)6-), 140.7 (Cq, C1A), 
140.4 (Cq, C1B), 137.4 (Cq, C4B), 129.7 (Ct, C3B), 128.9 (Ct, C3A), 127.7 (Ct, 
C2A), 127.6 (Ct, C4A), 126.9 (Ct, C2B), 91.6 (Cq, -C-Co2(CO)6-C-) 
IR (cm-1): 3029 (νC=CH, w), 2956 (νC-CH, w), 2926 (νC-CH, w), 2087 (νC=O, vs), 
2047 (νC=O, vs), 2006 (νC=O, vs), 1600 (δCH, m), 1487 (δCH, s), 1479 (δCH, s), 
748 (δCH, s), 687 (δCH, s), 563 (δCH, vs), 509 (δCH, vs), 486 (δCH, s), 839 (δCH, 
m), 764 (δCH, s), 726 (δCH, m), 697 (δCH, s) 
MS (FAB, m/z): 616 M+ (3%), 588 [M-CO]+ (16%), 560 [M-2CO]+ (10%), 532 
[M-3CO]+ (45%), 504 [M-4CO]+ (29%), 476 [M-5CO]+ (23%), 448 [M-6CO]+ 
(10%), 389 [M-6CO-Co]+ (21%), 330 [M-6CO-2Co]+ (13%) 
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Synthesis of dicluster, 90 
 
Compound 75 (100 mg, 0.50 mmol, 1 eq) was dissolved in 
dichloromethane (50 ml), dicobalt octacarbonyl (745 mg, 
2.18 mmol, 4.4 eq) was added and the mixture stirred at 
room temperature for 4 hours. The solvent was removed 
under reduced pressure and the residue purified by column 
chromatography (silica, hexane) to give 363 mg (94.8%) of a black solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.69 (s, 8H, HAr), 6.72 (s, 2H, -C-C-
Co2(CO)6-CH) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.7 (Cq, -Co2(CO)6-), 140.5 (Cq, C1), 
137.2 (Cq, C4), 131.1 (Cq, C3/5), 127.7 (Ct, C2/6), 89.8 (Cq, -C-Co2(CO)6-CH), 
73.2 (Ct, -C-Co2(CO)6-CH) 
IR (cm-1): 3086 (νC=CH, w), 3032 (νC=CH, w), 2091 (νC=O, vs), 2044 (νC=O, vs), 
1983 (νC=O, vs), 1566 (δCH, s), 1473 (δCH, s), 1396 (δCH, s), 864 (δCH, s), 818 
(δCH, s)  
MS (FAB, m/z): 774 M+ (19%), 746 [M-CO]+ (64%), 718 [M-2CO]+ (78%), 690 
[M-3CO]+ (89%), 662 [M-4CO]+ (71%), 634 [M-5CO]+ (100%), 606 [M-6CO]+ 
(47%), 579 [M-7CO]+ (13%), 550 [M-8CO]+ (39%), 522 [M-9CO]+ (10%), 494 
[M-10CO]+ (20%), 435 [M-10CO-Co]+ (7%), 376 [M-10CO-2Co]+ (8%), 348 [M-
11CO-2Co]+ (16%), 320 [M-12CO-2Co]+ (10%), 261 [M-12CO-3Co]+ (26%), 
202 [M-12CO-4Co]+ (10%) 
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Chapter 7 
Benzene-centred dendritic polyynes and polyclusters 

 
7.1 Synthesis of aromatic cores 
 
We now move to the synthesis of benzene-centred dendritic polyynes. It 
appeared clear after some reaction attempts that the reactivity of bromo-
substituted benzenes did not produce the desired compounds. As described 
in Chapter 2 (especially see Figure 2.3), the polybrominated benzenes 
involved in the Sonogashira reactions were unable to link highly 
functionalised ethynyl components such as the building blocks 96 and 97 
reported in Figure 7.1. 

H

TIPS

H TIPS

TIPS

96 97  
Figure 7.1: Building blocks for the convergent synthesis of benzene-centred polyynes. 

 
By involving bromo-substituted cores such as the commercially available 
1,4-dibromobenzene, under standard Sonogashira conditions with ethynyl 
components compounds 96 and 97, the only compounds formed were the 
self-coupling products of the ethynyl components, which produced 
compounds 127 and 128, respectively. The preparation and the purification 
of these butadiyne compounds are reported in detail in Chapter 9. 

Since it was therefore necessary to use the more active iodo-
substituted arenes, the commercially available 1,4-diiodobenzene, 1,3,5-
triiodobenzene, 92, and 1,2,4,5-tetraiodobenzene, 93, were used as cores 
for the synthesis of the corresponding dendritic alkynes. After several 
unsuccessful attempts to synthesise 1,3,5-triiodobenzene, 92, an 
appropriate synthetic strategy was found. As reported in Figure 7.2, the 
initial three attempts involved the commercially available 1,3,5-
tribromobenzene as starting material. This was allowed to react with iodine 
under different conditions. 
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Br

BrBr
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I

NO2

NO2
I

NO2

NO2

 NaNO2, H2SO4, CuI, KI
          0°C, 6 h   
            (49%)

n-BuLi, I2
-78°, 3 h
 rt, 12h
   (0%)

KI, Ni-powder, I2
  NEt3, 90°, 3 h
       (0%)

 1. TMS-Cl, THF,     
     NEt3,  -78°, 0.5 h
     rt, 12h     (0%) 

2. ICl, CHCl3
    rt, 2d

92

91

      NH4Cl, NH3

         85°, 20 h
         (65%)  

Figure 7.2: Synthetic strategies for the production of 1,3,5-triiodobenzene, 92. 

 
Lustenberger1 reported a direct iodination with n-butyllithium and iodine to 
produce 3,5-dibromoiodobenzene, 17 and a modification of this procedure 
using a bigger excess of iodine was attempted (Figure 7.2, top) to achieve 
the triiodinated analogue 92. However only a mixture of mono and 
diiodinated benzenes was obtained and so a different procedure had to be 
found. Eich2 reported two potentially useful syntheses; the first involved 
di(4-bromophenyl)ethyne, which underwent an electrophilic substitution of 
the bromosubstituents with trimethylsilane to obtain the activated TMS-
functionalised intermediate. 
 

Br

Br

TMS

TMS

TMS

TMS

TMS

TMS

TMS TMS I

I

I

I

I

I

1. n-BuLi, THF, -78°C, 20 min
2. TSM-Cl, THF, -78°C, 10 min
     rt, 12 h

ICl, CHCl3, rt, 2d 

 
Figure 7.3: Synthesis reported by Eich2, which were modified for the production of 

compound 92. 

 
The second reaction involved hexakis(4-TMS-phenyl)benzene, which 
underwent an electrophilic substitution of the TMS-functionalities with 
iodo-subtituents. The same procedure was applied to 1,3,5-tribromobenzene 
(Figure 7.2, second rection) for the production of 1,3,5-tris(TMS)benzene 
first, and for the following conversion to compound 92. In practice, the 
reaction did not take place and no traces of either the expected intermediate 
nor compound 92 were observed. A new attempt following the work of 
Schöberl3 was adopted involving 1,3,5-tribromobenzene in a reaction with 
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potassium iodide, nickel powder and a big excess of iodine (Figure 7.2, third 
reaction). Unfortunately no traces of the desired compound 92 could be 
observed. A synthetic method that turned out to be successful was found in 
the work of Rodriguez4, involving the commercially available 3,5-
dinitroiodobenzene (Figure 7.2, bottom). The two nitro-functionalities were 
first converted, under reducting conditions, to obtain 3,5-
diaminoiodobenzene, 91 and a final iodination produced the desired 1,3,5-
triiodobenzene, 92 in about 30% total yield. 

For the production of 1,2,4,5-tetraiodobenzene, 93, two different 
syntheses were attempted as reported in Figure 7.4. 
 

I

I

I
I

I
I 

H5IO6/H2SO4/I2
   110°C, 18 h  
CDCl3/H2O/MgSO4
        (35%)

93

     I2/H2SO4
  130°C, 16 h  
Et2O/H2O/MgSO4
      (12%)

 
Figure 7.4: Synthetic strategies for the production of compound 93. 

 
The first synthesis was a modification of the iodination method reported by 
Hart5 for the production of 1,4-dibromo-2,5-diiodobenzene. The proposed 
1,4-dibromobenzene was replaced by the iodinated analogue but no 
appreciable yield (12%) could be achieved (Figure 7.4, top). A more 
productive synthesis was found in work published by Matter6-7 involving 
iodination of benzene under harsh conditions (Figure 7.4, bottom) and the 
optimised yield was 35%. 
 
 
7.2 Synthesis of building blocks 
 
Once the cores for the new polyynes were prepared, it was necessary to 
focus attention of the outer building blocks. Initially, the strategy described 
by Eich2 was adopted. The reported synthesis was a direct linkage of the 
desired number of TMS-functionalities on 1,3,5-tribromobenzene as shown 
in Figure 7.5 to obtain predominantly the mono-ethynylated compound 94. 
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Br

BrBr BrBr

H

Br

H

H 
+1) S: CuCl, 1, TMS-ethyne,

    60°C, 6 h  
2) 1M NaOH, THF, rt, 12h
                (mix)

94  
Figure 7.5: Direct ethynylation of 1,3,5-tribromobenzene. 

 
The synthesis and the following deprotection were carried out under 
standard conditions but attempts to purify the products by column 
chromatography, were unsuccessful, even when a range of eluting solvents 
was tried.  
 The following attempts were based upon a partial deprotection (Figure 
7.6, top) and protection (Figure 7.6, bottom) of symmetrically substituted 
compounds as shown. 

TMSTMS

H H

H TMS

H TMS

TMSTMS

H H
+

4

1 eq Base

1 eq TMS-Cl

5

+

+

95

95

 
Figure 7.6: Partial deprotection/protection of symmetrically substituted polyynes. 

 
1,4-Di(TMS-ethynyl)benzene, 4, was partially deprotected with one 
equivalent of tetrabutylammonium chloride but a mixture of partially and 
fully deprotected products was observed. The inverse reaction was carried 
out using 1,4-diethynylbenzene, 5, in a partial protection with 
chlorotrimethylsilane but the same result was achieved. In both cases the 
reaction produced a mixture of compounds and attempt to purify the two 
components by column chromatography failed. 

To avoid the difficulties encountered during the purification, a new 
methodology was adopted to produce the necessary linear and branched 
units (compounds 96 and 97). This was based upon a stepwise selective 
synthesis of specific functionalised arenes as shown in Figure 7.7. 
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Br
I

n
 Br

TMS

n
 

TMS

TIPS n
 

H

TIPS n
 

S: CuCl, 1, TMS-ethyne
    NEt3, 60°C, 3.5-6 h  
     (96%),(97%)

S: CuCl, 1, TIPS-ethyne
    NEt3, 60°C, 6-24 h  
      (78%),(100%)

1M NaOH, THF
       rt, 4 h
   (41%),(50%)

-,17

96,97

29,35

61,62

n= 1,2

 
Figure 7.7: Synthesis of building blocks 96 and 97. 

 
Once more we profit by the reactivity difference between bromo and iodo-
substituents as mentioned in the previous Chapters. 4-Bromoiodobenzene 
and 3,5,-dibromoiodobenzne, 17, were involved in an initial Sonogashira 
reaction to link one TMS-ethynyl functionality to obtain compounds 29 and 
35. In a second step, the residual bromo-substituents were linked to TIPS-
ethynyl functionalities and compounds 61 and 62 were then obtained. After 
the selective deprotection of the TMS-group, the building blocks 96 and 97 
were obtained respectively in 30% and in 40% total yields. 
 
 
7.3 Synthesis of dendritic polyynes 
 
For the production of the linear dendritic compounds, a convergent 
synthesis was adopted. 1,4-Di, 1,3,5-tri and 1,2,4,5-tetrasubstituted 
benzenes were used as central cores and 1-ethynyl-4-di(TIPS-
ethynyl)benzene, 96, as the ethynyl component.  

The polyiodo compounds (1,4-diiodobenzene, 1,3,5-triiodobenzene, 
92, and 1,2,4,5-tetraiodobenzene, 93) were stirred with a small excess (0.1 
eq) of ethynyl component, 96, for about 20 hours and after the evaporation 
of the solvent, the product obtained was purified by column 
chromatography using alumina as stationary phase and eluting with a 
mixture of hexane and dichloromethane to remove the small amounts of the 
self-coupling product. Normally a slowly increasing polarity gradient was 
introduced but generally all the compounds showed a good solubility in 
pure hexane. The obtained linear dendritic compounds 98, (isolated in 50% 
yield), 99 (in 75% yield) and 100 (in 40% yield) are shown in Figure 7.8. 
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Figure 7.8: General synthesis of the linear dendritic compounds 98, 99, and 100. 

 
The branched compounds were synthesised in a similar way as 

reported in Figure 7.9. The same iodo-substituted starting materials were 
used as for the preparation of linearly-branched systems. The only 
difference in strategy was the introduction of branched building block 97. 
After the reaction and the evaporation of the solvent, the reaction mixture 
was purified by column chromatography using alumina as stationary phase 
and once again with a mixture of hexane and dichloromethane as eluant. 
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Figure 7.9: General synthesis of branched dendritic compounds 101, 102 and 103. 

 
Compound 101, could be obtained in 35% yield, compound 102, in 39% 
and compound 103, in 93% yield. 
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7.4 Synthesis of cobalt carbonyl clusters 
 
The dendritic compounds described in the previous section were allowed to 
react with dicobalt octacarbonyl at room temperature for 3 to 4 hours in 
dichloromethane. After evaporation of the solvent, the dark solid was 
purified by column chromatography using silica as stationary phase and 
hexane as eluant (in some cases dichloromethane was added to increase the 
solvent polarity). The linear alkyne backbones could accommodate up to 
eight cobalt clusters as reported in Figure 7.10. 
 

TIPS

TIPS TIPS

TIPS

TIPS

TIPS

TIPS

TIPS TIPS

104

106

108 =-C-Co2(CO)6-C-  
Figure 7.10: Linear dendritic structures decorated with cobalt clusters. 

 
In a similar reaction the branched polyynes were used to accommodate on 
the backbone up to twelve dicobalt hexarbonyl clusters as reported in 
Figure 7.11. 
 

TIPSTIPS
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TIPS
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Figure 7.11: Branched dendritic structures decorated with cobalt clusters. 

 
 A complete discussion about the spectroscopic characterisation of the 
compounds synthesised in this Chapter is reported in Chapters 10 and 11 
to permit a useful comparison of the results and to avoid repetition.
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7.5 Experimental – aromatic cores 
 
Synthesis of 1-iodo-3,5-diaminobenzene, 91 

 
A suspension of 1-iodo-3,5-dinitrobenzene (500 mg, 1.70 mmol, 1 
eq) in water (10 ml) was adder to a solution of ammonium chloride 
(646 mg, 12.07 mmol, 7.1 eq) in aqueous ammonia (10 ml) and 
the mixture was warmed to 85°C. Sodium sulfide (730 mg 60%, 5.91 mmol, 
3.3 eq) was added in three portions over 30 minutes and the dark mixture 
was stirred at 85°C for 20 hours. The solvent was removed under reduced 
pressure and the residue redissolved in water (20 ml) before being extracted 
with dichloromethane (100 ml), dried over magnesium sulfate and 
evacuated. The yellow residue was purified by column chromatography 
(alumina, hexane:ethylacetate, 5:1 to 1:2) to give 258 mg (64.8%) of a light 
yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 6.47 (d, J=1.6 Hz, 2H, H2/6), 5.94 (t, 
J=1.6 Hz, 1H, H4), 3.56 (s, 4H, -NH2) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 148.4 (Cq, C3/5), 114.8 (Ct, C2/6), 100.8 
(Cq, C4), 95.5 (Cq, C1) 
MS (FAB, m/z): 234 M+ (100%), 107 [M-I]+ (35%) 
 
Attempt to prepare 1,3,5-triiodobenzene, 92  
 
1,3,5-Tribromobenzene (1.00 g, 3.18 mmol, 1 eq) was 
dissolved under argon in diethyl ether (75 ml) and 
cooled to -78°C. n-Butyllithium (7.62 ml 2.5 M in 
hexane, 19.1 mmol, 6 eq) was added over 5 minutes and the mixture stirred 
at -78°C for 1 hour. Iodine (3.63 g, 14.3 mmol, 4.5 eq) in diethyl ether (50 
ml) was cooled to -78°C and added slowly. The red mixture was stirred at -
78°C for 2 hours and then allowed to reach room temperature overnight. 
Saturated aqueous sodium thiosulfate (75 ml) was added and the organic 
phase separated. The organic layer was dried over magnesium sulfate and 
the solvent removed under reduced pressure. The residue was purified by 
column chromatography (silica, hexane:dichloromethane, 1:0 to 0:1) but no 
pure product was isolated. 

Br Br

Br

I I

I

NH2 I

NH2
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Attempt to prepare 1,3,5-triiodobenzene, 92 
 
1,3,5-Tribromobenzene (1.00 g, 3.18 mml, 1 eq), 
potassium iodide (3.16 g, 19.1 mmol, 6 eq), Ni-powder 
(1.68 g, 28.6 mmol, 9 eq) and iodine (4.34 g, 19.1 mmol, 
6 eq) were dissolved under argon in triethylamine (25 ml) and evacuated on 
vacuum line at 0°C for 15 minutes. The mixture was refluxed for 3 hours 
and allowed to reach the room temperature. The mixture was washed with 
3% hydrochloric acid (30 ml) and 10% dichloromethane in hexane (100 ml). 
The inorganic layer was extracted twice with hexane (75 ml) and the 
combined organic layers washed with water (50 ml) before being dried over 
magnesium sulfate. The solvent was removed under reduced pressure and 
the residue purified by column chromatography (silica, hexane) before being 
sublimed at 60°C, but no desired product was isolated. 
 
Attempt to prepare 1,3,5-triiodobenzene, 92 
 
1,3,5-Tribromobenzene (1.00 g, 3.18 mmol, 1 
eq) was dissolved under argon in 
tetrahydrofuran (100 ml) and cooled to -78°C. 
n-Butyllithium (6.50 ml 1.6M in hexane, 11.1 mmol, 3.5 eq) was added 
slowly and the mixture stirred at -78°C for 30 minutes. Trimethylsilyl 
chloride (1.52 ml, 11.9 mmol, 3.75 eq) was slowly added and the mixture 
was allowed to reach the room temperature overnight. Water (50 ml) was 
added and the mixture was extracted with diethyl ether (100 ml), washed 
with saturated sodium chloride (50 ml) and dried over magnesium sulfate. 
After evaporation of the solvent the crude product was purified by column 
chromatography (alumina, hexane:dichloromethane, 1:0 to 2:1) but no 
traces of 1,3,5-tris(trimethylsilyl)benzene was observed. The reaction was for 
this reason abandoned. 
 
Synthesis of 1,3,5-triiodobenzene, 92 
 
To a solution of sodium nitrite (170 mg, 2.46 mmol, 
2.3 eq) in concentrated sulfuric acid (5 ml) was added 
dropwise a solution of 1-iodo-3,5-diaminobenzene, 91 
(250 mg, 1.07 mmol, 1 eq) in glacial acetic acid (10 
ml). The mixture was stirred at 0°C for 15 minutes and then quenched in 
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crushed ice (50 g) containing urea (0.25 g). A solution of potassium iodide 
(5.33 g, 32.1 mmol, 30 eq) in water (10 ml) was added under vigorous 
stirring. The mixture was allowed to stirr at room temperature for one night 
and the brown solid that formed was filtered and redissolved in 
dichloromethane (100 ml). The dark solution was decolorised with charcoal 
and dried over magnesium sulfate. After have removed the solvent uder 
reduced pressure, the residue was purified by column chromatography 
(silica, hexane) to give 238 mg (48.8%) of a white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.00 (s) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 144.4 (Ct, C2/4/6), 95.2 (Cq, C1/3/5) 
IR (cm-1): 3074 (νC=CH, m), 3043 (νC=CH, m), 2922 (νC-CH, m), 1529 (δCH, vs), 
1487 (δCH, m), 1393 (δCH, vs), 1097 (δC-I, vs), 878 (δCH, s), 843 (δCH, vs), 698 
(δCH, vs), 656 (δCH, vs) 
MS (FAB, m/z): 456 M+ (100%), 329 [M-I]+ (24%), 202 [M-2I]+ (11%), 75 [M-
3I]+ (26%) 
 
Synthesis of 1,2,4,5-tetraiodobenzene, 93 
 
1,4-Diiodobenzene (812 mg, 2.46 mmol, 1 eq) and iodine 
(1.93 g, 9.45 mmol, 3.85 eq) were dissolved in 
concentrated sulfuric acid (20 ml) and the dark solution 
was stirred at 130°C for 16 hours. After have quenched 
the hot solution in crushed ice (100 g), chloroform (100 ml) was added and 
the mixture was extracted two times with further chloroform (100 ml). The 
collected organic solutions were washed with saturated sodium thiosulfate 
(100 ml), dryed over magnesium sulfate. The solvent was removed under 
reduced pressure and the crude product was recrystallised from hexane to 
obtain 174 mg (12.2%) of a light yellow powder. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.26 (s) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 147.7 (Ct, C3/6), 108.4 (Cq, C1/2/4/5) 
IR (cm-1): 3059 (νC=CH, s), 1423 (δCH, s), 1397 (δCH, s), 1155 (δC-I, vs), 1108 
(δC-I, vs), 984 (δCH, vs), 874 (δCH, vs) 
MS (FAB, m/z): 582 M+ (100%), 455 [M-I]+ (18%), 328 [M-2I]+ (9%), 201 [M-
3I]+ (11%), 74 [M-4I]+ (18%) 
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Synthesis of 1,2,4,5-tetraiodobenzene, 93 
 
Periodic acid (4.44 g, 16.0 mmol, 1.42 eq) was dissolved in 
concentrated sulfuric acid (75 ml) to receive crushed 
iodine (12.2 g, 48.2 mmol, 4.28 eq). The dark solution was 
cooled to 5°C and benzene (1.00 ml, 11.3 mmol, 1 eq) was slowly added. The 
solution was stirred at room temperature for 18 hours and at 110°C for 
further 48 hours before being allowed to reach the room remperature and 
being quenched in crushed ice (150 g). The yellow solid was collected and 
washed with water (100 ml) and diethyl ether (200 ml) to remove the excess 
of iodine. The orange powder was purified over silica 
(hexane:dichloromethane, 1:1) in different portions with yields in the range 
of 30-40%. 
Ater the different purifications, 2.30 g (35.0%) of 1,2,4,5-tetraiodobenzene 
could be obtained as a white powder. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.26 (s) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 147.7 (Ct, C3/6), 108.4 (Cq, C1/2/4/5) 
IR (cm-1): 3059 (νC=CH, s), 1423 (δCH, s), 1397 (δCH, s), 1155 (δC-I, vs), 1108 
(δC-I, vs), 984 (δCH, vs), 874 (δCH, vs) 
MS (FAB, m/z): 582 M+ (100%), 455 [M-I]+ (18%), 328 [M-2I]+ (9%), 201 [M-
3I]+ (11%), 74 [M-4I]+ (18%) 
 
 
7.6 Experimental – building blocks 
 
Attempt to prepare 3,5-dibromoethynylbenzene, 94 
 
1,3,5-Tribromobenzene (1.00 g, 3.18 mmol, 1 eq) was 
dissolved under argon with copper(I) chloride (94.5 
mg, 0.95 mmol, 0.3 eq) and Pd(PPh3)2Cl2, 1 (665 mg, 
0.95 mmol, 0.3 eq) in triethylamine (75 ml). After the 
addition of TMS-C≡CH (0.54 ml, 3.82 mmol, 1.2 eq) 
the mixture was stirred at 60°C for 6 hours. The solvent was removed under 
reduced pressure and the residue purified by column chromatography 
(alumina, hexane) to obtain a mixture of 3,5-dibromo-(TMS-ethynyl)benzene 
and 3,5-di(TMS-ethynyl)benzene. 
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The mixture was redissolved under argon in dry tetrahydrofuran (50 ml) and 
after the addition of sodium hydroxide (50 ml 1M, 50 mmol, 15 eq) was 
stirred oernight at room temperature. Water (50 ml) was added until a 
precipitate formed. The mixture was extracted with dichloromethane (100 
ml), the solvent was removed under reduced pressure and the residue 
purified by column chromatography (alumina, hexane) to obtained a 
mixture of 3,5-dibromoethynylbenzene and 3,5-diethynylbromobenzene. 
 
Attempt to prepare 1-ethynyl-4-(TMS-ethynyl)benzene, 95 
 
1,4-Di(TMS-ethynyl)benzene, 4 (500 mg, 1.85 mmol, 1 eq) 
was dissolved under argon in dry tetrahydrofuran (25 ml) 
and after the addition of tetrabutylammonium fluoride 
(1.85 ml 1M in tetrahydrofuran, 1.85 mmol, 1 eq) was 
stirred at room temperature for 4 hours. Water (25 ml) 
was added until a precipitate formed. The mixture was extracted with 
dichloromethane (100 ml), the solvent was removed under reduced pressure 
and the residue purified by column chromatography (alumina, hexane: 
dichloromethane, 1:0 to 10:1) to give a mixture of 4-(TMS-
ethynyl)ethinylbenzene and 1,4-diethynylbenzene. 
 
Attempt to prepare 1-ethynyl-4-(TMS-ethynyl)benzene, 95 
 
1,4-Diethynylbenzene, 5 (100 mg, 0.80 mmol, 1 eq) was 
dissolved under argon in diethyl ether (100 ml) and cooled 
to -78°C to receive the dropwise addition of n-
buthyllithium (0.50 ml, 1.6M in hexane, 0.80 mmol, 1 eq). 
The mixture was stirred at -78°C for 2 hours and 
overnight at room temperature. Trimethylsilyl chloride 
(0.10 ml, 0.80 mmol, 1 eq) was added at -78°C and the mixture was allowed 
to reach room temperature. The mixture was allowed to stirr at room 
temperature 4 hours before being refluxed 2 hours. The hot soloution was 
carefully quenched in saturated ammonium chloride (150 ml) and the 
formed suspension was extracted with diethyl ether (150 ml), washed with 
water (50 ml) and dried over magnesium sulfate. The solvent was removed 
under reduced pressure and the crude product was purified by column 
chromatography (alumina, hexane) but only a mixture of 4-(TMS-
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ethynyl)ethynylbenzene, 1,4-diethinylbenzene and 1,4-di(TMS-
ethynyl)benzene was obtained. 
 
Synthesis of 4-(TIPS-ethynyl)ethynylbenzene, 96 
 
1-(TIPS-ethynyl)-4(TMS-ethynyl)benzene, 61, (900 mg, 2.54 mmol, 1 
eq) was dissolved under argon in tetrahydrofuran (50 ml) and after 
the addition of sodium hydroxide (25 ml 1M, 20 eq) the mixture was 
stirred at room temperature for 4 hours. Water (100 ml) was added 
until a precipitate formed. The mixture was extracted with 
dichloromethane (100 ml), the solvent was removed under reduced 
pressure and the residue was purified by column chromatography (alumina, 
hexane) to give 296 mg (41.3%) of a light yellow oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.42 (s, 4H, HAr), 3.16 (s, 1H, -C≡CH), 
1.13 (s, 21H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.0 (Cq, C2/3/5/6), 124.1 (Ct, C4), 122.0 
(Ct, C1), 106.5 (Cq, -C≡C-TIPS), 93.1 (Cq, -C≡C-TIPS), 83.4 (Cq, -C≡CH), 79.0 
(Cq, -C≡CH), 18.8 (Cq, -TIPS (-CH-)), 11.4 (Cq, -TIPS (-CH3)) 
IR (cm-1): 3303 (νC≡CH, w), 2942 (νC-CH, s), 2864 (νC-CH, s), 2164 (νC≡C, m), 
1462 (δCH, s), 1383 (δCH, m), 1233 (δTIPS, m), 1220 (δTIPS, m), 837 (γTIPS, vs), 
737 (γTIPS, s), 880 (δCH, s), 674 (δCH, vs), 662 (δCH, vs) 
MS (FAB, m/z): 282 M+ (11%), 239 [M-iPr]+ (100%), 196 [M-2iPr]+ (34%), 153 
[M-3iPr]+ (14%) 
Elem. anal.: C19H26Si·0.26 CH2Cl2·0.53 hexane: calc: C: 76.88%, H: 9.76%, 
found: C: 76.89%, H: 9.76% 
 
Synthesis of 3,5-bis(TIPS-ethynyl)ethynylbenzene, 97 
 
1,3-Bis(TIPS-ethynyl)-5(TMS-ethynyl)benzene, 62, (1.45 g, 
2.71 mmol, 1 eq) was dissolved in tetrahydrofuran (35 ml) 
and sodium hydroxide (50 ml 1M, 35 eq) was added. The 
mixture was stirred at room temperature for 4 hours. Water 
(100 ml) was added until a precipitate formed. The mixture was extracted 
with dichloromethane (100 ml), the solvent was removed under reduced 
pressure and the residue was purified over alumina (hexane) to give 747 mg 
(59.6%) of a light yellow oil. 
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1H-NMR (400 MHz, CDCl3, δ/ppm): 7.51 (s, 3H, HAr), 3.08 (s, 1H, -C≡CH), 
1.12 (s, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.2 (Ct, C2/6), 135.1 (Ct, C4), 124.2 
(Cq, C3/5), 122.5 (Cq, C1), 105.0 (Cq, -C≡C-TIPS), 92.4 (Cq, -C≡C-TIPS), 83.0 
(Cq, -C≡CH), 78.2 (Cq, -C≡CH), 18.6 (Ct, -TIPS (-CH-)), 11.2 (Cp, -TIPS (-CH3)) 
IR (cm-1): 3307 (νC≡CH, m), 3086 (νC=CH, m), 2941 (νC-CH, s), 2864 (νC-CH, s), 
2214 (νC≡C, m), 2156 (νC≡C, w), 1576 (δCH, vs), 1485 (δCH, vs), 1275 (δTIPS, s), 
816 (γTIPS, vs), 752 (γTIPS, s), 874 (δCH, vs), 675 (δCH, vs) 
MS (FAB, m/z): 462 M+ (3%), 419 [M-iPr]+ (100%), 376 [M-2iPr]+ (21%) 
 
 
7.7 Experimental – dendritic polyynes 
 
Synthesis of compound 98 
 
1,4-Diiodobenzene (250 mg, 0.76 mmol, 
1 eq) was dissolved under argon with 
copper(I) chloride (11.3 mg, 0.11 mmol, 
0.15 eq) and Pd(PPh3)2Cl2, 1 (80.0 mg, 0.11 mmol, 0.15 eq) in triethylamine 
(50 ml) and after the addition of 4-(TIPS-ethynyl)ethynylbenzene, 96 (535 
mg, 1.90 mmol, 2.5 eq) the mixture was stirred at 40°C for 16 hours. The 
solvent was removed under reduced pressure and the residue purified by 
column chromatography (alumina, hexane) to give 240 mg (49.6%) of a 
yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.51 (s, 4H, H3A), 7.46 (s, 8H, H2A/2B), 
1.14 (s, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.0 (Ct, C2B), 131.6 (Ct, C2A), 131.4 
(Ct, C3A), 123.6 (Cq, C1A), 123.0 (Cq, C1A), 122.8 (Cq, C4B), 106.6 (Cq, -C≡C-
TIPS), 93.0 (Cq, -C≡C-TIPS), 91.1 (Cq, ArA-C≡C-ArB), 90.8 (Cq, ArA-C≡C-ArB), 
18.7 (Ct, -TIPS (-CH-)), 11.3 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2952 (νC-CH, s), 2939 (νC-CH, s), 2862 (νC-CH, m), 2150 (νC≡C, s), 1517 
(δCH, s), 1456 (δCH, s), 1406 (δCH, s), 1382 (δCH, s), 833 (CH, vs), 791 (CH, vs), 
680 (δCH, s), 665 (δCH, s), 640 (δCH, s) 
MS (FAB, m/z): 638 M+ (99% ), 595 [M-iPr]+ (100%), 552 [M-2iPr]+ (53%) 

TIPS TIPS
AB



Chapter 7 - Benzene-centred dendritic polyynes and polyclusters 

180 

Synthesis of compound 99 
 
1,3,5-Triiodobenzene, 92 (200 mg, 0.44 
mmol, 1 eq) was dissolved under argon with 
copper(I) chloride (6.50 mg, 0.07 mmol, 0.15 
eq) and Pd(PPh3)2Cl2, 1 (46.3 mg, 0.07 mmol, 
0.15 eq) in triethylamine (50 ml) and after 
the addition of 4-(TMS-
ethynyl)ethynylbenzene, 96 (384 mg, 1.36 
mmol, 3.1 eq) the mixture was stirred at 
60°C for 20 hours. The solvent was removed under reduced pressure and 
the residue extracted with hexane (75 ml). 
The dark mixture was filtered, the solvent removed under reduced pressure 
and the residue purified by column chromatography (alumina, 
hexane:dichloromethane, 1:0 to 1:2) to give 304 mg (75.4%) of a light yellow 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.65 (s, 3H, H2B), 7.46 (s, 12 H, H2A/3A), 
1.14 (s, 63 H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.1 (Ct, C2B), 132.0 (Ct, C2A), 131.4 
(Ct, C3A), 123.9 (Cq, C1B), 123.8 (Cq, C1A), 122.5 (Cq, C4A), 106.5 (Cq, -C≡C-
TIPS), 93.1 (Cq, -C≡C-TIPS), 90.1 (Cq, ArA-C≡C-ArB), 89.4 (Cq, ArA-C≡C-ArB), 
18.7 (Ct, -TIPS (-CH-)), 11.3 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2941 (νC-CH, s), 2924 (νC-CH, s), 2864 (νC-CH, s), 2154 (νC≡C, s), 1577 
(δCH, s), 1497 (δCH, s), 1458 (δCH, s), 1248 (δTIPS, m), 879 (δCH, vs), 860 (δCH, 
vs), 837 (δCH, vs), 675 (δCH, vs), 651 (δCH, vs) 
MS (FAB, m/z): 919 M+ (35%), 876 [M-iPr]+ (100%) 
Elem. anal.: C63H78Si3·0.30 C6H14·0.41 CH2Cl2: calc: C: 79.89% H: 8.53%, 
found: C: 79.88% H: 8.53% 
 
Synthesis of compound 100 
 
1,2,4,5-Tetraiodobenzene, 93 (160 mg, 0.28 
mmol, 1 eq) was dissolved under argon with 
copper(I) chloride (3.90 mg, 0.04 mmol, 
0.15 eq) and Pd(PPh3)2Cl2, 1 (28.1 mg, 0.04 
mmol, 0.15 eq) in triethylamine (50 ml) and 
after the addition of 4-(TMS-
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ethynyl)ethynylbenzene, 96 (333 mg, 1.18 mmol, 4.1 eq) the mixture was 
stirred at 60°C for 24 hours. The solvent was removed under reduced 
pressure and the residue extracted with 20% dichloromethane in hexane (75 
ml). The dark mixture was filtered and the solvent removed under reduced 
pressure and the residuepurified by column chromatography (alumina, 
hexane:dichloromethane, 1:0 to 5:1) to give 135 mg (40.2%) of a light yellow 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.75 (s, 2H, H3B), 7.48 (s, 16 H, H2A/3A), 
1.14 (s, 84 H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.9 (Ct, C3B), 132.0 (Ct, C2A), 131.4 
(Ct, C3A), 125.3 (Cq, C1B), 124.0 (Cq, C1A), 122.6 (Cq, C4A), 106.5 (Cq, -C≡C-
TIPS), 95.4 (Cq, -C≡C-TIPS), 93.3 (Cq, ArA-C≡C-ArB), 89.1 (Cq, ArA-C≡C-ArB), 
18.6 (Ct, -TIPS (-CH-)), 11.3 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2941 (νC-CH, s), 2889 (νC-CH, s), 2864 (νC-CH, s), 2164 (νC≡C, m), 1510 
(δCH, vs), 1460 (δCH, vs), 1229 (δTIPS, vs), 1217 (δTIPS, vs), 883 (δCH, vs), 833 
(δCH, vs), 824 (δCH, vs), 675 (δCH, vs) 
MS (Maldi-Tof, m/z): 1200 [M+H]+ (100%) 
 
Synthesis of compound 101 
 
1,4-Diiodobenzene (100 mg, 0.30 mmol, 1 eq) 
was dissolved under argon with copper(I) 
chloride (4.50 mg, 0.05 mmol, 0.15 eq) and 
Pd(PPh3)2Cl2, 1 (31.6 mg, 0.05 mmol, 0.15 eq) 
in triethylamine (50 ml) and after the addition 
of 3,5-bis(TIPS-ethynyl)ethynylbenzene, 97 (351 mg, 1.36 mmol, 3.1 eq) the 
mixture was stirred at 40°C for 16 hours. The solvent was removed under 
reduced pressure and the residue extracted with hexane (150 ml). The dark 
mixture was filtered, the solvent removed under reduced pressure and the 
crude product purified by column chromatography (alumina, hexane) to give 
107 mg (35.3%) of a yellow oil. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.57 (t, J=1.6 Hz, 4H, H2B), 7.51 (m, 6H, 
H2A/4A), 1.16 (s, 84H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.7 (Ct, C4A), 131.9 (Ct, C2B), 131.6 
(Ct, C2A), 124.1 (Cq, C1B), 123.4 (Cq, C1A), 122.9 (Cq, C3A), 105.1 (Cq, -C≡C-
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TIPS), 92.3 (Cq, -C≡C-TIPS), 90.0 (Cq, ArA-C≡C-ArB), 89.7 (Cq, ArA-C≡C-ArB), 
18.6 (Ct, -TIPS (-CH-)), 11.2 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2942 (νC-CH, s), 2863 (νC-CH, m), 2152 (νC≡C, s), 1578 (δCH, s), 1411 
(δCH, s), 1383 (δCH, s), 878 (CH, vs), 676 (CH, vs), 664 (δCH, s) 
MS (Maldi-Tof, m/z): 1038 [M+K]+ (22%) 
 
Synthesis of compound 102 
 
1,3,5-Triodobenzene, 92 (200 mg, 0.44 mmol, 
1 eq) was dissolved under argon with 
copper(I) chloride (6.50 mg, 0.07 mmol, 0.15 
eq) and Pd(PPh3)2Cl2, 1 (46.3 mg, 0.07 mmol, 
0.15 eq) in triethylamine (50 ml) and after the 
addition of 3,5-bis(TIPS-
ethynyl)ethynylbenzene, 97 (629 mg, 1.36 
mmol, 3.1 eq) the mixture was stirred at 60°C 
for 24 hours. The solvent was removed under reduced pressure and the 
residue extracted with 30% dichloromethane in hexane (150 ml). 
The dark mixture was filtered, the solvent removed and the residue purified 
by column chromatography (alumina, hexane:dichloromethane, 1:0 to 3:1) 
to give 253 mg (39.4%) of a yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.58 (br m, 12H, HAr), 1.14 (s, 126H, -
TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.1 (Ct, C4A), 134.7 (Ct, C2A), 133.0 
(Cq, C2B), 126.2 (Cq, C1B), 124.3 (Cq, C1A), 122.7 (Cq, C3A), 104.9 (Cq, -C-C≡C-
TIPS), 92.6 (Cq, -C-C≡C-TIPS), 90.2 (Cq, ArA-C≡C-ArB), 89.7 (Cq, ArA-C≡C-
ArB), 18.6 (Ct, -TIPS (-CH-)), 11.2 (Ct, -TIPS (-CH3)) 
IR (cm-1): 2942 (νC-CH, m), 2863 (νC-CH, m), 2174 (νC≡C, w), 2156 (νC≡C, w), 
1586 (δCH, s), 1552 (δCH, s), 1461 (δCH, s), 879 (CH, vs), 676 (CH, vs), 666 
(δCH, vs) 
MS (Maldi-Tof, m/z): 1460 [M+H]+ (21%), 1374 [M-2iPr]+ (23%), 1331 [M-
3iPr]+ (12%) 
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Synthesis of compound 103 
 
1,2,4,5-Tetraiodobenzene, 93 (200 mg, 0.34 
mmol, 1 eq) was dissolved under argon with 
copper(I) chloride (5.00 mg, 0.05 mmol, 0.15 
eq) and Pd(PPh3)2Cl2, 1 (35.1 mg, 0.05 mmol, 
0.15 eq) in triethylamine (50 ml) and after the 
addition of 3,5-bis(TIPS-
ethynyl)ethynylbenzene, 97 (648 mg, 1.40 
mmol, 4.1 eq) the mixture was stirred at 60°C for 20 hours. The solvent was 
removed under reduced pressure and the residue extracted with 30% 
dichloromethane in hexane (150 ml). 
The dark mixture was filtered, the solvent removed and the residue purified 
by column chromatography (alumina, hexane:dichloromethane, 1:0 to 3:1) 
to give 609 mg (93.2%) of a brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.71 (m, 2H, H3B), 7.52 (m, 12H, H2A/4A), 
1.13 (s, 84H, -TIPS), 1.10 (s, 84H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.5 (Ct, C3B/4A), 134.9 (Ct, C2A/6A), 
134.7 (Ct, C2A/6A), 124.4 (Cq, C3A), 124.2 (Cq, C5A), 123.0 (Cq, C1B), 122.1 (Cq, 
C1A), 105.0 (Cq, -C-C≡C-TIPS), 104.8 (Cq, -C-C≡C-TIPS), 92.8 (Cq, -C-C≡C-
TIPS), 92.3 (Cq, -C-C≡C-TIPS), 90.2 (Cq, ArA-C≡C-ArB), 87.9 (Cq, ArA-C≡C-
ArB), 18.6 (Ct, , -TIPS (-CH-)), 18.6 (Ct, -TIPS (-CH-)), 11.3 (Ct, -TIPS (-CH3)), 
11.2 (Ct, -TIPS (-CH3)) 
IR (cm-1): 2957 (νC-CH, m), 2899 (νC-CH, m), 2154 (νC≡C, m), 1586 (δCH, s), 1248 
(δTIPS, vs), 980 (δCH, vs), 878 (δCH, vs), 837 (δCH, vs), 756 (δCH, vs), 677 (δCH, 
vs) 
MS (Maldi-Tof, m/z): 1921 [M+H]+ (56%), 1748 [M-4iPr]+ (25%), 1705 [M-
5iPr]+ (25%), 1662 [M-6iPr]+ (26%) 
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7.8 Experimental – cobalt carbonyl clusters 
 
Synthesis of tetracluster, 104 
 
Compound 98 (75.0 mg, 0.12 mmol, 1 eq) was dissolved 
under argon in dichloromethane (50 ml). Dicobalt 
octacarbonyl (361 mg, 1.06 mmol, 8.8 eq) was added and 
the mixture stirred at room temperature for 2 hours. The 
solvent was removed under reduced pressure at room 
temperature and the residue purified by column 
chromatography (silica, hexane) to give 121 mg (58.0%) of 
a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.61 (m, 12H, HAr), 1.23 (s, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.6 (Cq, -Co2(CO)6-TIPS), 199.4 (Cq, 
ArA-Co2(CO)6-ArB), 139.3 (Cq, C1B), 138.6 (Cq, C1A), 138.2 (Cq, C4A), 130.9 (Ct, 
C2B), 130.3 (Cq, C2A), 129.8 (Cq, C3A), 109.1 (Cq, -C-Co2(CO)6-C-TIPS), 91.7 
(Cq, ArA-C-Co2(CO)6-C-ArB), 91.7 (Cq, ArA-C-Co2(CO)6-C-ArB), 76.2 (Cq, -C-
Co2(CO)6-C-TIPS), 19.7 (Ct, -TIPS (-CH-)), 14.4 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2947 (νC-CH, m), 2870 (νC-CH, m), 2083 (νC=O, vs), 2044 (νC=O, vs), 
2006 (νC=O, vs), 1589 (δCH, m), 1486 (δCH, m), 1397 (δCH, s), 833 (γTIPS, m), 
756 (γTIPS, m), 879 (δCH, m), 671 
MS (Maldi-Tof, m/z): 1782 M+ (10%), 1655 [M-3CO]+ (11%), 1627 [M-4CO]+ 
(12%), 1599 [M-5CO]+ (12%), 1487 [M-9CO]+ (15%), 1428 [M-9CO-Co]+ 
(14%), 1310 [M-9CO-3Co]+ (18%), 1254 [M-11CO-3Co]+ (21%), 1226 [M-
12CO-3Co]+ (23%), 1198 [M-13CO-3Co]+ (25%), 1111 [M-14CO-4Co]+ (25%), 
1083 [M-15CO-4Co]+ (31%), 1055 [M-16CO-4Co]+ (38%), 1027 [M-17CO-
4Co]+ (30%), 1000 [M-18CO-4Co]+ (87%), 941 [M-18CO-5Co]+ (40%), 913 [M-
19CO-5Co]+ (45%), 854 [M-19CO-6Co]+ (48%), 826 [M-20CO-6Co]+ (52%), 
798 [M-21CO-6Co]+ (100%), 770 [M-22CO-6Co]+ (48%), 742 [M-23CO-6Co]+ 
(51%), 714 [M-24CO-6Co]+ (42%) 
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Synthesis of hexacluster, 105 
 
Compound 101 (95.0 mg, 0.09 mmol, 1 
eq) was dissolved under argon in 
dichloromethane (25 ml). Dicobalt 
octacarbonyl (439 mg, 1.25 mmol, 13.2 eq) 
was added and the mixture stirred at room 
temperature for 4 hours. The solvent was 
removed under reduced pressure at room 
temperature and the residue purified by column chromatography (silica, 
hexane) to give 258 mg (100%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.45 (m, 10H, HAr), 1.12 (s, 84H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.9 (Cq, -Co2(CO)6-C-TIPS), 198.7 (Cq, 
ArA-C-Co2(CO)6-C-ArB), 141.6 (Cq, C3A), 138.6 (Cq, C1A), 137.9 (C9, C1B), 
132.2 (Ct, C4A), 129.7 (Ct, C2B), 129.3 (Ct, C2A), 109.5 (Cq, -C-Co2(CO)6-C-
TIPS), 91.6 (Cq, ArA-C-Co2(CO)6-C-ArB), 90.4 (Cq, ArA-C-Co2(CO)6-C-ArB), 78.0 
(Cq, -C-Co2(CO)6-C-TIPS), 19.0 (Ct, -TIPS (-CH-)), 14.1 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2947 (νC-CH, m), 2870 (νC-CH, m), 2083 (νC=O, s), 2044 (νC=O, s), 1990 
(νC=O, vs), 1574 (δCH, s), 1458 (δCH, s), 1389 (νTIPS, s), 1242 (δTIPS, s), 841 
(γTIPS, m), 740 (γTIPS, m), 987 (δCH, m), 918 (δCH, m), 879 (δCH, s), 671 (δCH, s) 
MS (Maldi-Tof, m/z): 2755 [M+K]+ (2%), 2557 [M+K-7CO]+ (34%), 2361 
[M+K-14CO]+ (33%), 2165 [M+K-21CO]+ (37%), 1460 [M-26CO-9Co]+ (51%), 
1378 [M-29CO-3Co]+ (65%), 1345 [M-30CO-9Co]+ (54%), 1549 [M+K-7CO]+ 
(46%), 1516 [M+K-8CO]+ (49%), 1491 [M+K-9CO]+ (46%), 1463 [M+K-10CO]+ 
(39%), 1227 [M-30CO-11Co]+ (55%), 1199 [M-31CO-11Co]+ (72%), 1171 [M-
32CO-11Co]+ (64%), 1087 [M-35CO-11Co]+ (58%), 1059 [M-36CO-11Co]+ 
(57%), 1025 [M-36CO-12Co+Na]+ (100%) 
 
Synthesis of hexacluster, 106 
 
Compound 99 (100 mg, 
0.11 mmol, 1 eq) was 
dissolved under argon in 
dichloromethane (50 ml). 
Dicobalt octacarbonyl (496 
mg, 1.45 mmol, 13.2 eq) 
was added and the mixture 
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stirred at room temperature for 4 hours. The solvent was removed under 
reduced pressure at room temperature and the residue purified by column 
chromatography (silica, hexane) to give 205 mg (70.8%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.78 (s, 3H, H2B), 7.60 (s, 3H, H2A/3A), 
1.21 (s, 63H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.1 (Cq, -Co2(CO)6-C-TIPS), 199.7 (Cq, 
ArA-C-Co2(CO)6-C-ArB), 140.5 (Cq, C1B), 139.0 (Cq, C1A), 137.4 (Cq, C4A), 
130.6 (Ct, C2A), 129.3 (Ct, C3A), 128.6 (Cq, C2B), 108.7 (Cq, -C-Co2(CO)6-C-
TIPS), 90.6 (Cq, ArA-C-Co2(CO)6-C-ArB), 89.9 (Cq, ArA-C-Co2(CO)6-C-ArB), 75.6 
(Cq, -C-Co2(CO)6-C-TIPS), 19.2 (Ct, -TIPS (-CH-)), 14.0 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2939 (νC-CH, m), 2862 (νC-CH, m), 2091 (νC=O, vs), 2052 (νC=O, vs), 
2014 (νC=O, vs), 1582 (δCH, s), 1458 (δCH, s), 1381 (νTIPS, s), 1227 (δTIPS, m), 
833(γTIPS, m), 787 (γTIPS, m), 880 (δCH, m) 
MS (Maldi-Tof, m/z): 2355 [M-10CO]+ (12%), 2240 [M-12CO-Co]+ (16%), 
2181 [M-12CO-2Co]+ (13%), 2153 [M-13CO-2Co]+ (19%), 2125 [M-14CO-
2Co]+ (17%), 2097 [M-15CO-2Co]+ (20%), 2069 [M-16CO-2Co]+ (21%), 2041 
[M-17CO-2Co]+ (21%), 2013 [M-18CO-2Co]+ (22%), 1985 [M-20CO-2Co]+ 
(26%), 1957 [M-21CO-2Co]+ (32%), 1929 [M-22CO-2Co]+ (34%), 1901 [M-
23CO-2Co]+ (38%), 1842 [M-23CO-3Co]+ (42%), 1814 [M-24CO-3Co]+ (49%), 
1786 [M-25CO-3Co]+ (47%), 1727 [M-25CO-4Co]+ (60%), 1668 [M-25CO-
5Co]+ (70%), 1640 [M-26CO-5Co]+ (66%), 1612 [M-27CO-5Co]+ (69%), 1584 
[M-28CO-5Co]+ (67%), 1556 [M-29CO-5Co]+ (83%), 1497 [M-29CO-6Co]+ 
(73%), 1469 [M-30CO-6Co]+ (77%), 1441 [M-31CO-6Co]+ (85%), 1382 [M-
31CO-7Co]+ (100%), 1323 [M-31CO-8Co]+ (99%), 1295 [M-32CO-8Co]+ 
(86%), 1267 [M-33CO-8Co]+ (80%), 1208 [M-33CO-8Co]+ (89%) 
 
Synthesis of nonacluster, 107 
 
Compound 102 (75.0 mg, 
0.05 mmol, 1 eq) was 
dissolved under argon in 
dichloromethane (25 ml). 
Dicobalt octacarbonyl (342 
mg, 1.00 mmol, 19.8 eq) 
was added and the mixture 
stirred at room 
temperature for 3 h. The solvent was removed under reduced pressure at 
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TIPS-(CO)6Co2C2

C2Co2(CO)6

C2Co2(CO)6

C2Co2(CO)6-TIPS

TIPS-(CO)6Co2C2

C2Co2(CO)6-TIPS
A

B



Chapter 7 - Benzene-centred dendritic polyynes and polyclusters 

187 

room temperature and the residue purified by column chromatography 
(silica, hexane:dichloromethane, 1:0 to 10:1) to give 186 mg (92.3%) of a 
dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.51 (m, 12H, HAr), 1.11 (s, 126H, -
TIPS), 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.9 (Cq, -Co2(CO)6-C-TIPS), 198.5 (Cq, 
ArA-C-Co2(CO)6-C-ArB), 143.1 (Cq, C1B), 141.4 (Cq, C3A), 139.9 (Cq, C1A), 
131.5 (Ct, C4A), 129.2 (Ct, C2A), 128.5 (Ct, C2B), 109.5 (Cq, -C-Co2(CO)6-C-
TIPS), 90.6 (Cq, ArA-C-Co2(CO)6-C-ArB), 89.4 (Cq, ArA-C-Co2(CO)6-C-ArB), 78.1 
(Cq, -C-Co2(CO)6-C-TIPS), 19.0 (Ct, -TIPS (-CH-)), 13.9 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2955 (νC-CH, m), 2934 (νC-CH, m), 2870 (νC-CH, m), 2086 (νC=O, vs), 
2047 (νC=O, vs), 1996 (νC=O, vs), 1580 (δCH, s), 1464 (δCH, s), 1393 (νTIPS, s), 
1242 (δTIPS, m), 744 (γTIPS, m), 919 (δCH, m), 880 (δCH, m), 669 (δCH, s) 
MS (Maldi-Tof, m/z): 3935 [M-iPr-2CO]+ (1%), 3739 [M-iPr-9CO]+ (1%), 3543 
[M-iPr-16CO]+ (1%), 3347 [M-iPr-23CO]+ (2%), 3151 [M-iPr-30CO]+ (2%), 
2952 [M-ipr-35CO-Co]+ (3%), 2756 [M-iPr-42CO-Co]+ (2%), 2557 [M-iPr-
47CO-2Co]+ (3%), 2361 [M-iPr-54CO-2Co]+ (2%), 1771 [M-iPr-54CO-12Co]+ 
(6%), 1374 [M-2iPr-54CO-18Co]+ (12%) 
 
Synthesis of octacluster, 108 
 
Compound 100 (72.0 mg, 
0.06 mmol, 1 eq) was 
dissolved under argon in 
dichloromethane (50 ml). 
Dicobalt octacarbonyl (363 
mg, 1.06 mmol, 17.6 eq) 
was added and the mixture stirred at room temperature for 3 hours. The 
solvent was removed under reduced pressure at room temperature and the 
residue purified by column chromatography (silica, hexane) to give 164 mg 
(78.3%) of a metallic brown-red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.56 (m, 16H, H2A/3A), 6.8 (m, 2H, H3B), 
1.17 (s, 84H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.0 (Cq, -Co2(CO)6-C-TIPS), 198.9 (Cq, 
ArA-C-Co2(CO)6-C-ArB), 140.2 (Cq, C1B), 139.9 (Cq, C1A), 138.8 (Cq, C4A), 
138.3 (Cq, C3B), 131.3 (Ct, C2A/6A), 130.2 (Ct, C2A/6A), 129.9 (Ct, C3A/5A), 129.6 
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(Ct, C3A/5A), 108.8 (Cq, -C-Co2(CO)6-C-TIPS), 90.1 (Cq, ArA-C-Co2(CO)6-C-ArB), 
88.0 (Cq, ArA-C-Co2(CO)6-C-ArB), 75.5 (Cq, -C-Co2(CO)6-C-TIPS), 19.1 (Ct, -
TIPS (-CH-)), 14.0 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2950 (νC-CH, m), 2869 (νC-CH, m), 2084 (νC=O, vs), 2048 (νC=O, vs), 
2008 (νC=O, vs), 1572 (δCH, m), 1464 (δCH, m), 1401 (νTIPS, m), 1384 (νTIPS, m), 
1264 (δTIPS, m), 1242 (δTIPS, m), 835 (γTIPS, m), 743 (γTIPS, m), 920 (δCH, m), 
879 (δCH, m), 668 (δCH, s) 
MS (Maldi-Tof, m/z): 3348 [M-3CO-Co]+ (4%), 3149 [M-10CO-Co]+ (3%), 
2953 [M-17CO-Co]+ (4%), 2561 [M-31CO-Co]+ (4%), 2365 [M-38CO-Co]+ 
(3%), 2169 [M-45CO-Co]+ (6%), 1964 [M-46CO-4Co]+ (4%), 1787 [M-46CO-
7Co]+ (9%), 1582 [M-47CO-10Co]+ (6%), 1377 [M-48CO-13Co]+ (21%), 1200 
[M-48CO-16Co]+ (9%) 
 
Synthesis of dodecacluster, 109 
 
Compound 103 (155 mg, 
0.08 mmol, 1 eq) was 
dissolved under argon in 
dichloromethane (35 ml). 
Dicobalt octacarbonyl (722 
mg, 2.11 mmol, 26.4 eq) 
was added and the mixture 
stirred at room temperature for 3 hours. The solvent was removed under 
reduced pressure at room temperature and the residue purified by column 
chromatography (silica, hexane) to give 225 mg (52.6%) of a metallic red 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.47 (m, 14H, HAr), 1.14 (br s, 168H, -
TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.8 (Cq, -Co2(CO)6-C-TIPS), 198.7 (Cq, 
-C-C-Co2(CO)6-C-TIPS), 198.3 (Cq, ArA-C-Co2(CO)6-C-ArB), 141.6 (Cq, C1B), 
141.3 (Cq, C1A), 141.1 (Cq, C3A/5A), 140.9 (Cq, C3A/5A), 131.2 (Ct, C4A), 129.4 
(Ct, C2A/6A), 129.3 (Ct, C2A/6A), 129.1 (Ct, C3B), 109.6 (Cq, -C-Co2(CO)6-C-
TIPS), 109.4 (Cq, -C-Co2(CO)6-C-TIPS), 92.4 (Cq, ArA-C-Co2(CO)6-C-ArB), 88.8 
(Cq, ArA-C-Co2(CO)6-C-ArB), 78.6 (Cq, -C-Co2(CO)6-C-TIPS), 77.7 (Cq, -C-
Co2(CO)6-C-TIPS), 19.1 (Ct, -TIPS (-CH-)), 19.0 (Ct, -TIPS (-CH-)), 14.3 (Cp, -
TIPS (-CH3)), 14.0 (Cp, -TIPS (-CH3)) 
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IR (cm-1): 2949 (νC-CH, m), 2968 (νC-CH, m), 2085 (νC=O, vs), 2046 (νC=O, vs), 
1994 (νC=O, vs), 1578 (δCH, m), 1543 (δCH, m), 1464 (δCH, m), 1385 (νTIPS, m), 
1242 (δTIPS, m), 879 (γTIPS, s), 733 (γTIPS, s), 906 (δCH, s), 669 (δCH, s), 652 
(δCH, s) 
MS (Maldi-Tof, m/z): 4780 [M-12CO-4Co]+ (1%), 4528 [M-21CO-4Co]+ (1%), 
4332 [M-28CO-4Co]+ (1%), 4136 [M-35CO-4Co]+ (1%), 3937 [M-42CO-4Co]+ 
(2%), 3741 [M-47CO-5Co]+ (2%), 3554 [M-54CO-Co]+ (2%), 3349 [M-61CO-
5Co]+ (2%), 3153 [M-68CO-5Co]+ (3%), 2948 [M-69CO-8Co]+ (3%), 2743 [M-
70CO-11Co]+ (3%), 2538 [M-71CO-14Co]+ (4%), 2156 [M-72CO-20Co]+ (5%), 
1979 [M-72CO-23Co]+ (1%) 
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Chapter 8 
Ethynyl-centred dendritic polyynes and polyclusters 

 
Compound 43 has been inserted as the core for a group of ethynyl centred 
dendritic compounds. 
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Figure 8.1: Central role of compound 43 in the dendritic polyynes. 

 
A discussion about the synthesis and the experimental method for the 
preparation of 43 has already been reported in Chapter 4. 
 
 
8.1 Synthesis of building blocks 
 
Initial attempts at the synthesis of the necessary building blocks involved 
the preparation of the mono- and dibromo derivatives shown in Figure 8.2. 
 

Br

BrBr BrBr

TMS

Br

TMS

TMS 
+

S: CuCl, 1, TMS-ethyne,
     NEt3, 45°C, 19 h 
    
                

112  
Figure 8.2: Direct ethynylation of 1,3,5-tribromobenzne. 

 
Following the synthesis reported by Eich1, 1,3,5-tribromobenzene was 
reacted under standard Sonogashira conditions with two equivalents of 
TMS-ethyne to obtain a mixture of mono and diethynyl-functionalised 
benzene. The purification was carried out as previously described but no 
separation of the two components was achieved. The purification of the 
deprotected compounds (deprotection with 1M NaOH in THF) was also 
attempted but no better results were obtained. The solubily behaviour of the 
mixture’s components was tested in different solvents but without 
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encouraging results. The purification was for this reason abandoned. A 
different strategy was then adopted in which a selective synthesis was 
carried out starting from substituted compounds such as 4-iodoaniline and 
4-nitroaniline, both commercially available. 

After the observation about the reactivity of the halide components 
used for the production of the dendritic structures previously discussed (see 
Chapter 7), it became clear that to obtain a dendritic derivatives of 
compound 43, it would be necessary to use iodinated building blocks 
instead of the brominated analogues. For this reason, a synthetic strategy 
had to be found to produce 4-(TMS-ethynyl)iodobenzene, 111, and 3,5-
di(TMS-ethynyl)iodobenzene 119. The high reactivity of iodo-subtituents 
forced us to find a synthetic strategy that initially involved the assembly of 
the ethynyl-substituted backbone and then, only as last step, introduce the 
iodo-substituent. The most efficient synthesis involved linking of TMS-
ethyne to halogenated anilines under the usual Sonogashira conditions to 
obtain the corresponding TMS-protected anilines which could be then 
converted to the iodo-substituted derivatives. The linear units were 
synthesised as reported in Figure 8.3 in a two step synthesis starting from 
4-iodoaniline. 
 

I

NH2

TMS

NH2 I

TMS

S: CuCl, 1, TMS-ethyne,
     NEt3, 60°C, 12 h  
              (77%)

NaNO2, HCl, CuI, KI
          0°C, 6 h   
             (53%)

110 111  
Figure 8.3: Synthesis of linear building block 111. 

 
The first reaction linked a TMS-ethynyl-functionality to the iodo-substituent 
to obtain compound 110, and the following iodination produced compound 
111, in 40% total yield. For the second step the procedure described by 
Gonzalo2 for the synthesis of 1,3,5-triiodobenzene, 92 was modified without 
problems. 

For the branched units, it was more difficult to find a suitable 
synthetic strategy, first because the required halogenated aniline was not 
commercially available, and second, because the bromo-functionality turned 
out once again to exhibit a low reactivity. As shown in Figure 8.4 the 
suggested precursor for the synthesis of the branched building block was 
2,6-dibromo-4-nitroaniline, 44. The compound was synthesised previously 
and this was reported in Chapter 4. 
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Figure 8.4: First synthetic strategy for the branched building block 119. 

 

Compound 44, was reduced to 1,3-dibromo-nitrobenzene, 113 as described 
by Carlin3. This compound had to be then reduced to the corresponding 
aniline, 114, and under the usual Sonogashira conditions, two TMS-ethyne 
units could theoretically be linked to form 1,3-di(TMS-ethynyl)aniline, 118. 
A final iodination would then lead to 1-iodo-3,5-di(TMS-ethynyl)benzene, 
119. However, in practice, the reaction failed because 3,5-dibromoaniline, 
114, did not react with TMS-ethyne and the whole starting material was 
recollected after purification by column chromatography. 

To attempt a bypass of the problem, two TMS-ethynyl-functionalities 
were introduced before the reduction of the nitro goup as shown in Figure 
8.5. Although the Sonogashira reaction produced compound 115 in 77% 
yield, no reduction took place in the second step and the starting material 
was recollected after the column chromatography. 
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    NEt3, 60°C, 20 h  
            (77%)
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Figure 8.5: Second synthetic strategy of the branched building block 118. 

 

A last successful attempt was finally found but the whole synthesis 
had to be modified from the beginning. As shown in Figure 8.6, the more 
reactive compound 2,6-diiodo-4-nitroaniline, 48, was used as starting 
material and the synthesis produced the branched building block, 119, in 
18% total yield. 
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Figure 8.6: New synthetic strategy of the branched building block 119. 
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The synthesis of 2,6-diiodo-4-nitroaniline, 48, followed the work of 
Niemann4 and is reported in detail in Chapter 4. The reduction of compound 
48 to achieve 116, was carried out by modifying the synthesis reported by 
Brink5. After a standard Sonogashira reaction, which produced 118, the 
amino group was converted into an iodo group under the same condition as 
done for compound 111. 

Crystals of 3,5-di(TMS-ethynyl)nitrobenzene, 115, were also obtained. 
They were grown from dichloromethane and their crystallographic analysis 
showed a very elaborate crystal packing. The compound crystallises in a 
monoclinic system in the C2 space group. The unit cell dimensions are 
a=30.8355(3) Å, b=8.4122(10) Å, c=17.949(2) Å with β=99.1107(7)° (see also 
Appendix 1). The molecular structure of one of three independent molecules 
that are present in the unit cell is shown from Figure 8.7 and selected bond 
lengths and angles are given below. 

 
Figure 8.7: Molecular structure of compound 115. 

 
N1-C1=1.480(5) Å, O1-N1=1.214(5) Å, C7-C8=1.192(6) Å, Si1-C8=1.854(4) Å, 
Si1-C9=1.860(5) Å, Si1-C10=1.857(5) Å, Si1-C11=1.862(6) Å, C12-C13=1.199(5) 
Å, Si2-C13=1.848(4) Å, Si2-C14=1.851(5) Å, Si2-C15=1.851(5) Å, Si2-
C16=1.857(5) Å. It is interesting to note the relative orientations of the two 
trimethylsilyl-groups, which are closer to being eclipsed than staggered; the 
torsion angle C11-Si1-Si2-C16 measures 40.8°. 

To simplify the discussion of the crystal packing, the protecting 
groups are omitted and the molecule is described as being “planar”. Figure 
8.8 shows the two different orientations of the molecules in the crystal 
packing. 
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Figure 8.8: Section of the crystal packing of compound 115.  

 
In Figure 8.8 the molecules oriented in different directions are colour-coded 
in grey and black. Three of the five molecules (those in grey) are oriented at 
180° with respect to the remaining two molecules (those in black). All the 
analogous molecules (all those of same color) pack nearly coplanar to each 
other. However they are not coplanar because two angles of 9.1° (between 
the least squares planes containing two grey molecules) and one angle of 
4.8° (between the least squares planes containing two black molecules) are 
measured. This will appear more clear if we consider the whole packing. The 
planes containing a grey and a black molecule form a criss-cross pattern 
and the planes are at 88.7° to one other. Interestingly, molecules of the 
same colour (e.g. the black molecules) do not lie directly over one another. 
On the contrary, one molecule is shifted with respect to the next so that the 
oxygen atom of the nitro-group of one molecule lies over the aromatic ring of 
the next molecule (Figure 8.8). These shifted positions also relieve steric 
inderance between adjacent trimethylsilyl-groups. 
 Figure 8.9 shows the view of the packing looking along the b-axis and 
at right angles to each C6-ring. The molecules pack in units of twos or 
threes. 
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Figure 8.9: View along b-axis of the crystal packing of compound 115. 

 
These units take turns combining “triplets” (packing building block formed 
by three grey molecules) and “doublets” (packing building block formed by 
two black molecules). In this packing view, it is easier to recognise the 
88.7°-rotation between a doublet and a triplet (measured between the least 
squares plane containing a grey unit and the least squares plane containing 
a black unit). Furthermore, it is possible to recognise that the internal 
planes with each triplet or dublet are not perfectly parallel. Two angles of 
9.12° are measured for doublets (between the molecular least squares plane 
of two grey molecules) and an angle of 4.8° for doublets (between the 
molecular least squares planes of two black molecules). By completing the 
crystal packing in the third dimension (along the b-axis), the molecular 
arrangements in doublets and in triplets are very similar as shown in Figure 
8.10. 

 
 

Figure 8.10: Third dimension of the crystal packing (color follows the depth).  
Left: molecules arrangement in triplets. 

Right: molecules arrangement in doublets.
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The whole packing is supported by a three dimensional network of short 
interactions as shown in Figure 8.11. 
 

 
Figure 8.11: Short contacts in the crystal packing of compound 115. 

 
In the triplet units, the nitro-group oxygen atoms interact with the nearest 
methyl-hydrogen atoms. Bonds as O1…H112=2.73 Å and O2…H163=2.56 Å 
hold the packing along the planes containing grey molecules. The 
arrangement of three molecules in a triplet give rise to a zig-zag sequence of 
H…H close contacts with length of between 2.24 Å and 2.27 Å as reported in 
Figure 8.11. In a doublet unit only one oxygen atom interacts with the 
nearest methyl-hydrogen atom and the contact distance is 2.68 Å. The 
second nitro-oxygen atom and the linked nitrogen atom interact with the 
aromatic ring of the second black unit of the doublet (see bottom right of 
Figure 8.11). Compairing the two interactions, the N7…Ar is shorter (3.55 Å) 
than the O8…Ar (3.61 Å) but the the N7-Ar-N7a angle is bigger (116.5°) than 
the related O8-Ar-O8a (96.5°). Finally, two doublet units are arranged in a 
way in which that the hydrogen atoms at their trimethylsilyl-groups are 
extremely close together; the distance measured is about 2.39 Å. 
 
 
8.2 Synthesis of dendritic polyynes 
 
The synthesis of ethynyl-centred dendrites was achieved under the 
conventional Sonogashira conditions using 4-(TMS-ethynyl)-iodobenzene, 
111, respectively 3,5-di(TMS-ethynyl)iodobenzene, 119 as the halide 
component, and compound 43 as the ethynyl component. The divergent 
approach for the preparation of dendrites 120 and 121 is reported in Figure 
8.12. 
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Figure 8.12: Divergent synthesis of the two dentrictic structures 120 and 121. 

 
The halide components 111 and 119 were introduced in slight excess and 
this was recovered after the purification. The two components were stirred 
while heating for about 24 hours and after evaporation of the solvent the 
products were isolated after a column chromatography by using alumina as 
the stationary phase and a mixture of hexane and dichloromethane as 
eluant. The solubility of these dendritic wedges is very good in hexane and 
dichloromethane. Compound 120, and compound 121, were both obtained 
in about 30% yield. 
 
 
8.3 Synthesis of cobalt carbonyl clusters 
 
By the reaction of dicobalt octacarbonyl with the extended dendritic 
structures 120 and 121 it has been possible to obtain two fully cluster-
decorated compounds with nine or thirteen dicobalt hexacarbonyl clusters 
as reported in Figure 8.13. 
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Figure 8.13: Highly cluster-decorated extended dendritic structures 122 and 123 
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A complete discussion about the spectroscopic characterisation of the 
compounds synthesised in this Chapter is reported in Chapters 10 and 11 
to permit a useful comparison of the results and to prevent unnecessary 
repetitions. 
 
 
8.4 Experimental – building blocks 
 
Synthesis of 4-(TMS-ethynyl)aniline, 110 
 
4-Iodoaniline (5.00 g, 22.8 mmol, 1 eq) was dissolved under argon in 
triethylamine (150 ml) with copper(I) chloride (45.2 mg, 0.46 mmol, 
0.002 eq) and Pd(PPh3)2Cl2, 1 (321 mg, 0.46 mmol, 0.002 eq). After 
the addition of TMS-ethyne (14.9 ml, 34.3 mmol, 1.5 eq) the mixture 
was stirred at 60°C for 12 hours. The solvent was removed under reduced 
pressure and the residue extracted with 5% dichloromethane in hexane (150 
ml). The dark mixture was filtered and the solvent removed. The residue was 
purified by column chromatography (alumina, hexane) to give 3.32 g 
(76.9%) of a brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.27 (dt, J=2.0, 2.8 Hz, 2H, H3/5), 6.57 
(dt, J= 2.0, 2.8 Hz, 2H, H2/6), 3.49 (br s, 2H, -NH2), 0.22 (s, 9H, -C-TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 146.7 (Ct, C1), 133.3 (Ct, C3/5), 114.5 
(Cq, C2/6), 112.5 (Cq, C4), 105.9 (Cq, -C≡C-TMS), 91.4 (Cq, -C≡C-TMS), 0.1 
(Cp, -TMS) 
IR (cm-1): 3468 (νC-NH2, m), 3454 (νC-NH2, m), 3371 (νC-NH2, s), 2964 (νC-CH, m), 
2901 (νC-CH, m), 2145 (νC≡C, m), 1508 (δCH, vs), 1410 (νTMS, m), 1292 (δTMS, 
vs), 1244 (δTMS, vs), 833 (γTMS, vs), 756 (γTMS, vs), 854 (δCH, s), 815 (δCH, vs), 
700 (δCH, s), 636 (δCH, s) 
MS (FAB, m/z): 189 M+ (41%), 174 [M-CH3]+ (100%), 144 [M-3CH3]+ (6%) 
 
Synthesis of 4-(TMS-ethynyl)iodobenzene, 111 
 
4-(TMS-ethynyl)aniline, 110 (2.60 g, 13.7 mmol, 1 eq) was 
suspended under argon in water (60 ml). Concentrated chloridic acid 
(5 ml) was added and the brown solution cooled to 0°C. A solution of 
sodium nitrite (0.99 g, 14.4 mmol, 1.05 eq) in water (10 ml) was 
slowly added, before being stirred at 0°C for 1 hour. The catalytic amount of 

TMS

NH2

I

TMS



Chapter 8 - Ethynyl-centred dendritic polyynes and polyclusters 

199 

copper(I) iodide (250 mg) was added before the slow addition of potassium 
iodide (5.92 g, 35.7 mmol, 2.6 eq). The mixture was stirred at 0°C for 6 
hours. From time to tetrahydrofuran (total 50 ml) was added to increase the 
solubility. 50% water in diethyl ether (150 ml) was added under vigorous 
stirring and the two layers separated. The aqueous layer was extracted with 
diethyl ether (100 ml) and the organic phases collected, washed with brine, 
dried over magnesium sulfate and the solvent removed under reduced 
pressure. The dark residue was purified by column chromatography 
(alumina, hexane) to give 2.16 g (52.9%) of a white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.63 (dt, J=2.0, 2.8 Hz, 2H, H2/6), 7.18 
(dt, J=2.0, 2.8 Hz, 2H, H3/5), 0.24 (s, 9H, -C-TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 137.3 (Ct, C2/6), 133.4 (Ct, C3/5), 122.6 
(Cq, C4), 103.9 (Cq, -C≡C-TMS), 95.9 (Cq, -C≡C-TMS), 94.4 (Cq, C1), -0.1 (Cp, -
TMS) 
IR (cm-1): 2959 (νC-CH, m), 2899 (νC-CH, m), 2156 (νC≡C, s), 1578 (δCH, m), 1481 
(δCH, s), 1472 (δCH, s), 1416 (νTMS, m), 1250 (δTMS, s), 1244 (δTMS, s), 1054 (δC-

I, m), 1005 (δC-I, vs), 839 (γTMS, vs), 756 (γTMS, vs), 814 (δC=CH, vs), 700 (δC=CH, 
s), 658 (δC=CH, s) 
MS (EI, m/z): 300 M+ (33%), 285 [M-CH3]+ (100%), 158 [M-CH3-I]+ (12%), 
143 [M-2CH3-I]+ (6%) 
 
The compound decomposed after some weeks (room temperature) to 
iodobenzene. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.74 (s, 2H, H2/6), 7.35 (s, 1H, H4), 7.14 
(s, 2H, H3/5) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 137.4 (Ct, C2/6), 130.2 (Ct, C3/5), 127.4 
(Cq, C4), 94.4 (Cq, C1) 
 
Attempt to prepare 3,5-(TMS-ethynyl)bromobenzene, 112 
 
1,3,5-Tribromobenzene (1.00 g, 3.18 mmol, 1 eq) 
was dissolved with copper(I) chloride (63.4 mg, 
0.64 mmol, 0.2 eq) and Pd(PPh3)2Cl2, 1 (449 mg, 
0.64 mmol, 0.2 eq) in triethylamine (50 ml). After 
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the addition of TMS-ethyne (0.91 ml, 6.36 mmol, 2.0 eq) the mixture was 
stirred at 45°C for 19 hours. The solvent was removed under reduced 
pressure and the residue extracted with hexane (150 ml). 
The dark mixture was filtered and the solvent removed. The residue was 
purified by column chromatography (alumina, hexane) but only a mixture of 
3,5-di(TMS-ethynyl)bromobenzene and 1,3-dibromo-5-(TMS-ethynyl)benzene 
could be obtained. 
 
The mixture was redissolved in tetrahydrofuran (50 
ml), sodium hydroxide (35 ml 1M, 12 eq) was added 
and the emulsion was stirred at room temperature 
for 4 hours. Water (50 ml) was added until a 
precipitate formed. The mixture was extracted with 
dichloromethane (100 ml). After evaporation of the solvent the residue was 
purified by column chromatography (alumina, hexane) but only a mixture of 
3,5-di(ethynyl)bromobenzene and 1,3-dibromo-5-(ethynyl)benzene could be 
obtained. 
 
Synthesis of 3,5-dibromo-nitrobenzene, 113 
 
2,6-Dibromo-4-nitroaniline, 44 (2.00 g, 6.76 mmol, 1 eq) was 
dissolved in ethanol (75 ml) and concentrated sulfuric acid (6 ml) 
then heated at 85°C. Pulverised sodium nitrate (1.03 g, 14.9 
mmol, 2.2 eq) was added in portions allowing the foam that formed on each 
addition to subside. The mixture was boiled 30 minutes and allowed to cool. 
Ethanol was removed under reduced pressure and the acidic solution 
extracted with dichloromethane (150 ml), dried over magnesium sulfate and 
evacuated. The orange solid was recrystallised from ethanol to give 1.62 g 
(85.7%) of orange needles. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.32 (d, J=2.0 Hz, 2H, H2/6), 8.00 (t, 
J=2.0 Hz, 1H, H4) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 149.0 (Cq, C1), 140.0 (Cq, C4), 125.6 (Ct, 
C2/6), 123.5 (Cq, C3/5) 
IR (cm-1): 3078 (νC=CH, s), 1529 (δCH, s), 1487 (δCH, s), 1335 (νC-NO2, s), 1325 
(νC-NO2, s), 1292 (νC-NO2, s), 883 (δCH, vs), 852 (δCH, vs), 735 (δCH, s) 
MS (FAB, m/z): 281 M+ (100%), 235 [M-NO2]+ (67%), 155 [M-NO2-Br]+ (23%), 
75 [M-NO2-2Br]+ (62%) 
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Elem. anal.: C6H3NO2Br2⋅0.005 C6H14: calc: C: 25.74% H: 1.10% N: 4.98% 
O: 11.37%, found: C: 25.74% H: 1.13% N: 4.99% O: 11.37% 
 
Synthesis of 3,5-dibromoaniline, 114 
 
A suspension of 3,5-dibromonitrobenzene, 113 (1.00 g, 3.56 
mmol, 1 eq) in water (10 ml) was added to a solution of 
ammonium chloride (686 mg, 12.8 mmol, 3.6 eq) in aqueous 
ammonia (10 ml) and the mixture was warmed to 85°C. Sodium sulfide (787 
mg 60%, 6.05 mmol, 1.7 eq) was added in three portions over 30 minutes 
and the dark mixture was stirred at 85°C for 20 hours. The solvent was 
removed under reduced pressure and the residue dissolved in 20 ml water 
before being extracted with dichloromethane (100 ml), dried over 
magnesium sulphate and evacuated. The yellow residue was purified by 
column chromatography (alumina, hexane:dichloromethane, 1:0 to 1:1) to 
give 544 mg (60.9%) of a light yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.01 (s, 1H, H4), 6.69 (d, J= 1.2 Hz, 2H, 
H3/5), 3.80 (s, 2H -NH2) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 148.4 (Cq, C1), 123.2 (Cq, C3/5), 123.1 
(Ct, 1C, C4), 116.3 (Cq, C2/6) 
IR (cm-1): 3466 (νC-NH2, m), 3450 (νC-NH2, m), 3416 (νC-NH2, m), 3379 (νC-NH2, 
m), 3076 (νC=CH, w), 3059 (νC=CH, w), 1616 (δNH2, s), 1583 (δNH2, vs), 1556 
(δCH, vs), 1445 (δCH, vs), 1103 (νC-Br, s), 1076 (νC-Br, s), 849 (δCH, s), 831 (δCH, 
s), 665 (δCH, vs) 
MS (FAB, m/z): 251 M+ (100%), 171 [M-Br]+ (19%), 91 [M-2Br]+ (13%) 
Elem. anal.: C6H5NBr2⋅0.025 CH3COCH3: calc: C: 28.91% H: 2.06% N: 
5.55%, found: C: 28.91% H: 2.05% N: 5.59% 
 
Synthesis of 3,5-di(TMS-ethynyl)-nitrobenzene, 115 
 
3,5-Dibromonitrobenzene, 113 (1.00 g, 3.56 mmol, 1 eq) 
was dissolved under argon in triethylamine (50 ml) with 
copper(I) chloride (53.5 mg, 0.54 mmol, 0.15 eq) and 
Pd(PPh3)2Cl2, 1 (379 mg, 0.54 mmol, 0.15 eq). After the addition of TMS-
ethyne (1.52 ml, 10.7 mmol, 3 eq) the mixture was stirred at 60°C for 20 
hours. The solvent was removed under reduced pressure and the residue 
extracted with 10% dichloromethane in hexane (150 ml). After evaporation 
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of the solvent the crude product was purified over alumina 
(hexane:dichloromethane, 1:0 to 1:1) to obtain 1.68 g (77.4%) of a light 
brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.21 (s, 2H, H2/6), 7.82 (s, 1H, H4), 0.28 
(s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 148.2 (Cq, C1), 140.6 (Ct, C4), 126.3 (Ct, 
C2/6), 125.4 (Cq, C3/5), 101.6 (Cq, -C≡C-TMS), 98.4 (Cq, -C≡C-TMS), -0.2 (Cp, 
-TMS) 
IR (cm-1): 2959 (νC-CH, m), 2160 (νC≡C, m), 1537 (δCH, vs), 1410 (νTMS, w), 
1352 (νC-NO2, vs), 1250 (δTMS, s), 843 (γTMS, vs), 746 (γTMS, vs), 775 (δCH, s), 
760 (δCH, s), 669 (δCH, s) 
MS (FAB, m/z): 315 M+ (13%), 300 [M-CH3]+ (100%) 
Smp: 72°C 
X-Ray: Crystals were obtained from chloroform (see Appendix 1). 
 
Synthesis of 3,5-diiodo-nitrobenzene, 116 
 
2,6-Diiodo-4-nitroaniline, 48 (3.00 g, 7.69 mmol, 1 eq) was 
dissolved in ethanol (75 ml) and concentrated sulfuric acid (6 ml) 
then heated at 85°C. Pulverised sodium nitrate (1.17 g, 16.9 mmol, 
2.2 eq) was added in portions allowing the foam that formed on each 
addition to subside. The mixture was boiled 1 hour and allowed to cool. 
Ethanol was removed under reduced pressure and the acidic solution 
extracted with dichloromethane (150 ml), dried over magnesium sulfate and 
evacuated. The orange solid was recrystallised from ethanol to give 2.20 mg 
(76.4%) of brown needles. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 8.52 (d, J=1.6 Hz, 2H, H2/6), 8.37 (t, 
J=1.6 Hz, 1H, H4) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 151.0 (Ct, C1/4), 131.8 (Ct, C2/6), 94.1 
(Cq, C3/5) 
IR (cm-1): 3061 (νC=CH, s), 1518 (δCH, vs), 1456 (δC=CH, s), 1329 (νC-NO2, vs), 
1105 (νC-I, s), 874 (δCH, vs), 710 (δCH, vs), 652 (δCH, vs) 
MS (FAB, m/z): 375 M+ (100%), 329 [M-NO2]+ (26%), 202 [M-NO2-I]+ (10%), 
75 [M-NO2-2I]+ (22%) 

I I

NO2



Chapter 8 - Ethynyl-centred dendritic polyynes and polyclusters 

203 

Synthesis of 3,5-diiodoaniline, 117 
 
A suspension of 3,5-dibromonitrobenzene, 116 (1.00 g, 2.68 mmol, 
1 eq) in water (10 ml) was added to a solution of ammonium 
chloride (516 mg, 9.64 mmol, 3.6 eq) in conc ammonia (10 ml) and 
the mixture was warmed to 85°C. Sodium sulfide (594 mg 60%, 4.56 mmol, 
1.7 eq) was added in three portions over 30 minutes and the dark mixture 
was stirred at 85°C for 20 hours. The solvent was removed under reduced 
pressure and the residue dissolved in water (20 ml) before being extracted 
with dichloromethane (100 ml), dried over magnesium sulfate and 
evacuated. The yellow residue was purified by column chromatography 
(alumina, hexane:dichloromethane, 5:1 to 1:1) to give 662 mg (71.6%) of a 
light yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.39 (s, 1H, H4), 6.69 (d, J=1.2 Hz, 2H, 
H2/6), 3.66 (s, 2H -NH2) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 148.5 (Cq, C1), 134.8 (Ct, C4), 123.0 (Cq, 
C2/6), 95.1 (Cq, C3/5) 
IR (cm-1): 3383 (νC-NH2, m), 2957 (νC-CH, m), 2922 (νC-CH, m), 2853 (νC-CH, m), 
1581 (δNH2, s), 1541 (δCH, s), 1456 (δCH, m), 1163 (νC-I, m), 1109 (νC-I, w), 839 
(δCH, vs), 758 (δCH, s), 648 (δCH, s) 
MS (FAB, m/z): 345 M+ (100%), 218 [M-I]+ (26%), 91 [M-2I]+ (14%) 
 
Attempt to prepare 3,5-di(TMS-ethynyl)aniline, 118 
 
3,5-Dibromoaniline, 114 (500 mg, 1.99 
mmol, 1 eq) was dissolved under argon in 
triethylamine (35 ml) with copper(I) chloride 
(29.7 mg, 0.30 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (211 mg, 0.30 mmol, 
0.15 eq). After the addition of TMS-ethyne (4.90 ml, 34.3 mmol, 1.5 eq) the 
mixture was stirred at 60°C for 5 hours. The solvent was removed under 
reduced pressure and the residue extracted with 10% dichloromethane in 
hexane (150 ml) but no traces of the product were observed. 
 
Attempt to prepare 3,5-di(TMS-ethynyl)aniline, 118 
 
A suspension of 3,5-di(TMS-ethynyl)- 
nitrobenzene, 115 (600 mg, 1.90 
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mmol, 1 eq) in water (10 ml) was added to a solution of ammonium chloride 
(366 mg, 6.84 mmol, 3.6 eq) in concentrated aqueous ammonia (10 ml) and 
the mixture was warmed to 85°C. Sodium sulfide (420 mg 60%, 3.23 mmol, 
1.7 eq) was added in three portions over 30 min and the dark mixture was 
stirred at 85°C for 20 hours. The solvent was removed under reduced 
pressure and the residue dissolved in water (20 ml) before being extracted 
wich dichloromethane (100 ml), dried over magnesium sulphate and 
evacuated. The obtained solid that was isolated was the starting material. 
 
Synthesis of 3,5-di(TMS-ethynyl)aniline, 118 
 
3,5-Diiodoaniline, 117 (1.15 g, 3.33 mmol, 1 
eq) was dissolved under argon in triethylamine 
(50 ml) with copper(I) chloride (49.5 mg, 0.50 
mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (351 mg, 0.50 mmol, 0.15 eq). After the 
addition of TMS-ethyne (1.18 ml, 8.33 mmol, 2.5 eq) the mixture was stirred 
at 60°C for 20 hours. The solvent was removed under reduced pressure and 
the residue purified by column chromatography (alumina, 
hexane:dichloromethane, 1:0 to 3:1) to obtain 951 mg (93.7%) of a light 
brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.00 (t, J=1.6 Hz 1H, H4), 6.71 (d, J=1.6 
Hz, 2H, H2/6), 3.52 (s, 2H, -NH2), 0.23 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 146.4 (Cq, C1), 126.5 (Ct, C4), 124.3 (Ct, 
C2/6), 118.8 (Cq, C3/5), 104.8 (Cq, -C≡C-TMS), 94.5 (Cq, -C≡C-TMS), 0.4 (Cp, -
TMS) 
IR (cm-1): 3381 (νC-NH2, m), 2959 (νC-CH, m), 2899 (νC-CH, m), 2152 (νC≡C, m), 
1587 (δC-NH2, s), 1553 (δCH, m), 1429 (δCH, m), 1410 (νTMS, m), 1248 (δTMS, s), 
839 (γTMS, vs), 756 (γTMS, s), 648 (δCH, s) 
MS (FAB, m/z): 285 M+ (48%), 270 [M-CH3]+ (100%) 
 
Synthesis of 3,5-di(TMS-ethynyl)iodobenzene, 119 
 
3,5-Di(TMS-ethynyl)aniline, 118 (70.0 mg, 0.24 mmol, 1 
eq) was suspended under argon in water (25 ml). 
Concentrated chloridic acid (5 ml) was added and the 
brown solution cooled to 0°C to receive the slowly addition of sodium nitrite 
(17.3 mg, 0.25, 1.05 eq) in water (10 ml). The mixture was stirred at 0°C for 
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1 hour. A catalytic amount of copper(I) iodide (10 mg) was added before 
potassium iodide (105 mg, 0.63 mmol, 2.6 eq) was slowly added. The 
mixture was stirred at 0°C for further 6 hours. From time to time 
tetrahydrofuran (total 30 ml) was added to increase the solubility. A mixture 
of 50% water in diethyl ether (75 ml) were added under vigorous stirring and 
the two layers separated. The aqueous phase was extracted with diethyl 
ether (100 ml) and the organic ones collected, washed with brine, dried over 
magnesium sulfate and removed under reduced pressure. The dark residue 
was purified by column chromatography (alumina, hexane:dichloromethane, 
1:0 to 10:1) to give 72.8 mg (76.6%) of a yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.74 (d, J=1.6 Hz, 2H, H2/6), 7.52 (t, 
J=1.6 Hz, 1H, H4), 0.23 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 140.2 (Ct, C2/6), 134.4 (Ct, C4), 125.0 (Cq, 
C3/5), 102.2 (Cq, -C≡C-TMS), 96.6 (Cq, -C≡C-TMS), 92.8 (Cq, C1), -0.2 (Cp, -
TMS) 
IR (cm-1): 3086 (νC-CH, m), 2955 (νC-CH, m), 2924 (νC-CH, m), 2854 (νC-CH, m), 
2214 (νC≡C, m), 2160 (νC≡C, m), 1574 (δCH, m), 1481 (δCH, s), 1411 (δCH, s), 
1396 (νTMS, m), 1272 (δTMS, m), 1250 (δTMS, s), 1072 (δC-I, m), 1111 (δC-I, m), 
864 (γTMS, vs), 756 (γTMS, vs), 817 (δC=CH, vs), 679 (δC=CH, s) 
MS (FAB, m/z): 396 M+ (29% ), 381 [M-CH3]+ (100%), 254 [M-CH3-I]+ (4%) 
 
 
8.5 Experimental – dendritic polyynes 
 
Synthesis of compound 120 
 
4-(TMS-ethynyl)iodobenzene, 111 (345 mg, 
1.15 mmol, 4.2 eq) was dissolved under 
argon with copper(I) chloride (4.10 mg, 0.04 
mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (28.8 
mg, 0.04 mmol, 0.15 eq) in triethylamine 
(25 ml) and after the addition of 1,2-di(3,5-
ethynylphenyl)ethyne, 43, (75.0 mg, 0.27 
mmol, 1 eq) the mixture was stirred at 60°C 
for 24 hours. The solvent was removed under reduced pressure and the 
residue purified by column chromatography (alumina, 
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hexane:dichloromethane (1:0 to 3:1)) to obtain 81.5 mg (31.0%) of a brown 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.63 (s, 6H, H2B/4B), 7.47 (s, 16H, 
H2A/3A), 0.28 (s, 36H -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 134.3 (Ct, C4B), 134.2 (Ct, C2B), 131.9 
(Ct, C2A), 131.5 (Ct, C3A), 123.9 (Cq, C1A), 123.5 (Cq, C1B), 123.3 (Cq, C3B), 
122.7 (Cq, C4A), 104.5 (Cq, -C-C≡C-TMS), 96.6 (Cq, -C-C≡C-TMS) 90.3 (Cq, 
ArA-C≡C-ArB), 89.5 (Cq, ArA-C≡C-ArB), 88.9 (Cq, ArB-C≡C-ArB), -0.1 (Cp, -TMS) 
IR (cm-1): 2955 (νC-CH, s), 2866 (νC-CH, s), 2154 (νC≡C, m), 1580 (δCH, s), 1404 
(δCH, s), 1384 (δCH, s), 1247 (δTMS, s), 832 (γTMS, vs), 757 (γTMS, vs), 677 (CH, 
vs) 
MS (FAB-MS, m/z): 963 M+ (1%), 766 [M-C≡C-C6H4-C≡C-TMS]+ (1%) 
 
Synthesis of compound 121 
 
1-Iodo-3,5-di(TMS-ethynyl)benzene, 119 
(325 mg, 0.82 mmol, 4.1 eq) was 
dissolved under argon with copper(I) 
chloride (3.00 mg, 0.03 mmol, 0.15 eq) 
and Pd(PPh3)2Cl2, 1 (21.1 mg, 0.03 
mmol, 0.15 eq) in triethylamine (25 ml) 
and after the addition of 1,2-di(3,5-
ethynylphenyl)ethyne, 43 (55.0 mg, 0.20 
mmol, 1 eq) the mixture was stirred 18 
hours at 60°C. The solvent was removed 
under reduced pressure and the residue 
purified by column chromatography 
(alumina, hexane:dichloromethane, 1:0 to 5:1) to obtain 71.4 mg (26.5%) of 
a brown solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.57 (m, 18H, HAr), 0.25 (s, 72H -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.2 (Ct, C2B), 135.1 (Ct, C4B), 134.6 
(Ct, C2A), 134.4 (Ct, C4A), 123.9 (Cq, C1B), 123.9 (Cq, C3A), 123.1 (Cq, C3B), 
122.9 (Cq, C1A), 103.0 (Cq, -C≡C-TMS), 95.9 (Cq, -C≡C-TMS), 89.1 (Cq, ArA-
C≡C-ArB), 88.9 (Cq, ArB-C≡C-ArB), 88.5 (Cq, ArA-C-C≡C-C-ArB), -0.1 (Cp, -
TMS) 

TMS TMS

TMS

TMS

TMSTMS

TMS

TMS

A

B



Chapter 8 - Ethynyl-centred dendritic polyynes and polyclusters 

207 

IR (cm-1): 2959 (νC-CH, w), 2899 (νC-CH, w), 2152 (νC≡C, w), 1558 (δCH, w), 1474 
(δCH, w), 1248 (δTMS, s), 839 (γTMS, vs), 760 (γTMS, vs), 874 (CH, vs) 
MS (Maldi-Tof, m/z): 1346 M+ (18%), 1331 [M-CH3]+ (100%) 
 
 
8.6 Experimental – cobalt carbonyl clusters 
 
Synthesis of nonacluster, 122 
 
Compound 120 (20.0 mg, 
0.02 mmol, 1 eq) was 
dissolved under argon in 
dichloromethane (35 ml). 
Dicobalt octacarbonyl 
(142 mg, 0.42 mmol, 19.8 
eq) was added and the 
mixture stirred at room 
temperature for 3 hours. The solvent was removed under reduced pressure 
at room temperature and the residue purified by column chromatography 
(silica, hexane) to give 67.5 mg (95.5%) of a metallic red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.50 (m, 22H, HAr), 0.42 (s, 36H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.8 (Cq, -Co2(CO)6-C-TMS), 198.6 (Cq, 
ArA-C-Co2(CO)6-C-ArB), 198.4 (Cq, ArB-C-Co2(CO)6-C-ArB), 140.2 (Cq, C1B), 
140.1 (Cq, C3B), 138.2 (Cq, C4A), 137.7 (Cq, C1A), 130.5 (Ct, C3A), 129.6 (Ct, 
C2B), 129.5 (Ct, C2A), 128.0 (Ct, C4B), 104.4 (Cq, -C-Co2(CO)6-C-TMS), 94.2 
(Cq, ArB-C-C-ArB), 91.1 (Cq, ArA-C-Co2(CO)6-C-ArB), 90.4 (Cq, ArA-C-Co2(CO)6-
C-ArB), 79.8 (Cq, -C-Co2(CO)6-C-TMS), 0.8 (Cp, -TMS) 
IR (cm-1): 2972 (νC-CH, w), 2881 (νC-CH, w), 2085 (νC=O, vs), 2046 (νC=O, vs), 
1988 (νC=O, vs), 1574 (δCH, m), 1481 (δCH, m), 1402 (νTMS, s), 1248 (δTMS, m), 
833 (γTMS, vs), 758 (γTMS, s), 885 (δCH, s), 687 (δCH, s) 
MS (Maldi-Tof, m/z): sequential loss of 54 CO-fragments (Δm/z=28) and 18 
Co-fragments (Δm/z=59) detected, then m/z=987 [M-54CO-18Co+Na]+ (25%) 

C2Co2(CO)6-TMS

C2Co2(CO)6 C2Co2(CO)6

TMS-(CO)6Co2C2

C2Co2(CO)6
C2Co2(CO)6

TMS-(CO)6Co2C2

C2Co2(CO)6

C2Co2(CO)6-TMS
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Synthesis of tridecacluster, 123 
 
Compound 121 (35.0 mg, 
0.03 mmol, 1 eq) was 
dissolved under argon in 50 
ml dichloromethane. 
Dicobalt octacarbonyl (253 
mg, 0.74 mmol, 28.6 eq) 
was added and the mixture 
stirred at room temperature 
for 3 hours. The solvent 
was removed under reduced pressure at room temperature and the residue 
purified by column chromatography (silica, hexane:dichloromethane, 1:0 to 
10:1) to give 101 mg (76.6%) of a metallic red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.39 (m, 18H, HAr), 0.25 (s, 72H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.6 (Cq, -Co2(CO)6-C-TMS), 199.0 (Cq, 
ArB-C-Co2(CO)6-C-ArB), 198.5 (Cq, ArA-C-Co2(CO)6C-ArB), 140.5 (Cq, C1B), 
140.0 (Cq, C3B), 139.9 (Cq, C1A), 139.8 (Cq, C3A/5A), 133.4 (Ct, C2B), 131.7 (Ct, 
C2A), 131.5 (Ct, C4B), 129.6 (Ct, C4A), 103.8 (Cq, -C-Co2(CO)6-C-TMS), 93.3 
(Cq, ArA-C-Co2(CO)6-C-ArB), 93.0 (Cq, ArA-C-Co2(CO)6-C-ArB), 88.2 (Cq, ArB-C-
Co2(CO)6-C-ArB), 80.3 (Cq, -C-Co2(CO)6-C-TMS), 0.9 (Cp, -TMS) 
IR (cm-1): 2962 (νC-CH, w), 2870 (νC-CH, w), 2091 (νC=O, vs), 2044 (νC=O, vs), 
1998 (νC=O, vs), 1573 (δCH, m), 1497 (δCH, m), 1404 (νTMS, s), 1250 (δTMS, m), 
833 (γTMS, vs), 756 (γTMS, s), 679 (δCH, s) 
MS (Maldi-Tof, m/z): sequential loss of 78 CO-fragmnets (Δm/z=28) and 26 
Co-fragments (Δm/z=59) until m/z=1154 [M-78CO-26Co]+ (85%) 
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Chapter 9 
Butadiynyl-centred polyynes and polyclusters 

 
9.1 Synthesis of polyynes 
 
As discussed in detail in Chapter 2, the Sonogashira cross-coupling reaction 
is an efficient reaction for substituted alkynes1-2. Generally, the main 
product obtained from the reaction is the 1,2-disubstituted ethyne as 
expected but sometimes, under particular conditions, the self-coupling 
butadiyne product appears as a secondary or main product3. It was not our 
intention to deviate the work to butadiyne products, but their appearance in 
several reaction mixtures permitted us to isolate appreciable amounts of 
these compounds, which were useful precursors to cobalt-decorated 
compounds. 

As described in Chapter 2 the yields of the butadiynes typically 
increased in Sonogshira reactions, in which a) an increasing excess of 
ethynyl component is present or b) an inadequate halogenated component 
(i.e. with an insufficient reactivity) is used. In the case of less reactive halide 
components, this was generally recollected after the coloumn 
chromatrography. The fact that the halogenated substrate was recovered led 
to the conclusion that it was not involved in the reaction. The precise 
mechanism of the reaction remains however unknown and it is not possible 
to exclude the presence of an unusual catalytic effect. Figure 9.1 
summarises some of the reactions which produced the self-coupling 
products as predominant compounds. 
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Figure 9.1: Sonogashira reactions for the production of the butadiyne as main products. 
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The first indication of the presence of these secondary products come in the 
1H-NMR spectrum of the reaction mixture obtained by the synthesis of 
polyethynylbenzenes 2, 4, 6, 8 and 10. The side product was then 
characterised as 1,4-bis(TMS)butadiyne, 124. During the work, other 
similar butadiyne products were obtained and in some cases the identity of 
the product was confirmed by single crystal diffraction analysis.  

1,4-Bis(TMS)butadiyne, 124 and the analogous TIPS-substituted 
compound, 125, were obtained in good yields by the attempts to synthesise 
of hexaethynylbenzene, 13, under standard Sonogashira conditions. 1,4-
Bis(TIPS)butadiyne, 125, was the first butadiyne to be completely 
characterised, since crystals have been obtained for a crystallographic 
analysis. 1,4-Bis(biphenyl)butadiyne, 126, was quantitatively obtained 
during the reactions of 4,4’-dibomobiphenyl with 4-ethynylbiphenyl, 72, to 
prepare 4,4’-di(4-ethynylbiphenyl)biphenyl, 76. The butadiyne was 
characterised by routine spectroscopic methods and its identity was 
confirmed by a single crystal structure analysis. Compounds 127 and 128 
were obtained during the initial attempt at the synthesis of dendrites 98 
and 101; they are self-coupling products of the units used for the structure 
growth reported in Figure 9.2. 
 

HTIPS H

TIPS

TIPS

96 97  
Figure 9.2: Building blocks for the convergent synthesis of the benzene-centerd dendritic 

structures 98-103. 

 
Colourless crystals of 125 were obtained from a dichloromethane 

solution of compound 125, and they were suitable for the X-ray analysis. 
Compound 125, crystallises in a triclinic crystal system with P-1 space 
group. The dimensions for the unit cell are a=7.2397(4) Å, b=7.8151(5) Å 
and c=10.9548(5) Å. The cell angles are reported as α=86.680(5)°, 
β=80.485(4)° and γ=78.542(6)° (see also Appendix 1). Figure 9.3 shows the 
molecular structure and some important bond lengths and angles are listed 
below. 
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Figure 9.3: Molecular structure of compound 125. All the atoms on the right-hand side are 

symmetry related to the numbered atoms in the other half of the molecule. 

 

C1-C1a=1.372(3) Å, C1-C2=1.204(3) Å, C3-C4=1.523(3) Å, C3-C5=1.521(4) Å, 
C6-C7=1.523(4) Å, C6-C8=1.532(3) Å, C9-C10=1.524(3) Å, C9-C11=1.447(5) Å, 
Si1-C2=1.8430(19) Å, Si1-C3=1.875(2) Å, Si1-C6=1.873(2) Å, Si1-C9=1.877(3) 
Å, C2-C1-C1a=179.8(3)°, C1-C2-Si1=177.15(19)°, C2-Si1-C3=106.01(10)°, C2-
Si1-C6=105.95(9)°, C2-Si1-C9=106.95(10)°, C4-C3-C5=109.9(2)°, C7-C6-C8= 
111.2(2)°, C10-C9-C11=114.0(3)°. 
The two terminal TIPS-functionalities are arranged in a staggered 
conformation and the torsion angle C9-Si1-Si1a-C9a measures exactly 180° as 
is clearly visible in Figure 9.4. 
 
 
 
 
 
 
 
 

 
Figure 9.4: Two views of the highly symmetrical crystal packing. Left: view along the a-axis. 
Right: regular arrangement view perpendicular to the a-axis. Hydrogen atoms are omitted 

for clarity. 

 
The high regularity of the packing is clearly visible in Figure 9.4 along the a- 
and b-axes. The molecules recur along the a-axis in a distance of 7.24 Å 
and along the b-axis at 7.82 Å (the measurements are reported for Si1…Si1-
distances). Figure 9.5. shows that the molecules are aligned so that the 
butadiyne units are off-set with respect to one another. This permits weak 
interactions between methyl hydrogen atoms and the butadiyne Π-cloud. 



Chapter 9 - Butadiynyl-centred polyynes and polyclusters 

212 

The distance between H53 and the butadiyne-functionality is about 3 Å 
(measured for both the C1-atoms of the central butadiyne).  

 
Figure 9.5: Interactions between H53 and the butadiyne functionality. 

 
Such interactions between terminal hydrogen atoms and the butadiyne Π-
clouds is one of the frequent interactions present in the crystal packing of 
alkynes and polyynes as described by Nishio4. The two interactions shown 
in Figure 9.5 are characterised by forming angles, which vary between 137° 
and 159° (C5-H53…C1/C1a). 
 By comparing the structure of compound 125 with the TMS-protected 
analogue, the strong dependence of the molecular arrangement from the 
terminal groups is evident as shown in Figure 9.6. 
 

 
 
Figure 9.6: Diversities in the crystal packing of 1,4-bis(TIPS)butadiyne, 125 (left) and 1,4-

bis(TMS)butadiyne, measured at 120 K (middle) and 203 K (left)5.  
1,4-Bis(TMS)butadiyne crystallises at 120 K in triclinic space groups, P-1, a=11.2333(12) Å, 

b=11.3336(13) Å, c=21.969(2) Å, α=101.296(13)°, β=102.676(13)°, γ=89.885(13)°, z=8. 

 
The molecules in compound 125 are ordered parallel to each other and 
arranged in ordered parallel planes (Figure 9.6, left). The crystal packing 
shows therefore a very regular pattern. In contrast, the molecules of the 
TMS-protected analogue are ordered nearly perpendicular to each other as 
clearly visible in Figure 9.6 (middle). Furthermore, the crystal packing of 
1,4-TMS-butadiyne exhibits a temperature dependence and the 
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measurement at a higher temperature (incresed from 120 K to 203 K), 
resulted in a twisted orientation of the molecules, although still nearly 
perpendicular to each other. 
 A similar trend has been observed in the comparison of polyyne 
compounds of the same length but with different terminal functionalities. 
An example is given in Figure 9.7 for three functionalised octatetrayne 
compounds. 
 

TIPS TIPS

Br

Br

TMS TMS

 

 
Figure 9.7: Diversities in the crystal packing (below) of three different functionalised 

octatetraynes (above): 1,8-bis(TIPS)octatetrayne (left), 1,8-bis(TMS)octatetrayne (middle), 
1,8-bis(2-bromophenyl)octatetrayne6. 1,8-Bis(TIPS)octatetrayne crystallises in triclinic 
space groups, P-1, a=7.2615(6) Å, b=8.7028(7) Å, c=11.4852(9) Å, α=104.8780(13)°, 

β=100.6479(15)°, γ=98.4852(3)°, z=17. 

 
Furthermore, by comparing the crystal structure of compound 125 (Figure 
9.6, left) with that of 1,8-bis(TIPS)octatetrayne (Figure 9.7, left) is clearly 
visibile that both crystal packings show a very similar highly ordered 
molecular arrangement. At the moment, the crystal structure of the 
analogous TIPS-protected hexatriyne is not available. 
 Some crystals of compound 126 were grown from a dichloromethane 
solution. The molecules pack in a monoclinic crystal system P21/n with the 
following unit cell dimensions: a=6.6723(2) Å, b=11.0320(3) Å, c=26.0094 (7) 
Å and β=91.2833(14)° (see also Appendix 1). 
Figure 9.8 shows the molecular structure of compound 126 and some 
selected bonds lengths and angles of interest are given below: 
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Figure 9.8: Molecular structure of compound 126. 

 
C14-C15=1.373(2) Å, C13-C14=1.2041(18) Å, C15-C16=1.2045(18) Å, C6-
C7=1.4806(18) Å, C22-C23=1.4799(18) Å, C14-C15-C16=179.36(15)°, C13-C14-
C15=178.75(15)°, C10-C13-C14=177.56(15)°,C15-C16-C19=177.96(15)°, C9-C10-
C13=121.56(13)°, C16-C19-C18=120.75(13)°. 
In this structure, one can see an important difference between this and the 
previously described structures of compounds 31, 37 and 40. The planar 
arrangement, which was present over the whole conjugated Π-system of the 
previous structures (31, 37, 40) is absent in compound 126. 
 As shown in Figure 9.9 the unit cell contains two molecular units (i.e. 
four half molecules in Figure 9.9) with different orientations. These different 
oriented molecules are colour-coded as black and grey. 
 

 
Figure 9.9: Unit cell representation of compound 126 

 
Figure 9.9 is also clearly displays a strong curving of the alkyne backbone 
and terminal biphenyl-units, and different twist angles between the 
aromatic rings. An investigation of the torsion angles present in the 
molecule give some interesting results. The angles between the least squares 
planes of the C6-ring containing C6 and C7 is 48.4°; for the pair of rings 
containing C22 and C23, the angle is 44.2° and the most interesting angle is 
formed by the least squares planes containing C10 and C19, which measures 
61.1°. Despite the molecular curving and the differently oriented rings, a 
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regular arrangement is recognizable. By omitting the biphenyl-
functionalities in the description, one can say that units containing the six 
central carbon atoms (C10-C13-C14-C15-C16-C19) lie in a planar arrangement 
as shown in Figure 9.10. 
 

 
Figure 9.10: Planar arrangement of the butadiyne-functionalities, viewed along the a-axis 

 
This “butadiyne-planarity” combines both colour-coded units. These 
“butadiyne-planes” pack in parallel layers along the b-axis at a distance of 
4.01 Å (distance between the least square planes). The molecules pack with 
no superposition, propably due to the presence of the bulky terminal 
biphenyl-units, which are shifted with respect to one another to minimise 
their repulsive forces as displayed in Figure 9.11. The distance between the 
least squares planes containing the butadiyne-units is about 4 Å. 
 

 
Figure 9.11: Parallel arrangement of the molecules along the b-axis 

 
While Figure 9.10 focussed on the organisation of the butadiyne molecules 
into planes, it omitted showing the role that intermolecular interactions play 
in the assembly. The intermolecular interactions present between molecules 



Chapter 9 - Butadiynyl-centred polyynes and polyclusters 

216 

lying in the same plane are displayed in detail in Figure 9.12, and these 
interactions involve aryl hydrogen atoms and aryl Π-clouds. 
 

 
Figure 9.12: Intermolecular contacts on “butadiyne-planes”, viewed along the a-axis. 

 
Interactions between hydrogen atoms and aryl Π-clouds are measured in 
the case of H31…Ar6/12=2.86 Å (C3-H31…Ar6/12=147.7°), H261…Ar1/6=3.41 Å 
(C26-H261…Ar6/12=152.0°) and H241…Ar1/6=2.73 Å (C24-H241…Ar6/12=147.7°). 
Furthermore, some interactions between hydrogen atoms and the dienyl Π-
clouds are measured in the case of H181…C14=2.89 Å (C18-H181…C14=121.0°) 
and H181…C15=2.95 Å (C18-H181…C15=136.3°). 
The intermolecular contacts present between parallel “butadiyne-planes” are 
generally longer and weaker than those within a plane, and this is shown in 
Figure 9.13. 

 
Figure 9.13: Intermolecular contacts between molecules lying on parallel “butadiyne-

planes”, viewed along the b-axis. 
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Between planes, some interactions between aryl hydrogen atoms and aryl Π-
clouds are present as H11…Ar22/28=2.89 Å (C1-H11…Ar22/28=150.9°) and 
H201…Ar22/28=2.95 Å (C20-H201…Ar22/28=121.1°). Furthermore some weaker 
interactions are measured between hydrogen atoms and the dienyl Π-clouds 
as H91…C15=3.17 Å (C9-H91…C15=126.6°), H91…C16=3.24 Å (C9-
H91…C16=135.2°) and H811…C14=3.38 Å (109.6°). 
 The comparison between this structure with those of 1,4-
bis(phenyl)butadiyne result in evident differences as displayed in Figure 
9.14. 
 

 
Figure 9.14: ORTEP representation of compound 126 (left) and 1,4-bis(phenyl)butadiyne 

(right)8. 1,4-bis(phenyl)butadiyne crystallises in monoclinic space groups, P21/n, 
a=6.6152(6) Å, b=6.0768(7) Å, c=14.634(1) Å, β=100.981°, Z=2. 

 
The molecular structure of 1,4-bis(phenyl)butadiyne (Figure 9.14, right) 
exhibit a linear C6-chain and two coplanar phenyl rings. The measured 
torsion angles C3-C2…C2b-C3b and C4-C3…C3b-C4b are 0°. In contrast as what 
one could expect, these diversities did not give rise to fundamentally 
different crystal packing. The two similar crystal packing are compared in 
Figure 9.15. 

 
Figure 9.15: Crystal packing of compound 126 (left) and 1,4-bis(phenyl)butadiyne (right). 

View along a-axis. 

 
An investigation of the solid state structures of polyyne compounds has 
been reported by Szafert6 covering a wide range of compounds from four to 
eight alkyne-functionalities. Interestingly, some compounds show a similar 
curvature to that observed in the crystal structure of compound 126. The 
deviation from the expected linearity is very common with an incresed 
length of the polyyne-chain or in the presence of particularly bulky terminal 
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groups. In the presence of both these conditions, the polyyne-chain can 
exhibit even a S-shaped structure. Some structural examples are reported 
in Figure 9.16. 
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Figure 9.16: Deviation from the linearity of polyyne chains. 1,8-bis(TMS)octatetrayne (top), 
1,4-bis(thiophene)octatetrayne (second) and two 1,12-bis(platinum complex)-functionalised 

dodecahexaynes (third and fourth) 6. 

 
 
9.2 Synthesis of cobalt carbonyl clusters 
 

The central butadiyne functionality of compounds 124-128 has been 
used to provide a means of inserting dicobalt hexacarbonyl units into the 
carbon backbone. The related cobalt-rich compounds reported in Figure 
9.12 were isolated in variable tyeld (50 to 100%). 
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Figure 9.12: Insertion of dicobalt hexacarbonyl cluster on butadiyne backbones. 

 
Something out of the ordinary was observed for some of the following 
compounds. In the case of dicluster 129, an irregular colour was noted. 
Instead of a red dark metallic solid, the compound appeared as a green-grey 
metallic solid and if dissolved (in hexane, dichloromethane or chloroform), 
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the solution was a dark green colour. Furthermore, compounds 132 and 
133 slowly decomposed (more evident for 133) even when stored in the cold. 
The dark red metallic solids, with good solubility in hexane, 
dichloromethane and chloroform, changed to a brown-grey powder and 
became totally insoluble in the usual organic solvents. 

A complete discussion about the spectroscopic characterisation of the 
compounds synthesised in this Chapter is reported in Chapters 10 and 11 
to permit a useful comparison of the results and to avoid repetitions. 
 
 
9.3 Experimental - polyynes 
 
Synthesis of 1,4-bis(TMS)butadiyne, 124 
 
Hexaiodobenzene, 12 (1.00 g, 1.20 mmol, 1 eq) was dissolved under 
argon with copper(I) chloride (17.8 mg, 0.18 mmol, 0.15 eq) and 
Pd(PPh3)2Cl2, 1 (126 mg, 0.18 mmol, 0.15 eq) in triethylamine (75 ml). 
After the addition of TMS-ethyne (1.37 ml. 9.60 mmol, 8 eq), the 
mixture was stirred at 60°C for 6 hours. The solvent was removed under 
reduced pressure and the residue extracted with 30% dichloromethane in 
hexane (200 ml). The solvent was removed and the crude product purified 
by column chromatography (alumina, hexane) to give 931 mg (100%) of a 
white solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 0.19 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 88.0 (Cq, -C≡C-), 86.0 (Cq, -C≡C-), -0.5 
(Cp, -TMS) 
IR (cm-1): 2999 (νC-CH, m), 2947 (νC-CH, m), 1458 (νCH, m), 1377 (δCH, s), 1362 
(δCH, s), 1275 (δTMS, m), 1232 (δTMS, s), 1177 (δTMS, vs), 885 (γTMS, vs), 785 
(γTMS, vs), 945 (δCH, s), 843 (δCH, s), 615 (δCH, s) 
MS (FAB, m/z): 194 M+ (14%), 179 [M-CH3]+ (100%) 
 
Synthesis of 1,4-bis(TIPS)butadiyne, 125 
 
Hexaiodobenzene, 12 (1.00 g, 1.20 mmol, 1 eq) was dissolved under 
argon with copper(I) chloride (17.8 mg, 0.18 mmol, 0.15 eq) and 
Pd(PPh3)2Cl2, 1 (126 mg, 0.18 mmol, 0.15 eq) in triethylamine (75 ml). 
After the addition of TIPS-ethyne (2.13 ml. 9.60 mmol, 8 eq), the 
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mixture was stirred at 60°C for 12 hours. The dark mixture was removed 
under reduced pressure and the residue extracted with 30% 
dichloromethane in hexane (200 ml). The solvent was removed under 
reduced pressure and the crude product purified by column 
chromatography (alumina, hexane) to give 1.74 g (100%) of a dark yellow 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 1.09 (s, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 90.2 (Cq, -C≡C-TIPS), 81.6 (Cq, -C≡C-
TIPS), 18.6 (Ct, -TIPS (-CH-)), 11.3 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2943 (νC-CH, s), 2866 (νC-CH, s), 2050 (νC≡C-TIPS, s), 1458 (δCH, s), 
1383 (δCH, s), 1365 (δCH, s), 1230 (δTIPS, m), 1011 (δCH, s), 991 (δCH, s), 881 
(δCH, vs), 663 (δCH, vs), 625 (δCH, vs)  
MS (FAB, m/z): 362 M+ (8%), 319 [M-iPr]+ (100%) 
Smp: 96°C 
X-Ray: Crystals were obtained from dichloromethane (see Appendix 1). 
 
Synthesis of 1,4-bis(biphenyl)butadiyne, 126 
 
4,4’-Dibromobiphenyl (233 mq, 1.00 mmol, 1 eq) 
was dissolved under argon with copper(I) chloride 
(14.9 mg, 0.15 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 
(105 mg, 0.15 mmol, 0.15 eq) in triethylamine (40 ml). After the addition of 
4-ethynylbiphenyl, 72 (196 mg, 1.10 mmol, 1.1 eq) the mixture was stirred 
at 60°C for 18 hours. The solvent was removed under reduced pressure, the 
residue redissolved in hexane (150 ml) and the solution filtered. The solvent 
was removed and the crude product purified by column chromatography 
(alumina, hexane:dichloromethane, 1:0 to 4:1) to give 195 mg (100%) of a 
yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.60 (m, 12H, H2A/2B/3B), 7.46 (m, 4H, 
H3A), 7.38 (tt, J=8.4, 8.4 Hz, 2H, H4A) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 141.9 (Cq, C1A), 140.0 (Cq, C1B), 132.9 
(Ct, H3B), 128.9 (Ct, C3A), 127.9 (Ct, C4A), 127.1 (Ct, C2A), 127.0 (Ct, C2B), 
120.6 (Cq, C4B), 81.8 (Cq, -C≡C-C≡C-), 74.6 (Cq, -C≡C-C≡C-) 
IR (cm-1): 3059 (νC=CH, w), 3036 (νC=CH, w), 2133 (νC≡C, w), 1599 (δCH, m), 
1481 (δCH, s), 1448 (δCH, s), 839 (δCH, vs), 762 (δCH, vs), 721 (δCH, vs), 721 
(δCH, vs), 696 (δCH, vs) 

AB
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MS (FAB, m/z): 354 M+ (100%), 177 M2+ (9%) 
Smp: 240°C 
X-Ray: Crystals were obtained from dichloromethane (see Appendix 1). 
 
Synthesis of 1,4-bis(4-(TIPS-ethynyl)benzene)butadiyne, 127 
 
1,4-Dibromobenzene (250 mg, 1.06 mmol, 1 
eq) was dissolved under argon with copper(I) 
chloride (15.7 mg, 0.16 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 (112 mg, 0.16 
mmol, 0.15 eq) in triethylamine (50 ml). After the addition of 1-ethynyl-4-
(TIPS-ethynyl)benzene, 96 (749 mg, 2.65 mmol, 2.5 eq) the mixture was 
stirred at 45°C for 24 hours. The solvent was removed under reduced 
pressure, the residue redissolved in hexane (150 ml) and the solution 
filtered. The solvent was removed and the crude product purified by column 
chromatography (alumina, hexane) to give 745 mg (100%) of a yellow solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.44 (m, 8H, HAr), 1.13 (s, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 132.2 (Ct, C2/3/5/6), 124.4 (Cq, C1), 
121.4 (Cq, C4), 106.3 (Cq, -C≡C-TIPS), 93.9 (Cq, -C≡C-TIPS), 82.0 (Cq, -C≡C-
C≡C-), 75.5 (Cq, -C≡C-C≡C-), 18.6 (Ct, -TIPS (-CH-)), 11.3 (Cp, -TIPS (-CH3)) 
IR (cm-1): 3070 (νCH, m), 2952 (νC-CH, s), 2197 (νC≡C, w), 1553 (δCH, vs), 1528 
(δCH, s), 1402 (δCH, vs), 1373 (δCH, vs), 1350 (δCH, s), 1240 (δTIPS, m), 868 (δCH, 
m), 845 (δCH, vs), 737 (δCH, vs), 656 (δCH, vs) 
MS (FAB, m/z): 562 M+ (50%), 519 [M-iPr]+ (100%), 476 [M-2iPr]+ (50%) 
 
Synthesis of 1,4-bis(3,5-di(TIPS-ethynyl)benzene)butadiyne, 128 
 
1,4-Dibromobenzene (100 mg, 0.42 mmol, 1 eq) 
was dissolved under argon with copper(I) chloride 
(6.30 mg, 0.06 mmol, 0.15 eq) and Pd(PPh3)2Cl2, 1 
(44.9 mg, 0.06 mmol, 0.05 eq) in triethylamine (50 
ml) and after the addition of 1-ethynyl-3,5-
bis(TIPS-ethynyl)benzene, 97 (487 mg, 1.05 mmol, 2.5 eq) the mixture was 
stirred at 60°C for 20 hours. The solvent was removed under reduced 
pressure, the residue redissolved in hexane (150 ml) and the solution 
filtered. The solvent was removed and the crude product purified by column 
chromatography (alumina, hexane) to give 484 mg (100%) of a dark yellow 
solid. 

TIPS TIPS

TIPS

TIPSTIPS

TIPS
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1H-NMR (400 MHz, CDCl3, δ/ppm): 7.54 (d, J=1.2 Hz, 4H, H2/6), 7.52 (t, 
J=1.2 Hz, 2H, H4), 1.13 (s, 84H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 135.5 (Ct, C2/5), 133.1 (Ct, C4), 124.3 
(Cq, C1), 122.1 (Cq, C3/5), 104.8 (Cq, -C≡C-TIPS), 92.7 (Cq, -C≡C-TIPS), 80.3 
(Cq, -C≡C-C≡C-), 74.5 (Cq, -C≡C-C≡C-), 18.6 (Ct, -TIPS (-CH-)), 11.2 (Cp, -
TIPS (-CH3)) 
IR (cm-1): 2946 (νC-CH, s), 2866 (νC-CH, s), 2062 (νC≡C, s), 1456 (δCH, s), 1408 
(δCH, m), 1230 (δTIPS, m), 920 (δCH, s), 881 (δCH, vs), 847 (δCH, m), 732 (δCH, 
w), 764 (δCH, vs), 617 (δCH, vs) 
MS (FAB, m/z): 922 M+ (16%), 879 [M-iPr]+ (100%), 836 [M-2iPr]+ (46%) 
 
 
9.4 Experimental - cobalt carbonyl clusters 
 
Synthesis of dicluster, 129 
 
Compound 124 (75.0 mg, 0.38 mmol, 1 eq) 
was dissolved under argon in 
dichloromethane (50 ml). Dicobalt octacarbonyl (571 mg, 1.67 mmol, 4.4 eq) 
was added and the mixture stirred at room temperature for 3 hours. The 
solvent was removed under reduced pressure and the residue purified by 
column chromatography (silica, hexane) to give 288 mg (98.8%) of a metallic 
grey-green solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 0.40 (s, 18H, -TMS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.0 (Cq, -Co2(CO)6-), 103.9 (Cq,-C-
Co2(CO)6-C-TMS), 87.8 (Ct, -C-Co2(CO)6-C-TMS), 1.3 (Ct, –TMS) 
IR (cm-1): 2966 (νC-CH, w), 2906 (νC-CH, w), 2073 (νC=O, vs), 2025 (νC=O, vs), 
2005 (νC=O, vs), 1985 (νC=O, vs), 1473 (δCH, vs), 1408 (νTMS, vs), 1248 (δTMS,vs), 
831 (γTMS, vs), 754 (γTMS, s) 
MS (FAB, m/z): 766 M+ (2%), 738 [M-CO]+ (11%), 710 [M-2CO]+ (28%), 682 
[M-3CO]+ (44%), 654 [M-4CO]+ (100%), 626 [M-5CO]+ (16%), 598 [M-6CO]+ 
(67%), 570 [M-7CO]+ (53%), 452 [M-8CO]+ (34%), 514 [M-9CO]+ (25%), 486 
[M-10CO]+ (21%), 458 [M-11CO]+ (13%), 371 [M-12CO]+ (11%), 371 [M-
12CO-Co]+ (6%), 312 [M-12CO-2Co]+ (11%), 253 [M-12CO-3Co]+ (4%), 194 
[M-12CO-4Co]+ (2%) 

C2Co2(CO)6-TMS
TMS-(CO)6Co2C2
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Synthesis of dicluster, 130 
 
Compound 125 (150.0 mg, 0.41 mmol, 1eq) 
was dissolved under argon in 50 ml 
dichloromethane. Dicobalt octacarbonyl (615.5 mg, 1.80 mmol, 4.4eq) was 
added and the mixture stirred at room temperature for 3 hours. The solvent 
was removed under reduced pressure and the residue purified by column 
chromatography (silica, hexane) to give 242.8 mg (63.4%) of a dark red 
solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 1.08 (d, J=0.14 Hz, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.7 (Cq, -Co2(CO)6-), 103.6 (Cq, -C-
Co2(CO)6-C-TIPS), 90.3 (Ct, -C-Co2(CO)6-C-TIPS), 18.9 (Ct, -TIPS (-CH-)), 13.6 
(Cp, -TIPS (-CH3)) 
IR (cm-1): 2943 (νC-CH, s), 2866 (νC-CH, s), 2087 (νC=O, vs), 2048 (νC=O, vs), 
2016 (νC=O, vs), 1546 (δCH, s), 1461 (νTIPS, vs), 1016 (δCH,s), 881 (δCH,s) 
MS (FAB, m/z): 620 [M-7CO-2Co]+ (6%), 592 [M-8CO-2Co]+ (38%), 564 [M-
9CO-2Co]+ (23%), 536 [M-10CO-2Co]+ (62%), 478 [M-10CO-3Co]+ (7%), 450 
[M-11CO-3Co]+ (28%), 422 [M-12CO-3Co]+ (18%), 319 [M-12CO-4Co-iPr]+ 
(8%) 
 
Synthesis of dicluster, 131 
 
Compound 126 (50.0 mg, 0.14 mmol, 1 eq) was dissolved under 
argon in 50 ml dichloromethane. Dicobalt octacarbonyl (212 
mg, 0.62 mmol, 4.4 eq) was added and the mixture stirred at 
room temperature for 2 hours. The solvent was removed under 
reduced pressure and the residue purified by column 
chromatography (silica, hexane) to give 96.0 mg (74.0%) of a 
dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.63 (m, 18H, -CH-) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.2 (Cq, -Co2(CO)6-), 140.7 (Cq, H1A), 
140.4 (Cq, H1B), 137.4 (Cq, H4B), 129.7 (Ct, H3B), 128.9 (Ct, H2A), 127.6 (Ct, 
H3A), 127.3 (Ct, H4A), 126.9 (Ct, H2B), 93.2 (Ct, -C-Co2(CO)6-C-C-Co2(CO)6-C-), 
91.6 (Ct, -Co2(CO)6-C-C-Co2(CO)6-) 

C2Co2(CO)6-TIPS
TIPS-(CO)6Co2C2

C2Co2(CO)6
C2Co2(CO)6

A

B
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IR (cm-1): 3030 (νC=CH, m), 2876 (νC-CH, m), 2098 (νC=O, s), 2079 (νC=O, vs), 
2048 (νC=O, vs), 2000 (νC=O, vs), 1600 (δCH, s), 1483 (δCH, s), 839 (δCH, s), 763 
(δCH, s), 739 (δCH, s), 725 (δCH, s), 696 (δCH, s) 
MS (Maldi-Tof, m/z): 921 [M+Na-CO]+ (6%), 893 [M+Na-2CO]+ (8%), 809 
[M+Na-5CO]+ (38%), 753 [M+Na-7CO]+ (15%), 641 [M+Na-11CO]+ (9%), 554 
[M+Na-12CO-Co]+ (12%), 495 [M+Na-12CO-2Co]+ (6%), 436 [M+Na-12CO-
3Co]+ (20%), 377 [M+Na-12CO-4Co]+ (11%) 
 
Synthesis of tetraluster, 132 
 
Compound 127 (56.0 mg, 0.10 mmol, 1 eq) was dissolved 
under argon in dichloromethane (50 ml). Dicobalt 
octacarbonyl (301 mg, 0.88 mmol, 8.8 eq) was added and 
the mixture stirred at room temperature for 3 hours. The 
solvent was removed under reduced pressure and the 
residue purified by column chromatography (silica, 
hexane) to give 138 mg (80.8%) of a dark red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.54 (m, 8H, HAr), 1.20 (m, 42H, -TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 200.1 (Cq, -Co2(CO)6-TIPS), 199.0 (Cq, -
Co2(CO)6-), 139.1 (Cq, C4), 138.9 (Cq, C1), 130.5 (Ct, C2/6), 130.1 (Ct, C3/5), 
108.7 (Cq, -C-Co2(CO)6-C-TIPS), 93.1 (Cq, -C-Co2(CO)6-C-C-Co2(CO)6-C-), 
91.2 (Ct, -Co2(CO)6-C-C-Co2(CO)6-), 75.8 (Cq, -C-Co2(CO)6-C-TIPS), 19.2 (Ct, -
TIPS (-CH-)), 14.0 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2948 (νC-CH, m), 2869 (νC-CH, m), 2083 (νC=O, vs), 2044 (νC=O, vs), 
1990 (νC=O, vs), 1594 (δCH, s), 1464 (δCH, s), 1384 (νTIPS, s), 1242 (δTIPS, s), 
834 (γTIPS, s), 750 (γTIPS, m), 880 (δCH, s), 728 (δCH, m), 670 (δCH, s) 
MS (Maldi-Tof, m/z): 1391 [M+Na-2iPr-9CO]+ (7%), 893 [M+Na-2iPr-14CO-
Co]+ (6%), 990 [M+Na-2iPr-17CO-3Co]+ (36%), 788 [M+Na-2iPr-20CO-5Co]+ 
(38%), 645 [M+Na-2iPr-23CO-6Co]+ (21%), 586 [M+Na-2iPr-23CO-7Co]+ 
(100%), 558 [M+Na-2iPr-24CO-7Co]+ (22%), 499 [M+Na-2iPr-24CO-8Co]+ 

 
Synthesis of hexaluster, 133 
 
Compound 128 (92.0 mg, 0.10 mmol, 1 
eq) was dissolved under argon in 
dichloromethane (35 ml). Dicobalt 
octacarbonyl (445 mg, 1.32 mmol, 13.2 eq) 

C2Co2(CO)6
C2Co2(CO)6

C2Co2(CO)6-TIPS

C2Co2(CO)6-TIPS

C2Co2(CO)6
C2Co2(CO)6

TIPS-(CO)6Co2C2 C2Co2(CO)6-TIPS

TIPS-(CO)6Co2C2 C2Co2(CO)6-TIPS
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was added and the mixture stirred at room temperature for 3 hours. The 
solvent was removed under reduced pressure and the residue purified by 
column chromatography (silica, hexane) to give 134 mg (50.6%) of a dark 
red solid. 
 
1H-NMR (400 MHz, CDCl3, δ/ppm): 7.48 (br s, 6H, HAr), 1.12 (br s, 84H, -
TIPS) 
13C-NMR (125 MHz, CDCl3, δ/ppm): 199.9 (Cq, -Co2(CO)6-TIPS), 198.7 (Cq, -
Co2(CO)6-), 142.8 (Cq, C3/5), 141.5 (Cq, C1), 130.6 (Ct, C4), 129.7 (Ct, C2/6), 
108.3 (Cq, -C-Co2(CO)6-C-TIPS), 92.4 (Cq, -C-Co2(CO)6-C-C-Co2(CO)6-C-), 
90.6 (Ct, -Co2(CO)6-C-C-Co2(CO)6-), 78.0 (Cq, -C-Co2(CO)6-C-TIPS), 19.0 (Ct, -
TIPS (-CH-)), 14.1 (Cp, -TIPS (-CH3)) 
IR (cm-1): 2947 (νC-CH, m), 2869 (νC-CH, m), 2085 (νC=O, vs), 2044 (νC=O, vs), 
1992 (νC=O, vs), 1578 (δCH, s), 1464 (δCH, s), 1384 (νTMS, s), 1248 (δTMS, m), 
840 (γTIPS, s), 879 (δCH, s), 859 (δCH, m), 670 (δCH, s) 
MS (Maldi-Tof, m/z): framework fragmentation with loss of CO-fragments 
(Δm/z=28) and Co-fragments (Δm/z=59) until the lighter fragment 555 (91%) 
527 (100%) 498 (58%) 316 [C2Co2(CO)6]+ (43%) 
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Chapter 10 
Spectroscopic characterisation of polyynes 

 
The concept of a whole chapter dedicated to spectroscopic characterisation 
has permitted a useful comparison between all the data collected during the 
thesis. The comparative approach has been very helpful since many 
reported compounds possess similar structural units and the full 
characterisation of these building blocks has been the most important tool 
for the characterisation of all the compounds synthesised in the work. 

It has been found that 13C-NMR spectroscopic characterisation of the 
new compounds was the most valuable analytical tool, with mass 
spectrometric characterisation being second. IR spectra and elemental 
analyses have been recorded as supporting data. For this reason, the 
investigation of NMR and MS-data will appear more detailed than those of 
IR-data and elementary analysis. No correlation spectra were recorded for 
the elaborate dendritic architectures, mainly due to their structural 
inadequacy to undergo long range interactions over alkyne bridges (i.e.-HC-
C-C≡C-C-CH-). Furthermore, as will be discussed later, the most interesting 
dendritic compounds often gave poorly-resolved 1H-NMR spectra containing 
broad multiplets. 

The investigation of the new compounds is reported in two distinct 
chapters (10 and 11): the first for the spectroscopic investigation of the 
collected polyyne compounds and the second for the investigation of 
dicobalt hexacarbonyl-functionalised corresponding compounds. Important 
correlations have been made between the NMR-data of commonly used 1,4-
disubstituted and 1,3,5-trisubstituted aromatic units, between the different 
aliphatic substituents on the alkyne units (-TMS, -TIPS and –H) and finally 
between the polyalkynylated compounds and the cluster-rich analogues. 
Furthermore, the classification of the compounds in structural families 
permitted the observation of trends in typical chemical shifts (NMR) or 
fragmentations (MS). 

The classification of the compounds with structural similarities into 
families does not necessarily follow the classifications in the previous part of 
this work (Chapters 3 to 9). For clarity, the compounds classified in each 
family are explicit reported. Among each family, some specific compounds 
will be discussed in detail in order to lead into generalisations involving all 
the family’s members. 
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This comparative approach will be adopted in particular for the 
discussion of the NMR-data since the most interesting features and the 
most important structural information were gained from 1H- and 13C-NMR 
spectra. Mass spectrometric data have revealed more general classifications 
and the investigated families of compounds became broader. This means 
that the same fragmentation-patterns were observed for a wide range of 
compounds. No particular interesting trends were observed in the IR-
spectra and the investigation resulted in only broad generalisations. 

To easily follow the investigations reported in this chapter, a graphical 
summary of the 13C-NMR collected data is given in Appendix 2. 
 
 
10.1  Nuclear magnetic resonance spectroscopy 
 
10.1.1 Benzene-centred polyynes 

(2-11, 14, 61, 62, 64, 96, 97) 
 
The 1H-NMR spectra appeared well resolved and the signal pattern was 
typically characterized by well distinguished signals as in the case of the 
spectra recorded for highly symmetrical compounds such as 4, 5, 8, 9, 10, 
11 and 14 reported in Figure 10.1. All spectra were recordered at room 
temperature. 
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Figure 10.1: Summary of the benzene-centred polyynes discussed below. 

 
In Figure 10.2 two typical 1H-NMR spectra for these highly symmetrical 
compounds are reported; the first for a TMS-protected polyyne and the 
second for the deprotected analogue. 
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Figure 10.2: 1H-NMR spectra of compound 4 (left) and 5 (right) (400 MHz, CDCl3, δ/ppm). 

 
Essentially the same pattern of spectra was recorded in this group of 
compounds and the only exceptions were observed for compounds 2, 3, 6, 
and 7, which showed more detailed aromatic spectral regions characterized 
by doublets, triplets or multiplets. The coupling constants sometimes 
distinguished were 1.6 and 7.6 Hz. Through an overview of the chemical 
shifts, we observed the presence of several restricted characteristic spectral 
ranges containing the signals of the aromatic protons, which appeared in a 
range between δ 7.22 ppm and δ 7.64 ppm. In the high-field region of the 
spectra, characteristic chemical shifts were distinguished for the aliphatic 
terminal groups on the ethynyl-functionalities. The methyl-carbon atoms of 
TMS-groups were observed in the spectral range δ 0.25±0.02 ppm while the 
terminal protons of monosubstituted alkynes were observed in the range δ 
3.25±0.17 ppm. Something interesting was observed for the methyl- and 
methine-protons contained in TIPS-groups; the two signals were detected as 
a singlet with an integral corresponding to the total number of protons 
(multiples of 21 H). This singlet appeared in the range δ 1.22±0.03 ppm. 
Figure 10.3 displays these observed 1H-NMR-chemical shifts for the 
substituted phenylynes. 
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R n 

R = -TMS, -TIPS, -H
n = 1, 2, 3, 4, 6, 

-TMS : δ 0.23 - 0.27 ppm
-TIPS : δ 1.29 - 1.14 ppm
-H : δ 3.08 - 3.42 ppm

-CH- : δ 7.22 - 7.64 ppm
 

 
Figure 10.3: Chemical shifts for the 1H-NMR data for polyethynyl-substituted benzenes 2-

11, 14, 61, 62, 96, 97. 

 
 The investigation of the 13C-NMR spectra was carried out by a similar 
approach and a set of characteristic spectral ranges was observed. Figure 
10.4 shows the 13C-NMR spectrum of 1-(TIPS-ethynyl)-4-(TMS-
ethynyl)benzene, 61, which is a good starting compound for the first 
spectral investigation. In this spectrum six important spectral regions can 
be distinguished; i) δ ~130 ppm, ii) δ 120-125 ppm, iii) δ 100-110 ppm, iv) δ 
90-100 ppm, v) δ 10-20 ppm and vi) δ ~0 ppm. 

00101020203030404050506060707080809090100100110110120120130130  
Figure 10.4: 13C-NMR spectrum of compound 61 (125 MHz, CDCl3, δ/ppm). 

 
In the aromatic region, the two signals of the similar tertiary carbon atoms 
come close together at δ 131.9 ppm and δ 131.8 ppm. The signals for the 
quaternary carbon nuclei were shifted to higher field and they were 
observed as two well-resolved signals at δ 123.7 and δ 123.1 ppm. The 
important signals for the alkyne’s carbon atoms were observed in two 
specific regions; the aliphatic substituted alkyne-carbon atoms were shifted 
to lower field and were observed at δ 106.7 ppm and δ 104.8 ppm, due to 
the direct influence of the TMS- and TIPS-group. The remaining benzene-
substitued alkyne-carbon atoms were observed at higher field: at δ 96.3 

TIPS TMS



Chapter 10 - Spectroscopic characterisation of polyynes 

230 

ppm and δ 92.9 ppm. Finally in the high-field region of the spectrum, the 
signals for the methine and methyl-carbon atoms in TIPS-group appeared at 
δ 18.8 ppm and δ 11.5 ppm. Last but not least the methyl-carbon atoms of 
TMS-group were observed at δ 0.1 ppm. These observations permitted the 
assignment of the first important spectral-structure correlation, which is 
reported schematicly in Figure 10.5. 
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Spectral ranges (in ppm):

i) ~130 :       aromatic Ct-atoms
ii) 120-125:  aromatic Cq-atoms
iii) 100-110: TMS/TIPS-substituted ethynyl-carbon atoms
iv) 90-100:   aromatic substituted ethynyl-carbon atoms
v) 10-20:      Cp/Ct-atoms in TIPS-groups
vi) ~0:          Cp-atoms in TMS-groups

 
Figure 10.5: Spectral-structural correlation for the specific case of compound 61. 

 
By investigating the spectral data for all the compounds of this family, these 
characteristic ranges (the six spectral ranges mentioned before) recurred 
partially or totally in all the investigated compounds. Once all the data were 
available, these spectral ranges could be defined more precisely. The 
observed chemical shifts for the aromatic tertiary carbon atoms appeared 
between δ 128.1 and δ 136.7 ppm and the aromatic quaternary carbon 
atoms were observed between δ 122.1 and δ 128.1 ppm. Furthermore, 
signals for the carbon atoms involved in the ethynyl-functionalities were 
observed in well defined spectral ranges in relation to the corresponding 
aliphatic substituents as reported in Figure 10.6. 
 

TMS TIPS H

δ 93.9 - 95.9 ppm

δ 102.1 - 105.2 ppm

δ 81.6 - 83.6 ppm

δ 77.7 - 80.6 ppm

δ 92.2 - 93.1 ppm

δ 105.0 - 106.7 ppm  
 

Figure 10.6: Characteristic 13C-NMR spectral ranges for polyethynyl-substituted benzene 
derivatives 2-11, 14, 61, 62, 96, 97. 

 
Finally, the signal for the carbon atoms present in the aliphatic terminal 
TMS/TIPS-groups appeared in very restricted ranges; the signals for the 
methyl-carbon atoms of TMS-groups appeared between δ 0.0±0.2 ppm while 
those of TIPS-groups were observed in two characteristic ranges: the 
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methyl-carbons at δ 11.4±0.2 ppm and the methine-carbons at δ 18.7±0.01 
ppm. 
 
 
10.1.2 Ethynyl-centred polyynes 

(31, 34, 37-43, 69) 
 
By investigating the ethynyl-centred compounds (Figure 10.7) a new set of 
well-defined signals was observed. 
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Figure 10.7: Summary of the ethynyl-centred polyynes discussed below. 

 
Compound 40 is discussed as a specific case for this family of compounds 
and its 1H-NMR spectrum is reported in Figure 10.8. 

0.50.51.01.01.51.52.02.02.52.53.03.03.53.54.04.04.54.55.05.05.55.56.06.06.56.57.07.07.57.58.08.0  
Figure 10.8: 1H-NMR spectrum of compound 40 (400 MHz, CDCl3, δ/ppm) 
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The aromatic region showed, as expected, four well-distinguished signals; 
the isolated protons (H2) appeared at δ 7.64 ppm as a triplet (J=1.2 Hz) 
while the two protons in ortho-positions to the ethynyl-functionalities (H4 
and H6) were nearly coincident at δ 7.42/7.45 ppm and the two dt-patterns 
were hard to distinguish (J=1.2, 7.6 Hz). The remaining protons (H5) were 
shifted to higher field and a triplet was observed at δ 2.8 ppm (J=7.6 Hz). 
Last but not least, the signal for the carbon atoms of the TMS-groups 
appeared at the high-field region of the spectrum as a strong singlet at δ 
0.26 ppm. Slightly different from the spectra recorded for the compounds 38 
and 42, this spectrum shows a wider aromatic region due to the 1,3-
disubstitution. The pattern of this spectrum was observed in all the 
following 1,3-disubstituted benzenes. 
 By comparing the data for this compound with those observed for all 
the ethynyl-centred compounds, some new characteristic spectral ranges for 
the aromatic signals were identified at δ 7.45±0.23 ppm. For the aliphatic-
substituents of the alkyne-functionalities the following two typical ranges 
were observed; the signal for the TMS-protons appeared at δ 0.25±0.01 ppm 
while the terminal protons for monosubstituted alkynes (-C≡CH) appeared 
at δ 3.14±0.04 ppm. The signals for the carbon atoms present in the 
aliphatic ethynyl-substituents (-TMS, -H) fit perfectly with the previously 
observed compounds (Chapter 10.1.1).  
 Moving on to the discussion about the 13C-NMR-spectra, compound 
40 can be again used as a typical example. The 13C-spectrum of this 
compound is reported in Figure 10.9 and by looking carefully at the signal 
pattern, as done previously for compound 61 (Figure 10.4), six spectral 
ranges were recognized. 
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Figure 10.9: 13C-NMR spectrum of compound 40 (125 MHz, CDCl3, δ/ppm). 

 
Five of the six regions reported in Figure 10.4 are well-distinguished even if 
the aromatic range at about δ 130 ppm became wider because of the 1,3-
disubstitution of the ring (the TIPS-signals around δ 10-20 ppm is obviously 
absent). In the aromatic region, the four signals for the tertiary carbons are 
discernable even if two chemical shifts are very close together (δ 135.0 (C2) – 
131.7/131.5 (C4/6) – 128.3 (C5) ppm). The signals for the quaternary carbon 
nuclei are shifted to higher field at δ 123.5 ppm and δ 123.2 ppm. The 
signals for the alkyne’s carbons were observed in the same two regions as 
discussed previously. The TMS-substituted carbon atoms were shifted to 
lower field (δ 104.0 ppm) while the neighbouring alkynes’ carbon atoms 
were observed at higher field (δ 95.0 ppm). The sixth and new region (δ ~90 
ppm) is that in which the central alkyne-carbon atoms (Ar-C≡C-Ar) 
appeared: at δ 89.0 ppm. Finally, in the highest field of the spectrum, the 
signals for the carbon atoms of TMS-groups have appeared at δ -0.1 ppm. 
The general overview of the data for this family of compounds permitted one 
to outline the typical ranges which are summarised in Figure 10.10. 
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TMS

H

δ 88.6 - 90.9 ppm
δ 121.9 - 124.7 ppm

δ 103.0 - 104.5 ppm
δ 95.0 - 96.4 ppm

δ 81.6 - 83.2 ppm
δ 79.0 - 90.9 ppm

δ 122.5 - 123.4 ppm

 
 

Figure 10.10: Characteristic 13C-NMR chemical shifts for ethynyl-centred polyynes 31, 34, 
37-43, 69. 

 
The signals recorded for the carbon atoms present in the aliphatic 
substituents of the alkyne-functionalities (-TMS, -H) fit perfectly in the 
range observed for the previously discussed family of compounds (Chapter 
10.1.1). 
 
 
10.1.3 Biphenyl-substituted polyynes 

(71-76) 
 
The collected NMR-spectra of biphenyl-substituted polyynes (Figure 10.11) 
showed remarkable differences to those previously discussed (Chapter 
10.1.1-2) as well as some obvious similarities. 
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Figure 10.11: Summary of the biphenyl-substituted polyynes discussed below. 

 
The 1H-NMR spectra showed a general expansion of the aromatic signal 
region over a wider spectral range of about Δδ 1 ppm (δ 7.37–8.31 ppm) and 
the presence of coupling between the 1H nuclei often produced an 
unresolved signal-pattern. The signals sometimes split into well defined 
signals but often these were nearly coincident and only broad multiplets 
were observed. Therefore, the integral of these multiplets showed the total 
number of protons. On the contrary the signals observed in the aliphatic 
region, those of methyl-TMS protons and of terminal-alkyne (-C≡CH) 
protons were well-resolved and fit perfectly in the same spectral ranges as 
those of the compounds already discussed. 
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 For the recordered 13C-NMR spectra, the same comparative approach 
as used before was applied. For a specific example, the spectrum of 
compound 71 is reported in Figure 10.12. 
 

00101020203030404050506060707080809090100100110110120120130130140140  
Figure 10.12: 13C-NMR spectrum of compound 71 (125 MHz, CDCl3, δ/ppm). 

 
Six different regions were distinguished: i) δ ~140 ppm, ii) δ ~130 ppm, iii) δ 
~125 ppm, iv) δ ~105 ppm, v) δ ~95 ppm, vi) δ ~0 ppm. In the aromatic 
region of the spectrum, three distinct ranges are present; at the lowest field 
(δ 141.1/140.3 ppm) the two signals for the central carbon atoms (C1 and 
C1’) are observed. The five signals for the tertiary carbon atoms were 
discerned even if two chemical shifts were very close together (δ 
132.4/128.8/ 127.6/127.0/126.8 ppm). Furthermore, in the high-field 
aromatic region, (δ 122.0 ppm) the quaternary carbon atom was 
unambiguously assigned. The signals for the alkynes’ carbons atoms were 
observed (as was done in the previous investigations) in two typical regions. 
The TMS-substituted carbon atoms appeared low-field shifted (δ 105.0 ppm) 
while the neighboring alkyne carbon atom appeared high-field shifted (δ 
94.8 ppm). Finally in the highest field on the spectrum, the signals for the 
carbon atoms of TMS-groups have appeared at δ 0.0 ppm. 
 In conclusion, the whole data collection fit perfectly with those 
discussed previously for polyethynyl-benzenes with the only exception that 
the aromatic signals of biphenyl-substituted compounds appeared over a 
wider spectral range (δ 127.0-141.6 ppm) because of the low-field shifted 
signals of the carbon atoms linking the two aromatic rings (C1 and C1’). 

TMS
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10.1.4 Hetero-substituted phenylyne 
(29, 30, 32, 33, 35, 36, 110, 111, 115, 118, 119) 

 
The presence of particular substituents such as nitro, amino, iodo or 
bromo-functionalities caused, as expected, a general extension of the 
spectra ranges containing the observed signals. For simplicity, Figure 10.13 
reports the structure and the substituents present in the compounds under 
investigation. 
 

#  R1 R2 R’1 R’2 substitution 
29 Br  TMS  1,4-di 
30 Br  H  1,4-di 
32 Br  TMS  1,3-di 
33 Br  H  1,3-di 
35 Br Br TMS  1,3,5-tri 
36 Br Br H  1,3,5-tri 
110 NH2  TMS  1,4-di 
111 I  H  1,4-di 
115 NO2  TMS TMS 1,3,5-tri 
118 NH2  TMS TMS 1,3,5-tri 
119 I  TMS TMS 1,3,5-tri 

Figure 10.13: Summary of the investigated heterosubstituted ethynyl-benzenes. 

 
The effects caused by the substituents (R) could not be generalized since 
every heteroatom influenced the observed chemical shifts in their own 
particular way. As reported in Figure 10.13, all the substituents were linked 
to the aromatic ring and they lie in meta or para-position to the ethynyl-
functionality(ies). As expected, this substituents showed no influence on the 
chemical shifts observed for the signals of the alkyne carbon atoms. On the 
contrary, the chemical shifts for the aromatic protons were spread over a 
spectral range of Δδ 1 ppm (δ 6.71-7.74 ppm) while the signals observed in 
the aliphatic region of the spectra, were perfectly in line with the values for 
the previously observed compounds (δ 3.14±0.02 ppm for -C≡CH and 
0.24±0.02 ppm for –C≡C-TMS). 
 The 13C-NMR spectra reflect the same tendency and the aromatic 
signals appeared again over a wide range (δ 126.5-140.6 ppm). The signals 
observed at the low-field limit of this range were generally observed for 
carbon atoms with an amino-group in the ortho or para-position while the 
carbon signals at the high-field limit were  generally influenced by an iodo-
substituent in an ortho or a nitro-group in a para-position. The same 
substituent-effects were observed in the chemical shifts of the aromatic 
quaternary carbon atoms linked to the ethynyl-functionalities. Their signals 

R' n
 R n

 

n = 1,2
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R n
 

n = 1 to 6

were observed in an extended range (δ 112.5-126.5 ppm) delimited on the 
low-field borderline, by the effect of an amino-group in a para-position and, 
on the high-field borderline by the presence of nitro or amino-groups in a 
meta-position. In the 13C-NMR spectra, there is no substituent-influence on 
the alkyne-functionalities and the obtained values for the sp-hybridised 
carbon atoms were perfectly in line with those observed for the previously 
discussed compounds. Finally, the observed values for the TMS-methyl 
carbon atoms fit perfectly with those for the ethynyl-substituted analogues. 
 
 
10.1.5 Hetero-substituted benzenes 

(12, 13, 44, 45, 48-50, 63, 91-93, 113, 114, 116, 117) 
 
The remaining hetero-substituted benzenes were collected in a new family, 
in which no ethynyl-functionalities could be investigated. Figure 10.14 
summarizes the last groups of compounds investigated. 
 

#  R1 R2 R3 R4 R5 R6 
12 I I I I I I 
13 I Br I Br I Br 
44 NH2 Br  NO2  Br 
45 NO2  Br I  Br 
48 NH2 I  NO2  I 
49 NO2  I I I 
50 NH2  I I I 
63 Br I  Br I 
91 I  NH2  NH2 
92 I  I  I 
93 I I  I I 
113 NO2  Br  Br 
114 NH2  Br  Br 
116 NO2  I  I 
117 NH2  I  I 

Figure 10.14: Heterosubstituted benzene building blocks. 

 
The NMR-data for these compounds did not show noticeable chemical shifts 
or trends. The presence of substituents such as bromo, iodo, nitro or 
amino-groups caused spectra, which were peculiar to each single 
compound. As expected, both 1H-NMR and 13C-NMR spectra show 
significant differences even for isomeric compounds such as 3,5-
dibromoaniline, 114, and 3,5-diiodoaniline, 117. Their 13C-NMR spectra are 
reported in Figure 10.15. 
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Figure 10.15: 13C-NMR-spectra of compound 114 (above) and 117 (below) 
(125 MHz, CDCl3, δ/ppm). 

 
The signal for the amino-functionalized carbon atoms were observed very 
close to each other (δ 148.4/148.5 ppm) and the same was observed for the 
tertiary carbon atoms in an ortho-position to the amino-substituent (δ 
123.2/123.0 ppm). In contrast, the signal of the remaining tertiary carbon 
atom was significantly shifted (δ 123.0-134.8 ppm). Finally a big shift was 
observed for the bromo-functionalized carbon atoms and the corresponding 
iodinated specie (δ 116.3/95.1 ppm). 
 
 
10.1.6 Benzene-centred dendritic polyynes 

(16, 18-20, 70, 98-103) 
 
For the NMR-spectra of the dendritic alkyne compounds (Figure 10.16), it 
has been necessary to prepare highly concentrated solutions and to use 
prolonged measurement times (up to three times longer than for the 
corresponding smaller molecules). This was important to obtain (especially 
in 13C-NMR spectra), reasonable s/n-ratios for the quaternary carbon atoms 
(both sp2 and sp-hybridised). These are the key-signals to determine the 
molecular structure and to assess the purity of the compound. 
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Figure 10.16: Summary of the dendritic alkynes discussed below. 

 
In the 1H-NMR spectra of the dendritic alkynes, the signals showed a 
tendency to be concentrated in specific spectral ranges and this occurred 
especially for the aromatic signals. Generally the tertiary carbon atoms in 
1,4-disubstituted aromatic units were distinguished from those present in 
1,3,5-trisubstituted units. Unfortunately, in cases when more than one 
signal was expected for the same aromatic unit (1,4-di or 1,3,5-
trisubstituted), the signals were not discernable because of overlapping 
multiplets or the appearance of broad singlets. To better understand this 
fact, Figure 10.17 reports two schematic examples. 
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Figure 10.17: Schematic representation of the 1H-NMR data for the aromatic region of 
compound 99 (left) and 101 (right). 

 
In contrast, the signals for the proton atoms contained in the TIPS-
protecting groups were observed perfectly in line with the previously 
investigated phenylyne compounds (Chapter 10.1.1). 
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 Figure 10.18 reports the 13C-NMR spectra for compound 99, which is 
a good starting point for the investigation of the spectral behaviour of the 
compounds of this family. 

101020203030404050506060707080809090100100110110120120130130  
Figure 10.18: 13C-NMR spectrum of compound 99 (125 MHz, CDCl3, δ/ppm). 

 
After the previous discussions about the spectral behaviour of the small 
building blocks, the spectra of compound 99 could easily be broken down 
into seven spectral regions; i) ~135 ppm, ii) 130-132 ppm, iii) 120-125 ppm, 
iv) ~105 ppm, v) ~95 ppm, vi) ~90 ppm, vii) 10-20 ppm. Through the 
comparison of these ranges with those encountered in the previous sections, 
the assignment of each peak became more feasible. The three signals 
appearing in the low-field of the aromatic region were assigned to the 
tertiary carbons (δ 134.1 ppm (C2B) – 132.0/131.4 ppm (C2A/3A)), while the 
quaternary carbon atoms were well-recognised to higher field (δ 
123.9/123.7/122.5 ppm (C1B/4A/1A)). The important signals for the alkynes’ 
carbon atoms could be observed in the typical three specific regions. The 
TIPS-substituted carbon atoms were shifted to lower field (δ 106.5 ppm), the 
neighbouring alkyne’s carbon atoms were about Δδ 10 ppm shifted to higher 
field (δ 93.1 ppm) and the carbon atoms of the internal alkynes (Ar-C≡C-Ar) 
appeared, as expected, at about δ 90 ppm (δ 90.3/89.4 ppm). Finally, in the 
highest field of the spectra, the signals for the carbon atoms in TIPS-groups 
appeared in two well-distinguished signals (δ 18.6 ppm and δ 11.3 ppm). 
 This spectral pattern was encountered in all the dendritic compounds 
and the 13C-NMR data fell into fix well-defined ranges for each of the 
building units contained in each dendritic architecture. All the dendritic 
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compounds (compounds 98-103) were formed by the structural building 
blocks reported in Figure 10.19, to which the observed chemical shifts are 
correlated. 
 

TIPS

δ 131.0 - 132.0ppm

δ 121.6 - 126.3 ppm

δ 131.6 - 135.5 ppm
δ 87.9 - 93.9 ppm

δ 122.5 - 124.4 ppm
δ 92.2 - 95.4 ppm

δ 104.8 - 106.6 ppm
δ 18.6 - 18.7 ppm
δ 11.2 - 11.3 ppm

 
 

Figure 10.19: Spectrum-structure correlations for the building blocks present in the 
dendritic architectures 98-103. 

 
Something interesting was observed in the specific case of compound 103 in 
which the rigidity of the structure, the 1,2,4,5-substitution and the crowded 
branches created the conditions for a particular spectrum, which showed a 
signal for each carbon atoms of the branched arms (-C-C≡C-TIPS). The 13C-
NMR spectrum of compound 103 is reported in Figure 10.20. 
 

Figure 10.20: 13C-NMR spectrum of compound 103 (125 MHz, CDCl3, δ/ppm). 
 
In the aromatic region the three distinct signals for the tertiary carbon 
atoms were observed in the low-field region of the spectrum (δ 
135.5/134.9/134.7 ppm) while in the higher-field part of the aromatic 
region, four signals were observed for the quaternary carbons (δ 
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124.3/124.2/123.0/122.1 ppm). The signals for the alkyne’s carbons were 
observed clearly in three specific regions; the TIPS-substituted carbon 
atoms were shifted to lower field (δ 105.0/104.8 ppm) while the 
neighbouring alkynes’ carbon atoms were observed at higher field (δ 
92.8/92.3 ppm). Finally in the high-field region of the spectrum, the signals 
for the carbon atoms in the TIPS-groups appeared with at δ 18.6, 18.6, 11.3 
and 11.2 ppm. The presence of these five distinct “extra”-peaks (-C-C≡C-
TIPS) indicates that the structure is rigid and there is no free rotation 
around bonds in the molecule. 
 
 
10.1.7 Ethynyl-centred dendritic polyynes 

(120, 121) 
 
The 1H-NMR-spectra recorded for these two compounds exhibit the same 
peculiarities than those observed for the already reported benzene-centred 
dendritic polyynes (Chapter 10.1.6). 
 For these heaviest ethynyl-centred dendritic compounds, it became 
harder to obtain in 13C-NMR spectra good s/n-ratios to allow the resolution 
of the alkyne-carbon atoms. These signals generally exhibit low intensities. 
Figure 10.21 reports the spectrum of compound 120, which showed seven 
similar characteristic ranges, similar to those observed in Figure 10.18. 

Figure 10.21: 13C-NMR spectrum of compound 120 (125 MHz, CDCl3, δ/ppm). 
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By applying all the observations obtained from the previous spectral 
investigations, it appeared clear how to correlate the spectral data to the 
structure of compound 120. In the aromatic region, the four signals for the 
tertiary carbon atoms were observed in two distinct sets; the carbon atoms 
involved in 1,3,5-trisubstituted ring B appeared shifted to lower field (δ 
134.3/134.2 ppm) while the carbon atoms involved in the 1,4-disubstituted 
ring A were observed at higher field (δ 131.9/131.7 ppm). The quaternary 
carbon atoms appeared in four well-resolved signals at about δ 120 ppm (δ 
123.8/123.6/123.3/122.7 ppm). The signals for the alkynes’ carbon atoms 
were observed in the three typical regions; the TMS-substituted carbon 
atoms were observed at lowest field (δ 104.9 ppm), the neighbouring 
alkynes’ carbon atoms were observed Δδ 10 ppm shifted to higher field (δ 
96.6 ppm), and the internal alkyne carbon atoms (Ar-C≡C-Ar) appeared, as 
expected, at about 90 ppm (δ 90./89.5/88.9 ppm). Finally in the highest 
field part of the spectrum, the signals for the carbon atoms in the TMS-
groups appeared at δ -0.1 ppm. 
 These observed spectroscopic data and those recorded for the 
branched analogue, compound 121, fit perfectly with all the typical values 
observed for the previously investigated compounds, whether small or larger 
dendritic molecules. 
 
 
10.1.8 Butadiynyl-centred polyynes 

(124-128) 
 
The NMR-spectra of the butadiyne compounds (Figure 10.22) showed some 
obvious analogies to the corresponding alkynes, especially for compounds 
126, 127 and 128, which contained structural building blocks similar to 
those previously investigated. 
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Figure 10.22: Summary of the butadiynes discussed below. 
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In contrast, the central butadiyne-functionalitiy showed characteristic 
chemical shifts in 13C-NMR spectra, which were often used to distinguish 
these compounds from the alkyne analogues. 
 In 1H-NMR spectra strong similarities were observed between the 
spectra of the butadiynes and those investigated for the alkyne analogues. 
All the chemical shifts fit perfectly with the spectral ranges already 
discussed. As an example, the 1H-NMR spectra of compounds 73 and 126 
are compared in Figure 10.23. 

7.107.207.307.407.507.607.707.807.90

7.107.207.307.407.507.607.707.807.90
 
 

Figure 10.23: 13C-NMR spectra of compounds 73 (above) and 126 (below) 
(400 MHz, CDCl3, δ/ppm). 

 
The two spectra are almost identical and it would not be possible to assign 
the structures based only on these data. Some helpful evidence for the 
presence of butadiynyl-centred compounds came by the careful 
investigation of the aliphatic region if TMS or TIPS-protecting groups if 
present. Sometimes a new high-field shifted signal appeared beside the 
typical peak observed for the TMS/TIPS-groups in alkyne-compounds. The 
aliphatic signal for compounds 124 and 125 were observed generally high-
field shifted by about Δδ 0.02-0.04 ppm compared to those observed for the 
TMS- or the TIPS-protected alkynes under investigation. Figure 10.24 
reports the 1H-NMR spectra for two binary mixtures in which the presence 
of compounds 124 or 125 was observed. 
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0  
 

Figure 10.24: Traces of compounds 124 and 125 in the 1H-NMR spectra of compounds 42 
(above) and 61 (below) (400 MHz, CDCl3, δ/ppm). 

 
 In contrast, in the 13C-NMR spectra some important characteristic 
chemical shifts were observed. Even if the aromatic part in the butadiynyl-
centred compounds produced very similar pattern to the alkyne analogue, a 
diagnostic shift for the butadiyne-carbon signals was observed. Figure 10.25 
shows a comparison between the 13C-NMR spectra of compounds 42 and 
128. 
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Figure 10.25: 13C-NMR spectra of compounds 42 (above) and 128 (below) 

(125 MHz, CDCl3, δ/ppm). 
 

TMS

TMSTMS

TMS

TIPS TMS

TMSTMS

TIPSTIPS

TIPS

TIPSTIPS

TIPS

TMS

TMSTMS

TMS

124 

125 



Chapter 10 - Spectroscopic characterisation of polyynes 

246 

Ignoring for the moment the aliphatic protecting-groups, the investigation of 
the hydrocarbon-backbone revealed six signals at similar chemical shifts; 
the tertiary carbon atoms were observed in the low-field region (42: δ 135.1, 
134.6 ppm – 128: δ 133.1, 135.5 ppm), the quaternary carbon atoms 
appeared high-field shifted (42: δ 123.3, 123.8 ppm – 128: δ 124.3, 1222.1 
ppm) and the chemical shifts for TMS- and TIPS-protected alkyne carbon 
atoms were observed in the typical ranges observed previously (42: δ 103.0, 
95.8 ppm – 128: δ 104.8, 92.7 ppm). The most important difference 
appeared for the central butadiyne-carbon atoms; the single signal of 
compound 42 (δ 88.7 ppm) has been replaced by two distinct signals, which 
were observed about 10 ppm high-field shifted (δ 80.3, 74.5 ppm). 
 In conclusion, even if the majority of the observed signals, especially 
in the aromatic region, were little different from those observed for the 
corresponding alkyne-compounds, a fingerprint for each butadiyne-
compound (124-128) was discovered. Compounds 124 and 125 gave 
distinct signals in the 1H-NMR spectra at δ 0.19 ppm (methyl-carbon atoms 
in TMS-groups) and δ 1.10±0.02 ppm (methyl/methine-carbon atoms in 
TIPS-groups), while the heaviest compounds 126, 127 and 128 showed 
characteristic chemical shifts in the 13C-NMR spectrum in the spectral 
range δ 75.5-81.8 ppm, significantly high-field shifted compared to the 
analogues alkyne-carbon atoms. 
 
 
10.2  Mass spectrometry 
 
Mass spectrometry was used as confirmation for the structural information 
gained from the investigation of the previously discussed NMR-spectra. As 
in the NMR-spectra, the mass spectra showed some trends for compounds 
containing similar structural building blocks such as TMS/TIPS-protecting 
groups, biphenyl-functionalities or central ethynyl-functionalities. 
 The presence of typical silylated protecting groups produced very 
selective and reproducible fragmentation patterns as displayed in Figure 
10.26 for two examples, the TMS-protected compounds 6 and 10. 
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Figure 10.26: Mass spectra of compounds 6 (left) and 10 (right) (FAB-MS, m/z) 

 
In all the mass spectra of TMS-protected compounds, the presence of the 
[M-CH3]+-fragment was generally observed. This fragment was observed 
often as the most intense peak (100%) as in the specific case of compound 6 
shown in Figure 10.26. In presence of an increasing number of TMS-
protecting groups, the loss of more methyl-fragments (Δm/z=15) was 
observed, and in some cases the loss of entire TMS-fragments (Δm/z=73) 
could even be observed. This was observed in the mass spectrum of 
compound 10, in which sequential loss of fragments was observed as follow; 
462 M+, 447 [M-CH3]+, 390 [M-TMS]+, 375 [M-TMS-CH3]+, 359 [M-TMS-
CH3]+-fragment (Figure 10.26, right). 
 In the presence of TIPS-protected alkyne-functionalities, a similar 
fragmentation pattern to that discussed for the TMS-protected compounds 
was observed. The [M-iPr]+-fragment was observed as the most intense peak 
as reported in Figure 10.27 for compound 128. 
 

 
Figure 10.27: Mass spectrum of compound 128 (FAB-MS, m/z). 
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Furthermore, in the presence of more TIPS-protecting groups, the sequential 
loss of [iPr]- and TIPS-fragments was observed. In the specific case of 
compound 128, the loss of three iPr-fragments and of complete TIPS-groups 
was detected: 922 M+, 879 [M-iPr]+, 836 [M-2iPr]+, 794 [M-3iPr]+, 765 [M-
TIPS]+-fragment. 
 For terminal alkynes (R-C≡CH), very simple spectra were observed, in 
which, normally only the representative M+-fragment was present. 
 Compounds containing heavy substituents, such as halide atoms, 
nitro- or amino-functionalities, showed the sequential loss of all the 
substituents. Two examples are the mass spectra reported in Figure 10.28 
for compounds 12 and 45. 
 

 
Figure 10.28: Mass spectra of compounds 12 and 45 (FAB-MS, m/z). 

 
In both spectra, the sequential loss of all the substituents is visible. In the 
specific case of hexaiodobenzene, 12, the loss of the six I-fragments 
(Δm/z=127) created a very clean pattern. In the spectrum of 2,6-dibromo-4-
iodonitrobenzene, 45, the sequential loss of the four substituents (NO2: 
Δm/z =46, I: Δm/z=127, Br: Δm/z=80, Br: Δm/z=80) was very clearly visible 
giving the remaining fragment of the aromatic core (m/z=74). 
 Something interesting was observed for the phenyl-capped 
compounds and for the functionalized biphenyls. Figure 10.29 reports the 
spectrum of 1,4-diethynylphenylbenzene, 70, which was representative for 
this family of compounds. 
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Figure 10.29: Mass spectrum of compound 70 (FAB-MS, m/z). 

 
In the absence of TMS-protected alkyne-functionalities, the most intense 
peak observed was from the M+-fragment and a second peak was observed 
at for the M2+-fragmet. In the specific case of compound 70 (Figure 10.29), 
the spectrum displayed two signals; the most intens due to the M+-fragment 
(m/z=278) and a second peak (m/z=139), arising from the M2+-fragment.  
 In the mass spectra of the dendritic compounds, two general trends 
were observed for the brominated and the TIPS-protected dendritic 
compounds. In Figure 10.30, two representative examples (compounds 20 
and 99) are reported for both families of compounds. 
 

 
Figure 10.30: Mass spectra of compound 20 (left) and 99 (right) (FAB-MS, m/z). 

 
In the spectrum of compound 20, the loss of six Br-fragments (Δm/z=80) 
was clearly observed and the peaks for lighter fragments (m/z=852, 692, 
612, 532, 452, 372) showed a very variable intensities. In contrast, in the 
spectra of the TIPS-protected compound 99, the most intensive signal was, 
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as expected, the [M-iPr]+-fragment (m/z=876) and after the loss of two iPr-
fragments (Δm/z=43), no other signals were observed. 
 
 
10.3  Infrared spectroscopy 
 
As mentioned in the beginning of this chapter, infrared spectroscopy for the 
characterisation of polyalkynylated compounds was used for supporting 
data and only a superficial investigation was carried out from the spectra 
recorded. Some typical bands were observed in the specific cases of 
terminal, TMS- or TIPS-protected alkynes and  in presence of heteroatoms, 
but otherwise, the spectra were not helpful in term of assigning particular 
structures. Figure 10.31 reports the IR-spectrum of compound 62, a typical 
example of the protected compounds. 

 
Figure 10.31: IR-spectrum of compound 67 (ν/cm-1). 

 
The signals of the νCH-mode for aromatic systems were expected above ν 
3000 cm-1 but rarely were they observed at such high wavenumbers and 
normally the appeared at lower frequencies (ν 2900±100 cm-1). Commonly, 
the aromatic and aliphatic νCH-modes overlapped, as in the case of 
compound 67, (ν=3084, 2926, 2864 cm-1). The bond of greatest intensity 
was observed generally for the aliphatic C-H-groups (ν≤3000 cm-1). The 
combined aromatic signals, expected in the range between ν 2000 cm-1 and 
1600 cm-1, were generally observed as very weak bands. The aromatic and 
aliphatic δCH-mode were typically observed as two strong or very strong 
bands in the range ν 1450 cm-1 to 1580 cm-1. A band for the νC≡C-mode was 
expected at about ν 2100 cm-1 but in the practice only in some cases 
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appeared with strong intensity. Typical strong absorption for νTMS, δTMS and 
γTMS-modes for the TMS-protecting groups were observed, as expected at ν 
1400 cm-1, 1250 cm-1 and 830-750 cm-1. In the absence of protecting 
groups on the terminal alkyne-functionality, (i.e. R-C≡CH), these afore 
mentioned signals were obviously replaced by the corresponding signals for 
the νC≡H-modes, that appeared at ν 3250 cm-1, 2120 cm-1 and 640 cm-1. 
The infrared-spectra for the dendritic compounds did not present interesting 
differences from those already descibedas is clearly visible in the example 
reported in Figure 10.32. 

 
Figure 10.32: IR-spectrum of compound 98 (ν/cm-1). 

 
The strong bands for the νCH-modes were observed at ν 2951 cm-1, 2939 cm-

1 and 2862 cm-1, while those of the δCH-mode appeared as two strong 
absorptions at ν 1517 cm-1 and 1456 cm-1. As expected, the characteristic 
bands for the TMS-protecting groups seen in Figure 10.26 were absent. 
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10.4  Elemental analysis 
 
Elemental analyses were determined only as supporting data. However, one 
must note the difficulties in purifying many of the compounds. As 
previously discussed, the production of all the compounds was 
accompanied by variable amounts of secondary products (see Chapter 2), 
which were sometimes difficult to separate. This meant that even if the 
spectroscopic or mass spectrometric data were satisfactory, it was not 
always possible to achieve a purity high enough to obtain good elemental 
analysis. Generally, only compounds easy to purify were submitted for 
elemental analysis and no time was invested in prolonged purifications. 
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Chapter 11 
Spectroscopic characterisation of cluster-decorated 

compounds 
 
The general signal broadening and the common absence of pattern-
resolution appeared self-evident since the initial NMR and Mass spectra 
collected for the cobalt-rich compounds. Furthermore, with an increasing 
size of the cluster-rich compounds it became more difficult to record well-
resolved spectra. As already mentioned for the dendritic architectures, the 
collection of the spectra of the cobalt-rich compounds required even high 
concentrated sample solutions and prolonged measurement times, in 
particular for the collection of 125 MHz 13C-NMR spectra. Highly 
concentrated samples (nearly to saturation) were used for 6 hour-long 
experiments. In the case of dendritic architectures containing more than five 
dicobalt hexacarbonyl clusters, 8 hour-long experiments were necessary to 
obtain reasonable good s/n-ratios. 

To easily follow the investigations reported in this chapter, a graphical 
summary of the 13C-NMR collected data is report in Appendix 2. 
 
 
11.1  Nuclear magnetic resonance spectroscopy 
 
11.1.1 Cobalt cluster derivatives of small TMS/TIPS-

protected polyynes 
(21-25, 66-68) 

 
The observed 1H-NMR spectra of the protected compounds (Figure 11.1) 
showed very broad signals in particular for the aromatic spectral ranges. 
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Figure 11.1: Summary of the benzene-centred polycluster derivatives discussed below. 
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Generally, a single broad signal was observed with an integral 
corresponding to the total number of the aromatic protons. In the case of 
small compounds and in the presence of very different environments, it was 
possible to distinguish the details of the spectra, even if still poorly resolved. 
This was observed in the specific case of the compounds reported in Figure 
11.2. 

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5

0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.5  
 

Figure 11.2: 1H-NMR spectra of compounds 21 (above) and 23 (below) 
(400 MHz, CDCl3, δ/ppm). 

 
The observed aromatic signals spread over a spectral range of a half ppm (δ 
7.31-7.72 ppm) and the absence of good resolution for the signals did not 
permit detailed spectral observations. In contrast, the protons contained in 
the aliphatic functionalities directly linked to the cobalt-clusters, produced 
well-resolved signals, which were lower-shifted than those for the same 
protons present in the corresponding alkyne-precursors. 
Figure 11.3 shows a comparison of the chemical shifts collected for the 
protons contained in the aliphatic functionalities for the investigated 
compounds and their corresponding precursors. 
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Polyyne  polycluster  TMS-signals TIPS-signals 
2   21   0.37 0.42 
4   22   0.24 0.42 
6   23   0.24 0.44 
8   24   0.23 0.44 
10   25   0.25 0.24 
61   66   0.25 0.44  1.14 1.19 
62   67   0.25 0.39  1.12 1.14 
64   68   0.25 0.42  1.09 1.18 

 
Figure 11.3: 1H-NMR-chemical shifts for the investigated polyclusters and the 

corresponding polyynes. 

 
 In the 13C-NMR spectra, some interesting trends were detected 
because some signals moved to particularly characteristic spectral ranges. 
The specific case of compound 23 is investigated below and the spectra for 
this compound and its alkyne precursors 6 are reported in Figure 11.4. 

255075100125150175200
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Figure 11.4: 13C-NMR spectra of compounds 6 (above) and 23 (below) 

(125 MHz, CDCl3, δ/ppm). 

 
For the cluster derivative, the signal at δ 200 ppm (assigned to carbonyls) is 
especially diagnostic. Through a careful investigation and by applying the 
approach previously used for the polyyne compounds, the spectra could be 
viewed in six different spectral ranges. These ranges were distinguished as i) 
δ ~200 ppm, ii) δ ~140 ppm, iii) δ 125-135 ppm, iv) δ 105 ppm, v) δ ~85 
ppm, vi) δ ~1 ppm. For compound 23, in the low-field region of the 
spectrum a well-resolved signal appeared for the carbon atoms in the 
carbonyl-units (δ 199.8 ppm). The aromatic signals were observed in two 
different ranges; the quaternary carbon atoms appeared at δ 139.4 ppm, 
while the tertiary carbon atoms were detected at higher field in the aromatic 
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region (δ 131.6/129.2/129.1 ppm). For the carbon atoms involved in the 
clusters, two typical chemical shifts were observed about 20 ppm from each 
other; the TMS-protected carbon atoms appeared at δ 104.7 ppm while the 
benzene-substituted carbon atoms were observed at δ 84.9 ppm. Finally, in 
the high-field region of the spectrum, the strong TMS-methyl-signal 
appeared at δ 0.8 ppm. Figure 11.5 reports very schematicly the observed 
shifts of the carbon atoms signals of compound 6 due to the reaction with 
dicobalt octacarbonyl. 
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Figure 11.5: Observed signal-shifts, to lower field (+) and higher field (-), in the 13C-NMR 
spectra of compound 6 caused by the insertion of dicobalt hexacarbonyl clusters for the 

production of compound 23. 
 

The signal-shifts observed for compound 6 set a general trend for all the 
carbon atoms contained in the compounds of this family. The only 
exceptions observed were in the signals for the tertiary carbon atoms, which 
varied because of the different substitution-pattern of the ring. An overview 
of all the recorded chemical shifts permitted one to see the spectral ranges 
reported in Figure 11.6. 
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R = -TMS, -TIPS
n = 1, 2, 3, 4

-TMS : δ 0.8 - 1.3 ppm
-TIPS : δ 14.0 - 14.6 ppm
              δ 19.2 - 19.6 ppm-CH- : δ 127.9 - 131.6 ppm

δ 136.4 - 140.5 ppm

δ 77.1 - 84.9 ppm

δ 102.4 - 105.4 ppm (R=TMS)
δ 108.8 - 110.3 ppm (R=TIPS)

-CO : δ 199.8 - 200.5 ppm
 

 
Figure 11.6: Summary of the characteristic spectral ranges observed in 13C-NMR spectra of 

the investigated compounds. 
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11.1.2 Cobalt cluster derivatives of deprotected polyynes 
(57-59, 84, 86, 90) 

 
The insertion of dicobalt hexacarbonyl clusters into the backbone of the 
deprotected alkynes (Figure 11.7) caused a general broadening of the signals 
observed in 1H-NMR spectra. 
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Figure 11.7: Summary of the polycluster derivatives discussed below. 

 
This was verified for all the compounds and the observed broad aromatic 
signals showed an integral consistent with the total number of the protons 
present. The broad signals replaced the well-defined signals oberved for the 
alkynes-precursors. Interestingly, in some specific cases, a certain pattern 
could be distinguished despite the broadening of the signals. Figure 11.8 
reports the spectrum for one of these cases, compound 58, which is 
compared to the corresponding alkyne precursor, 41. 

7.207.307.407.507.607.707.807.90

7.207.307.407.507.607.707.807.90

 
Figure 11.8: Aromatic region of the 1H-NMR spectra of compounds 41 (above) and 58 

(below) (400 MHz, CDCl3, δ/ppm). 

 
The observed spectrum of compound 41 showed four well-defined signals; δ 
7.65 ppm (t, J=1.2 Hz), δ 7.60 ppm (dt, J=1.2, 7.6 Hz), δ 7.46 ppm (dt, 
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J=1.2, 7.6 Hz) and δ 7.32 (t, J=7.6 Hz,) with a [2:2:2:2]-integral ratio. The 
spectrum of the cobalt-decorated analogue, 58, showed a lower signal-
resolution and the pattern was hardly discernable; δ 7.78 ppm (br s), δ 7.53 
ppm (d, J=7.6 Hz), δ 7.48 ppm (d, J=7.6 Hz) and δ 7.31 (t, J=7.6 Hz,) with a 
[2:2:2:2]-integral ratio. As observed previously for TMS-functionalized 
compounds, even in the spectra of the H-terminal clusters, a significant 
shift of the aliphatic proton-signals was observed in comparison to the 
obtained chemical shift of the corresponding alkyne-precursors. In the case 
of this family of compounds, there was an observed shift in the signals for 
the terminal proton (-C2Co2(CO)6-H) from about δ 3.25±0.17 ppm (polyyne 
precursor) to about δ 6.55±0.15 ppm (cluster-rich analogue). 
 The investigation of the 13C-NMR spectra permitted one to observe 
spectral ranges, very similar to those previously discussed. Figure 11.9 
reports a comparison of the 13C-NMR spectrum for compounds 84 and that 
of its alkyne-precursor 3. 

8090100110120130140150160170180190200

8090100110120130140150160170180190200
 

Figure 11.9: 13C-NMR spectra of compounds 3 (above) and 84 (below) 
(125 MHz, CDCl3, δ/ppm). 

 
In the spectrum of compound 84, the presence of cobalt carbonyl units in 
the backbone was confirmed by the appearance of the diagnostic chemical 
shift at δ 199.5 ppm, while the quaternary carbon atom linked to the cluster 
showed a shift to lower field, at δ 137.5 ppm if compared to the signal 
observed for the alkyne analogue, 3 (δ 122.1 ppm). The signals for aromatic 
tertiary carbon atoms appeared to be less influenced than the former, and 
the chemical shifts of compound 84 (δ 132.0/128.7/128.2 ppm) were very 
similar to those observed for compound 3 (δ 130.3/128.9/128.2 ppm). A 
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greater shift in signal was detected for the carbon atoms incorporated in the 
cobalt cluster, which moved to lower or higher field by widening their 
spectral gap; the signal for the aromatic-functionalized carbon atom moved 
from δ 83.6 ppm (3) to δ 90.2 ppm (84), while the H-functionalized carbon 
atoms moved from δ 77.2 ppm (3) to δ 72.6 ppm (84). 
A schematic overview of the 13C-NMR chemical shifts of the investigated 
compounds is reported in Figure 11.10. 
 

H

-CH- : δ 127.7 - 140.5 ppm

δ 137.2 - 139.5 ppm

δ 88.4 - 90.2 ppm

δ 72.6 - 73.2 ppm

-CO : δ 198.5 - 199.7 ppm δ 91.4 - 91.7 ppm
 

 
Figure 11.10: Summary of the 13C-NMR chemical shifts of the investigated deprotected 

compounds. 

 
 
11.1.3 Benzene-capped cobalt clusters 

(26-28, 85, 87, 89) 
 
The total absence of aliphatic functionalities (i.e. in the TMS-, TIPS- or H-
functionalized clusters) made the 1H-NMR characterisation of these 
comounds (Figure 11.11) very superficial.  
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Figure 11.11: Summary of the polycluster derivatives discussed below. 

 
The only observed phenomenon was the concentration of the observed 
aromatic signals into broad multiplets with an integral consistent in the 
total number of protons present. In the specific case of protons with similar 
environment, it became difficult to distinguish the details of the spectra. 
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Two examples are given in Figure 11.12 for the cluster derivatives 28 and 
87. The recorded spectra of these two compounds are compared with the 
spectra of the corresponding polyyne-precursors, 19 and 70 respectively. 
 

7.107.207.307.407.507.607.707.807.90

7.107.207.307.407.507.607.707.807.90  
 

Figure 11.12: Signal broadening in the 1H-NMR spectra caused by the insertion of cobalt 
clusters (spectra below) into the alkynylated backbones (spectra above). 

 
For both cobalt-rich compounds 28 and 87 (Figure 11.12, bottom), the 
observed signal-pattern present in the corresponding polyyne-precursors 
(Figure 11.12, top) was lost and the only distinguishable signals were those 
of protons with very different environment (i.e. protons in 1,3,5-tri and 1,4-
disubstituted rings respectively). In the specific case of the tribranched 
architecture, the [3:6:6]-ratio of the signals’ integrals observed for the 
trialkyne-compound 19 changed to the [3:12]-ratio in the corresponding 
cobalt-rich homologous 28. In the case of the linear structure, the observed 
[4:4:6]-ratio present in the alkyne-compound 70 changed to the [8:6]-ratio 
in the corresponding dicluster compound 87. Generally, the collected 
aromatic chemical shifts were observed in a spectral range between δ 7.35 
and δ 7.71 ppm. 
 In the 13C-NMR spectra no relevant differences were observed than in 
the previously discussed cluster-rich compounds (Figure 11.7). Figure 11.13 
displays the observed spectra of compound 27, in which the same chemical 
shifts are present as those observed for the previously discussed cobalt-rich 
compounds. 
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8090100110120130140150160170180190200

 
Figure 11.13: 13C-NMR spectrum of compound 27 (125 MHz, CDCl3, δ/ppm). 

 
In the low-field region of the spectrum, a well-resolved signal appeared for 
the carbon atoms involved in the carbonyl-units (δ 198.5 ppm). The 
aromatic signals were observed in two typical ranges; the two quaternary 
carbon atom signals appeared at δ 142.8 ppm and δ 137.9 ppm, while the 
tertiary carbons appeared shifted to higher field, at δ 133.3/130.3/129.8 
ppm. The brominated carbon atoms appeared at δ 123.4 ppm as expected. 
For the carbon atoms involved in the clusters, two typical chemical shifts for 
dibenzene-capped cluster were observed at about δ 90 ppm (δ 90.3/89.6 
ppm). Figure 11.14 reports the 13C-NMR chemical shift of the investigated 
compounds. 
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-CO : δ 198.6 - 199.3 ppm

δ 122.0 - 123.4 ppm

 
 

Figure 11.14: Overview of the 13C-NMR chemical shifts observed for the investigated 
compounds. 
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11.1.4 Cobalt clusters of dendritic polyynes 
(104-109, 122, 123) 

 
The 1H-NMR spectra of the dendritic cobalt cluster-decorated compounds 
(Figure 11.15) generally showed only two signals, one for the aromatic 
protons and one for the protons contained in the aliphatic terminal groups.  
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Figure 11.15: Summary of the polycluster derivatives of the dendrtitic compounds 
discussed below. 

 
The signals exhibited a relative integral consistent with the total number of 
the aromatic or aliphatic protons, respectively. A comparison of the 
observed chemical shifts of the carbon atoms in the aliphatic groups of 
cobalt-rich compounds with those shown by the corresponding polyyne 
precursors, permitted one to establish that all the terminal alkyne-
functionalities reacted with dicobalt octacarbonyl. An investigation of the 
dendritic cobalt-rich compounds confirmed the same signal-shift of the 
TMS/TIPS-protons as those reported for the previously investiagted 
TMS/TIPS-functionalized polyclusters. 
 The investigation of 13C-NMR did not produce any significant new 
results and all the observations previously collected by the investigation of 
the smaller cobalt-rich compounds could be verified for this family of 
compounds. Figure 11.16 reports the spectrum of compound 106 as a 
typical example for the spectra observed for highly branched polyclusters. 
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252550507575100100125125150150175175200200  
Figure 11.16: 13C-NMR spectrum of compound 106 (125 MHz, CDCl3, δ/ppm). 

 
In the lowest field region of the spectrum, two well-distinguished signals 
appeared for the carbon atoms involved in the carbonyl ligand and this 
confirmed the insertion of the cobalt-clusters. These two signals underlined 
the different nature of the six clusters present in compound 106 (δ 
200.2/198.7 ppm). The aromatic signals were observed in two different 
ranges; the three signals of the quaternary carbon atoms appeared shifted 
at lower field (δ 140.5/139.0/137.4 ppm) to those of the tertiary carbon 
atoms, which appeared at higher field (δ 130.6/129.3/128.6 ppm). For the 
carbon atoms involved in the clusters three typical chemical shifts were 
observed. Two signals of the carbon atoms involved in the clusters (between 
two aromatic rings) appeared, as expected, at about δ 90 ppm (δ 90.6/89.9 
ppm) while those of the carbon atoms involved in the peripheral clusters 
exhibited chemical shifts consistent with the cobalt cluster species already 
discussed. TIPS-substituted carbon atoms appeared at δ 108.7 ppm, while 
benzene-functionalised carbon atoms were observed at at δ 75.6 ppm. 
Finally, the observed chemical shifts for the methine- and methyl-carbon 
atoms contained in the TIPS-protection groups appeared at δ 19.2 ppm and 
δ 14.0 ppm, perfecly in line with all the previously investigated cobalt-
clusters. From the 13C-NMR data, it was possible to recognize spectral 
ranges very similar to those discussed previously, and these are 
summarized in Figure 11.17. 
 

TIPS

TIPS

TIPS
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R

-TMS : δ 0.8 - 0.9 ppm
-TIPS : δ 13.9 - 14.3 ppm
              δ 19.0 - 19.7 ppm

-CH- : δ 128.0 - 133.4 ppm

δ 137.7 - 140.2 ppm

δ 79.8 - 80.3 ppm (R=TMS)

δ 103.0 - 103.8 ppm (R=TMS)
δ 108.7 - 109.6 ppm (R=TIPS)

-CO : δ 198.3 - 200.1 ppm δ 75.5 - 78.6 ppm (R=TIPS)

 
Figure 11.17: Summary of the 13C-NMR chemical shifts of the highly branched polyclusters. 

 
 
11.1.5 Cobalt clusters of butadiynyl-centred polyynes 

(129-133) 
 
Although this group of compounds (Figure 11.18) was structurally different 
from those previously described, a lot of previously found observations 
could be applied to their spectra. 
 

TIPSTIPS

TIPS

TIPS

TIPS

TIPS

TIPS

TIPSTMS

TMS
130 132

133
129

131

 
Figure 11.18: Summary of the polycluster derivatives discussed below. 

 
The observed 1H-NMR chemical shifts showed the signal-broadening already 
discussed and the loss of well-defined patterns proceeding from the spectra 
of the polyynes to those of the cobalt-rich compounds. Figure 11.19 reports 
a comparison of cobalt-rich compound 133 with the polyyne precursor 128. 
 



Chapter 11 - Spectroscopic characterisation of cluster-decorated compounds 

265 

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

1.01.52.02.53.03.54.04.55.05.56.06.57.07.58.0

 
Figure 11.19: 1H-NMR spectra of compounds 133 and the alkyne analogue 128 (400 MHz, 

CDCl3, δ/ppm). 

 
The observed chemical shift of the aromatic protons of compound 128 
showed two distinguished signals with coupling (δ 7.54 ppm, d, J=1.2 Hz – δ 
7.52 ppm, t, J=1.2 Hz) and a signal for the TIPS-protons (δ 1.13 ppm). In 
the spectrum of compound 133, only a broad signal was observed with the 
expected relative integral for the aromatic protons. Furthermore, the TIPS-
protons were also observed as a broad signal. In comparison to the 1H-NMR 
spectra of the previously investigated cobalt-clusters, the signal-shift of the 
carbon atoms present in the aliphatic groups is less marked. As shown in 
Figure 11.29, the signal moved slightly from δ 1.13 ppm (128) to δ 1.11 
ppm (133). 
 The 13C-NMR spectra of these compounds showed very similar 
chemical shifts as those observed in the previously investigated cluster-rich 
compounds. Figure 11.20 schematicly summarizes the 13C-NMR data. 
 

TIPS
δ 14.0 - 14.1 ppm
δ 19.0 - 19.2 ppm

 δ 137.4 - 142.8 ppm

δ 108.3 - 108.7 ppm

-CO : δ 198.7 - 200.0 ppm

δ 75.8 - 78.0 ppm

δ 90.6 - 93.2 ppm
-CH- : δ 127.3 - 140.7 ppm

 
Figure 11.20: Summary of the collected 13C-NMR chemical shifts for the investigated 

compounds 129-133. 
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The spectral behaviour of compounds 129 and 130 are not comparable with 
all the cobalt derivatived of the aromatic alkynes. The small size of these 
molecules favoured the appearance of very particular chemical shifts 
probably due to the influence of the terminal protecting-groups. The 
spectrum of compound 129 is reported in Figure 11.21. 

0255075100125150175200

 
Figure 11.21: 13C-NMR spectrum of compound 129 (125 MHz, CDCl3, δ/ppm). 

 
From Figure 11.16, the signals of the carbon atoms involved in the 
carbonyl-units appeared clearly at δ 200.0 ppm (δ 199.7 ppm for compound 
130) while the carbon atoms involved in the clusters were observed at δ 
103.9 ppm and δ 87.8 ppm (δ 103.6/90.3 ppm for compound 130). Finally, 
a sharp signal for the TMS-protons appeared at δ 1.3 ppm (δ 18.9-13.3 ppm 
for the TIPS-methine and methyl-protons in compound 130), consistent 
with the range observed in the previous observations. 

TMSTMS
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11.2  Mass spectrometry 
 
The investigation of the cluster-rich compounds let to some interesting 
observations for this family of compounds. The observed fragmentation of 
cobalt-carbonyl cluster moieties showed a typical pattern, in which the loss 
of single CO-fragments (Δm/z=28) and Co-fragments (Δm/z=59) was easily 
seen as a sequence of well-defined peaks. This trend was observed for all the 
investigated cluster-rich compounds even if the recognition of the loss of the 
single fragment became harder and harder to see with the increasing 
molecular weight of the compound. 
 The big difference in molecular weights of the compounds resulted in 
the necessity to use two different techniques; FAB-MS was used for 
relatively small polyclusters (up to three cobalt-clusters) and Maldi-Tof took 
its place for the investigation of the heaviest polyclusters. In both 
techniques some merits and failures were observed. FAB-MS produced a 
very clean and ordered fragmentation-pattern, in which the loss of each 
single fragment (i.e. CO, Co, CH3, iPr) was easy to recognize. However, good 
results were only obtained for m/z≤1000. By using Maldi-Tof, it was 
possible to obtain signals for the heaviest fragments but the resolution of 
the spectrum decreased drastically. Even if a reproducible fragmentation-
pattern was observed, the loss of every single fragment was difficult to 
distinguish. The following examples will show these differences very clearly. 
 As an example for a well-resolved fragmentation-pattern, the mass 
spectrum of compound 85 is reported in Figure 11.22. 
 

 
Figure 11.22: Mass spectrum of compound 85 (FAB-MS, m/z). 

 
The facile loss of CO-fragments was commonly observed and this fact often 
caused the molecular ion [M+-fragment] to be of low intensity or even for this 
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peak to be absent. In the specific case of compound 85, it was very easy to 
recognize the sequential loss of each cluster-fragment starting from the 
molecular ion (m/z=464). In the spectrum the loss of all the six CO-
fragments (Δm/z=28) present in the molecule was visible and the related 
fragments were detected at m/z=436, 408, 380, 352, 324 and 297. 
Furthermore, the loss of the two remaining Co-fragments (Δm/z=59) was 
detected at m/z=237 and m/z=178, which corresponds exactly to the mass-
fragment of diphenylethyne. 
 In the presence of particular functionalities such as the TMS or TIPS-
protecting groups, the mass spectra showed the loss of CH3- or iPr-
fragments (Δm/z=15 or 43) just as had been observed for the polyynes 
analogues. As an example, the observed mass spectrum of compound 65 is 
reported in Figure 11.23. 

 
Figure 11.23: Mass spectrum of compound 65 (FAB-MS, m/z). 

 
As mentioned before, the molecular ion [M+-fragment] was not always 
observed or it was present in very low intensity as in this case (m/z=540, 
1.8%). However, the loss of all the cluster-fragments is clearly visible. In this 
spectrum, it is also possible to recognize the loss of the TMS- and TIPS-
protecting groups. By starting from the molecular ion (m/z=540), the 
sequential loss of four CO-fragments was first observed (m/z=512, 484, 456, 
428). The fragmentation proceeded with the loss of a CH3-fragment 
(Δm/z=15 to m/z=414), which preceded the loss of two other CO-fragments 
(Δm/z=28 to m/z=386, 357) and the loss of a second CH3-fragment 
(Δm/z=15 to m/z=341). Finally, the loss of two Co-fragments (Δm/z=59) 
completed the cluster-fragmentation (m/z=283, 224). 
 The heaviest cluster-decorated compounds were analyzed with the 
Maldi-Tof technique and Figure 11.24 reports a typical spectrum recorded 
for compound 59. 

TIPSTMS
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The resolution of this spectrum is quite 
different from that achieved in the 
spectra collected with the FAB-MS 
technique, however a sequential loss of 
CO-fragments is still recognizable. By 
starting with the highest mass peak for 
the [M+K]+-fragment (m/z=1743), the 
sequential loss of 30 CO-fragments 
(Δm/z=28) preceded the loss of the 10 
Co-fragments (Δm/z=59). The fact that 
the resolution decreased on going from 
FAB-MS to Maldi-Tof-MS became  
critical for the detection of the lowest 
and highest mass peaks. It became 
more difficult to detect the signal for the 
initial fragmentation (i.e: M+, [M-CO]+, 
[M-2CO]+, [M-CO]+-fragments) and for 
the final fragmentation (i.e: [M-30CO-
8Co]+, [M-30CO-9Co]+, [M-30CO-
10Co]+-fragments in the case of a 

pentacluster). 
 The detection became harder and harder with the increasing size of 
the investigated polyclusters. In Figure 11.25 two spectra of dendritic 
polyclusters are reported as an example of the collected spectra. 

 
Figure 11.25: Partial MS-spectra of compounds 106 (left) and 123 (right) (Maldi-Tof, m/z).

H H

H H

Figure 10.24: Partial mass spectrum 
of compound 59 (Maldi-Tof, m/z). 
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In both spectra, a typical fragmentation-pattern was easy to recognize but it 
was often difficult to distinguish between the loss of Co- and 2CO-
fragments, both of which have similar masses (Co: Δm/z=59, 2CO: 
Δm/z=56). Generally, the characterisation of these big compounds was 
carried on upon a theoretical reconstruction of the fragmentation starting 
from the central region of the collected spectra, which turned out to be a 
reasonably reliabile method. The investigation became harder in the 
presence of more than one fragmentation-sequence and overlapping of these 
sequences caused the appearance of poorly defined signals. 
 
 
11.3  Infrared spectroscopy 
 
Infrared spectroscopy was an important tool for the characterisation of 
polycarbonyl clusters. The carbonyl-moiety is readily observed in the 
infrared spectral range (ν ~2000 cm-1) and the observed spectra were able 
not only to show the presence of carbonyl-units, but could even distinguish 
the coordination-type (i.e. terminal or bridged) of the carbonyl-units. Figure 
11.26 reports the spectrum of compound 89, which is representative case of 
all the family of hexacarbonyl cluster-functionalized compounds. 
 

 
Figure 11.26: IR-spectrum of compound 89 (ν/cm-1). 

 
The νCO-modes of carbonyl-moieties gave rise to intense signals around ν 
2000 cm-1. Generally, three well-distinguished signals were observed as in 
this case (ν 2087, 2047, 2006 cm-1). If the values of these signals are 
compared with those collected for dicobalt octacarbonyl, a hypochromic 
shift (Δν= 200 cm-1) is observed. This is due to the loss of the two bridged 
carbonyl-units present in Co2(CO)8 during the insertion of Co2(CO)6-clusters 
into the alkynylated backbones. These signals were the most diagnostic 
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observed in the spectra but the organic backbone also produced typical 
bands for aromatic rings, TMS- and TIPS-protecting groups. Obviously, in 
comparison with the νCO-mode, the bands produced by the backbone-
functionalities appeared weaker and sometimes only the strongest signals 
were recognized from the baseline. In the specific case of the spectrum 
reported in Figure 11.26, some signals were observed for the νCH-mode (ν 
3029, 2956, 2927 cm-1) and by lower frequences, for the δCH-modes (ν 1486, 
1479 cm-1). In the best cases, some similarities were observed between the 
IR-spectral fingerprint regions of the polyclusters and those observed for the 
polyyne precursors. 
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Chapter 12 
Conclusions 

 
A wide collection of polyyne compounds has been synthesised for the 

intention of producing the related Co2(CO)6-functionalised relatives. The 
collection spaced over a variety of discrete and dendritic compounds with 
very variable size. Starting from small alkynes, the aromatic cores have been 
extended until highly branched architectures were achieved. 

The Sonogashira reaction under standard conditions was largely 
investigated to recognize the most adequate reacting components to obtain 
the selected products. Furthermore, the conditions for the production of 
butadiyne-compounds were carefully investigated. 

Through the insertion of Co2(CO)6-clusters into the polyyne 
backbones, a collection of cobalt-cluster compounds was produced, from 
small monoclusters to the heaviest tridecacluster. 

The spectroscopic and mass spectrometric investigation produced very 
interesting results which are summarised below. 

1H-NMR spectra showed characteristic chemical shifts for aliphatic 
and aromatic protons present in the structures. The signals for methyl-
protons in TMS-groups appeared in the spectral range δ 0.23±0.05 ppm, 
those for TIPS-groups in the range δ 1.15±0.05 ppm and those of the 
terminal ethyne-functionalities (-C≡CH) in the range δ 3.20+0.20 ppm. The 
signals for aromatic protons appeared in the range δ 7.5±0.3 ppm as 
expected. The near coincidence of all the aromatic resonances has been 
observed in the spectra of the dendritic species and the multiplicity was 
hidden under broad multiplets which showed as integral the total number of 
aromatic protons. 

13C-NMR spectra permitted one to recognize restricted (but typical) 
ranges for the chemical shifts. The signal for TMS-carbon nuclei appeared in 
the range δ 0.0±0.2 ppm while those for a TIPS-carbon atoms were observed 
in two ranges, δ 11.4±0.02 ppm (-CH3) and δ 19.0±0.2 ppm (-CH-). The 
observed typical spectral windows for alkyne carbon atoms are reported in 
Figure 12.1. 
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TMS TIPS H

δ 103.5 - 105.4 ppm

δ 94.4 - 101.1 ppm δ 81.6 - 83.6 ppm

δ 77.9 - 80.6 ppm

δ 92.2 - 95.6 ppm

δ 104.9 - 106.6 ppm  
 

Figure 12.1: Common spectral windows for the chemical shifts of alkyne carbon atoms in 
13C-NMR spectra. 

 
The chemical shifts for internal alkynes and butadiynes were observed 
within  the small spectral ranges reported in Figure 12.2. 
 

δ 88.7 - 90.9 ppm
δ 81.5 - 82.1 ppm

δ 74.6 - 80.3 ppm  
Figure 12.2: Common spectral windows for the benzene-capped ethyne and butadiyne-

functionalities. 

 
Diagnostic ranges for the aromatic tertiary and quaternary carbons were 
observed and 1,4-disubstitution produced signals generally shifted to higher 
field than those observed for 1,3,5-trisubstitution as displayed in Figure 
12.3. 

δ 131.4 - 133.4 ppm

δ 121.0 - 123.4 ppm δ 122.4 - 125.8 ppm

δ 133.2 - 135.6 ppm  
Figure 12.3: Chemical shift ranges observed for aromatic carbon atoms in 13C-NMR spectra. 

 
For extended structures, the signals tended to concentrate themselves in 
the previously mentioned spectral ranges. Even so, they could normally be 
well distinguished. 

Mass spectra of polyynes gave characteristic fragmentation patterns. 
In TMS-protected compounds the M+-fragment was present in relatively low 
intensity with the [M-CH3]+-fragment having the highest (100%). In some 
cases the gradual loss of methyl- or TMS-fragments was even observed. In 
TIPS-protected compounds the fragmentation lead to [M-iPr]+-fragments, 
which normally appears as the base peak. The loss of two or more iPr-
fragments was commonly observed. In the deprotected alkynes the M+-
fragment was the most intensive and no characteristic fragmentation was 
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observed. In presence of halide, amino or nitro groups were present the M+-
fragment was observed having the highest intensity and the stepwise loss of 
all the substituents could be observed. 

1H-NMR spectra of cobalt-rich compounds showed significant signal-
shifts for the protons of aliphatic substituents linked to the cobalt-cluster as 
reported in Figure 12.4. 
 

TMS TIPS H

δ 0.25 - 0.42 ppm δ 6.35 - 6.72 ppmδ 1.13 - 1.20 ppm

= -C-Co2(CO)6-C-
 

Figure 12.4: Commonly observed chemical shift for aliphatic proton-signals. 

 
The 13C-NMR spectroscopic data were also diagnostic as Figure 12.5 

shows. 
 

TMS TIPS H

δ 79.8 - 100.3 ppm

δ 108.7 - 109.2 ppm

δ 88.0 - 92.5 ppm

δ 101.9 - 104.8 ppm

δ 75.5 - 78.8 ppm

δ 72.6 - 73.3 ppm

δ 88.4 - 89.7 ppm

 
Figure 12.5: Commonly observed 13C-NMR chemical shift for the carbon atoms involved in 

the cluster-units. 

 
Proceeding to the extended dendritic structures, it has been possible to 
distinguish the different nature of the present carbonyl-units, thanks to the 
presence of more signals in the characteristic spectral window δ 200±2 ppm. 

Mass spectra of polycarbonyl clusters showed a very characteristic 
pattern, in which it was possible to recognize in the best cases, the 
sequential loss of all the carbonyl and cobalt fragments and furthermore, 
the loss of the TMS/TIPS-fragments. 

The complete reaction of the polyyne could be monitored by IR 
spectroscopy since the carbonyl group in Co2(CO)6-clusters resulted in a 
very strong absorption at ν 2000 cm-1 (generally as three distinct bands). 
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Appendix 1 

X-ray characterisation 
 

In the following reported crystallographic reports, the H atoms are not 

directly located. 

 
1.1 1,2-Di(4-bromophenyl)ethyne, 31 
 

 
General parameters 
 
empirical formula   C14H8Br2 
formula weight   336.03 
temperature                        [K]   173 
wavelength                          [Å]   0.71073 
cryst system   monoclinic 
space group   P 21/c 
unit cell dimensions           [Å] a 10.1710(4) 
  b 4.9900(2) 
  c 11.3093(3) 
[deg]  α 90 
  β 94.245(2) 
  γ 90 
crystal size                     [mm]   0.04x0.17x0.20 
volume                               [Å3]   572.41(4) 
Z   2 
density (calc)                 [gcm-3]   1.949 
crystal colour   colourless 
crystal description   plate 
abs coefficient               [mm-1] 7.046 
F (000)   324 
Theta range for data collection  [deg] 3.6 to 30.0 
index ranges h -14 to 14 
  k -6 to 6 
  l -15 to 15 
reflections collected   1663 
reflections for refinement   1257 
parameters   73 
goodness of fit on F^2   0.9994 
R1 (all data)   0.0401 
wR2 (all data)   0.0410 
R1 (ref)   0.0312 
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wR2 (ref)   0.0392 
Atom coordinates 
 

# Atom x y z Ueq 
1 Br1 0.08116(3) 0.0635/69 0.17250(2) 0.0229 
2 C1 0.4627(3) 0.9152(6) 0.0150(3) 0.0226 
3 C2 0.3729(3) 0.7154(6) 0.0511(2) 0.0204 
4 C3 0.3835(3) 0.6163(6) 0.1675(3) 0.0223 
5 C4 0.2969(3) 0.4225(6) 0.2034(3) 0.0212 
6 C5 0.1987(3) 0.3293(6) 0.1225(2) 0.0190 
7 C6 0.1853(3) 0.4238(6) 0.0071(3) 0.0222 
8 C7 0.2725(3) 0.6167(6) -0.0282(3) 0.0245 
9 H31 0.4549 0.6853 0.2251 0.0269 
10 H41 0.3051 0.3513 0.2863 0.0254 
11 H61 0.1133 0.3534 -0.0496 0.0269 
12 H71 0.2639 0.6863 -0.1113 0.0299 

 
Bond lengths 
 

# Bond [Å] 
1 Br1-C5 1.897(3) 
2 C1-C1a 1.201(6) 
3 C1-C2 1.432(4) 
4 C2-C3 1.403(4) 
5 C2-C7 1.398(4) 
6 C3-C4 1.389(4) 
7 C4-C5 1.384(4) 
8 C5-C6 1.385(4) 
9 C6-C7 1.388(4) 

 
Bond angles 
 

# Angle [deg] 
1 C1a-C1-C2 179.3(4) 
2 C1-C2-C3 120.5(3) 
3 C1-C2-C7 120.9(3) 
4 C3-C2-C7 118.7(3) 
5 C2-C3-C4 120.9(3) 
6 C3-C4-C5 118.9(3) 
7 Br1-C5-C4 118.5(2) 
8 Br1-C5-C6 119.8(2) 
9 C4-C5-C6 121.6(3) 
10 C5-C6-C7 119.1(3) 
11 C2-C7-C6 120.8(3) 
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1.2 Di(3,5-dibromophenyl)ethyne, 37 
 

 
General parameters 
 
empirical formula   C14H6Br4 
formula weight   493,82 
temperature                        [K]   173 
wavelength                          [Å]   0.71073 
cryst system   monoclinic 
space group   P 21/n 
unit cell dimensions           [Å] a 13.336(2) 
  b 3.9189(7) 
  c 14.2221(19) 
[deg]  α 90 
  β 110.741(10) 
  γ 90 
crystal size                      [mm]   0.02x0.06x0.20 
volume                               [Å3]   695.1(2) 
Z   2 
density (calc)                 [gcm-3]   2.359 
crystal colour   yellow 
crystal description   plate 
abs coefficient               [mm-1] 11.557 
F (000)   460 
Theta range for data collection  [deg] 3.1 to 27.5 
index ranges h -16 to 17 
  k -5 to 5 
  l -18 to 17 
reflections collected   1560 
reflections for refinement   1048 
parameters   95 
goodness of fit on F^2   1.1106 
R1 (all data)   0.0567 
wR2 (all data)   0.0724 
R1 (ref)   0.0376 
wR2 (ref)   0.0454 
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Atoms coordinates 
 

# Atom x y z Ueq 
1 Br1 0.15064(5) 0.38900(15) 0.63019(4) 0.0419 
2 Br2 0.05884(4) -0.17270(15) 0.24225(4) 0.0388 
3 C1 0.3059(5) 0.1794(13) 0.5496(4) 0.0350 
4 C2 0.197(4) 0.2110(14) 0.5289(4) 0.0319 
5 C3 0.1229(5) 0.1078(13) 0.4385(4) 0.0352 
6 C4 0.1599(4) -0.0295(13) 0.3676(4) 0.0317 
7 C5 0.2659(4) -0.0659(15) 0.3839(4) 0.0341 
8 C6 0.3413(4) 0.0446(14) 0.4762(4) 0.0327 
9 C7 0.4543(4) 0.0136(15) 0.4934(4) 0.0358 
10 H11 0.355(3) 0.243(14) 0.612(4) 0.03 
11 H31 0.0515(18) 0.127(15) 0.434(5) 0.04 
12 H51 0.289(4) -0.148(13) 0.333(3) 0.033 

 
Bond lengths 

# Bond [ Å ] 
1 Br1-C2 1.890(5) 
2 Br2-C4 1.899(5) 
3 C1-C2 1.381(8) 
4 C1-C6 1.392(8) 
5 C2-C3 1.377(7) 
6 C3-C4 1.379(8) 
7 C4-C5 1.357(8) 
8 C5-C6 1.410(8) 
9 C6-C7 1.444(8) 
10 C7-C7a 1.170(11) 

 
Bond angles 

# Angle [deg] 
1 C2-C1-C6 119.0(5) 
2 Br1-C2-C1 118.3(4) 
3 Br1-C2-C3 120.0(4) 
4 C1-C2-C3 121.7(5) 
5 C2-C3-C4 118.2(5) 
6 Br2-C4-C3 118.9(4) 
7 Br2-C4-C5 118.6(4) 
8 C3-C4-C5 122.5(5) 
9 C4-C5-C6 118.9(5) 
10 C5-C6-C1 119.6(5) 
11 C5-C6-C7 119.3(5) 
12 C1-C6-C7 121.0(5) 
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13 C6-C7-C7a 179.3(8) 

 
1.3 1,2-Di(4-TMSethynylphenyl)ethyne, 38 
 

 
General parameters 
 
empirical formula   C24H26Si2 
formula weight   370.64 
T                                        [K]   173 
Wavelength   0.71073 
cryst system   monoclinic 
space group   P21/n 
unit cell dimensions           [Å] a 12.8685(2) 
  b 5.83630(10) 
  c 15.0226(3) 
[deg]  α 90 
  β 94.3004(12) 
  γ 90 
crystal size                     [mm]   0.10x0.10x0.26 
volume                              [Å3]   1125.09(3) 
Z   2 
density (calc)                [gcm-3]   1.094 
crystal colour   colorless 
crystal description   plate 
Abs coefficient               [mm-1] 0.113 
F (000)   396 
Theta range for data collection  [deg] 2.0 to 27.5 
index ranges h -16 to 16 
  k -7 to 7 
  l -19 to 19 
reflections collected   2593 
reflections for refinement   1610 
parameters   119 
goodness of fit on F^2   1.0168 
R1 (all data)   0.0765 
wR2 (all data)   0.2063 
R1 (ref)   0.0323 
wR2 (ref)   0.0390 
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Atoms coordinates 
 

# Atom x y z Ueq 
1 Si1 0.54931(4) 0.86667(8) 0.31004(3) 0.0331 
2 C1 0.50306(14) 1.0906(3) 0.22960(12) 0.043 
3 C2 0.61677(16) 1.0004(4) 0.40968(13) 0.0572 
4 C3 0.63751(16) 0.6663(4) 0.25680(17) 0.0645 
5 C4 0.43744(13) 0.7025(3) 0.34467(11) 0.0347 
6 C5 0.36602(13) 0.5908(3) 0.36873(10) 0.0328 
7 C6 0.28069(12) 0.4558(3) 0.39766(10) 0.0297 
8 C7 0.25379(12) 0.2475(3) 0.35727(11) 0.0331 
9 C8 0.17375(12) 0.1174(3) 0.38626(11) 0.0331 
10 C9 0.11803(12) 0.1929(3) 0.45693(10) 0.0296 
11 C10 0.14389(13) 0.4029(3) 0.49682(11) 0.0346 
12 C11 0.22400(13) 0.5323(3) 0.46769(11) 0.0346 
13 C12 0.03475(13) 0.0563(3) 0.48735(11) 0.0333 
14 H11 0.4676 1.2148 0.2600 0.0558 
15 H12 0.5652 1.1549 0.2042 0.0549 
16 H13 0.4559 1.0288 0.1828 0.0559 
17 H21 0.5682 1.1114 0.4317 0.0721 
18 H22 0.6780 1.0771 0.3908 0.0723 
19 H23 0.6366 0.8858 0.4541 0.0737 
20 H31 0.6975 0.7539 0.2419 0.0833 
21 H32 0.6582 0.5455 0.2997 0.0833 
22 H33 0.5996 0.6030 0.2032 0.0846 
23 H71 0.2918 0.1931 0.3084 0.0425 
24 H81 0.1555 -0.0286 0.3576 0.0394 
25 H101 0.1049 0.4598 0.5462 0.0444 
26 H111 0.2405 0.6801 0.4945 0.0419 



Appendix 1 - X-ray characterisation 

 
 

281 

Bond lengths 
 

# Bond [Å] 
1 Si1-C1 1.848(1) 
2 Si1-C2 1.846(1) 
3 Si1-C3 1.852(1) 
4 Si1-C4 1.837(1) 
5 C10-C11 1.376(2) 
6 C12-C12a 1.195(3) 
7 C4-C5 1.204(2) 
8 C5-C6 1.445(2) 
9 C6-C11 1.398(2) 
10 C6-C7 1.391(2) 
11 C7-C8 1.376(2) 
12 C8-C9 1.396(2) 
13 C9-C10 1.394(2) 
14 C9-C12 1.437(2) 

 
 

Bond angles 
 

# Angle [deg] 
1 C1-Si1-C2 109.88(10) 
2 C1-Si1-C3 109.99(10) 
3 C2-Si1-C3 110.53(11) 
4 C1-Si1-C4 109.47(8) 
5 C2-Si1-C4 108.77(8) 
6 C3-Si1-C4 108.16(9) 
7 Si1-C4-C5 178.13(16) 
8 C4-C5-C6 179.72(18) 
9 C5-C6-C7 121.03(15) 
10 C5-C6-C11 120.23(15) 
11 C7-C6-C11 118.74(14) 
12 C6-C7-C8 120.78(15) 
13 C7-C8-C9 120.40(16) 
14 C8-C9-C10 118.99(15) 
15 C8-C9-C12 120.32(15) 
16 C10-C9-C12 120.69(15) 
17 C9-C10-C11 120.43(15) 
18 C6-C11-C10 120.65(16) 
19 C9-C12-C12a 179.7(2) 
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1.4 Condensation product, 46a 
 

 
General parameters 
 
empirical formula   C21H35Br2N3O2Si1 
formula weight   549.42 
T                                         [K]   173 
Wavelength   0.71073 
cryst system   triclinic 
space group   P-1 
unit cell dimensions           [Å] a 9.5058(20) 
  b 10.5180(20) 
  c 12.7195(20) 
[deg]  α 84.5138(9) 
  β 88.4554(8) 
  γ 78.6724(8) 
crystal size                    [mm]   0.06x0.16x0.20 
volume                              [Å3]   1241.19(4) 
Z   2 
density (calc)                 [gcm-3]   1.470 
crystal colour   orange 
crystal description   plate 
abs coefficient               [mm-1] 3.335 
F (000)   564 
Theta range for data collection  [deg] 1.6 to 27.5 
index ranges h -12 to 12 
  k -13 to 13 
  l -16 to 16 
reflections collected   5691 
reflections for refinement   4137 
parameters   263 
goodness of fit on F^2   1.0200 
R1 (all data)   0.0368 
wR2 (all data)   0.0305 
R1 (ref)   0.0220 
wR2 (ref)   0.0220 
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Atom coordiantes 
 

# Atom x y z Ueq 
1 Br1 0.46693(2) 0.26144(2) 0.035455(16) 0.0381 
2 Br2 0.43237(2) 0.34439(2) 0.473273(16) 0.0424 
3 Si1 0.89343(5) 0.27797(5) 0.27898(4) 0.0263 
4 O1 0.19606(19) 0.74521(18) 0.08105(14) 0.0558 
5 O2 0.1674(2) 0.77076(17) 0.24778(15) 0.0597 
6 N1 0.21456(19) 0.70571(19) 0.17475(16) 0.0429 
7 C1 0.45715(19) 0.32075(19) 0.25168(15) 0.0299 
8 C2 0.4187(2) 0.37128(19) 0.14612(15) 0.0317 
9 C3 0.3420(2) 0.4954(2) 0.12022(16) 0.0337 
10 C4 0.2966(2) 0.5741(2) 0.20082(17) 0.0352 
11 C5 0.3235(2) 0.5303(2) 0.30654(17) 0.0358 
12 C6 0.4008(2) 0.4064(2) 0.32948(15) 0.0326 
13 N7 0.52613(18) 0.19721(16) 0.28101(13) 0.0332 
14 C8 0.65370(19) 0.14350(18) 0.24912(14) 0.2730 
15 N9 0.69500(17) 0.01358(16) 0.27288(13) 0.0330 
16 C10 0.5960(3) -0.0593(2) 0.3320(2) 0.0464 
17 C11 0.4843(3) -0.0965(3) 0.2639(3) 0.0634 
18 C12 0.8285(2) -0.0630(2) 0.23351(17) 0.0374 
19 C13 0.8181(3) -0.1014(3) 0.1218(2) 0.0539 
20 C14 0.75897(19) 0.21770(18) 0.19558(14) 0.0270 
21 C15 1.0595(2) 0.2746(2) 0.19361(16) 0.0339 
22 C16 1.0342(2) 0.3634(2) 0.09036(17) 0.0406 
23 C17 1.1272(2) 0.1355(2) 0.1689(2) 0.0461 
24 C18 0.8105(2) 0.44838(19) 0.31305(17) 0.0382 
25 C19 0.7249(3) 0.5391(2) 0.2257(2) 0.0477 
26 C20 0.9235(3) 0.5178(3) 0.3533(3) 0.0640 
27 C21 0.9434(2) 0.1665(2) 0.40418(15) 0.0346 
28 C22 0.8241(3) 0.1779(3) 0.48726(17) 0.0540 
29 C23 1.0865(3) 0.1814(3) 0.4518(2) 0.0580 
30 H31 0.3198 0.5278 0.0449 0.0411 
31 H51 0.2877 0.5874 0.3640 0.0434 
32 H101 0.6539 -0.1409 0.3678 0.0553 
33 H102 0.5448 -0.0041 0.3863 0.0553 
34 H111 0.4216 -0.1454 0.3094 0.0763 
35 H112 0.5335 -0.1528 0.2095 0.0763 
36 H113 0.4244 -0.0160 0.2281 0.0763 
37 H121 0.9051 -0.0101 0.2341 0.0466 
38 H122 0.8556 -0.1444 0.2820 0.0466 
39 H131 0.9127 -0.1529 0.1004 0.0651 
40 H132 0.7922 -0.0212 0.0719 0.0651 
41 H133 0.7427 -0.1554 0.1198 0.0651 
42 H141 0.8163 0.1600 0.1453 0.0325 
43 H142 0.7018 0.2962 0.1551 0.0325 
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44 H151 1.1313 0.3066 0.2350 0.0409 
# Atom x y z Ueq 

45 H161 1.1261 0.3568 0.0492 0.0489 
46 H162 0.9997 0.4555 0.1069 0.0489 
47 H163 0.9604 0.3360 0.0477 0.0489 
48 H171 1.2146 0.1374 0.1237 0.0539 
49 H172 1.1547 0.0801 0.2363 0.0539 
50 H173 1.0563 0.0986 0.1306 0.0539 
51 H181 0.7422 0.4384 0.3731 0.0459 
52 H191 0.6867 0.6256 0.2525 0.0459 
53 H192 0.7887 0.5507 0.1631 0.0569 
54 H193 0.6432 0.5002 0.2045 0.0569 
55 H201 0.8765 0.6071 0.3705 0.0786 
56 H202 0.9693 0.4670 0.4183 0.0786 
57 H203 0.9985 0.5242 0.2974 0.0786 
58 H211 0.9584 0.0755 0.3833 0.0417 
59 H221 0.8567 0.1171 0.5511 0.0615 
60 H222 0.8004 0.2693 0.5074 0.0615 
61 H223 0.7369 0.1547 0.4578 0.0615 
62 H231 1.1074 0.1206 0.5173 0.0712 
63 H232 1.0794 0.2730 0.4695 0.0712 
64 H233 1.1656 0.1601 0.3990 0.0712 
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Bond lengths 
 

# Bond [Å] 
1 Br1-C2 1.8959(19) 
2 Br2-C6 1.893(2) 
3 Si1-C14 1.9185(18) 
4 Si1-C15 1.888(2) 
5 Si1-C18 1.897(2) 
6 Si1-C21 1.898(2) 
7 O1-N1 1.229(3) 
8 O2-N1 1.229(3) 
9 N1-C4 1.461(3) 
10 C1-C2 1.426(3) 
11 C1-C6 1.425(3) 
12 C1-N7 1.358(3) 
13 C2-C3 1.379(3) 
14 C3-C4 1.387(3) 
15 C4-C5 1.393(3) 
16 C5-C6 1.374(3) 
17 N7-C8 1.305(2) 
18 C8-N9 1.353(2) 
19 C8-C14 1.498(2) 
20 N9-C10 1.474(3) 
21 N9-C12 1.467(3) 
22 C10-C11 1.519(4) 
23 C12-C13 1.525(3) 
24 C15-C16 1.533(3) 
25 C15-C17 1.537(3) 
26 C18-C19 1.532(3) 
27 C18-C20 1.536(3) 
28 C21-C22 1.525(3) 
29 C21-C23 1.545(3) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Bond angles 
 

# Angle [deg] 
1 C14-Si1-C15 105.53(8) 
2 C14-Si1-C18 108.26(9) 
3 C15-Si1-C18 112.37(9) 
4 C14-Si1-C21 112.01(8) 
5 C15-Si1-C21 108.45(9) 
6 C18-Si1-C21 110.17(9) 
7 O1-N1-O2 123.6(2) 
8 O1-N1-C4 118.30(19) 
9 O2-N1-C4 118.15(19) 
10 C2-C1-C6 114.13(18) 
11 C2-C1-N7 125.02(17) 
12 C6-C1-N7 120.40(18) 
13 Br1-C2-C1 119.08(14) 
14 Br1-C2-C3 117.60(15) 
15 C1-C2-C3 123.26(18) 
16 C2-C3-C4 118.59(19) 
17 N1-C4-C3 119.28(19) 
18 N1-C4-C5 118.82(19) 
19 C3-C4-C5 121.88(19) 
20 C4-C5-C6 117.97(19) 
21 Br2-C6-C1 117.85(15) 
22 Br2-C6-C5 118.13(15) 
23 C1-C6-C5 124.01(19) 
24 C1-N7-C8 125.59(16) 
25 N7-C8-N9 116.91(17) 
26 N7-C8-C14 124.15(17) 
27 N9-C8-C14 118.79(16) 
28 C8-N9-C10 119.40(17) 
29 C8-N9-C12 123.41(16) 
30 C10-N9-C12 116.87(17) 
31 N9-C10-C11 114.2(2) 
32 N9-C12-C13 113.95(18) 
33 C8-C14-Si1 119.51(12) 
34 Si1-C15-C16 113.71(14) 
35 Si1-C15-C17 111.66(14) 
36 C16-C15-C17 109.52(18) 
37 Si1-C18-C19 116.55(15) 
38 Si1-C18-C20 111.50(16) 
39 C19-C18-C20 108.25(19) 
40 Si1-C21-C22 113.20(15) 
41 Si1-C21-C23 113.10(15) 
42 C22-C21-C23 111.0(2) 
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1.5 3,5-Di(TMS-ethynyl)nitrobenzene, 115 
 

 
General parameters 
 
empirical formula   C16H21NO2Si2 
formula weight   315,52 
temperature                        [K]   173 
wavelength                          [Å]   0.71073 
cryst system   monoclinic 
space group   C2 
unit cell dimensions           [Å] a 30.8355(3) 
  b 8.41220(10) 
  c 17.949(2) 
[deg]  α 90 
  β 99.1107(7) 
  γ 90 
crystal size                     [mm]   0.15x0.20x0.21 
volume                               [Å3]   4597.13(9) 
Z   10 
density (calc)                 [gcm-3]   1.140 
crystal colour   colourless 
crystal description   block 
abs coefficient               [mm-1] 0.196 
F (000)   1680 
Theta range for data collection  [deg] 3.0 to 27.4 
index ranges h -40 to 39 
  k -10 to 10 
  l -22 to 23 
reflections collected   5616 
reflections for refinement   4032 
parameters   477 
goodness of fit on F^2   0.8868 
R1 (all data)   0.0609 
wR2 (all data)   0.0569 
R1 (ref)   0.0483 
wR2 (ref)   0.0519 
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Atoms coordinates 
 

# Atom x y z Ueq 
1 Si1 0.70615(3) 0.42949(19) 0.57996(5) 0.0431 
2 Si2 0.45851(3) 0.42567(17) 0.15835(5) 0.039 
3 O1 0.59368(11) 1.2133(4) 0.43328(18) 0.052 
4 O2 0.55103(13) 1.2080(4) 0.3263(2) 0.0599 
5 N1 0.57272(11) 1.1421(4) 0.3807(2) 0.0396 
6 C1 0.57349(11) 0.9661(4) 0.38231(19) 0.0333 
7 C2 0.60492(12) 0.8927(4) 0.4341(2) 0.0358 
8 C3 0.60641(12) 0.7267(5) 0.43315(19) 0.0333 
9 C4 0.57610(12) 0.6413(5) 0.3815(2) 0.0323 
10 C5 0.54421(12) 0.7186(5) 0.3310(2) 0.0330 
11 C6 0.54328(11) 0.8861(4) 0.33126(19) 0.0325 
12 C7 0.63970(13) 0.6412(5) 0.4833(2) 0.0407 
13 C8 0.66656(13) 0.5653(6) 0.5233(2) 0.0431 
14 C9 0.7152(2) 0.4892(8) 0.6810(3) 0.0764 
15 C10 0.75861(15) 0.4362(9) 0.5415(3) 0.0647 
16 C11 0.68097(17) 0.2282(7) 0.5666(3) 0.0608 
17 C12 0.51397(12) 0.6302(5) 0.2768(2) 0.0365 
18 C13 0.49010(12) 0.5532(5) 0.2314(2) 0.0407 
19 C14 0.45109(19) 0.5356(7) 0.0679(2) 0.0632 
20 C15 0.40388(14) 0.3804(6) 0.1834(3) 0.0513 
21 C16 0.49084(16) 0.2404(7) 0.1547(3) 0.0685 
22 H91 0.7364 0.4140 0.7108 0.0921 
23 H92 0.7275 0.5994 0.686 0.0921 
24 H93 0.6866 0.4864 0.7005 0.0921 
25 H101 0.7804 0.3635 0.5716 0.0789 
26 H102 0.7704 0.5472 0.5448 0.0789 
27 H103 0.7533 0.4011 0.4876 0.0789 
28 H111 0.7004 0.1477 0.5962 0.0725 
29 H112 0.6769 0.1998 0.5118 0.0725 
30 H113 0.6518 0.2297 0.5842 0.0725 
31 H141 0.4339 0.4693 0.0273 0.0796 
32 H142 0.4802 0.5629 0.0536 0.0796 
33 H143 0.4345 0.6356 0.0744 0.0796 
34 H151 0.3873 0.3108 0.1436 0.0624 
35 H152 0.4073 0.3247 0.2332 0.0624 
36 H153 0.3874 0.4820 0.1865 0.0624 
37 H161 0.475 0.1662 0.1162 0.0745 
38 H162 0.5201 0.2675 0.1409 0.0745 
39 H163 0.495 0.1882 0.2054 0.0745 
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Bond lengths 
 

# Bond [Å] 
1 Si1-C8 1.854(4) 
2 Si1-C9 1.860(5) 
3 Si1-C10 1.857(5) 
4 Si1C11 1.862(6) 
5 Si2-C13 1.848(4) 
6 Si2-C14 1.851(5) 
7 Si2-C15 1.851(5) 
8 Si2-C16 1.857(5) 
9 Si3-C24 1.839(4) 
10 Si3-C25 1.858(5) 
11 O1-N1 1.214(5) 
12 O2-N1 1.225(5) 
13 N1-C1 1.480(5) 
14 C1-C2 1.378(5) 
15 C1-C6 1.375(5) 
16 C2-C3 1.398(6) 
17 C3-C4 1.405(5) 
18 C3-C7 1.445(5) 
19 C4-C5 1.389(5) 
20 C5-C6 1.410(5) 
21 C5-C12 1.442(5) 
22 C7-C8 1.192(6) 
23 C12-C13 1.199(5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Bond angles 
 

# Angle [deg] 
1 C8-Si1-C9 110.7(2) 
2 C8-Si1-C10 108.3(2) 
3 C9-Si1-C10 110.4(3) 
4 C8-Si1-C11 105.3(2) 
5 C9-Si1-C11 111.5(3) 
6 C10-Si1-C11 110.5(3) 
7 C13-Si2-C14 108.1(2) 
8 C13-Si2-C15 110.18(19) 
9 C14-Si2-C15 109.0(2) 
10 C13-Si2-C16 106.6(2) 
11 C14-Si2-C16 112.4(3) 
12 C15-Si2-C16 110.5(3) 
13 O2-N1-O1 123.5(4) 
14 O2-N1-C1 118.2(4) 
15 O1-N1-C1 118.3(4) 
16 N1-C1-C2 117.9(3) 
17 N1-C1-C6 118.0(3) 
18 C2-C1-C6 124.0(3) 
19 C1-C2-C3 117.4(3) 
20 C2-C3-C4 119.9(4) 
21 C2-C3-C7 120.8(4) 
22 C4-C3-C7 119.3(4) 
23 C3-C4-C5 121.3(4) 
24 C4-C5-C6 118.6(3) 
25 C4-C5-C12 120.9(4) 
26 C6-C5-C12 120.4(3) 
27 C5-C6-C1 118.7(3) 
28 C3-C7-C8 177.5(4) 
29 Si1-C8-C7 174.2(4) 
30 C5-C12-C13 177.6(4) 
31 Si2-C13-C12 174.1(3) 
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1.6 1,4-Bis(TIPS)butadiyne, 125 
 

 
General parameters 
 
empirical formula   C22H42Si2 
formula weight   362.75 
T                                         [K]   173 
wavelength   0.71073 
cryst system   triclinic 
space group   P-1 
unit cell dimensions           [Å] a 7.2397(4) 
  b 7.8151(5) 
  c 10.9548(5) 

[deg]  α 86.680(5) 
  β 80.485(4) 
  γ 78.542(6) 
crystal size                      [mm]   0.14x0.16x0.30 
volume                               [Å3]   598.90(6) 
Z   1 
density (calc)                 [gcm-3]   1.006 
crystal colour   colourless 
crystal description   plate 
abs coefficient               [mm-1] 0.150 
F (000)   202 
Theta range for data collection  [deg] 3.2 to 30.0 
index ranges h -10 to 10 
  k -10 to 10 
  l -15 to 15 
reflections collected   3478 
reflections for refinement   1862 
parameters   109 
goodness of fit on F^2   1.0987 
R1 (all data)   0.0478 
wR2 (all data)   0.0543 
R1 (ref)   0.0463 
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wR2 (ref)   0.0527 
Atom coordinates 
 

# Atom x y z Ueq 
1 C1 0.9569(3) 0.4466(3) 0.54265(17) 0.0294 
2 C2 0.8807(3) 0.3534(3) 0.61759(19) 0.0327 
3 C3 0.4974(3) 0.2698(3) 0.7053(2) 0.0411 
4 C4 0.4046(4) 0.4571(4) 0.7392(3) 0.0593 
5 C5 0.4778(4) 0.2384(4) 0.5727(3) 0.0577 
6 C6 0.8594(3) -0.0168(3) 0.6825(2) 0.0387 
7 C7 1.0698(4) -0.0720(4) 0.6943(3) 0.0609 
8 C8 0.7437(5) -0.1499(3) 0.7469(3) 0.0676 
9 C9 0.7751(4) 0.2757(4) 0.8877(2) 0.0589 
10 C10 0.6529(5) 0.1873(4) 0.9890(2) 0.0615 
11 C11 0.9631(7) 0.2803(8) 0.9146(3) 0.1044 
12 Si1 0.75351(8) 0.21342(8) 0.72848(5) 0.0297 
13 H31 0.4285(3) 0.1908(3) 0.7629(2) 0.0483 
14 H41 0.4180(4) 0.4768(4) 0.8265(3) 0.0670 
15 H42 0.4687(4) 0.5397(4) 0.6821(3) 0.0670 
16 H43 0.2662(4) 0.4777(4) 0.7314(3) 0.0670 
17 H51 0.5389(4) 0.1153(4) 0.5511(3) 0.0709 
18 H52 0.5420(4) 0.3207(4) 0.5153(3) 0.0709 
19 H53 0.3395(4) 0.2586(4) 0.5646(3) 0.0709 
20 H61 0.8521(3) -0.0165(3) 0.5921(2) 0.0438 
21 H71 1.1417(4) 0.0169(4) 0.6516(3) 0.0681 
22 H72 1.0839(4) -0.0815(4) 0.7839(3) 0.0681 
23 H73 1.1218(4) -0.1879(4) 0.6553(3) 0.0681 
24 H81 0.6065(5) -0.1104(3) 0.7378(3) 0.0764 
25 H82 0.7557(5) -0.1599(3) 0.8368(3) 0.0764 
26 H83 0.7935(5) -0.2662(3) 0.7083(3) 0.0764 
27 H91 0.7197(4) 0.4036(4) 0.8873(2) 0.0746 
28 H101 0.5260(5) 0.1887(4) 0.9638(2) 0.0758 
29 H102 0.6342(5) 0.2516(4) 1.0678(2) 0.0758 
30 H103 0.7181(5) 0.0638(4) 1.0019(2) 0.0758 
31 H111 1.0345(7) 0.3398(8) 0.8442(3) 0.1414 
32 H112 0.9503(7) 0.3463(8) 0.9920(3) 0.1414 
33 H113 1.0342(7) 0.1585(8) 0.9262(3) 0.1414 
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Bond lengths 
 

# Bond [Å] 
1 C1-C1a 1.372(3) 
2 C1-C2 1.204(3) 
3 C2-Si1 1.8430(19) 
4 C3-C4 1.523(3) 
5 C3-C5 1.521(4) 
6 C3-Si1 1.875(2) 
7 C6-C7 1.523(4) 
8 C6-C8 1.532(3) 
9 C6-Si1 1.873(2) 
10 C9-C10 1.524(3) 
11 C9-C11 1.447(5) 
12 C9-Si1 1.877(3) 

 
Bond angles 
 

# Angle [deg] 
1 C1a-C1-C2 179.8(3) 
2 C1-C2-Si1 177.15(19) 
3 C4-C3-C5 109.9(2) 
4 C4-C3-Si1 112.67(18) 
5 C5-C3-Si1 110.94(16) 
6 C7-C6-C8 111.2(2) 
7 C7-C6-Si1 113.92(19) 
8 C8-C6-Si1 113.18(16) 
9 C10-C9-C11 114.0(3) 
10 C10-C9-Si1 112.37(18) 
11 C11-C9-Si1 118.3(2) 
12 C9-Si1-C3 109.72(13) 
13 C9-Si1-C6 117.17(14) 
14 C3-Si1-C6 110.35(11) 
15 C9-Si1-C2 106.95(10) 
16 C3-Si1-C2 106.01(10) 
17 C6-Si1-C2 105.95(9) 
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1.7 1,4-Bis(biphenyl)butadiyne, 126 
 

 
 
General parameters 
 
empirical formula   C28H18 
formula weight   354.45 
T                                         [K]   173 
Wavelength   0.71073 
cryst system   monoclinic 
space group   P21/n 
unit cell dimensions           [Å] a 6.6723(2) 
  b 11.0320(3) 
  c 26.0094(7) 

[deg]  α 90 
  β 91.2833(14) 
  γ 90 
crystal size                      [mm]   0.20x0.22x0.27 
volume                               [Å3]   1914.04(9) 
Z   4 
density (calc)                 [gcm-3]   1.230 
crystal colour   colourless 
crystal description   block 
Abs coefficient               [mm-1] 0.070 
F (000)   744 
Theta range for data collection  [deg] 1.6 to 30.1 
index ranges h -9 to 9 
  k -15 to 15 
  l -36 to 36 
reflections collected   5625 
reflections for refinement   2992 
parameters   253 
goodness of fit on F^2   0.9925 
4R1 (all data)   0.0895 
wR2 (all data)   0.0576 
R1 (ref)   0.0398 
wR2 (ref)   0.0474 
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Atom coordinates 
 

# Atom x y z Ueq 
1 C1 -0.5927(2) 0.68368(12) -0.28227(5) 0.0404 
2 C2 -0.7262(2) 0.74412(13) -0.31455(6) 0.0443 
3 C3 -0.8638(2) 0.82376(13) -0.29479(6) 0.0473 
4 C4 -0.8675(2) 0.84263(14) -0.24233(6) 0.0469 
5 C5 -0.7337(2) 0.78279(13) -0.20981(6) 0.0417 
6 C6 -0.5927(2) 0.70190(12) -0.22909(5) 0.0360 
7 C7 -0.44585(19) 0.63912(12) -0.19488(5) 0.0348 
8 C8 -0.4883(2) 0.61167(12) -0.14374(5) 0.0383 
9 C9 -0.3502(2) 0.55329(13) -0.11215(5) 0.0392 
10 C10 -0.1630(2) 0.51991(12) -0.13049(5) 0.0380 
11 C11 -0.1186(2) 0.54662(13) -0.18163(5) 0.0425 
12 C12 -0.2573(2) 0.60554(13) -0.21262(5) 0.0411 
13 C13 -0.0158(2) 0.46191(13) -0.09803(5) 0.0403 
14 C14 0.1134(2) 0.41480(13) -0.07189(5) 0.0400 
15 C15 0.2629(2) 0.36037(13) -0.04304(5) 0.0402 
16 C16 0.3953(2) 0.31275(13) -0.01812(5) 0.0399 
17 C17 0.8892(2) 0.24459(13) 0.04483(5) 0.0378 
18 C18 0.7385(2) 0.30587(13) 0.01827(5) 0.0388 
19 C19 0.5507(2) 0.25203(13) 0.01075(5) 0.0364 
20 C20 0.5180(2) 0.13698(13) 0.03093(5) 0.0396 
21 C21 0.6690(2) 0.07580(13) 0.05649(5) 0.0386 
22 C22 0.8591(2) 0.12755(12) 0.06373(5) 0.0341 
23 C23 1.02184(19) 0.05969(12) 0.09049(5) 0.0344 
24 C24 1.1465(2) 0.11595(13) 0.12693(5) 0.0395 
25 C25 1.2975(2) 0.05167(14) 0.15205(6) 0.0449 
26 C26 1.3293(2) -0.06874(14) 0.14039(6) 0.0469 
27 C27 1.2081(2) -0.12579(14) 0.10409(6) 0.0475 
28 C28 1.0551(2) -0.06251(13) 0.07936(5) 0.0418 
29 H11 -0.4944 0.6259 -0.2972 0.0483 
30 H21 -0.7229 0.7300 -0.3525 0.0530 
31 H31 -0.9601 0.8674 -0.3182 0.0563 
32 H41 -0.9674 0.8999 -0.2277 0.0561 
33 H51 -0.7379 0.7976 -0.1719 0.0500 
34 H81 -0.6214 0.6349 -0.1298 0.0458 
35 H91 -0.3846 0.5346 -0.0758 0.0470 
36 H111 0.0141 0.5229 -0.1957 0.0508 
37 H121 -0.2224 0.6248 -0.2489 0.0492 
38 H171 1.0221 0.2848 0.0506 0.0453 
39 H181 0.7641 0.3889 0.0044 0.0465 
40 H201 0.3829 0.0985 0.0268 0.0473 
41 H211 0.6428 -0.0072 0.0702 0.0463 
42 H241 1.1268 0.2037 0.135 0.0473 
43 H251 1.3838 0.0926 0.1787 0.0535 
44 H261 1.4399 -0.1146 0.1582 0.0560 
45 H271 1.2309 -0.2131 0.0957 0.0571 
46 H281 0.9675 -0.1046 0.0533 0.0500 
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Bond lengths 
 

# Bond [Å] 
1 C1-C2 1.3815(18) 
2 C1-C6 1.3977(18) 
3 C2-C3 1.379(2) 
4 C3-C4 1.381(2) 
5 C4-C5 1.3834(19) 
6 C5-C6 1.3979(18) 
7 C6-C7 1.4806(18) 
8 C7-C8 1.3994(18) 
9 C7-C12 1.3995(19) 
10 C8-C9 1.3803(18) 
11 C9-C10 1.3968(19) 
12 C10-C11 1.4006(19) 
13 C10-C13 1.431(2) 
14 C11-C12 1.3767(18) 
15 C13-C14 1.2041(18) 
16 C14-C15 1.373(2) 
17 C15-C16 1.2045(18) 
18 C16-C19 1.433(2) 
19 C17-C18 1.3834(18) 
20 C17-C22 1.3977(19) 
21 C18-C19 1.3965(18) 
22 C19-C20 1.393(2) 
23 C20-C21 1.3722(18) 
24 C21-C22 1.3999(18) 
25 C22-C23 1.4799(18) 
26 C23-C24 1.3929(17) 
27 C23-C28 1.3975(19) 
28 C24-C25 1.3838(18) 
29 C25-C26 1.380(2) 
30 C26-C27 1.381(2) 
31 C27-C28 1.3835(19) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Bond angles 
 

# Angle [deg] 
1 C1-C2-C3 120.43(14) 
2 C2-C3-C4 119.41(14) 
3 C3-C4-C5 120.44(14) 
4 C4-C5-C6 121.03(13) 
5 C5-C6-C1 117.48(12) 
6 C5-C6-C7 121.64(12) 
7 C1-C6-C7 120.87(12) 
8 C6-C7-C8 121.81(12) 
9 C6-C7-C12 120.88(12) 
10 C8-C7-C12 117.31(12) 
11 C7-C8-C9 121.34(13) 
12 C8-C9-C10 120.66(13) 
13 C9-C10-C11 118.60(12) 
14 C9-C10-C13 121.56(13) 
15 C11-C10-C13 119.83(13) 
16 C10-C11-C12 120.12(13) 
17 C7-C12-C11 121.96(13) 
18 C10-C13-C14 177.56(15) 
19 C13-C14-C15 178.75(15) 
20 C14-C15-C16 179.36(15) 
21 C15-C16-C19 177.96(15) 
22 C18-C17-C22 121.24(12) 
23 C17-C18-C19 120.12(13) 
24 C16-C19-C18 120.75(13) 
25 C16-C19-C20 120.37(13) 
26 C18-C19-C20 118.87(13) 
27 C19-C20-C21 120.73(13) 
28 C20-C21-C22 121.20(13) 
29 C21-C22-C17 117.79(12) 
30 C21-C22-C23 120.67(12) 
31 C17-C22-C23 121.54(12) 
32 C22-C23-C24 121.02(12) 
33 C22-C23-C28 120.58(12) 
34 C24-C23-C28 118.40(13) 
35 C23-C24-C25 120.68(14) 
36 C24-C25-C26 120.23(14) 
37 C25-C26-C27 119.88(14) 
38 C26-C27-C28 120.17(14) 
39 C23-C28-C27 120.62(13) 
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Appendix 2 

Summary of 13C-NMR signals (δ/ppm) 
 
2.1 Benzene-centred polyalkynes and polyclusters 
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TMSTMS

TMS TMS

TMS

TMS

Br
I

Br Br

I

I

I
I

I I
I

I

Br

Br

Br

Br

Br

Br

I

Br Br

104.8
96.6

132.0
123.4 122.8

79.4
83.3

124.0
135.2

103.5
95.9

122.9
135.6

78.6
81.6

104.0
94.9

123.3

135.6 78.0

132.3
122.4

131.7

135.5

128.2

82.5

128.3

102.1
101.0

136.7

83.6
80.6

125.4

136.2

125.5

2 3 4 5

6 7 8

9

105.2
93.9

131.9

77.2
83.5

128.1

128.4
123.2

-0.1

128.2
132.0
122.1

128.7 132.3

0.2

-0.1

0.1

10 11

105.4
101.1

128.1

13

0.2

0.0

12 14

138.6122.6
108.2

134.3
123.2 129.8

131.6

134.7

123.9

130.2

121.9

88.5
89.6

122.8
134.2

131.7

122.7

126.3

91.3

88.5
133.0

16

18

94.4
138.5

17

133.6

123.3

131.6
128.6

 
 



Appendix 2 - Summary of 13C-NMR signals 

 
 

296 
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2.2 Ethynyl-centred polyynes and polyclusters 
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2.3 Asymmetric polyynes and polyclusters 
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2.4 Polyynes containing biphenyl units and polyclusters 
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2.5 Benzene-centred dendritic polyynes and polyclusters 
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2.6 Ethyl-centred dendritic polyynes and polyclusters 
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2.7 Butadiynyl-centred polyynes and polyclusters 
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