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Abstract  

This thesis reports the successful application of the phenyl-perfluorophenyl 
interaction as a supramolecular synthon for topochemical diacetylene and 
triacetylene polymerizations in the crystalline state. 

Different types of monomers were designed and synthesized, all of which shared 
as important elements in their molecular structure i) a phenyl and/or 
perfluorophenyl group which served to assist in molecular co-assembly or self-
assembly in the crystalline state; ii) a diacetylene or triacetylene moiety for the 
purpose of topochemical polymerizability; and iii) a flexible linker, e.g. an ester 
group, that connects the previous two parts. Thus, several alkylated and 
non-alkylated bis(benzoate)-, bis(perfluorobenzoate)-, as well as mixed 
benzoate/perfluorobenzoate-substituted diacetylenes and triacetylenes were 
prepared. The purpose of the alkyl chains in some derivatives was, on one hand, to 
investigate their compatibility with the phenyl-perfluorophenyl interaction in crystal 
engineering and, on the other hand, to increase the solubility of the generated 
polymers in case of a successful polymerization.     

From an investigation of the obtained monomers’ crystal structures, the phenyl-
perfluorophenyl interaction can be considered to be a reliable “supramolecular 
synthon” in that i) the typical eclipsed face-to-face packing of the phenyl and 
perfluorophenyl was generally observed, ii) they helped to assemble crystals with a 
predictable placement of the acetylene moieties suitable for topochemical 
polymerizations, regardless of the number of conjugated triple bonds and the nature 
of the substituents.  

The polymerization of the monomers also confirmed the essential role of the 
phenyl-perfluorophenyl interaction in organizing the monomers in the crystalline 
state. Thus, one strictly alternating poly(diacetylene) copolymer was obtained from a 
cocrystal of bis(benzoate)- and bis(perfluorobenzoate)-substituted diacetylene 
monomers, which is the first example of its kind. The phenyl-perfluorophenyl 
interaction did not only serve to preorganize the two different diacetylene monomers 
in an appropriate geometry; it also controlled the direction of polymerization. 
Furthermore, a new soluble poly(diacetylene) was obtained from a 
4-dodecyloxybenzoyl-substituted and perfluorobenzoated monomer. In this example, 
the phenyl-perfluorophenyl interaction outperformed the influence of the 
dodecyloxy chains in crystal engineering, while the alkoxy chains substantially 
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improved the solubility of the obtained polymer. The structures of both polymers 
were unambiguously proved by NMR and Raman spectroscopy, as well as single-
crystal X-ray analysis. 

 In addition to the investigations of the phenyl-perfluorophenyl interaction in the 
crystalline state, related oligo(ethylene oxide)-substituted diacetylene monomers 
were also prepared, aiming at one-dimensional self-assembly (and co-assembly) in 
aqueous solution followed by topochemical polymerization inside the self-assembled 
aggregates. However, it appears that, while the phenyl-perfluorophenyl interaction 
is reliable in crystal engineering, it is too weak to induce the formation of well-
defined nanostructures in solution.   
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Zusammenfassung 

Diese Arbeit stellt die erfolgreiche Anwendung der Phenyl-Perfluorophenyl-
Wechselwirkung als “supramolekulares Synthon” für die topochemische 
Polymersation von Diacetylen- und Triacetylen-Monomeren in Kristallen vor. 

Im Rahmen dieser Studie wurden unterschiedliche Arten von Monomeren 
entworfen und synthetisiert, deren molekulare Struktur folgende gemeinsame 
Merkmale beinhaltete: 

(i) eine Phenyl- oder Perfluorophenylgruppe, die zu einer geordneten Organisation 
der Monomere im Kristall führt, 

(ii) eine Diacetylen- oder Triacetyleneinheit, die im kristallinen Zustand 
topochemisch polymerisierbar ist, 

(iii) eine flexible Verknüpfung (z. B. eine Estergruppe), die die beiden 
vorhergehenden Einheiten verbindet. 

Verschiedene alkylierte oder nicht alkylierte Bis(benzoat)- oder 
Bis(perflourobenzoat)- sowie entsprechende gemischt substituierte Di- oder 
Triacetylene wurden dargestellt. Bei einigen Derivaten wurden Alkyloxy-Ketten 
eingeführt, um die Löslichkeit des Polymers im Falle einer erfolgreichen 
Polymerisation zu erhöhen und zu untersuchen, ob die Einführung dieser Alkyloxy-
Ketten mit der durch die Phenyl-Perfluorophenylinteraktion vermittelten Geometrie 
des Kristalls vereinbar ist. 

Eine Untersuchung der Kristallstrukturen der Monomere zeigte, dass die 
Phenyl-Perfluorophenyl-Interaktion ein zuverlässiges “supramolekulares Synthon” 
in der Hinsicht ist, dass in den meisten Fällen eine charakteristische Stapelung der 
Phenyl- und Perfluorophenylgruppen beobachtet wurde und dass die Phenyl- und 
Perfluorophenylgruppen die Anordnung der Di- und Triacetylengruppen im Kristall 
zuverlässig in eine für die topochemische Polymerisiation günstige Orientierung 
brachten. Dieser Effekt war weder von der Anzahl der Dreifachbindungen noch von 
der Art der Substituenten abhängig. 

Durch die erfolgreiche Polymerisation der Monomere konnte die wichtige Rolle 
der Phenyl-Perfluorophenyl-Wechselwirkung für die Organisation der Monomere 
im Kristall nachgewiesen werden. Aus einem Cokristall von Bis(benzoat)- und 
Bis(perfluorobenzoat)-substituierten Diacetylen-Monomeren wurde nach erfolgter 
Polymerisation ein neuartiges, streng alternierendes Diacetylen-Copolymer erhalten. 
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Dabei ordnete die Phenyl-Perfluorophenyl-Wechselwirkung die beiden 
unterschiedlichen Monomere nicht nur im Kristall in der korrekten Geometrie an, 
sondern beeinflusste auch die Richtung der erfolgten Polymerisation. Analog wurde 
ein neuartiges lösliches Poly(diacetylen) aus einem 4-Dodecyloxybenzoyl-
substituierten und perfluorobenzoylierten Monomer dargestellt. In diesem Fall 
überwog die Stapelung der Phenyl- und Perfluorophenylgruppen den Einfluss der 
Dodecyloxy-Einheiten, die aber die Löslichkeit des erhaltenen Polymers deutlich 
erhöhten. Die Strukturen der beiden Polymere konnten mit NMR- und Raman-
Spektroskopie sowie mittels Röntgenkristallographie zweifelsfrei aufgeklärt werden. 

Oligo(ethylenoxid)-substituierte Diacetylen-Monomere wurden dargestellt, um 
zusätzlich zu der oben genannten Untersuchung der Phenyl-Perfluorophenyl-
Interaktion in Kristallen dieselbe auch in selbstorganisierten eindimensionalen 
Aggregaten in wässriger Lösung zu untersuchen und zur anschliessenden 
topochemischen Polymerisation zu nutzen. Während allerdings die Phenyl-
Perfluorophenyl-Interaktion in Kristallen die Geometrie der Monomere zuverlässig 
beeinflusst, ist sie anscheinend zu schwach, um die Ausbildung definierter 
Nanostrukturen in Lösung zu ermöglichen. 
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1 Introduction 

1.1 Topochemical Polymerization of Conjugated Triple Bonds 

1.1.1 General Overview of Topochemical Reactions 

First examples of solid state reactions in organic crystals were already reported 
in the nineteenth century, and these results were better understood later on, using 
the rapid progress of X-ray structure analysis and spectroscopic techniques.[1] In 
the1960s, with the example of the [2+2] cycloadditions of olefins, e.g. cinnamic acid 
derivatives,[2,3] Schmidt and co-workers pioneered the work which emphasized the 
role of the reactants’ lattice geometry in the course of reactions,[4] and therefore, 
established the principles of “topochemical reactions”, which stands for one type of 
solid state chemistry.[1,5]  

In most cases, solid state reactions proceed by diffusion of reactants to centers of 
reactivity or by nucleation of the product phase at certain centers of disorder. This 
leads to the total destruction of the parent lattice.[1] In contrast to this behavior, a 
topochemical reaction can be described as a diffusionless transformation of the 
parent crystal into the daughter crystal, and the reactivity comes about by very 
specific movements of the reacting molecules on their lattice sites. The centers of 
gravity of the reacting molecules ideally remain fixed in topochemical reactions, and 
the symmetry of the monomer packing determines the symmetry of the products.[1] 
Since 1969, with the discovery of the solid state polymerization of diacetylenes and 
the establishment of their mechanism, the concept of “topochemical reactions” has 
been further developed and focused on the “topochemical polymerization” of 
conjugated triple bonds. 

 

 

1.1.2 Topochemical Diacetylene Polymerization 

The first systematic investigation of the topochemical polymerization of 
diacetylene derivatives was reported by Wegner et al. in 1969.[6] Crystalline 
monomers possessing two conjugated carbon-carbon triple-bonds were found to 
rapidly attain a deep red color and generate polymers upon exposure to UV 
irradiation or annealing at elevated temperatures below their melting points. 
Meanwhile, solutions of the same monomers in various solvents did not show any 
reactivity when exposed to light or heat.[7-9] This special solid state reactivity, together 
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with the fact that the generated polymers were also crystalline polymers exhibiting a 
fully π conjugated backbone, attracted vast interest and triggered further 
investigations. 

The mechanism of topochemical polymerization was proposed as “lattice 
controlled” due to their solid state reactivity. In the crystalline state, the individual 
molecules are aligned in a ladder-like fashion within the lattice of the polymerizable 
monomers such that the conjugated triple bonds form the steps of the ladder. A 
reaction is then achieved by a tilting of each step or by shearing of the whole ladder 
(Figure 1-1).[7,9] The early investigations of various monomers suggested that 
diacetylenes with polar substituents, which are capable of forming hydrogen bonds, 
are often reactive. This observation supported the “lattice control” mechanism 
because hydrogen bonds helped to form the ladder-like arrangements of the 
monomers. 

 

Figure 1-1. Schematic representation of the “lattice controlled” topochemical diacetylene 
polymerization with individual molecules aligned in a ladder-like fashion at specific lattice 
positions, while the conjugated triple bonds form steps of the ladder and may undergo a 
tilting movement; image reproduced from [1]. 

The fully conjugated polymer backbone obtained from topochemical diacetylene 
polymerizations was proved to exhibit an ene-yne-structure instead of a butatriene-
structure, since the X-ray analysis of the polymer of 2,4-hexadiynylene-
bis(phenylurethane)[10] revealed three different bond lengths in the backbone. In 
addition, the polymer had an all-trans configuration of the substituents, which is a 
consequence of the solid state reaction mechanism and predetermined by the 
packing of the molecules in the monomer lattice.[9] 
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Finally, on the basis of theoretic calculations and experimental observations,[1,11-13] 
it was revealed that, in addition to the ladder-like arrangement, the diacetylene 
monomers have to fulfill specific geometric criteria in their crystalline state for a 
successful topochemical polymerization (Figure 1-2). The diacetylene moieties are 
required to be placed at a center-to-center distance dm of approximately 5 Å, which is 
often referred to as the monomer translational distance or repeating distance. 
Meanwhile, the inclination angle φ, which is the angle between the monomer packing 
direction and the diacetylene rods, needs to be approximately 45°. Only under these 
conditions, the distance R1, 4 between the first and the last carbon (C1, C4) of two 
adjacent diacetylenes will be 3.5 Å, which corresponds to the sum of the Van der 
Waals radii and, therefore, favors a reaction. The reaction proceeds in the sense of a 
1,4-addition of the diacetylenes, and since a continuous array of diacetylenes is 
present in the crystal along a certain crystal axis, a polymer backbone with 
alternating double and triple bonds is generated. The length of the repeating unit dp 
of the generated poly(diacetylene) backbone was found to be 4.91 Å,[13,14] which in 
turn suggested that the monomer distance dm should be close to this value. If the 
parameters do not match, the polymerization will be accompanied by considerable 
molecular motion, which will cause deterioration of the crystallinity of the monomer 
and prohibit the polymerization.  

R

RR

RR

R

! ~ 45°

R R

R R

R

R

h"

or heat
dm ~ 5 Å dp = 4.91 Å

R 1, 4
 ~ 3.5 Å

n

 

Figure 1-2. Schematic representation of the geometric prerequisites for a successful 
topochemical diacetylene polymerization; the diacetylene center-to-center distance dm needs 
to be around 5 Å, the inclination angle φ between the diacetylene moiety and the packing 
axis needs to be around 45°, and the reactive carbon distance R1,4 needs to be around 3.5 Å. 
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1.1.3 Topochemical Polymerization of Triacetylenes and Higher Oligoynes  

The discovery of the topochemical diacetylene polymerization also prompted the 
interest in investigating the solid state triacetylene polymerization.[15] In analogy to 
the topochemically controlled 1,4-polymerization of the diacetylene monomer, two 
idealized pathways of triacetylene polymerization in their crystalline state were 
deduced, depending on the different geometric arrangements of the monomer.[15,16] In 
the first possibility, resembling the criteria for the diacetylene 1,4-addition, the 
triacetylene moieties are placed at a center-to-center distance of dm about 5 Å, and 
inclined with their packing axis at an angle φ  of 45º. In this situation, the distance R1, 4 
between the first and the forth carbon (C1, C4) of the two adjacent triacetylenes, as 
well as the distance R3, 6 between the third and the sixth carbon (C3, C6) of the same 
triacetylenes, are now 3.5 Å, which favors the reaction. This leads to a 1,4-addition or, 
alternatively, a 3,6-addition of the triacetylenes, generating a polymer backbone 
similar to poly(diacetylene)s, while leaving one of the original acetylene bonds intact 
(Figure 1-3). When the triacetylene monomer is symmetric with only one type of 
substituent, 1,4- or 3,6-addition would lead to the same polymer. But if the monomer 
is unsymmetric and having two different types of substituents, 1,4- and 3,6-addition 
would lead to two different polymers 1 and 2 as presented in Figure 1-3. 
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or heat
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Figure 1-3. Schematic representation of the triacetylene monomers arranged with an 
acetylene center-to-center distance dm of around 5 Å, an inclination angle φ between the 
triacetylene moieties and the packing axis of around 45°, and a reactive carbon distance R1, 4 
(as well as R3, 6) of around 3.5 Å for the idealized 1,4- and 3,6-polyaddition; when the 
monomer is unsymmetrically substituted (R1≠R2), two different polymers will be generated. 
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In the second possibility, the triacetylene moieties are placed at a larger center-
to-center distance dm of about 7.4 Å, and inclined at an angle φ of 28º. In this case, the 
distance R1,6 between the first and the sixth carbon (C1, C6) of two adjacent 
triacetylenes is 3.5 Å, while the C1-C4, or C3-C6 distance is larger than the sum of 
their Van der Waals radii. Therefore, the triacetylenes undergo a unique 1,6-addition, 
which includes all three former acetylene bonds in the resulting polymer backbones 
and generates a poly(triacetylene) with a poly(ene-diyne) backbone (Figure 1-4). 
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Figure 1-4. Schematic representation of the triacetylene monomers arranged with an 
acetylene center-to-center distance dm of around 7.4 Å, an inclination angle φ of around 28°, 
and a reactive carbon distance R1, 6 of around 3.5 Å for the idealized 3,6-polyaddition. 

In experimental investigations of certain triacetylene monomers by Wegner et 
al.[15] and later by Baughman[12] and Enkelmann,[16] only 1,4-polymerizations of the 
triynes were observed. The first 1,6-addition of the triynes, which is also the only 
successful example discovered so far, was reported by Fowler et al. in 2000.[17] They 
utilized concepts from supramolecular chemistry for preorganizing the monomers to 
the proper geometry, which will be further discussed in detail in Section 1.4.1. 

The synthesis of longer conjugated oligoynes used to be a challenge, since the 
thermal and photochemical stability of compounds decreases rapidly with an 
increasing number of conjugated triple bonds,[15] and some higher polyynes, 
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particularly those with smaller end groups, were known to be explosive.[18-21] 
However, with the discovery of buckminsterfullerene C60 and carbon nanotubes as a 
new type of sp2 hybridized carbon allotropes,[22,23] linear acetylenic carbon, often 
termed “carbyne” (C∞), was hypothesized as the one-dimensional sp carbon 
allotrope[24,25] and triggered intensive investigations on higher polyynes as carbyne 
models. Nowadays, novel synthetic methods as well as improved synthetic 
procedures have successfully prolonged the length of synthetically accessible 
oligoynes impressively up to a tetradecayne.[26] However, in all cases, various 
sterically demanding groups, e.g. trialkylsilyl, dendrimeric or metal containing 
groups, etc., were used to cap the polyynes and prevent close contact of the chains, 
which would lead to random cross-linking or polymerization (Figure 1-5).[27-38] 
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Figure 1-5. The polymeric sp carbon allotrope “carbyne” (top) and examples of 
synthetically accessible oligoynes from Hirsch, Gladysz, Tykwinski and their coworkers.[27-38] 

Compared to the successful work on a prolongation of the polyynes, only few 
attempts have been undertaken to polymerize the crystalline samples of the latter 
(Figure 1-6).[38] The first report on a solid state polymerization of the tetrayne 

compound R-(C≡C)4-R 3, where R = –CH2OCONHC2H5, came from Baughman and 
Yee.[12] The polymer was produced by either 60Co γ-ray irradiation or thermally 
induced polymerization. The measured chain-repeat dimension of 4.75 Å suggested 
the mutual reaction of diacetylene groups in neighboring molecules, while it was not 
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established whether the polymerization occurred symmetrically by 3,6-addition to 

produce the polymer with only the -C≡C-R side group, or asymmetrically by 1,4- or 

5,8-addition to produce a polymer with one -R and one -C≡C-C≡C-R side group, or 
by a mixture of these possibilities. Lagow et al. later also reported the synthesis of 
bis(benzo-[15]crown-5)octa-1,3,5,7-tetrayne 4 which was characterized by X-ray 
crystallography to have a monomer center-to-center distance of 4.5 Å and an 
inclination angle between the tetrayne moieties and the packing axis of 69°. As 
expected from the non-ideal packing parameters, only a color change of the 
monomer from yellow to dark green was observed after the crystalline samples were 
exposed to light for about one week, and no 1,4-addition polymerization could be 
detected by mass spectrometry.[39] Gladysz et al. proposed detailed geometric 
requirements for the 1,8-trans- topochemical polymerization of tetraynes as well as 
its 1,4-cis- and 1,6-cis-polymerizations on the basis of Grubbs’ hypothesis[40]  (see 
Section 1.4.2). However, with examinations of the crystal packing parameters of 
almost thirty tetraynes as well as several pentaynes and hexaynes, no candidate for 
the 1,8-trans topochemical polymerization was found, while tetrayne 5 was proposed 
to be one possible candidate for the 1,4-cis- or 1,6-cis-polyadditions. In addition, the 
author also suggested that, according to the crystal data, pentayne 6 appeared to be a 
good candidate for a 1,4- or 3,6-polyaddition, and tetraynes 7 and 8 as well as the 
hexayne 9 might be able to undergo a 1,6- or 3,8-polyaddition involving three 
acetylene bonds. But detailed investigations of the possible polymerizations were not 
carried out.[38]  
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Figure 1-6. Examples of oligoynes investigated or suggested as candidates for 
topochemical polymerizations.[12,38,39] 
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Figure 1-7. Alkyl- and heteroaryl-substituted tetraynes 10-14 investigated by Nakanishi 
et al. (top) and the schematic representation of the proposed reaction pathways for their 
corresponding step-wise 1,4-addition (A) and 1,3-addition (B) to form a ladder-type polymer 
16 or an aromatic polymer 19, respectively; image reproduced in part from [41,42]. 

Nakanishi et al. investigated more in detail the solid state polymerizations of 
several tetraynes, pentaynes and hexaynes. In the case of long alkyl substituted 
tetraynes 10-12 (Figure 1-7 A), high resolution solid state 13C NMR suggested that the 
polymerization proceeded asymmetrically by 1,4-additions, generating 
poly(diacetylene) 15 with alkyl- and 1,3-alkadiynyl side groups. Since the polymer 15 
could be further reacted thermally,[41,43] a ladder polymer 16 with a 1,6-
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didehydro[10]annulene as the repeating unit, i.e. two conjugated poly(diacetylene)s 
linked by an ethynylene group, was originally proposed. However, it was stated in a 
later report that polymers with a regular structure have not been obtained.[44] 
Analogously, in the investigation of heteroaryl-substituted tetraynes 13 and 14 
(Figure 1-7 B), crystallographic data revealed a packing distance of 3.9 Å in the 
monomer, while the solid state NMR of the polymer indicated aromatic character but 
no evidence of acetylenic C-atoms. Therefore, Nakanishi et al. suggested a 1,3- or 3,4-
additon followed by a cyclization as a possible route for the reaction of the heteroaryl 
substituted tetraynes.  

Furthermore, an alkyl-substituted pentayne R-(C≡C)5-R with the same 
substituents as in 11, and several alkyl- or urethane-substituted hexaynes 20-23 
(Figure 1-8, top) were also investigated by Nakanishi et al. and reported to form 
ladder-type polymers with annulene structures through step-wise 1,4-
polyadditions.[41,44] While NMR and NIR spectra suggested the polymer of the 
pentayne to be a 1,6-didehydro[10]annulene like 16, the polymers of the hexaynes 
were proposed to be 1,10-didehydro[18]annulenes (Figure 1-8, bottom), which was 
supported by powder X-ray diffraction, solid state NMR, IR and NIR spectra. 
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Figure 1-8. Alkyl-substituted hexaynes 20-23 investigated by Nakanishi et al. and the 
schematic representation of the proposed reaction pathway of their step-wise 1,4-addition to 
form ladder-type polymer 25; image reproduced in part from [44]. 
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The investigation of the topochemical polymerization of higher oligoynes is 
indeed challenging. On one hand, it is difficult to find appropriate substituents 
which balance the stability and reactivity of the oligoynes and provide appropriate 
crystalline packing parameters at the same time. On the other hand, with the 
prolongation of the oligo(acetylene) chains, their polymerization becomes much 
more complicated since the possibility of different reaction pathways exists, and 
different reaction pathways may even proceed in a mixed manner. Furthermore, due 
to the reliance of the polymerization process on monomer crystallinity as well as the 
usually poor solubility of the resulting polymer, the applicable characterization 
methods are severely limited.  

 

 

1.2 Supramolecular Chemistry and Crystal Engineering 

1.2.1 The Concept of Supramolecular Chemistry 

Molecules, which are collections of atoms based on the selective formation of 
kinetically and thermodynamically stable covalent bonds, can also interact through 
much weaker and kinetically labile non-covalent interactions, which include 
electrostatic interactions, metal coordination, hydrogen bonding, π−π stacking 
interactions, and general Van der Waals forces.[45] In biology, non-covalent 
interactions play a critical role. Thus, with just a few building blocks, strands of 
nucleic acids allow huge amounts of information to be stored, retrieved, and 
processed via weak hydrogen bonds; or similarly, different signaling molecules may 
recognize subtle differences in the topology of a protein’s surface.[46] In chemistry, 
there are fields where non-covalent interactions were very important already in the 
early stages, e.g. in coordination chemistry.[45] The newly emerged field of 
“supramolecular chemistry” has then further enhanced the understanding and 
application of non-covalent interactions and developed its concepts from chemistry 
into the interfaces of biology, physics, advanced materials, and nanotechnology.[47]  

The term “supramolecular chemistry” was defined by Lehn in 1978 as 
“chemistry beyond molecules”.[48] The main triggering events in this field can be 
dated back to the late 1960s, when Pedersen,[49,50] Lehn,[48] Cram[51] and others 
published the synthesis of macrocyclic molecules (crown ethers, cryptands) that were 
able to selectively bind ions or small organic molecules via non-covalent interactions. 
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The objective of their synthesis is the specific recognition function of binding and 
selection that these receptors display. Therefore, it should be emphasized that, in 
supramolecular chemistry, molecules are designed and synthesized for the specific 
purpose to interact with other molecules or to form larger aggregates.[45]  
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Figure 1-9. Examples of parallel formation of a double helicate and a triple helicate by 
self-selection with self-recognition from a mixture of two different, suitably instructed 
ligands and two different types of metal ions; they present specific processing/coordination 
algorithms, as CuI (red) and NiII (green) have tetrahedral and octahedral coordination, 
respectively; image reproduced from [46,52]. 

Most fundamentally, supramolecular chemistry opened up the new field of 
supramolecular synthesis, that is, the construction of chemical structures through or 
mediated by non-covalent bonding.[47] This method complements covalent synthesis 
and provides access to structures and arrays that would not be available by the use 
of only the covalent bond. Molecular self-assembly, molecular recognition, host-
guest chemistry, and template-directed synthesis are all methods of supramolecular 
synthesis. Information is programmed into molecular entities and, for this purpose, 
non-covalent interactions can be utilized to preorganize different components and 
further facilitate the formation of the final structure. Self-selection with self-
recognition, or template effects, such as the use of metal ion templates or templates 
through hydrogen bonding or charge-transfer interactions, have helped to build 
fascinating molecular architectures including double and triple helices, molecular 
knots, supramolecular polymers, dendrimers, etc (Figure 1-9).[47,52-57] Self-assembly in 
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solution, on surfaces, at interfaces, and in the solid state follows the principles used 
by nature to construct complex functional structures, such as nucleic acid duplexes 
and triplexes, protein complexes, or cellular membranes.[47] Moreover, 
supramolecular synthesis assists in developing a deeper understanding of 
biomolecular recognition and facilitates the development of new drugs as well as the 
making of synthetic biomimetic materials.[47] Supramolecular chemistry is also 
expected to have a strong impact on material science, since the properties of a 
material depend both on the nature of its constituents and on the interactions 
between them. Through the manipulation of the non-covalent forces that are exerted 
by the constituents, supramolecular chemistry may lead to the design of “smart” 
functional supramolecular materials, the formation and properties of which are 
controlled through the self-assembly of suitable units.[46] The connections between 
the constituents may undergo assembly, disassembly, or exchange processes. These 
constitutionally dynamic materials may in principle select their constituents in 
response to external stimuli or environmental factors, behaving as adaptive 
materials.[56]  

Furthermore, supramolecular chemistry is also an essential part of nanoscience, 
since self-organization offers a powerful alternative to both top-down 
miniaturization and bottom-up nanofabrication approaches.[46] The extension of 
conventional synthetic chemistry to the preparation of intermediate and large-size 
molecules, molecular systems and nanometer machines is difficult. Therefore, self-
assembly may provide one solution of central importance in bridging the gap 
between the sizes that can be manipulated by chemistry and those that can be 
manipulated by conventional manufacturing.  

 

 

1.2.2 Crystal Engineering and Supramolecular Synthons 

The term “crystal engineering” was first used by Schmidt in connection with 
photodimerization reactions in crystalline cinnamic acid derivatives.[58] Since this 
initial use, and in combination with the development of supramolecular chemistry, 
the meaning of this term has been considerably broadened to include many aspects 
of solid state supramolecular chemistry. In 1989, Desiraju defined crystal engineering 
as “the understanding of intermolecular interactions in the context of crystal packing and the 
utilization of such understanding in the design of new solids with desired physical and 
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chemical properties”. Later on, crystal engineering was further suggested as a “new 
organic synthesis” in combination with the new concept of “supramolecular 
synthon”.[59]  

Desiraju’s argument was based on the fact that a crystal of an organic compound 
could be regarded as the perfect supermolecule or, according to Dunitz, as “a 
supermolecule par excellence”, as an assembly of literally millions of molecules self-
crafted by mutual recognition at an “amazing level of precision”.[60] Analogous to the 
way molecules are built by connecting atoms with covalent bonds, solid state 
supermolecules (crystals) are built by connecting molecules with intermolecular 
interactions. In other words, as the final architecture of the crystal structure is 
governed by the chemistry and geometry of the intermolecular interactions, which 
are, in effect, the supramolecular cement, crystals can be regarded as the 
supramolecular equivalents of molecules. And because crystal engineering, as 
defined above, is concerned with the systematic construction of crystal structures, it 
may be regarded as the supramolecular equivalent of organic synthesis.[59] 

Since crystal structures of organic compounds may formally be depicted as 
networks with the molecules being the nodes and the intermolecular interactions 
representing node connections, the predictable self-organization of molecules into 
one-, two-, or three-dimensional networks is of utmost importance in crystal 
engineering. For such rational design, hydrogen bonding has been regarded as the 
most commonly used supramolecular synthon, yet some relatively weaker forces 
such as C–H · · · O, C–H · · · N, I · · · I, N · · · Cl can also be used.[59] All these 
interactions are directional, or directional enough in combination, irrespective of 
their strength. Therefore, the orientation of molecules in the solid can be predicted 
with a reasonable degree of accuracy. As the term “synthon” plays an important role 
in conventional organic synthesis, especially in the context of retrosynthetic analysis, 
Desiraju coined the term “supramolecular synthon” in supramolecular chemistry. In 
analogy to the “synthon” in organic synthesis representing the key structural 
features in a target molecule, or more generally as a descriptor of synthetic 
intermediates,[59,61-63] Desiraju defined  “supramolecular synthon” as “structural units 
within supermolecules which can be formed and/or assembled by known or conceivable 
synthetic operations involving intermolecular interactions”.  

Numerous representative supramolecular synthons have been summarized by 
Desiraju (Figure 1-10).[59,64] Among them, moieties capable of hydrogen bonding of 
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the conventional O–H · · · O and N–H · · · O varieties 26-32 are the most common 
ones, while weaker forces such as C–H · · · X (X = O or N) 33-38, halogen-halogen 39, 
41, π-π (aryl-aryl synthon) 41, 42 or alkyl chain interactions (hydrophobic synthon) 43 
can also be assigned as typical examples. Supramolecular synthons are derived from 
designed combinations of interactions and are not identical to the interactions 
themselves. Thus, the goal of crystal engineering is to recognize and design synthons 
that are robust enough to be exchanged from one network structure to another, 
which ensures generality and predictability. 
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Figure 1-10. Examples of supramolecular synthons summarized by Desiraju;[59] 
conventional O–H · · · O and N–H · · · O interactions 26-32 are the most common ones, while 
weaker forces such as C–H · · · X (X = O or N) 33-38, halogen-halogen 39, 40, π-π (aryl-aryl 
synthon) 41, 42 or alkyl chain interactions (hydrophobic synthon) 43 are also observed. 

With the example of benzoic, terephthalic, isophthalic and trimesic acids 44-47, 
Desiraju demonstrated a logical progression in dimensions of structures built with 
phenyl rings and the dimer carboxylic acid synthon 26 (Figure 1-11). The benzoic 
acid 44 dimer is zero-dimensional, in the sense that the motif does not lead to 
extensions in any direction of space; the linear or kinked ribbons in the terephthalic 
and isophthaic acid structures 44, 45 are one-dimensional patterns; and the sheet- 
structure in trimesic acid 47 is two-dimensional in nature.[65]  
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Figure 1-11. The logical progression from zero- (A) to one- (B) and two- (C) dimensional 
structures built from benzoic, terephthalic, isophthalic and trimesic acids 44-47, which are all 
based on the dimer carboxylic acid synthon 26; image reproduced in part from [59]. 
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Figure 1-12. Representation of similar linear ribbon structures of piperazine-2,5-dione 48, 
1,4-benzoquinone 49 and 1,4-dicyanobenzene 50 formed from three different supramolecular 
synthons 29, 33 and 38; images reproduced in part from [64]. 

When comparing linear ribbon structures of piperazine-2,5-dione 48, 
1,4-benzoquinone 49 and 1,4-dicyanobenzene 50 (Figure 1-12), the identical one-
dimensional network depictions of each of these structures illustrated that the 
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supramolecular synthons 29, 33 and 38 which the one-dimensional networks were 
based on, respectively, are equivalent in this sense, although they are constituted 
from strong (29) and weak (33, 38) hydrogen bonds (Figure 1-10).[64] It has long been 
known that molecules with similar sizes, shapes, and functionalities have similar 
crystal structures. A more powerful generalization in the crystal engineering context 
would be that supramolecular fragments with similar sizes, shapes and topologies 
have similar crystal structures, as well. Such a generalization is more useful, since it 
recognizes the interchangeability of supramolecular synthons within a particular 
family of crystal structures. 

In addition to hydrogen bonding as the most general supramolecular synthon, 
the aryl-aryl synthons and the hydrophobic synthon (Figure 1-10, 41-43) should also 
be emphasized. The aryl-aryl synthons are based on aromatic π−π interactions, and 
the geometries of the T-shaped or offset face-to-face packing of aromatic residues are 
well defined and have been found to occur in thousands of structures. Although they 
might not rank very high if one were to assign significance to supramolecular 
synthons on the basis of specific interaction strengths, they play an important role in 
determining stable crystal packing arrangements. The nature of aryl-aryl stacking 
has been subject of intensive studies, and its utilization in crystal engineering relies 
on the well-known tendency of planar π-donors and π-acceptors to form overlapped 
layered structures.[66] The Van der Waals interactions between alkyl chains have also 
been exploited in the design of monolayer structures.[59] 

However, both crystal engineering and the concept of “supramolecular synthon” 
have also drawn a fair amount of criticism. The first argument is about “whether 
crystal structures are predictable”, and Gavezzotti as well as, later, Dunitz stated that 
“the one-word answer to this question is still ‘No’, although at certain levels of discussion a 
‘Maybe’, or even a conditional ‘Yes’, may be entertained as possible responses”.[67,68] From 
the understanding of why crystals form, one can say that crystals form because the 
state of minimal potential energy is perfectly ordered. It is, nowadays, also possible 
to calculate the potential energy of a crystal built from small to medium-sized 
organic molecules, which is up to about 20-30 non-hydrogen atoms. However, the 
problem is that such calculations typically do not lead to one single-crystal structure 
that is much more stable than any of its competitors, but rather many possible crystal 
structures within a quite small energy range. This kind of result is compatible with 
the frequent occurrence of polymorphic forms with very similar energy, and it is also 
obtained for compounds for which no polymorphic forms are known. Furthermore, 
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when considering the finer details of the calculations and the parameterization, as 
well as the fact that, in a real crystal, the molecules are vibrating about their 
equilibrium positions and orientations instead of being at rest, one can notice that the 
energy ranking of the potential energy estimation of a molecule can easily alter, 
offering even more almost equi-energetic possibilities. Concerning the other question 
of how crystals are formed, it is even more problematic, as very little is known for 
sure and it is more difficult to make realistic computer calculations. Thus, 
computational methods for predicting crystal structures of organic compounds 
cannot yet be regarded as reliable.[68]  

Dunitz is also very critical about the role of structure-directing “supramolecular 
synthons”. He stated that, from a more qualitative and descriptive viewpoint, the 
notion has come that certain groupings in organic molecules exercise attractive 
intermolecular interactions and, thus, guide the molecules into distinctive patterns in 
their crystal structures. However, this approach has its problems as its physical basis 
is shaky and its predictive capacity is poor; although, of course, inspired guessing 
may occasionally lead to a correct prediction.[68]  

Similarly, Hollingsworth has stated that there are problems in “crystal 
synthesis”.[69] Concerning the “synthon” concept, he discussed that statistical 
analyses of crystal structures have reinforced our knowledge concerning 
directionality of many strong interactions. However, there is not yet an even crude 
assessment of the energetics of functional group interactions. In addition, evaluations 
of moderately weak interactions have suffered because crystal packing is a result 
from a competition between packing efficiency and repulsion, specific functional 
group interactions, longer-range electrostatic interactions, and cooperative effects 
(e.g., induction, charge transfer) involving large aggregates.[70] Scatter plots showing 
geometric parameters for weakly interacting groups are often diffuse, and this fact 
makes it difficult to give firm conclusions about the nature of such interactions. 
Using C–H · · · O interactions as the most notable example, there are numerous cases 
in which short C–H · · · O contacts were found to fit the established criteria for 
hydrogen bonds, but many of them are only secondary consequences of stronger 
interactions in the crystal packing.[69] 

Actually, Desiraju also realized and discussed the “synthon interference” as well 
as the “robustness” of synthons. As he pointed out, the interference between 
synthons is the critical problem in crystal engineering, since a crystal structure is a 
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compromise between interactions of varying strengths, directionalities, and distance-
dependent properties. Structural robustness or the ability to use the same 
supramolecular synthon in a variety of situations is the key to a successful practice of 
the subject.[59] 
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Figure 1-13. Anomalously hydrogen-bonded carboxylic acid structures: A) modified 
catemer synthon 27 in 4-chloro-phenylpropiolic acid 51; B) dimer located on a two-fold axis 
in 3,5-dirutrocinnamic acid 52; C) observed homodimers (middle and bottom) and the 
expected but not observed heterodimer (top) in the 1 : 1 complex of 3,5-dinitrohenzoic acid 
53 and 4-(N,N-dimethylamino)benzoic acid 54; D) 3,5-dinitrosalicylic acid monohydrate 55 
with interrupting water molecules; in all cases, O–H · · · O hydrogen bonds are shown as 
dashed lines, image reproduced from [59]. 

In contrast to the former examples (Figure 1-11), where the robustness of the 
dimer carboxylic acid synthon was revealed by the packing preferences of the 
patterns, Desiraju also gave four anomalous situations, in which the centrosymmetric 
dimer synthon 26 of carboxylic acid, though expected, was not observed 
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(Figure 1-13). 4-Chloro-phenylpropiolic acid 51 or 4-bromo-phenylpropiolic acid, 
adopted a variation of the carboxyl catemer synthon 27, which had 50:50 syn : anti 
O=C–OH conformations while, by contrast, the corresponding cinnamic and benzoic 
acids adopted an assembly of synthon 26. 3,5-Dinitrocinnamic acid 52 formed a 
carboxylic dimer, but the pattern was different from the usual cases, as it had two-
fold rather than inversion symmetry. In the 1 : 1 complex of 3,5-dinitrobenzoic acid 
53 and 4-(N,N-dimethyl)aminobenzoic acid 54, homodimers were formed between 
the same acids rather than the expected heterodimers between different acid 
monomers. Unlike other salicylic acids which adopt the dimer pattern, 3,5-
dinitrosalicylic acid 55 crystallized as a hydrate in which hydrogen bonded water 
molecules interrupted the dimer network.[71] Therefore, even seemingly robust 
supramolecular synthons have limits with regard to their applicability, and the 
manipulation of supramolecular synthons is a sophisticated task.  

Desiraju pointed out that multipoint recognition of functional groups is expected 
to improve synthon robustness in practice, and with improving knowledge about 
intermolecular forces, complex supramolecular structures will be synthesized with 
increasing reliability and regularity.[59] Similarly, Hollingsworth concluded that, 
despite the difficulties in predicting crystal structures, the most reliable 
supramolecular synthons, i.e. hydrogen bonds, metal-ligand interactions, ion pairs, 
and other strong donor-acceptor interactions, have been successfully exploited to 
generate new and versatile frameworks, sometimes with astonishing results.[69,72,73] 
Some detailed examples of utilizing crystal engineering will be discussed in the 
following chapters. 

 

 

1.3 The Arene-Perfluoroarene Pair as a Supramolecular Synthon 

1.3.1 General Arene-Arene Interactions 

Interactions between aromatic molecules represent an important class of 
intermolecular forces in chemistry, biology, and material science.[74-77] They control a 
range of molecular recognition and self-assembly phenomena such as (i) the base-
stacking interactions which determine the sequence-dependent structure and 
properties of DNA as well as recognition of DNA by drugs and regulatory 
proteins;[78] (ii) the three-dimensional structure of a protein;[79] (iii) molecular 
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recognition of drugs by biological receptors or enzymes and of guests by synthetic 
hosts;[80,81] (iv) template-directed synthesis;[82] and (v) the packing of aromatic 
molecules in the crystalline state and, hence, the material properties of these 
compounds.[83] Comparing aromatic interactions to the other key types of functional 
group interactions, such as hydrogen bonding, the differences are quite substantial. 
Hydrogen bonds are strong single-point interactions with a very well-defined 
geometry, and their strength is determined by the electrostatic forces between the 
donor hydrogen atom and the acceptor atom. Aromatic interactions, on the other 
hand, are weaker, having multiple points of intermolecular contact as well as 
variable geometries of interactions, and can involve a vast range of different 
functional groups. Considering the complexity of the nature of aromatic interactions 
as well as their wide applications and significant roles in various areas, only the 
geometry and energetic aspects of most general arene-arene packing will be 
discussed here as follows. 

Starting with the crystal structure of benzene, which laid the structural basis for 
recognizing attractive interactions between aromatic rings, T-shaped edge-to-face 
arrangements were observed (Figure 1-14 A).[84] Later, in a study involving 34 
proteins, Burley and Petsko found that the predominant arrangement of the aromatic 
side chains was also the T-shaped arrangement,[79,85] while McGaughey et al. 
suggested that the parallel-displaced (or offset stacked) geometry (Figure 1-14 B) was 
another preferred orientation in an extended analysis of a larger sample of 
proteins.[86] Remarkably, none of these studies described the face-to-face, i.e. eclipsed 
or staggered, geometry (Figure 1-14 C).[76,77]  

H

A B C

H

d1 d2

R1  

Figure 1-14. A) T-shaped edge-to-face arrangement of a benzene or aromatic dimer , which 
is calculated as the most stable arrangement and often observed; B) parallel-displaced 
arrangement of aromatic π−π stacking as the other favored and stable geometry; C) eclipsed 
face-to-face stacking of aromatic rings which is calculated as an unstable arrangement and 
has not yet been observed; d: distance between planes and experimentally determined as d1 = 
4.96 Å and d2 of 3.4–3.6 Å, R1: lateral offset, and experimentally determined as 1.6–1.8 Å, 
image reproduced in part from [77]. 
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Molecular mechanics, ab initio, and density functional calculations at different 
levels of theory have been employed to describe and predict the structure of the 
benzene dimer.[87] Recent calculations gave very low calculated differences in binding 
energy for the T-shaped edge-to-face and parallel-displaced arrangements, while 
showing that the eclipsed face-to-face geometry is more unfavorable.[88] The 
geometric parameters that describe the most stable arrangements are in the edge-to-
face arrangement (Figure 1-14 A), which has an experimentally determined center-to-
center distance d1 of 4.96 Å, with the partially positively charged H atom pointing 
perpendicular into the partially negatively charged center of the second ring. In a 
parallel-displaced arrangement (Figure 1-14 B), the interplanar distance d2 is about 
3.4–3.6 Å with a displacement of R1 = 1.6–1.8 Å,[77] leading to a center-to-center 
distance of above 4 Å. 

It has been recognized that London dispersion interactions are the major source 
of stabilization energy between two aromatic molecules. However, the electrostatic 
component associated with the large quadrupole moment[89] of benzene 
(-28.3 × 10-40 C m-2)[90] is an influential factor in determining the geometry of the 
interaction. For example, the parallel-displaced arrangement is a compromise 
between optimal surface overlap that maximizes the dispersive attraction (distance 
dependence r–6) and quadrupole moment positioning (r–5). The parallel-eclipsed 
stacking, on the other hand, is unfavorable because of repulsive interactions between 
the negatively charged electron clouds or quadrupole moments of equal sign.[77] 

 

 

1.3.2 Arene-Perfluoroarene and Related Interactions 

The first indication of the unusual properties of aromatic and perfluoroaromatic 
compounds came from the discovery of the formation of a crystal from an equimolar 
mixture of benzene and hexafluorobenzene in 1960.[91] The obtained crystal had a 
melting point of 23.7°C, which is approximately 19°C higher than the melting point 
of either benzene or hexafluorobenzene. Further X-ray analysis revealed that, unlike 
the crystal-packing patterns of benzene or hexafluorobenzene which featured 
herringbone arrangements arising from T-shaped interactions, the benzene-
hexafluorobenzene cocrystal exhibited nearly parallel molecules stacked 
alternatingly in infinite columns with an interplanar distance r of about 3.4 Å and a 
center-to-center distance d of 3.7 Å (Figure 1-15).[77,92] This eclipsed face-to-face crystal 
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packing of benzene and hexafluorobenzene residues was later reproduced in many 
complexes of aromatic-perfluoroaromatic compounds,[89,93-108] which led to the 
conclusion that this packing pattern was a general motif.[77,104,109] 
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Figure 1-15. The structure of the lowest temperature phase of the benzene-
hexafluorobenzene cocrystal at 30 K; A) view into the c axis; the alternating and almost 
eclipsed face-to-face stacking of the benzene and hexafluorobenzene is readily seen; B) view 
into the b axis; r = interplanar distance (ca. 3.4 Å); d = intercentroid distance (ca. 3.7 Å); image 
reproduced from [77,92]. 

The special structural features of the benzene-hexafluorobenzene cocrystal were 
mostly rationalized on the basis of the electrostatic charge distribution, or the 
quadrupole moments of the two components.[76,92,104,110-113] The theoretical electrostatic 
potential map of benzene[114] reveals concentrations of negative potential above and 
below the molecular plane, and a ring of positive potential in the molecular plane 
focused on the hydrogens, while hexafluorobenzene possesses the reverse charge 
distribution due to the electronegativity of fluorine (Figure 1-16). Stated differently, 
benzene has a large and negative quadrupole moment (–29.0 × 10-40 C m-2), while 
hexafluorobenzene has a comparably large but positive quadrupole moment 
(+31.7 × 10-40 C m-2).[111,115] Hence, the eclipsed face-to-face crystal-packing motif 
reflects the maximization of favorable quadrupole-quadrupole interactions (distance 
dependency: r–5) and minimizes the unfavorable electrostatic repulsions in edge-to-
face arrangements (Figure 1-17).[77,116] In addition, spectroscopic studies have shown 
that the complexes of the hexafluorobenzene-benzene system do not have charge-
transfer (π-π*) properties, as demonstrated by the absence of characteristic bands in 
the UV spectra.[117] 
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Figure 1-16. Representation of the opposite charge distributions of benzene (left) and 
hexafluorobenzene (right), with a view from the side of the molecular plane (top) and from 
the top of the molecular plane (bottom); there are concentrations of negative potential above 
and below the benzene plane, with a ring of positive potential in the plane focused on the 
hydrogens (left), while there are concentrations of positive potential above and below the 
hexafluorobenzene plane, with a ring of negative potential in the plane focused on the 
fluorines (right). 
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Figure 1-17. Representation of the unfavorable arene-pentafluoroarene edge-to-face 
interaction with repulsion of positive potential (left) and the favorable 
arene-pentafluoroarene face-to-face stacking with maximization of opposite quadrupolar 
moments. 

Estimations of the interaction energy describing the benzene-hexafluorobenzene 
dimer have been determined from both computational and experimental studies. Ab 
initio calculations, more recent semi-empirical calculations, or density functional 
theory calculations have determined a stabilization energy ranging from 3.7 to 
5.6 kcal mol-1 (15-24 kJ mol-1) for the benzene-hexafluorobenzene dimer in the 
face-to-face eclipsed arrangement.[106,118-122] In all cases, the values for the heterodimer 
are 1.5–3 times higher than the corresponding interaction energies for the two 
homodimers.[77] 
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In some more recent investigations, theoretical and experimental analyses 
quantitatively confirmed the qualitative idea that the stacked arene-perfluoroarene 
pattern is a stable and reproducible motif, but indicated that the largest cohesive 
energy contribution comes from dispersion.[109] The PIXEL method, as a more reliable 
evaluation of intermolecular interaction energies, revealed a cohesive energy of 
about 20–25 kJ mol-1 per phenyl ring whenever aromatic rings stack.[123-126] The 
coulombic term, although minor, is significant enough to make a difference between 
the arene-arene or perfluoroarene-perfluoroarene interactions when compared to 
arene-perfluoroarene interactions. The homodimers are generally repulsive and 
destabilized by some 3 kJ mol-1, while the heterodimer is stabilized by about 
8 kJ mol-1. 

With further studies on the crystal packing of 1,3,5-trifluorobenzene, the 
comparison of fluoroaliphatics and fluoroaromatics, and PIXEL calculations, Dunitz 
came to a similar conclusion. The dispersion energy seems to be by far the most 
important cohesive contribution, at least in magnitude, if not in directionality.[127,128] 
The former quadrupole-quadrupole model has the advantage of simplicity, but is 
quite unrealistic in estimating the values of the stabilization energies of molecular 
dimers. In the aromatic dimers, the disk shape of the molecules is decisive in 
providing a substantial and nearly constant dispersion energy throughout the series. 
The coulombic energy of the heterodimer then provides the decisive contribution to 
its greater stability over the homodimers.[127] 

In addition to the arene-perfluoroarene face-to-face stacking interaction, other 
interactions involving fluorine atoms, such as C–H · · · F interactions, have also 
caught substantial interest, especially for the question of how good the organic 
fluorine is as a hydrogen bond acceptor (Figure 1-18).[128-143] Hydrogen bonds are 
defined as electrostatic interactions between a hydrogen atom and an electronegative 
atom. According to Pauling’s principle, the strength of the hydrogen bond should 
increase with an increase in electronegativity (EN) of the acceptor atom. In this sense, 
since fluorine features the highest EN = 4 among all elements, it is predestined to 
form strong hydrogen interactions.[144] The fluoride anion F— is, in fact, one of the best 
hydrogen bond acceptors as confirmed experimentally and theoretically.[145] By 
contrast, the C–F group (“organic fluorine”) hardly ever accepts hydrogen bonds, 
forming only weak interactions compared to typical hydrogen bond acceptors such 
as oxygen or nitrogen.[141-143] It was suggested that one reason for this structural 
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behavior is found in the different energy of the competing orbitals that can be 
influenced by the electron delocalization of the molecules.[141,142] 
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Figure 1-18. Examples of F · · · H interactions observed in different fluorobenzenes listed 
by Hulliger et al.[141] and Desiraju et al.[132] 

In a recent Cambridge structural database (CSD) study provided by Hulliger et 
al., who considered distances of up to 2.9 Å as F · · · H interactions and classified the 
interactions into C–H · · · F, N–H · · · F and O–H · · · F types, most F · · · H contacts 
were found for the C–H group as a donor, while the number of compounds 
providing O–H and N–H as donors are significantly lower.[141] It was explained that 
oxygen and nitrogen act rather as competing acceptors than as hydrogen donors. 
Meanwhile, the C–H · · · F angles were found to widely vary from 70° to 180°, 
suggesting also weak interactions. In addition, it was emphasized that, although so 
many short contact of F · · · H interactions were found, these contacts were not only 
caused by hydrogen interactions, but were also simply favorable in terms of steric 
considerations, or they were secondary consequences of other directional forces.  

In another recent analysis of C–H · · · F interactions by Dunitz and Schweizer[128] 
on the basis of some former investigations,[142] the authors addressed that, although 
C–H · · · F interactions are very common and almost unavoidable wherever a 
fluorinated organic molecule comes into contact with other molecules, they are 
extremely “weak”. In particular, the intermolecular C–H · · · F interactions in the 
fluorobenzene crystal have approximately the same structure-directing capability 
and influence on the intermolecular energy as the corresponding C–H · · · H 
interactions in benzene. The replacement of a hydrogen atom of benzene by a 
fluorine atom in fluorobenzene has only a very minor effect on the pattern and 
strength of the intermolecular interactions. Similarly, in a quantitative assessment of 
intermolecular arene-perfluoroarene stacking interactions by Gavezzotti et al., the 
arene-perfluoroarene face-to-face interaction was confirmed, while no evidence of 
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special interactions attributed to F · · · H confrontation was recognizable.[109] 
Therefore, the interpretation of C–H · · · F contacts in crystal structures of fluorinated 
organic molecules as significant contributors to the cohesive energy of the crystal 
remains questionable. 

In addition to the comparably strong phenyl-perfluorophenyl stacking 
interaction and the weak F · · · H interaction, Hulliger et al. also classified the 
F · · · F[141,146-150] and C–F · · · πF

[141,151,152] interactions, which are even more rarely 
observed, and recognized both as weak. There are examples, nevertheless, showing 
that the weak fluorine synthons influence the structure and energetics of the 
system,[128] as well as the chemical, physical and biological properties of the 
compounds.[141] 

 

 

1.3.3 Arene-Perfluoroarene Interactions in Crystal Engineering 

Despite the debates about the actual nature of the arene-perfluoroarene 
interactions and the relevance of the C–H · · · F interactions, the alternating and 
eclipsed face-to-face stacking of the arene-perfluoroarene residues was confirmed to 
be a general structural motif in various crystals.[109,141] Thus, similar to hydrogen 
bonding, the arene-perfluoroarene interaction has emerged as a ubiquitous 
non-covalent interaction — a supramolecular “synthon” which can be classified and 
exploited as a structural driving force in supramolecular chemistry and crystal 
engineering.[77,109] 

In one representative example provided by Siegel et al., the ability of the 
phenyl-perfluorophenyl synthon to achieve structural control is evidenced by the 
stacking of 1,3,5-tris(phenethynyl)benzene 56 and 1,3,5-tris(perfluorophenethynyl)-
benzene 57 in the solid state (Figure 1-19).[77,103] When 56 and 57 crystallized 
separately, they formed slipped stacks with the radial ring in one molecule tending 
to sit atop the acetylene unit of its neighbors within the stack. Their terminal aryl 
rings were twisted with respect to the plane of the central ring, exhibiting a twisted 
rotor conformation. By contrast, the 1:1 heterocomplex of 56 · 57 cocrystal displayed 
an alternating motif of 56 and 57 within the stack, and the molecules were essentially 
planar with markedly less slippage. The author reported that there was the 
proximity of hydrogen and fluorine atoms in the 56 · 57 cocrystal with 2.4–2.7 Å 
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distance, which may, on one hand, be viewed as an evidence for favorable C–H · · · F 
interactions or, on the other hand, be due to either the benefit of having 
commensurate layers with maximum packing density or lateral quadrupolar 
interactions.  
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Figure 1-19. Well-defined solid state organization that results from using the 
phenyl-perfluorophenyl synthon; cocrystallization of 56 and 57 gave nearly perfectly aligned 
alternating layers of the components with little slippage and much less twisted rotor 
conformation; images reproduced in part from [103]. 

Marder et al. also investigated a group of phenylethynylbenzene and 
bis(phenylethynyl)benzene derivatives together with their perfluorinated siblings 
58-64 (Figure 1-20).[153-155] It was revealed that the cocrystal of bis(phenylethynyl)-
tetrafluorobenzene 58 and its complementary bis(perfluorophenylethynyl)benzene 
59 exhibited a perfect arene-perfluoroarene stacking with only minimal lateral 
displacement. The ring center-to-center distances were between 3.75 and 3.79 Å, and 
the ring interplanar distance was 3.34 Å.[153] On the other hand, 1:1 mixtures of 
bis(phenylethynyl) benzene 60 and bis(perfluorophenylethynyl)tetrafluorobenzene 
61 yielded cocrystals with a 2:1 ratio of the components which exhibited 61-60-61 
triple sandwiches and interlayer distances of about 3.55–3.57 Å.[154] Finally, the 
cocrystal structure of diphenylbenzene 62 with bis(perfluorophenyl)benzene 63, as 
well as the crystal structure of 1-perfluorophenyl-3-phenylacetylene 64 were 
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reported to exhibit an arene-perfluoroarene stacking with an interplanar distance of 
3.45–3.50 Å and 3.42 Å, as well as a lateral displacement of 1.22/1.14 Å and 1.34/0.87 
Å, respectively.[155] In addition, intraplanar and/or intermolecular H · · · F short 
contacts of 2.46–2.74 Å were also observed in these structures, as were F · · · F short 
contacts of 2.53 Å in the cocrystal of 60 · 61 (1 : 2).   
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Figure 1-20. Series of phenylethynylbenzene and bis(phenylethynyl)benzene derivatives 
with their perfluorinated siblings investigated by Marder et al.; alternating stacking and 
different degrees of overlapping of phenyl and perfluorophenyl residues were observed in 
combinations of these complementary arene-perfluoroarene pairs; images reproduced in part 
from [153-155]. 

In the most recent example, Hori et al. reported the successful assembly of 
one-dimensional metal-metal arrangements through the utilization of 
arene-perfluoroarene interactions.[156] The arene-functionalized CuII complex 65 can 
cross-assemble with the perfluoroarene-functionalized CuII 68 in a 1:1 ratio to form 
crystals 69 in an organic solvent (CH2Cl2) (Figure 1-21). Single-crystal X-ray analysis 
revealed that, in 69, the complexes 65 and 68 were alternately aligned as columnar 
stacks, the geometries around the two Cu centers were essentially planar, and the 
Cu1-Cu2 distance was 3.612 Å, which is almost identical to the average distances 
between phenyl and pentafluorophenyl rings in the assembly. Furthermore, when 
the central metal of 65 was changed to PdII (66) and PtII (67), synchrotron radiation X-
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ray powder experiments confirmed that the analogous cross-assembled architectures 
70 and 71 were also achieved through arene-perfluoroarene interactions. Thus, the 
great utility of this method to construct metal cross-assemblies was demonstrated, 
and a striped one-dimensional bimetallic system was formed. This strategy may 
further inspire nanometer-sized metal-wire synthesis. 
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Figure 1-21. The cross-assembly of arene complexes 65-67 with the perfluoroarene 
complex 68 yielded the one-dimensional metal arrays 69-70; image reproduced in part from 
[156]. 

It was noticed by Gavezzotti that the crystallographic studies reported so far 
concerning arene- and perfluoroarene-hydrocarbons dealt with little variations of 
functional groups.[109] In order to obtain a better understanding and wider practical 
applications of the arene-perfluoroarene interaction, he suggested more systematic 
investigations on molecules or molecular groups involving arene-perfluoroarene 
interactions, including investigations on the competition between the aromatic 
interaction and other packing forces in crystal packing, such as the classical 
hydrogen bonding, or other, weaker recognition patterns. There was some primary 
work done by different groups, where phenyl-perfluorophenyl interactions were 
compared with acid and amid hydrogen bonding in mediating cocrystallization, and 
interesting results have been obtained. 
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Carboxylic acids and carboxamides, as has been mentioned before, are reliable 
functional groups in crystal engineering because they form robust aggregates via 
strong O–H · · · O and N–H · · · O hydrogen bonds with energies of around 
8-10 kcal mol-1.[108] In comparison, the energy of the phenyl-perfluorophenyl dimer in 
the eclipsed face-to-face arrangement is 4–6 kcal mol-1 (r = 3.6-3.7 Å, see Section 1.3.2), 
which is about half the amount of a strong O–H · · · O or N–H · · · O hydrogen bond. 
In the work of Polonski et al., the cocrystal structure of benzoic acid 44 with 
pentafluorobenzoic acid 72, as well as the cocrystal of 2,4,6-trimethylbenzoic acid 73 
with 72, revealed that the molecules indeed formed heterodimers via hydrogen 
bonding, which then stacked face-to-face and head-to-tail with a center-to-center 
distance of around 3.9 Å (Figure 1-22 A, B).[106] Similarly, Nangia et al. observed that 
benzoylamide 74 and its perfluorinated sibling 75 formed hydrogen bonded pairs or, 
actually, networks under preservation of the phenyl-perfluorophenyl stacking with a 
center-to-center distance of 3.7 Å (Figure 1-22 C).  
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Figure 1-22. The coexistence of phenyl-perfluorophenyl stacking and hydrogen bonding in 
A) the cocrystal structure of carboxylic acid heterodimers 44 · 72 (space-filling model of the 
adjacent binary stacks); B) the cocrystal structure of carboxylic acid heterodimers 73 · 72 
(space-filling model of the adjacent binary stacks); C) the cocrystal structure of carboxamide 
heterodimers 74 · 75; image reproduced in part from [106,108]; the distances between the 
phenyl and perfluorophenyl ring centroids are given in Å.  
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In contrast to these examples, where phenyl-perfluorophenyl interactions 
coexisted well with acid-acid and amide-amide hydrogen bonding, Nangia reported 
that the situation in the cocrystal of pentafluorobenzoic acid 72 and benzoylamide 74  
(1:1) was a bit different. The acid-amide hydrogen bond (Figure 1-10, synthon 28) 
turned out to be substantially strengthened by the basicity (hydrogen bond acceptor 
quality) of benzoylamide and the acidity (hydrogen bond donor strength) of 
pentafluorobenzoic acid. Therefore, the formation of a three-dimensional hydrogen 
bond network seemed to supersede the phenyl-perfluorophenyl stacking.[108] More 
impressively, in the work presented by Polonski, the authors isolated a new form of a 
pentafluorobenzoic acid 72 and benzoylamide 74 cocrystal with 1:2 stoichiometry 
instead of the former 1:1 cocrystal reported by Nangia when they used a different 
cocrystallization solvent.  This new 1:2 cocrystal exhibited no typical eclipsed face-to-
face phenyl-perfluorophenyl stacking at all, but only a hydrogen-bonded network 
(Figure 1-23).[157]  
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Figure 1-23. The crystal structure of the 1:2 cocrystal of pentafluorobenzoic acid 72 and 
benzoylamide 74 viewed into b axis, where no phenyl-perfluorophenyl stacking was 
observed, but only a hydrogen-bonded network; image reproduced in part from [157]. 

In some related studies, Harris et al. reported that phenol and perfluorophenol 
formed alternating stacks with a periodicity of 7.21 Å (i.e., two times 3.6 Å) and were 
connected via a hydrogen-bonded network, which illustrated the coexistence of 
phenyl-perfluorophenyl interaction with O–H · · · O hydrogen bond.[107] Likewise, 
aromatic and perfluoroaromatic azines 76-78[105] as well as aldimines 79-82[158,159] were 
also observed to crystallize in perfect stacks (Figure 1-24). However, the bis(4-
pyridylethynyl) and 4-pyridylethynyl derivatives with their fluorinated counterparts 
83-86 investigated by Marder et al., were reported to have variety of packing motifs, 
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but did not involve the typical arene-perfluoroarene face-to-face stacking.[160] More 
interestingly, Marder et al. also investigated a series of (4-
alkoxytetrafluorophenylethynl) benzene derivatives 87, where R = CH3 (Me), 
CH2CH3 (Et), n-C3H9, i-C3H9, n-C4H12, n-C5H11, PhCH2, PhCH2CH2, 4-MeC6H4, 
4-EtC6H4 and menthyl. Among them, six structures were obtained and studied, while 
only the one with R = n-C5H11 substituent showed a radically different packing mode 
without the presence of phenyl-perfluorophenyl stacks. The authors concluded that 
an offset face-to-face contact between the benzene and perfluorinated benzene ring 
dominated the structures, but the typical long-range motif of arene-perfluoroarene 
complexes became less likely as the bulk and flexibility of the R group increased. In 
addition, the authors also claimed that the arene-perfluoroarene stacking was 
accompanied, and probably further stabilized, by close H · · · F contacts between 
different stacks, or dimers.[155]   
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Figure 1-24. Examples of aromatic and fluoroaromatic compounds with more structural or 
functional group varieties from Nangia, Li, Luke, Marder and their coworkers,[105,158-160] who 
investigated the of phenyl-perfluorophenyl interactions in competition with other types of 
non-covalent interactions.  

In addition to the broad utilization of the arene-perfluoroarene pair as a 
relatively reliable supramolecular synthon in solid state crystal engineering, there 
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were also investigations on the arene-perfluoroarene interaction in other states. In 
the series of arene-perfluoroarene compounds investigated by Marder et al., the 
supramolecular aggregation of 58 and 59 were reported to lead to the stabilization of 
a nematic liquid crystalline (LC) phase, while 83-87 were reported to be luminescent, 
and exhibited thermotropic LC behavior.[153,160] Grubbs et al. studied the interaction of 
triphenylene derivatives with perfluorotriphenylene and observed a liquid 
crystalline phase over a wide temperature range (21–104°C) while the pure 
compounds had transitions at 19°C/36°C as well as 109°C, respectively. The pure 
compounds were white, while the 1:1 cocrystal was yellow (UV band at around 
360 nm) which may indicate a weak charge-transfer character in this particular 
case.[161] Kishikawa also reported the formation of columnar thermotropic LC phases 
from tris(alkoxy)benzyl pentafluorobenzoates and were able to prove that the 
columns’ internal structure was dominated by the arene-perfluoroarene stacking of 
dimers.[162] Finally, experimental evidence for the relevance of arene-perfluoroarene 
interactions in the solution state is scarce. Grubbs et al. attempted to induce gel 
formation in aqueous media by supramolecularly cross-linking arene-endcapped 
poly(ethylene glycol) (PEG) with perfluoroarenes.[163] In the case of pyrene-end-
capped PEG and octafluoronaphthalene, the expected increase in viscosity was 
observed, and a decrease of pyrene excimer emission provided circumstantial 
evidence for the stacking. In another example, Marsella et al. reported an increasing 
yield from originally 10 and 12% to 30% in a solution state cross-coupling cyclization, 
after including a 1:1 ratio of phenyl-perfluorophenyl residues in the two 
corresponding coupling reagents.[164] 

 

 

1.4 Topochemical Polymerizations and Supramolecular Chemistry 

1.4.1 Topochemical Polymerizations in Hydrogen-Bonded Systems 

With the development of supramolecular chemistry, the research on 
topochemical polymerizations has also been reinvigorated. One early example, in 
which layered diacetylenes were prepared by the supramolecular synthesis strategy, 
was demonstrated by Fowler et al.[165] As the repeat distance found in layered 
ureylene dicarboxylic acids was similar to the critical repeat distance of 5.0 Å 
required in the topochemical polymerization, they were chosen as potential 
candidates. Instead of the traditional single molecule approach, which requires the 
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synthesis of a diacetylene derivative containing an appropriate urea or additional 
substituents, they explored a host-guest cocrystal approach. This strategy requires the 
design of two complementary molecules that will together contain the components 
needed for the self-assembly and the diacetylene functionality. One molecule serves 
as the host and is used to control the critical intermolecular spacing, while a second 
molecule, the guest, provides the functionality. An appropriate set of matched 
substituents that will ensure a strong intermolecular interaction between these two 
molecules is required as the remaining part of the design element. The geometry 
controlled by the host molecule can then be transferred to the guest molecule. Finally, 
the strong pyridine-carboxylic acid hydrogen bond was used to direct the 
intermolecular association, and ureylene dicarboxylic acid 88, together with a 
pyridyl-substituted diacetylene 89, were combined to form the host-guest cocrystal. 
The X-ray diffraction studies of the 88 · 89 cocrystal revealed that the molecular 
arrangement was in agreement with the expectations. The diacetylene moieties were 
placed at a distance of 4.71 Å between each other, and they were oriented at an angle 
of 56.3° relative to the packing axis (Figure 1-25).  
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Figure 1-25. The ureylene dicarboxylic acid 88 and diacetylene 89 (top) used by Fowler 
et al. for their host-guest cocrystal approach for topochemical polymerization; in the self-
assembled layered structure in the 88 · 89 cocrystal (bottom), the hydrogen bonds between 
the ureylene group in the host molecule 88 placed the molecules at a distance of about 5 Å, 
and the hydrogen bond between the carboxylic acid in 88 and the pyridine in 89 directed the 
guest diacetylene molecule 89 to attain a similar geometry; image reproduced from [165]. 

The authors reported that preliminary studies indicated a thermal 
polymerization of the 88 · 89 cocrystal, as it turned blue and then black upon heating. 
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However, since no further detailed studies were offered, the real polymerizability of 
this cocrystal and the structure of the obtained polymer remained questionable. 
Nevertheless, this new concept of supramolecular synthesis using a host-
guest/cocrystal approach has provided many advantages compared to the 
traditional topochemical polymerization. With a flexible host like the ureylenes used 
above, an abundant number of variations can be constructed with ease. If one host 
environment proves to be unsuitable for a given guest, an alternate host can be 
selected for the same guest. This allows to “fine-tune” the crystal environment of the 
guest. Thus, the spacing and the symmetry of the lattice are subject to control.  
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Figure 1-26. Examples of various oxalamides 90-92 and ureylenes 93-94 as host molecules 
(A) together with the diacetylene guest molecules 95-99 (B), which can be combined 
according to their complementary substituents;[166-168] C) schematic presentation of the 
assembly of 90 · 96 cocrystal as a representative example. 
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In later publications, Fowler et al., indeed, proved the generality and versatility 
of this method. Different hosts 90-94 (Figure 1-26 A), which contained either 
oxalamides or ureylene building blocks, were used to control the structure and direct 
the packing of different diacetylene guests (Figure 1-26 B).[166-171] The main 
intermolecular interactions utilized to bind the host/guest molecules were always 
hydrogen bonds. In particular, acidic groups (carboxylic acid or phenol) and basic 
(pyridine) substituents were attached to the host and the guest molecules in a 
complementary fashion. Therefore, different host/guest pairs such as 90, 91, 93, 94 
with 95-97, or 92 with 98, 99, can be combined. The obtained X-ray analysis of these 
host-guest cocrystals revealed that the diacetylene distances were in the range of 
4.53–5.28 Å, and the inclination angles were in the range of 43–68°.  Again, several of 
these cocrystals were reported to change color under UV irradiation, which was one 
indication of a supposedly successful polymerization, while the cocrystal of 91 · 97 
was proved to polymerize by X-ray analysis, which is the first example of 
polymerizable terminal diacetylene.[166] 

More impressively, the first 1,6-polymerization of triacetylenes was also realized 
by utilizing this host-guest cocrystal approach. As mentioned above, the packing 
parameters required for the triacetylene 1,6-polymerization were deduced to be dm = 
7.5 Å and φ = 28º (see Section 1.1.3). In order to establish this geometry, Wegner and 
Enkelmann as well as, more recently, some other groups, had investigated several 
triacetylene monomers.[15,16,171] However, these molecules exhibited either the 
geometric parameters for a 1,4-polyaddition or no proper geometry for any 
polymerization at all. The realization of the exact packing criteria for the 
1,6-polymerization is more difficult than for the 1,4-polymerization, and a “trial and 
error” approach of numerous substituents with triacetylenes to see whether their 
crystal structures fit the geometric requirements is not an elegant strategy. With the 
idea of “design” and “preorganization”, supramolecular synthesis turned out to be a 
solution. From molecular modeling studies, Fowler et al. noticed that the derivatives 
of the vinylogous amide 100 could self-assemble to give a molecular repeat distance 
of 7.1–7.5 Å, which is close to what is required for a 1,6-polymerization (Figure 1-27). 
By applying the formerly successful host-guest approach with the utilization of 
hydrogen bonding motifs, cocrystallizations of both the acidic host 101 with the 
triacetylene dipyridine guest 102, and of the pyridine host 103 with the triacetylene 
diacid guest 104 were attempted. While the attempts to obtain the cocrystal 101 · 102 
failed, single-crystalline samples of 103 · 104 were successfully obtained. The X-ray 
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analysis of cocrystal 103 · 104 revealed that the triacetylene moieties of the guest 
molecule 104 were, indeed, placed at a distance of 7.14 Å through hydrogen bonding 
in the self-assembled host molecule 103 and, in addition, the triacetylenes were 
inclined at an angle of 29.2° with respect to their packing axis. This arrangement was 
in accordance with the requirements, and the 1,6-polymerization of the triacetylenes 
guest was proved to be successful under 60Co γ-irradiation, although neither heating 
of the cocrystal to 109° for 72 h nor irradiation of the cocrystal for 72 h with a 550 W 
medium-pressure mercury lamp brought about a significant degree of 
polymerization. The analysis of the diffraction data of 103 · 104 cocrystal after 
40 Mrad of irradiation with 60Co suggested 70% completeness of the polymerization, 
and the UV/vis and Raman spectra of the resulting material after extraction of the 
monomer confirmed the formation of the polymer as well.[17] 
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Figure 1-27. The example of vinylogous amide 100 capable of self-assembling with a 
translational distance of approximately 7.4 Å, the host molecules 101 and 103, as well as the 
triacetylene guests 102 and 104 investigated for the topochemical 1,6-polymerization by 
Fowler et al.[17] 

 

1.4.2 Topochemical Polymerizations and Phenyl-Perfluorophenyl Interactions 

Parallel to the utilization of hydrogen bonding as a supramolecular strategy to 
develop topochemical polymerization, the emerging arene-perfluoroarene synthon, 
which had already been broadly used in crystal engineering and in designing novel 
supramolecular architectures, has also been investigated in the context of 
topochemical reactions. Grubbs et al. were the first to combine the 
phenyl-pentafluorophenyl motif with the topochemical diacetylene polymerization, 
with the intention to generate a special cis-poly(diacetylene).[40] As formerly 
discussed, all topochemical diacetylene polymerizations generate trans-
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poly(diacetylene)s as a consequence of the specific geometry criteria required for the 
polymerization (Figure 1-2, Section 1.1.2). Grubbs et al. hypothesized that, if one 
could assemble the diacetylene monomers in a geometry with a repeating distance of 
about 3.4 Å instead of 4.9 Å and an inclination angle of about 90° instead of 45°, a cis-
specific polymerization might be possible instead of an all-trans-polymerization 
(Figure 1-28).  
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Figure 1-28. Schematic representation of the hypothesized cis-topochemical diacetylene 
polymerization proposed by Grubbs et al. with its geometric requirement of a monomer 
center-to-center distance dm of around 3.5 Å and an inclination angle φ between the 
diacetylene moiety and the packing axis of around 90°; image reproduced in part from [40]. 

Since the packing features of arene-perfluoroarene residues with a relative short 
ring interplanar distance of about 3.4 Å and their almost eclipsed face-to-face 
stacking resemble the required cis-polymerization geometry very closely, three target 
molecules 105-107 were designed (Figure 1-29 A), and they were (co)crystallized for 
the investigation of their packing patterns as well as their polymerizability. Crystal 
structure analyses revealed that, in both 105 · 106 and the difunctional 107, 
phenyl-perfluorophenyl interactions indeed played an important role in determining 
the molecular arrangement, and the geometry of the diacetylenes was as expected 
(Figure 1-29 B). The monomers of 105 and 106 alternated with each other in the 
cocrystal 105 · 106 due to the phenyl-perfluorophenyl interactions and, for the same 
reason, the monomers of 107 were arranged in a head-to-tail fashion. In accordance 
with the stacking of phenyl-perfluorophenyl residues, the diacetylene groups in both 
105 · 106 cocrystal and 107 crystal were packed into aligned “ladders”, and their 
center-to-center distances were as short as 3.69 Å and 3.68/3.73 Å in 105 · 106 and 107, 
respectively. The inclination angles in 105 · 106 and 107, although not as ideal as the 
expected 90°, were in the range of 73–82°. However, despite the realization of the 
foreseen molecular architecture, the polymerization of these molecules was 
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unfortunately not satisfying. Only approximately 18% and 16% conversion in each of 
the two cases was reported, respectively, and no detailed structural proofs of the 
product were presented. The unsuccessful polymerization of these monomers left 
considerable questions on the applicability of the postulated cis-stereospecific 
polymerization mechanism. Nevertheless, the successful utilization of 
phenyl-perfluorophenyl interactions to realize a certain molecular arrangement 
offered a good example for further studies of applying phenyl-perfluorophenyl 
interactions in supramolecular constructions. 
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Figure 1-29. A) Target monomers designed by Grubbs et al. for the attempted 
cis-topochemical diacetylene polymerization utilizing the phenyl-perfluorophenyl 
interaction; B) the obtained cocrystal structure of 105 · 106 and the crystal structure of 107 
revealed that the monomers were packed as expected although the geometry was not an 
ideal match of the polymerization criteria; image reproduced in part from [40]. 

Impressively, Grubbs et al. indeed subsequently reported the successful 
utilization of phenyl-perfluorophenyl interactions in orienting various olefins in the 
solid state for a topochemical [2+2] photodimerization, and two diolefines for 
photopolymerization.[172] As mentioned above (see Section 1.1.1), the [2+2] 
photodimerization of olefins is also one type of topochemical reactions. Therefore, 
certain prerequisites for the monomer arrangement have to be fulfilled. The olefins 
have to be placed in a parallel orientation with a center-to-center separation of about 
3.5–4.2 Å.[58] Since the interplanar distance of phenyl-perfluorophenyl stacking is also 
in this range, they provide appropriate conditions for such an addition. In Grubbs 
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et al.’s investigation, the 1:1 cocrystals of cinnamic acid 108 and pentafluorocinnamic 
acid 109, and of trans-stilbene 111 and trans-decafluorostilbene 112, as well as the 
crystal of trans-pentafluorostilbene 114 could be converted into the corresponding 
cyclobutanes 110, 113, as well as 115 in nearly quantitative yield and with excellent 
stereo-control (Figure 1-30). The X-ray analysis confirmed that the monomer 
(co)crystal structures of 111 · 112 and 114 exhibited the phenyl-perfluorophenyl 
stacking, which consequently provided the proper geometry for a photoaddition. In 
addition, 1H NMR, variable-temperature 19F NMR, and the additional single-crystal 
X-ray analysis of the cyclodimer 115, all proved the sole formation of the cyclobutane 
products as well as their stereospecificity.  
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Figure 1-30. The utilization of phenyl-perfluorophenyl interaction for a topochemical [2+2] 
photodimerization of olefin dimers 108 · 109, 111 · 112, and 115 to generate their 
corresponding cyclobutanes 110, 113, 115 with high yields and stereospecificity; image 
reproduced in part from [172].  

Furthermore, since diolefin molecules whose crystals have the same 
intermolecular olefin parameters as in the [2+2] dimerization can typically react to 
form polymers in solid state,[173-176] Grubbs et al. investigated the diolefins 116, 117 for 
their polymerizability (Figure 1-31 A). The crystal structure of 116 was revealed by 
single-crystal X-ray analysis to consist of slanted stacks of molecules with a reactive 
distance between the olefins of 3.8 Å (Figure 1-31 B), while single-crystalline samples 
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of the cocrystal 116 · 117 could unfortunately not be obtained. Nevertheless, 
photolysis of both 116 and 116 · 117 (1:1 ratio crystallized from solution and 
reconfirmed by 1H NMR analysis) for 20 h gave a soluble fraction of 15% and 67%, 
respectively, which were determined to be oligomers by gel permeation 
chromatography (GPC). 1H NMR spectroscopy revealed cyclobutane proton shifts 
similar to 115. Therefore, polymers 118 and 119 were proposed on the basis of their 
observations with no further experimental evidence to back up this claim 
(Figure 1-31 C). 
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Figure 1-31. A) The diolefin monomers investigated in the topochemical 
photopolymerization by Grubbs et al. with the utilization of the phenyl-perfluorophenyl 
interaction; B) the obtained crystal structure of 116 showed slanted stacks; C) the 
polymerization of 116 and 116 · 117 with their proposed corresponding polymer structures 
118 and 119; image reproduced in part from [172]. 
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2 Outline of the Thesis 

Motivated by the reinvigoration of topochemical polymerizations with concepts 
from supramolecular chemistry, as well as the increased attention devoted to the 
arene-perfluoroarene interaction in crystal engineering, we are interested in a 
broader and more systematic investigation of utilizing the phenyl-perfluorophenyl 
interaction in molecular assembly, with the explicit purpose to alter the molecules’ 
reactivity in the assembled state, namely with respect to their topochemical 
polymerizability. The primary focus of the present research project is to test the 
robustness of the phenyl-perfluorophenyl interaction as a supramolecular synthon in 
crystal engineering and, at the same time, its compatibility with the geometric 
requirements for topochemical polymerizations. Additionally, the possibility to use 
the phenyl-perfluorophenyl interaction in order to promote supramolecular 
self-assembly into one-dimensional nanostructures in solution is going to be 
investigated. In detail, the specific aims of the project are:  

(i) to synthesize different groups of monomers which contain as important elements 
in their molecular structure the phenyl and/or perfluorophenyl moieties, a 
diacetylene or a triacetylene moiety, a flexible linker to connect the former two 
parts, and solubilizing groups such as alkyl chains;  

(ii) to obtain the crystal structures of those monomers that are crystallizable in order 
to compare the reliability of the phenyl-perfluorophenyl interaction in crystal 
engineering as well as its compatibility with other interactions; 

(iii) to examine whether an appropriate geometry for a topochemical polymerization 
is present in the monomer crystals through the prearrangement of the molecules 
due to the phenyl-perfluorophenyl interaction; 

(iv) to investigate the monomers’ polymerizability, and characterize the obtained 
polymers in case of a successful polymerization;  

(v) to study the self-assembling properties of the non-crystallizable monomers in 
solution and, in case of a successful formation of molecular aggregates, to 
perform one-dimensional topochemical polymerizations within these aggregates. 
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3 Results and Discussion  

3.1 Monomer Design and Synthesis 

3.1.1 Unsubstituted Diacetylene Monomers  

As mentioned above, Grubbs et al. had already reported the first attempt of 
combining phenyl-perfluorophenyl interactions for a novel cis-topochemical 
polymerization (see Section 1.4.2).[40] However, since only the slow formation of small 
amounts of insoluble material was observed during the photolysis of their designed 
monomers 105-107 (Figure 1-29, Chart 3-1, left), and no detailed structural proof was 
provided for the resulting polymer, the success of the postulated polymerization as 
well as the applicability of the hypothesized cis-specific polymerization mechanism 
in general remained questionable. 

One reason for the non-ideal polymerization of Grubbs’ model could be the 
rigidity of the molecules. It is known that monomers should undergo only minimal 
packing rearrangements during the topochemical polymerization process. In a 
number of cases, crystallinity was preserved so well that polymer single-crystals 
were obtained.[10,13,14,177] However, while the side groups and centers of gravity of the 
molecules are hardly displaced at all in the polymerization process, the reacting 
diacetylene carbons actually experience quite a drastic displacement. This is 
accomplished by a shearing movement of the diacetylene moieties which requires a 
linker between them and the side groups that serves as a flexible hinge.[9] Grubbs’ 
model compounds did not contain such linkers. Their suggested polymer structure 
would have required a drastic movement of each molecule, which would probably 
have destroyed the crystal structure and disrupted the phenyl-perfluorophenyl 
interactions as well. Thus, a reaction would not be favorable.  

Taking into account the problems in Grubbs’ model, we designed the first group 
of unsubstituted diacetylene target molecules 120-122, which include an ester bond 
as a flexible linker to connect the diacetylene building block with the phenyl and/or 
pentafluorophenyl group (Chart 3-1, right). The phenyl/pentafluorophenyl groups 
were introduced to act as a supramolecular synthon for crystal engineering, and the 
diacetylene moieties were the functional groups for topochemical polymerization. 
The actual geometric arrangement of the molecules in the crystalline state will be 
studied in detail, and the polymerizability of these monomers under the influence of 
the phenyl-perfluorophenyl interactions will also be investigated and discussed.   
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Chart 3-1. The first group of target molecules 120-122 (right) in comparison to Grubbs’ 
model compounds 105-107 (left). 

The simplicity of this first group of target molecules made their synthesis 
straightforward. The symmetrical target dibenzoate 120 and bis(pentafluorobenzoate) 
121 were directly synthesized from the commercially available 2,4-hexadiyn-1,6-diol 
123 by esterification. Thus, two equivalents of benzoyl chloride or two equivalents of 
pentafluorobenzoyl chloride were mixed with one equivalent of 123 under basic 
conditions in DCM, affording 120 and 121 in 85% and 97% yields, respectively, after 
workup and purification by column chromatography (Scheme 3-1).  
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Scheme 3-1. Reaction conditions: a) pyridine, DCM; b) NEt3, DCM. 

The synthesis of the unsymmetric target molecule 122 was more complicated. An 
approach of synthesizing 124 as a monoprotected version of 123 was chosen, which 
was based on the acetylenic heterocoupling of propargyl alcohol with its 
triisopropylsilane (TIPS) protected and brominated derivative 126 (Scheme 3-2).  

In the first step, propargyl alcohol was brominated to give 125 by reacting it with 
N-bromosuccinimide (NBS) and catalytic amounts of AgNO3 in acetone.[178-180] After 
aqueous workup and further purification by vacuum distillation, 125 was obtained in 
63% yield.  
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In the second step, the hydroxyl group of 125 was protected, for which purpose 
the TIPS group was chosen to serve this purpose for the following reasons: (i) silyl 
protecting groups are generally convenient to introduce and also easy to cleave; (ii) 
the bulky TIPS group is more stable against basic conditions than trimethylsilyl (TMS) 
or triethylsilyl (TES) groups. This was an important aspect as the protecting group 
needed to sustain the basic conditions in the following heterocoupling and 
esterification steps. The reaction was carried out by mixing 125 with triisopropylsilyl 
chloride (TIPSCl) and imidazole in DCM, affording 126 in 100% crude yield. The 
product was clean enough to be used directly in the subsequent reaction steps. 
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Scheme 3-2. Reaction conditions: a) AgNO3, NBS, acetone; b) TIPSCl, imidazole, DCM; c) 
CuCl, NH2OH · HCl, n-BuNH2, MeOH. 

The final heterocoupling reaction was carried out using Cadiot-Chodkiewicz 
conditions. Chodkiewicz and Cadiot reported this potent protocol in 1957, featuring 
a terminal alkyne and a 1-bromoacetylene undergoing the sp-sp crosscoupling in the 
presence of a suitable amine and catalytic amounts of a copper (I) salt.[181-183] This 
method allows the synthesis of odd-numbered oligoynes, as well as oligoynes with 
different functional groups, which is the decisive advantage over homocoupling 
protocols according to Hay or Eglinton coupling conditions.[184-187] Propargyl alcohol 
was added to a mixture of CuCl (6 mol%) in a 1:1 mixture of methanol and n-
butylamine (n-BuNH2) under N2 protection, followed by the slow addition of 126. In 
the course of the reaction, crystals of NH2OH · HCl were added to the mixture in 
order to maintain a brownish color by reducing CuII to CuI and, thus, prevent the 
possible homocoupling of the hydrogen-terminated propargyl alcohol and the 
selfcoupling of the brominated 126 as side reactions. After workup and purification 
by column chromatography, 60% of 124 was obtained, and no substantial side 
products from homo- or self- coupling could be isolated. When NEt3 was used 
instead of n-BuNH2 in another experiment, the product 124 was obtained in a lower 
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yield of 37%, prompting the use of n-BuNH2 in most of the following examples of 
similar heterocoupling reactions. 

In an alternative route to synthesize 124 (Scheme 3-3, top), propargyl alcohol was 
protected with the TIPS using TIPSCl and imidazole in DCM, affording 127 in 
quantitative yield. Then, the same coupling protocol as described above was carried 
out between 127 and 125, affording the product 124 in 50% yield without detecting 
significant amounts of side products, which demonstrated the general applicability 
of these heterocoupling conditions.  
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Scheme 3-3. Reaction conditions: a) TIPSCl, imidazole, DCM; b) NBS, AgNO3, acetone for 
125; KOH, MeOH/H2O, I2 for 128; d) CuCl, NH2OH · HCl, n-BuNH2, MeOH. 

As one further variation of the synthetic route, the synthesis of 3-iodoprop-3-yn-
ol 128[188,189] and its use in a heterocoupling reaction with 127 was investigated 
(Scheme 3-3, bottom). In the field of acetylene heterocouplings, bromoalkyne 
derivatives are used most often. Chloroacetylenes are of little practical importance 
due to their low reactivity, while iodo derivatives, although reactive enough, 
sometimes yield more selfcoupling product as the side-product due to their high 
reactivity. Since 128 was discovered to be more convenient to synthesize compared 
to 125, it was produced as a candidate for coupling reactions. The iodination was 
started by dissolving propargyl alcohol in a solution of potassium hydroxide in 
methanol and H2O. After the addition of iodine, and subsequent aqueous washing 
and concentrating in vacuo, 128 was afforded in 80% yield. This yield of 128 in 
comparison to the 63% of 125 is an advantage, and the simple purification of 128 is 
also favored compared to the required vacuum distillation of 125. Furthermore, the 
heterocoupling of 128 with 127 was also realized using the Cadiot-Chodkiewicz 
protocol. The yield of 124 was 40%, which is acceptable although lower compared to 
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the heterocoupling using the bromo derivative, and no substantial amount of side 
product was isolated. 

The synthesis of the target molecule 122 was straightforward from the 
unsymmetric building block 124. An esterification between 124 and benzoyl chloride 
was carried out using triethylamine in DCM, affording 129 in 80% yield. 129 was 
then reacted with tetrabutylammonium fluoride (TBAF) in THF at –78°C to remove 
the TIPS group, which gave the deprotected 130 in 79% yield. In the last step, another 
esterification was carried out between 130 and pentafluorobenzoyl chloride, 
affording 122 in 87% yield (Scheme 3-4).  
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Scheme 3-4. Reaction conditions: a) NEt3, DCM; b) TBAF, THF, –78°C; c) NEt3, DCM. 

It is worth noting that the pentafluorobenzoyl ester needs to be formed at the 
end, since the removal of the TIPS with TBAF destroys the pentafluorobenzoyl ester 
due to the strong electron-withdrawing effect of the fluorine on the phenyl ring 
(Scheme 3-5).  
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Scheme 3-5. Reaction conditions: a) NEt3, DCM; b) TBAF, THF, –78°C 

 

3.1.2 Alkyl-Substituted Diacetylene Monomers  

Based on the unsubstituted diacetylene monomers, two groups of alkoxylated 
diacetylene monomers 131, 132 and 133, 134 were also designed, in which hexyloxy- 
or dodecyloxy- chains were attached to the benzoate groups (Chart 3-2). There were 
mainly two reasons for introducing of these alkoxy chains. First, alkyl chains usually 
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improve the solubility of molecules, and would therefore improve the solubility of 
the generated polymer in case of a successful polymerization. Secondly, the Van der 
Waals interaction between the alkyl chains was expected to have an impact on the 
crystal packing of the molecules. Therefore, their compatibility with the 
phenyl-perfluorophenyl interactions in crystal engineering would be interesting to 
study, and the “robustness” of the phenyl-perfluorophenyl pair as a supramolecular 
synthon can be better understood. 
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Chart 3-2. Alkoxylated target molecules 131-134 in comparison with the first group of 
unsubstituted monomers 120-122. 

The synthesis of the alkoxylated monomers, in comparison to the synthetic 
routes previously employed, was improved considerably, especially with respect to 
the unsymmetric 132 and 134. By adjusting the stoichiometric amounts of the 
reactants, the multi-step synthesis of the unsymmetric diyne diol 124, which 
included protection, heterocoupling and deprotection, was avoided (see Schemes 3-2, 
3-3). In the synthesis of the hexyloxy-substituted monomer, equimolar amounts of 4-
hexyloxybenzoyl chloride 135 and diyne diol 123 were mixed at room temperature 
with triethylamine in DCM. The reaction afforded a mixture of the monosubstituted 
product 137 and the disubstituted product 131. They were separated by flash column 
chromatography; 137 was obtained in 42% and 131 in 24% yield. The 
monosubstituted product 137 was then further esterified with perfluorobenzoyl 
chloride, affording the unsymmetric target 132 in 82% yield. Similarly, the 
dodecylated monomers 133 and 134 were prepared by reacting equimolar amounts 
of 4-dodecyloxybenzoic acid 136 and 123, using 4-(N,N-dimethylamino)-pyridinium 
4-toluenesulfonate (DPTS) and N-ethyl-(N’-dimethylaminopropyl)-carbodiimide 
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hydrochloride (EDCI · HCl) as the catalyst system,[190] followed by esterification of 
the monosubstituted compound 138 with perfluorobenzoyl chloride. The yields of 
133 and 138 were 22% and 58%, respectively. 134 was obtained in a yield of 88% in 
the final esterification (Scheme 3-6).  
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Scheme 3-6. Reaction conditions: a) NEt3, DCM for 131; EDCI, DPTS, DCM for 133; b) 
C6F5COCl, NEt3, DCM. 

 

3.1.3 Triacetylene Monomers  

In addition to utilizing the phenyl-perfluorophenyl interaction in the 
topochemical diacetylene polymerization, the pre-organization of triacetylene 
monomers for a possible 1,6-polymerization has also attracted our attention. 
Although several oligo(triacetylene)s have been obtained through elegant stepwise 
syntheses,[191-197] only one successful 1,6-polyaddition of a triacetylene monomer has 
been reported so far,[17] which was realized by the pre-arrangement of the monomers 
into the appropriate geometry via a host-guest approach utilizing vinylogous amides 
as the host derivatives (see Section 1.4.1). 

During our studies of the crystal structures of diacetylene monomers (see 
Sections 3.2.1 and 3.2.2), we noticed that the phenyl-perfluorophenyl interactions in 
cocrystal 120 · 121 and 131 · 121, as well as in monomers 122 and 134, perfectly 
arranged the diacetylene moieties in the [0 1 0] direction with parameters resembling 
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the criteria for a topochemical 1,6-polymerization. Therefore, a group of triacetylene 
target molecules 139-143 was designed analogous to the diacetylene monomers 
(Chart 3-3). The dodecyloxy chains were included in monomers 140 and 143 for the 
same reasons as in monomers 131-134, and dodecyloxy chains in comparison to 
hexyloxy chains seemed to have a better effect on the crystallizability as well as the 
solubility of the final polymer (see Sections 3.3.2 and 3.3.3). The crystal engineering 
effect of the phenyl-perfluorophenyl interaction will be further investigated in these 
cases, and the monomers’ capability to undergo a 1,6-polymerization will also be 
studied. 
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Chart 3-3. The group of triacetylene target molecules 139-143. 

For the synthesis of the triacetylene targets, the crucial building block octa-2,4,6-
triyne-1,8-diol 144 was obtained by a heterocoupling of 128 with penta-2,4-diyn-1-ol 
147 (Scheme 3-7).  
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Scheme 3-7. Reaction conditions: a) 4 eq n-BuLi, THF, –78° to room temperature; 2 eq 
TMSCl, 0°C; b) MeLi · LiBr, Et2O; (CH2O)n; c) K2CO3 /MeOH; d) CuCl, NH2OH · HCl, n-
BuNH2, MeOH. 
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The synthesis of 128 has already been described (see Section 3.1.1), and the new 
diyne segment 147 was constructed in three steps starting from hexachlorobutadiene 
(Scheme 3-7, top). In the first step, following the protocols given by Ballard et al.[198] as 
well as Maghsoodi and coworkers,[199] one equivalent hexachlorobutadiene was 
treated with four equivalents of n-butyllithium (n-BuLi) in dry THF at –78°C to 
achieve dehalogenation. The reaction was quenched with two equivalents of 
trimethylsilylchloride and worked up by washing with water. The product 
bis(trimethylsilyl)butadiyne 145 was obtained as a dark brown solid in a crude yield 
of 94%, and the NMR spectrum did not suggest major impurities. Further 
purification was carried out by sublimation, yielding the final product as colorless 
crystals in 85% yield. In the second step, 145 was treated with MeLi · LiBr complex in 
dry ether at room temperature according to a method developed by Brückner et al.[200] 
The reaction deprotects only one side of the molecule, as the resulting mono-lithiated 
species precipitates from the solution. Subsequent quenching of the reaction with 
paraformaldehyde, aqueous workup and column chromatography provided the 
desired 5-(trimethylsilyl)-2,4-pentadiyn-1-ol 146 as a yellow oil in 70% yield. In the 
third step, 146 was suspended in a basic solution of K2CO3 in MeOH to deprotect the 
trimethylsilyl group. After stirring the reaction mixture and aqueous workup, the 
final product 147 was obtained as a brown liquid in 90% yield, and used directly 
without further purification.  

Finally, the heterocoupling of 128 and 147 to synthesize 144 was carried out 
similar to the synthesis of 124, following the Cadiot-Chodkiewicz protocol, using 
CuCl and NH2OH · HCl in a 1:1 solvent mixture of MeOH/n-BuNH2 under N2 
protection in the dark (Scheme 3-7, bottom). The coupling yield was 42%, lower than 
the yield of the diyne coupling reactions, but can still be considered to be acceptable. 
144 is unstable in daylight in the solid state and has to be stored in ether solution at 
4°C.  

Starting from 144, the synthesis of the symmetric targets 2,4,6-octatriynylene 
dibenzoate 139 and 2,4,6-octatriynylene bis(pentafluorobenzoate) 141 was again 
straightforward. By application of NEt3 in DCM, 144 was esterified with two 
equivalents of benzoyl chloride and pentafluorobenzoyl chloride, respectively 
(Scheme 3-8). After aqueous workup and column chromatography, 139 was obtained 
in 82% and 141 in 95% yield. Although both products were more stable than 144, 
they were stored in DCM solution at 4°C to prevent polymerization.  
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Scheme 3-8. Reaction conditions: a) C6H5COCl, NEt3, DCM; b) C6F5COCl, NEt3, DCM. 

For the synthesis of 8-(pentafluorobenzoyloxy)octa-2,4,6-triynyl benzoate 142, 
three different routes were explored. In the first method, similar to the synthesis of 
124, the triacetylene building block 148 as a monoprotected version of 144 was 
synthesized by a heterocoupling reaction of a diacetylene (149 or 150) with a 
monoacetylene (125 or 128) (Scheme 3-9).  
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Scheme 3-9. Reaction conditions: a) TIPSCl, imidazole, DCM; b) K2CO3/MeOH; c) CuCl, 
NH2OH · HCl, n-BuNH2, MeOH; c) CuI, Pd(PPh3)4, NEt3, THF. 

Starting from 146, a TIPS group was added to protect the hydroxyl group using 
TIPSCl, affording 149 in quantitative yield. In the following step, the TMS group at 
the end of the diyne in 149 was selectively removed under basic conditions with 
K2CO3/MeOH, affording 150 in 90% yield. Then, a heterocoupling of 150 with either 
125 or 128 was carried out, applying the Cadiot-Chodkiewicz protocol in the dark. 
With 125, 40% yield of 148 was obtained on a 2.5 mmol reaction scale, and with 128, 
38% yield was obtained on a 4 mmol reaction scale. It was later found that the TMS 
group of 149 can be deprotected in situ in the heterocoupling step, since n-BuNH2 is 
basic enough. However, the final coupling yield with in situ deprotection was only 
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14% with 128. In later experiments, another heterocoupling protocol, reported by 
Vasella et al., was applied for the coupling of 150 and 128, using CuI and Pd(PPh3)4 as 
the catalyst, triethylamine as the base and THF as solvent in a thoroughly dried and 
oxygen-free environment.[201] This reaction unfortunately afforded the intended 
product 148 with only a poor yield of 13.5% on a 3 mmol scale, while 21% of 2,4-
hexadiyne-1,6-diol was obtained as side product from the self-coupling of 128. 

In another alternative heterocoupling, the building block 128 was protected with 
TIPS group affording 151 in quantitative yield, and followed by coupling with 147 
under Cadiot-Chodkiewicz conditions. The product 148 was also obtained, but with 
varying yields below 25% (Scheme 3-10). When 146 was used directly, no final 
product was obtained, although thin layer chromatography (TLC) showed that the 
TMS group had been removed successfully in situ. Another heterocoupling protocol, 
which used CuI and Pd(PPh3)4 together with triethylamine in THF also failed. The 
exact reason for this lack of reproducibility is not known.   
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Scheme 3-10. Reaction conditions: a) TIPSCl, imidazole, DCM; b) CuCl, NH2OH · HCl, 
n-BuNH2, MeOH. 

The esterification of 148 was carried out with benzoyl chloride in DCM using 
triethylamine as the base. Product 152 was obtained in 85% yield and desilylated 
using TBAF in THF at –78°C, affording 153 in 70% yield. Then, another esterification 
was performed between 153 and perfluorobenzoyl chloride, affording the 
unsymmetric triyne target 142 in 82% yield as slightly purple crystals (Scheme 3-11). 
This product is colorless when freshly eluted from column chromatography, but 
inevitably changes color during concentration in vacuo, even in the dark. Hence, 142 
has to be stored in solution at 4°C. 
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Scheme 3-11. Reaction conditions: a) C6H5COCl, NEt3, DCM; b) TBAF, THF, –78°C; 
c) C6F5COCl, NEt3, DCM. 

Since the heterocoupling reaction toward 148 was not satisfying with respect to 
yield and reproducibility, and the protection and deprotection steps were tedious, a 
second route for the synthesis of 142 was applied (Scheme 3-12).  
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Scheme 3-12. Reaction conditions: a) NEt3, DCM; b) CuI, Pd(PPh3)4, NEt3, THF or CuI, 
PdCl2(PPh3)2, diisopropylamine(or NEt3), THF.  

In the first step, 128 was esterified with benzoyl chloride in order to obtain 3-
iodoprop-2-ynyl benzoate 154. This reaction was straightforward but the product 
was found to decompose on silica gel during column chromatography. By using 
aluminum oxide as the stationary phase in chromatography, 154 was obtained in 
78% yield, and it could be heterocoupled to 147 in the following step. The Cadiot-
Chodkiewicz protocol cannot be applied in this situation because, as our experience 
with previously attempted reactions had shown, n-BuNH2, which was used as the 
solvent and assists in the heterocoupling, was so basic that it cleaves the ester bond 
during the reaction. This problem was solved by following the protocol from Vasella, 
avoiding n-BuNH2 and MeOH, using diisopropylamine or triethylamine as the base 
and THF as the solvent.[201] In addition to applying Pd(PPh3)4 and CuI as the catalysts, 
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experiments were also carried out using PdCl2(PPh3)2 together with CuI as the 
catalysts. However, in both cases, although the desired product 153 was obtained, 
the yields were not satisfying either. Pd(PPh3)4 with triethylamine afforded 153 in 
17% yield, and PdCl2(PPh3)2 in triethylamine or diisopropylamine resulted in yields 
varying from 15% to 20%. In the reaction using Pd(PPh3)4, unreacted starting material 
and the homocoupling product of 147 were detected by TLC, while in the reactions 
using PdCl2(PPh3)2, 50–60% of the diacetylene 120 as the self-coupling product of 154 
was isolated. Nevertheless, the obtained product 153 was used in the last step for the 
synthesis of 142, which was carried out by the same esterification as described in the 
first route (see Scheme 3-11). 

The third synthetic route for target molecule 142 was inspired by the synthesis of 
the unsymmetric alkoxylated 132 and 134 (see Section 3.1.2). By adjusting the 
stoichiometric amounts of benzoyl chloride and 144 to 1:1 instead of 2:1, 153 was 
obtained as the monosubstituted product in 51% yield together with the 
disubstituted product 139 in 18% yield. The further esterification of 153 to product 
142 was again the same as described in the former routes.  

For the synthesis of the dodecyloxylated triyne monomers 140 and 143, the 
method of applying equimolar amounts of the two starting components was applied 
in order to avoid the multiple steps needed otherwise (Scheme 3-13). 
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Scheme 3-13. Reaction conditions: a) EDCI · HCl, DPTS, DCM; b) C6F5COCl, NEt3, DCM. 

Thus, 1.3 equivalents of 4-dodecyloxybenzoic acid 136 were mixed with 1 
equivalent of 144, using DPTS and EDCI · HCl as the catalyst system.[190] 140 was 
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obtained in 26% yield as the disubstituted product, while the monosubstituted 155 
was furnished in 38% yield. 155 was then further esterified with perfluorobenzoyl 
chloride in triethylamine and DCM, affording 143 in 85% yield (Scheme 3-13). 

 

 

3.1.4 Monomers With Hydrophilic Coil Segments  

The monomers designed so far were mainly aimed at the use of 
phenyl-perfluorophenyl interactions in the solid state crystal engineering. We were, 
however, also interested in investigating whether the phenyl-perfluorophenyl 
interaction can be utilized in the solution state to promote the self-assembly of 
one-dimensional (1D) structures and provide, at the same time, a monomer 
arrangement inside the structure appropriate for a topochemical polymerization. The 
self-assembly of molecules to form 1D structures can be regarded in a way as a 
formation of a 1D crystal. It was realized during our study of the triacetylene 
polymerization, that in such cases, the restriction of the crystalline state from 
three-dimension (3D) to one-dimension can to a great extent improve the 
polymerization behavior of the monomer, since other undesired reaction possibilities 
were excluded by limiting the dimensionality (see Section 3.3.4). 

In order to utilize the phenyl-perfluorophenyl interaction to promote the self-
assembly of the molecules in solution instead of crystallization, a group of new 
diacetylene monomers were designed which were substituted with different 
hydrophilic coil segments (Chart 3-4).  
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Chart 3-4. Diacetylene monomers 155-160 substituted with hydrophilic coil segments 
aimed at self-assembly in the solution state. 
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As mentioned in the introduction, the phenyl and perfluorophenyl groups may 
lead to 1D assemblies due to their preferred face-to-face stacking as an inherently 
anisotropic interaction. Secondly, due to the hydrophobic properties of the phenyl 
and perfluorophenyl residues, a hydrophilic solution is preferred for the self-
assembly, since such environment enhances the phenyl-perfluorophenyl interaction 
and, therefore, their effect in self-assembly. Thirdly, in order to prevent the global 
crystallization, a hydrophilic coil segment is needed since it can, on one hand, 
improve the solubility of the whole molecule in the hydrophilic solution while, on 
the other hand, it may prohibit a 3D packing and limit the aggregation to one 
dimension. Finally, a diacetylene segment in the molecule serves as the functionality 
for a topochemical polymerization. In case the appropriate distance can be 
established between the diacetylenes inside the 1D crystalline assembly, a 
topochemical polymerization can be induced by UV irradiation, generating 
poly(diacetylene)s within the self-assembled, 1D aggregates (Scheme 3-14). 
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Scheme 3-14. Cartoon representation of the envisioned self-assembly and polymerization of 
the diacetylene monomers substituted with hydrophilic coil segments in solution state. 
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Concerning further details in the molecular design, the symmetric target 
molecules 156-160 carrying two substituted benzoate groups were attempted to be 
co-assembled with equimolar amounts of the bis(perfluorophenyl)-substituted 
molecule 121, while the unsymmetric molecule 161 was expected to self-assemble by 
arranging head-to-tail due to its structural self-complementarity. In addition, since 
an appropriate length of the coil segment is also crucial, i.e., the coil should be long 
enough to improve the molecules’ solubility and disturb global crystallization but 
not overwhelm the phenyl-perfluorophenyl interaction, we chose to start with a 
triethylene glycol, a tetraethylene glycol and a polydisperse oligo(ethylene glycol) 
with an average chain length of Pn = 7, and a bulky branched oligo(ethylene glycol). 

The synthesis of the target molecules started with attaching the oligo(ethylene 
glycol) chains to the benzoate groups in a three-step procedure (Scheme 3-15). First, 
tri(ethylene glycol) monomethyl ether 162 was mixed with p-toluenesulphonyl 
chloride (TsCl) in pyridine, affording the tosylated tri(ethylene glycol) 163 in 87% 
yield. Secondly, methyl 4-hydroxybenzoate served to replace the tosylate function in 
163 using potassium carbonate in DMF as the base, affording 164 in 82% yield. 
Finally, 164 was dissolved in a solution of LiOH · H2O in MeOH to remove the 
methyl group, affording the final product 165 in 86% yield. The synthesis of 169 was 
conducted analogously, starting with tetra(ethylene glycol) monomethyl ether 166. 
The yields of the three steps for 167-169 were 94%, 73% and 94%, respectively.  
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Scheme 3-15. Reaction conditions: a) TsCl, pyridine, 0 to 4°C; b) methyl 4-hydroxybenzoate, 
K2CO3, DMF, 55°C; c) LiOH, H2O/MeOH. 

This three-step procedure, although offering quite high yields in each step, was 
tedious. Therefore, after reconsideration, a simpler synthetic route with only one step 
was applied, using 4-(bromomethyl)benzoic acid as the reagent to afford the benzoic 
acid function (Scheme 3-16). Since the bromide at the benzyl position is a good 
leaving group, a nucleophilic substitution can be carried out using NaH to 
deprotonate 166 in situ. As a result, 170 was obtained in 60% yield directly, which can 
be further used in following steps. Similarly, a poly(ethylene glycol) monomethyl 
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ether 171 with an average molecular weight of Mn = 350 was reacted with 
4-(bromomethyl)benzoic acid with NaH in THF, affording the product 172 in 80% 
yield. With a branched glycol chain 173, the same method furnished the product 174 
in 74% yield. 
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Scheme 3-16. Reaction conditions: a) NaH, THF. 

With the supply of various building blocks, one esterification was carried out 
between 169 and 123, using EDCI and DPTS in DCM. Both the monosubstituted 
product 175 (35%) and the disubstituted product 157 (62%) were obtained although a 
ratio of 169 and 123 of 2:1 was applied. This may be related to the hygroscopic nature 
of the oligo(ethylene glycol) chain of 169, which resulted in the substance being less 
than two equivalents in real weight during the measuring procedure and, in addition, 
decreased the catalytic effect of EDCI and DPTS. Nevertheless, the monosubstituted 
175 was further esterified with pentafluorobenzoyl chloride in NEt3 and DCM, 
affording the unsymmetric diyne target 161 in 66% yield (Scheme 3-17).   
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Scheme 3-17. Reaction conditions: a) EDCI, DPTS, DCM; b) C6F5OCl, NEt3, DCM. 
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Similarly, another two esterifications were carried out between 123 and 172, as 
well as 123 and 174, respectively (Scheme 3-18). Molecular sieves were used in both 
cases in order to dry the acids before mixing them with the diol, EDCI and DPTS and, 
thus, improve the yield of the esterification. In the case of 172, a higher yield of 80% 
of 159 was reached, while in the case of 174, only 51% of 160 was obtained, and no 
monosubstituted product was detected either.  
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Scheme 3-18. Reaction conditions: a) 123, EDCI, DPTS, DCM. 

Since the obtained diacetylene targets 159-161 presented three different chain 
lengths and chain shapes already, experiments were carried out to investigate their 
self-assembly properties before further synthesis of other target molecules. To our 
disappointment, the self-assembly attempts with all three targets were not successful. 
No gelation was observed at various concentrations of 161 ranging from 100 mg/mL 
to 1 mg/mL in H2O, and H2O/THF solution, while phase separations were always 
observed. In the case of 159 which was soluble in H2O, an attempted co-assembly 
with bis(perfluorophenyl)-substituted molecule 121 failed. 121 was still not soluble in 
the solution of 159 in H2O, even after heating and ultrasonication. In the case of 160, 
the molecule did not dissolve in H2O itself, and heating or ultrasonication did not 
improve the solubility either. 

With these primary tests, the phenyl-perfluorophenyl interactions between the 
designed molecules were considered to be incapable to achieve self-assembly in 
solution. Considering the fact that the target molecules had either two phenyl groups 
or one phenyl group and one perfluorophenyl group, the interaction force between 
them might be too weak to promote self-assembly in solution. However, due to the 
time limit of the whole project, further structural modifications of the target 
molecules as well as their synthesis were suspended.  
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3.1.5 Monomers With Acceptor-Substituted Diacetylenes  

In addition to the target molecules designed so far, which used either the diyne 
diol 123 or triyne diol 144 as the acetylene segment (Chart 3-1 to 3-4), model 
compounds such as 175-178, which employed acceptor-substituted diacetylene 
moieties were also envisioned to be prepared (Chart 3-5). These acetylene building 
blocks were foreseen to be highly reactive, while investigations concerning their 
synthesis and topochemical polymerizability are scarce. Secondly, due to the polarity 
of the diacetylene moieties, different packing geometries of these molecules were 
expected in the crystalline state when compared to the former unpolar di- or 
triacetylene-equipped monomers. Hence, different reaction paths, such as the 
hypothesized cis-polymerization of the diacetylenes might be possible in this 
particular case (Scheme 3-19).  
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Chart 3-5. Target molecules 176-179, which feature acceptor-substituted diacetylene 
functionalities and complementary phenyl and perfluorophenyl residues in comparison to 
the unsubstituted diacetylenes 120 and 121. 
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Scheme 3-19. Possible packing geometry and reaction path for the diacetylene acid 
derivatives 178 or 179.  
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In order to synthesize these molecules, the unsymmetric targets 178 or 179 were 
chosen as a start, and building block 180 was aimed to be prepared by the 
heterocoupling of propiolic acid with 126 or 151 under Cadiot-Chodkiewicz 
conditions (Scheme 3-20).  

HO

O

+

OTIPSHO

Oa)

R

OTIPS

H

180126   R = Br

151   R = I  

Scheme 3-20. Reaction conditions: a) CuCl, NH2OH· HCl, n-BuNH2, MeOH. 

Similar to the former conditions applied in the synthesis of 124, 144 and 148, 
CuCl (6 mol%) was first added to a mixture of 1:1 MeOH and n-BuNH2 under of N2 

atmosphere, while some NH2OH · HCl crystals were also added to maintain the 

yellow color of the mixture by reducing CuII to CuI. In the second step, propiolic acid 
(1.1 eq) was added to the suspension at 0°C. The mixture was stirred for about 10 
min, followed by the slow addition of either 126 or 151 (1 eq in both cases) as the 

other coupling reagent. During this procedure, a few more crystals of NH2OH · HCl 

were added whenever the reaction mixture turned to green, and the whole mixture 
was stirred for 1 h at 0°C and for another 2 h at room temperature. The reaction 
mixture showed a brownish color at the end and was worked up by extraction with 
Et2O followed by washing with water. However, from the obtained organic phase, it 
was not possible to clearly identify the product 180 on TCL, and column 
chromatography of the crude product (EtOAc/hexanes 1:10) did not yield any 
product; no starting material was recovered either. The reaction was repeated several 
times, but the results were the same. 

 In an alternative route, the brominated propiolic acid 181 was attempted to be 
coupled with 127 using another set of heterocoupling conditions (Scheme 3-21), 
which had already been applied in the synthesis of 153 from 154 and 147 
(Scheme 3-12). In a thoroughly dried flask, diisopropylamine (2 eq) was first mixed 
THF under N2 atmosphere, followed by the addition of 181 (1 eq) and 127 (1.3 eq). 
The whole mixture was carefully degassed in three freeze-pump-thaw cycles, and 
PdCl2(PPh3)2 (4 mol%) together with CuI (10 mol%) were added as catalysts, followed 
by another freeze-pump-thaw cycle. The reaction mixture was then kept stirring for 2 
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h at room temperature in the dark, while the color of the solution changed from 
yellow to deep brown. The reaction was worked up by extraction with Et2O and 
subsequently washing with NaHCO3, and the crude product as a black syrup was 
purified by column chromatography (DCM/hexanes 1:7). Unfortunately, no 
intended heterocoupling product was obtained, but only 182, which was the 
homocoupling product of 127, was isolated in 23% yield.  

HO

O

Br + H

OTIPS HO

O

OTIPS

TIPSO OTIPS

a)

182

181 127 180

 

Scheme 3-21. Reaction conditions: a) CuI, PdCl2(PPh3)2, diisopropylamine, THF. 

With the suspicion that the free acid moiety of propiolic acid and its brominated 
derivative might have caused trouble during the coupling reaction, a third route was 
carried out by protecting the acid function before the coupling reaction (Scheme 3-22).  
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Scheme 3-22. Reaction conditions: a) TBDMSCl, imidazole, DCM; b) CuI, Pd2(dba)3, P(fur)3, 
NEt3, DMF. 

First, propiolic acid was reacted with tert.-butyldimethylsilyl chloride (TBDMSCl) 
and imidazole in DCM, affording 183 in 81% yield. Then, a heterocoupling was 
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carried out between 183 (1.3 eq) and iodo-propargylic alcohol 128 (1 eq), according to 
another coupling protocol,[189] using CuI (10 mol%) and Pd2(dba)3 (5 mol%) as 
catalysts, NEt3 (4 eq) as the base and DMF solvent, as well as tris(2-furyl)phosphine 
(P(fur)3) as a ligant (Scheme 3-22, bottom). The detailed reaction procedure was 
similar to the one mentioned above for the coupling of 181 and 127. After aqueous 
workup and purification by column chromatography (EtOAc/hexanes 1:50 gradient 
to 1:3), however, again no heterocoupling product was obtained, but only the 
selfcoupling product of 128 in di- (185, 19%) and mono- (186, 9%) protected forms. 
The TBDMS protecting group on the propiolic acid was removed and reattached to 
128, and the free propiolic acid was again consumed by unknown side reactions. 

Since the heterocoupling of propiolic acid was not easy to achieve, another 
synthetic route to synthesize the unsymmetrical target molecule was attempted, 
aiming at deprotonating pentadiynol 150 with n-BuLi to generate a nucleophile[202] 
for a further nucleophilic substitution reaction (Scheme 3-23). The reaction was 
carried out in a dry flask under N2 atmosphere, while diisopropylamine (1 eq) in 
THF was cooled to 0°C, followed by the addition of n-BuLi (1.1 eq). Then, 150 (which 
had been dried in a THF solution by molecular sieves in another flask under N2 
atmosphere) was added to the first flask. The mixture was stirred for 2 h at 0°C, and 
the reaction was quenched by the addition of benzyl chloroformate and, after that, 
stirred at room temperature for one more day, in order to afford the product 187. 
However, after aqueous workup and column chromatography (DCM/hexanes 1:3), 
minor amounts of several fractions were obtained, which all proved not to be the 
product.   

TIPSO

H

TIPSO O

Oa)

150 187  

Scheme 3-23. Reaction conditions: a) n-BuLi, diisopropylamine, THF, 0°C; benzyl 
chloroformate. 

Due to the difficulties encountered during the synthesis of the acceptor-
substituted diacetylenes 180, 184 and 187, the analogous 2-butynoic acid derivatives 
were targeted instead as simplified model compounds (Chart 3-6). In case of a 
successful synthesis and crystallization of molecule 188 or 189, their crystal 
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structures would give valuable suggestions with respect to the packing features of 
the original targets.  
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Chart 3-6. Simplified model compounds with 2-butynoic moieties. 

Thus, 127 (1 eq) was deprotonated by n-BuLi (1.1 eq) in diisopropylamine (1 eq) 
and THF at 0°C under a dry N2 atmosphere (Scheme 3-23). The reaction was first 
quenched by the addition of phenyl chloroformate and stirred at room temperature 
for 1 day. However, TLC indicated a wild mixture of products after aqueous workup 
of the reaction mixture, and the intended product 190 could not be obtained after 
column chromatography (Scheme 3-24, top).  Hence, in the second attempt, after the 
same deprotonation, the reaction mixture was transferred into a THF solution 
saturated with CO2 using a double-tipped needle, stirred for 1 h, and then acidified 
with 1 m HCl solution (Scheme 3-24, middle). To our disappointment, the expected 
product 191 could not be isolated after aqueous workup and column 
chromatography. Therefore, a third route was carried out, using di-tert.-
butyldicarbonate (Boc2O) as the quenching reagent (Scheme 3-24, bottom). This time, 
the reaction finally afforded the intended product 192 in 70% yield.  

TIPSO OH

O

TIPSO

TIPSO O

Oc)
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Scheme 3-24. Reaction conditions: a) n-BuLi, diisopropylamine, THF, 0°C; phenyl 
chloroformate; b) n-BuLi, diisopropylamine, THF, 0°C; CO2; c) n-BuLi, diisopropylamine, 
THF, 0°C; Boc2O. 
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Therefore, a desilylation of 192 was carried out using TBAF in THF at –78°C to 
remove the TIPS group, affording the free alcohol 193 in 65% yield (Scheme 3-25). 
Then, 193 was esterified with pentafluorobenzoyl chloride in NEt3 and DCM, and the 
product 194 was obtained in 75% yield. The deprotection of the tert.-butyl group of 
194 was carried out with trifluoroacetic acid (TFA) in DCM, affording 96% of 195. At 
this point, only one last step of esterification was needed, so according to one of the 
esterification protocols applied before, 195 was mixed with phenol in a dry and N2 
protected atmosphere in DCM, followed by the addition of DPTS and EDCI as 
catalysts. The reaction was stirred at room temperature for 4 h but, after aqueous 
workup and purification by column chromatography (DCM/hexanes 1:1), neither 
starting material nor the desired product 188 could be isolated from the reaction 
mixture.  
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Scheme 3-25. Reaction conditions: a) TBAF, THF, –78°C; b) C6F5COCl, NEt3, DCM; c) TFA, 
DCM; d) phenol, EDCI, DPTS, DCM. 

After reinvestigating the literature, it turned out that the esterification of 
alkynoic acid is problematic, and there are only limited reports about successful 
reactions. In another esterification attempt, following one reported protocol,[203] 
phenol (1 eq) and propiolic acid (1.1 eq) were mixed in Et2O in a thoroughly dried 
flask under N2 atmosphere at –20°C. Then, dicyclohexylcarbodimide (DCC, 1.1 eq) 
and 4-dimethylaminopyridine (DMAP, 7.5 mol%) as catalysts dissolved in Et2O were 
added drop-wise to the first solution (Scheme 3-26, top). The reaction mixture was 
stirred for 0.5 h at –20°C and another 5 h at room temperature, while its color 
changed from slight yellow to deep brown under the formation of lots of precipitates. 
During workup, the reaction mixture was first filtered, followed by washing the 
filtrate with NH4Cl and Na2SO4 solution. After column chromatography 
(DCM/hexanes 1:50) of the crude product, however, only one fraction turned out to 
be mainly the product 196, which was obtained in an unsatisfying 27% yield. 
Therefore, in another test reaction, another protocol was tried by dissolving benzyl 
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alcohol (1 eq) in THF together with diethyl azodicarboxylate (DEAD, 1.5 eq) in a 
thoroughly dried flask under N2 atmosphere, and it was mixed slowly with another 
solution of 181 (1.5 eq) and triphenyl phosphine (PPh3, 1.5 eq) in THF (Scheme 3-26, 
bottom). The reaction was stirred in the dark for 8 h, and the deep red reaction 
mixture was concentrated and purified by column chromatography (EtOAc/hexanes 
1:7). Unfortunately, no desired product 197 was isolated, while NMR of different 
fractions proved them to be unknown compounds. 
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Scheme 3-26. Reaction conditions: a) DCC, DMAP, DCM, -20°C; b) DEAD, PPh3, DCM. 

In a final attempt to obtain a simplified symmetric target molecule 198, phenol 
was reacted with acetylene dicarboxylic acid using DCC and DMAP in DCM 
(Scheme 3-27), applying the procedure utilized in the synthesis of 196. However, this 
reaction failed in this case, affording a mixture of several unknown compounds, and 
no product 198.    

OH
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Scheme 3-27. Reaction conditions: a) DCC, DMAP, DCM. 

At this point, the attempts to investigate the crystal structures and 
polymerizability of derivatives containing acetylene acid moieties were suspended 
due to the unsuccessful synthesis of the target molecules. When these synthetic 
problems can be overcome after more thorough investigations, the crystal structures 
as well as the polymerization behavior of these monomers might still be interesting 
subjects of investigation.  
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3.2 Studies on the Crystal Structures of the Monomers 

3.2.1 Crystal Structures of the Unsubstituted Diacetylene Monomers   

After the successful synthesis of the target molecules, recrystallization 
experiments were carried out in order to obtain single-crystals for X-ray analysis. In a 
typical recrystallization experiment, the pure monomers were dissolved in DCM, 
followed by adding hexanes slowly until the mixture became opalescent. The whole 
solution was then set aside undisturbed to let the crystals grow under the slow 
evaporation of the solvent. After several attempts, single-crystalline samples of the 
three unsubstituted diacetylene monomers 120-122, as well as the cocrystal of 
120 · 121 (1:1) (Chart 3-7) were obtained, and their crystal structures were determined 
by X-ray diffraction analysis (Table 3-1). 

Table 3-1. Crystallographic data of monomers 120, 121, 122 as well as the cocrystal of 
120 · 121. 

Compounds 120 121 122 120 · 121 

formula C20H14O4 C20H4F10O4 C20H9F5O4 C20H9F5O4 
Mw 318.31 498.23 408.27 408.27 

crystal system monoclinic monoclinic monoclinic triclinic 
space group P2(1)/n P2(1)/c P2(1)/c P-1 

color colorless colorless colorless colorless 
a  (Å) 14.038(2) 21.034(2) 16.822(2) 5.9825(7) 
b  (Å) 4.353(1) 4.9644(9) 7.1205(7) 7.576(1) 
c  (Å) 14.864(2) 18.847(3) 15.706(2) 19.295(2) 
α (deg) 90.00 90.00 90.00 96.91(1) 
β (deg) 117.06(2) 108.89(2) 107.423(8) 91.74(1) 
γ (deg) 90.00 90.00 90.00 93.07(1) 
V (Å3) 808.8(3) 1862.1(5) 1795.0(3) 866.4(2) 

radiation CuKα CuKα CuKα CuKα 
Dcalcd (g cm-3) 1.31 1.78 1.51 1.56 
mcalcd (mm-1) 0.091 0.189 0.139 0.144 

F000 332 984 824 412 
T 295 295 295 295 
Z 2 4 4 2 

R, Rw2 0.067, 0.210 0.0967, 0.338 0.0593, 0.194 0.0745, 0.243 
GOF 0.94 0.99 0.940 0.948 
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Chart 3-7. The unsubstituted diacetylene monomers 120-122 and the cocrystal 120 · 121 
(1:1), the crystal structures of which had been obtained. 

In the crystal structures of monomer 120 and 121, conventional aromatic-
aromatic interactions were observed, since each molecule had only phenyl or 
perfluorophenyl substituents, respectively (Figure 3-1).  

 

Figure 3-1. View of crystal structures of monomer (A) 120 and (B) 121 into the crystal 
[0 0 1] direction; 120 and 121 exhibited the aromatic and diacetylene stacking in the [0 1 0] 
direction. 

When viewed along the [0 0 1] direction in the crystal structure of 120 
(Figure 3-1 A), the typical aromatic offset stacking of the phenyl rings was clearly 
visible, and their centroid distance was 4.35 Å, being considerably larger than the 
close contact distance of 3.60 Å, which is the shortest distance between two carbons 
on the phenyl rings (Table 3-2). Consistent with the phenyl-phenyl offset stacking, 
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the diacetylenes of 120 were aligned in the crystal [0 1 0] direction, exhibiting a 
repeating period of 4.35 Å and having an inclination angle of 59° when compared to 
the acetylene packing direction. This geometry of the diacetylenes is not appropriate 
for a topochemical polymerization (see Section 1.2.1). The distance between C1 and 
C4 of two diacetylenes in 120 along the [0 1 0] direction was measured to be 4.02 Å, 
which is considered to be too large for a reaction to occur.[1,11,12]  

In analogy to the crystal structure of 120, the structure of 121 displayed the offset 
stacking of its perfluorophenyl groups, and its diacetylene groups formed similar 
arrays along the crystal [0 1 0] direction (Figure 3-1 B). However, in comparison to 
120, the centroid distance between perfluorophenyl groups in 121 was enlarged to 
4.96 Å, and its close contact distance was shortened to 3.32 Å (Table 3-2). This 
suggests that the perfluorophenyl groups, although still stacked in columns, were 
tilted and offset with respect to one another to a larger degree. The diacetylenes of 
121 had a translational distance of 4.96 Å, and their inclination angle was 49°. This 
geometry of 121, compared to 120, appeared to be more appropriate for diacetylene 
topochemical polymerizations, and the reactive carbon distance of 3.79 Å in 121 was 
also close to the Van der Waals distance. 

In the crystal structure of the 120 · 121 cocrystal, phenyl-perfluorophenyl 
interactions exhibited an impact on the molecular arrangement as expected and 
influenced the diacetylene packing as a consequence (Figure 3-2, 3-3).  

 

Figure 3-2. The crystal structure of 120 · 121 cocrystal A) viewed into the crystal [1 0 0] 
direction with an alternating pattern of molecule 120 and 121 in the [0 1 0] direction; and B) 
viewed into the [0 1 0] direction with a “zigzag pattern” in the [1 0 0] direction.  



Results and Discussion 

71 

 

Figure 3-3. Cartoon representation of the “N” shaped molecule 120 and 121 packed with 
the phenyl-perfluorophenyl (ph-pfp) interaction in the [0 1 0] direction (top), with the 
distribution of the diacetylene moieties into two layers leading to a “zigzag pattern” in the 
[1 0 0] direction of the 120 · 121 cocrystal (bottom). 

In the [0 1 0] direction of 120 · 121 (Figure 3-2 A), an alternating stacking of 
molecule 120 and molecule 121 was clearly visible, and the phenyl and 
perfluorophenyl groups were stacked in an eclipsed fashion instead of the offset 
stacking observed in the crystal structure of monomers 120 and 121. The centroid 
distances between two adjacent phenyl and perfluorophenyl groups were either 3.82 
or 3.76 Å, depending on whether these groups connected two adjacent molecules in 
the [1 1 0] or the [1 -1 0] direction (Table 3-2, vide infra). These two values were 
significantly smaller than the general π-π stacking distances observed in monomers 
120 and 121, and they were also much closer to the substituents’ close contact 
distances, which were 3.48 and 3.44 Å in respective pairs. 

This close packing of phenyl-perfluorophenyl groups in 120 · 121 caused subtle 
changes on the packing of the diacetylenes. Mostly due to the flexibility of the ester 
bond and the unfavorable close packing of the methylene groups, the diacetylene 
moieties of adjacent molecules along the [0 1 0] direction were now arranged into 
two different layers, while in the case of 120 and 121, they were placed in the same 
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one. In other words, the diacetylenes of molecule 120 (Figure 3-2, marked blue; 
Figure 3-3, marked green) were aligned in one plane, and the diacetylenes of 
molecule 121 (marked black) were aligned in another plane. This “splitting” of 
diacetylene arrays in 120 · 121 in its [0 1 0] direction caused a considerable increase of 
the distance between two adjacent diacetylenes along this direction. The distance 
between adjacent diacetylenes groups in the [0 1 0] direction was now 7.57 Å, which 
was the sum of the two phenyl-perfluorophenyl centroid distances.  

When viewed into the [0 1 0] direction of 120 · 121 (Figure 3-2 B and 3-3), another 
interesting feature of the molecular arrangement can be observed. The two aromatic 
side groups of each molecule were facing towards opposite sides of its diacetylene 
moiety, giving each molecule the shape of the letter “N”. In addition, every two 
complementary molecules were only sharing one of their side groups to form the 
phenyl-perfluorophenyl stacking, while their second side groups were placed far 
away from each other, stacking with other molecules instead. Combining these 
characteristics, cocrystal 120 · 121 exhibited a continuous “zigzag pattern” in its 
molecular arrangement. 

The crystal structure of 122 shares many similarities with 120 · 121, but also 
differs in certain aspects (Figure 3-4 and 3-5). First, the “engineering effect” of the 
phenyl-perfluorophenyl interaction was also presented in the crystal structure, since 
the molecules were arranged in a head-to-tail fashion in order to form the 
phenyl-perfluorophenyl stacking. Secondly, two groups of 50%-50% disordered 
phenyl rings were resolved from the diffraction data of molecule 122, which 
exhibited a staggered and an eclipsed face-to-face stacking, respectively. Thirdly, the 
phenyl-perfluorophenyl centroid distances were 3.78 and 3.69 Å and, accordingly, 
close to the close contact distance of 3.45 Å (Table 3-2). Finally, the diacetylenes of 
two adjacent molecules in 122 were also packed in two different layers parallel to the 
[0 1 0] direction, increasing their translational distance to a value as large as 7.12 Å.  

In addition to these similarities, there is one significant difference between 122 
and 120 · 121 in that 122 formed “tubular arrays” (Figure 3-4 B and 3-5) instead of the 
“zigzag pattern”. In a detailed comparison, the two aromatic side groups of each 
molecule 122 were now pointing to the same side of its diacetylene moiety, giving 
the molecule a “U” like shape. In addition, each molecule was sharing both of its side 
groups in phenyl-perfluorophenyl stacking with an adjacent molecule so that every 
two stacked molecules formed some sort of a circle. This circle pattern was 
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maintained in the direction of phenyl-perfluorophenyl stacking. Hence, one can say 
that the crystal consists of “tubular arrays”.  

  

Figure 3-4. The crystal structure of 122 A) viewed into approximately the [1 0 -1] 
direction showing the head-to-tail packing of the molecule in the crystal [0 1 0] direction 
forming one tubular array; and B) viewed into the crystal [0 1 0] direction, showing three 
arrays of tubes. 

 

Figure 3-5. Cartoon representation of the “U” shaped molecule 122 arranged head-to-tail 
into a circle with the phenyl-perfluorophenyl (ph-pfp) interaction, and packed in the [0 1 0] 
direction (up) forming tubular arrays; in addition, these tubular arrays stacked with certain 
translational shifts between each other (down). 
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Table 3-2. Diacetylene packing parameters and side group interactions in 120, 121, 122 
and 120 · 121. 

diacetylene packing parameters  side group interaction 

 
lattice 

direction 
diacetylene 
distance da 

(Å) 
inclination 

angle φb 

reactive 
carbon 

distancec 
(Å) 

 
close 

contact 
distanced 

(Å) 

centroid 
distancee 

(Å) 
mode 

120 [0 1 0] 4.35(1) 59° 4.02(1)  3.60(1) 4.35(1) parallel 
displaced 

121 [0 1 0] 4.96(1) 49° 3.79(1)  3.32(1) 4.96(1) parallel 
displaced 

122 [0 1 0] 7.12(1) 38° –  3.45(1) 3.78(1), 
3.69(1) 

staggered, 
eclipsedg 

 [0 1 0] 7.56(1) 35°, 38°f –  –h –h –h 

120 · 121 [1 1 0] 4.62(1), 
4.78(1)f 51°, 54°f 3.84(1)  3.48(1) 3.82(1) eclipsed 

 [1 -1 0] 4.80(1), 
5.10(1)f 46°, 53°f 3.79(1)  3.44(1) 3.76(1) eclipsed 

 
a. identity period d along the [0 1 0] axis; in the case of 120 · 121 in the [1 1 0] and [1 -1 0] 

directions, the two different end-to-end distances between adjacent diacetylenes 120 and 
121 are given  

b. inclination angle between the diacetylene axis and the packing axis 
c. distance between the two reactive carbon centers in adjacent diacetylenes 
d. shortest contact distance between two carbons in the aromatic side groups of two 

adjacent molecules 
e. distance between the centroids of the aromatic rings of two adjacent molecules 
f. the diacetylene moieties of 120 and 121 were not aligned parallel with respect to one 

another 
g. the two groups of disordered perfluorobenzoate groups showed a staggered and an 

eclipsed face-to-face packing, respectively 
h. the phenyl-perfluorophenyl pairs stacked along the [0 1 0] axis connected adjacent 

monomers 120 and 121 in the [1 1 0] and [1 -1 0] directions, respectively; therefore, they 
are listed in the rows below 
 

As the diacetylene translational distances in the [0 1 0] direction in 120 · 121 and 
122 exceeded 7 Å, they were not appropriate for 1,4-topochemical polymerizations. 
However, a diacetylene placement appropriate for polymerization was observed in 
both the [1 1 0] and the [1 -1 0] direction of 120 · 121 (Table 3-2, Figure 3-6). 
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Figure 3-6. View of the 120 · 121 cocrystal structure showing a diacetylene packing 
appropriated for a topochemical polymerization and different phenyl-perfluorophenyl 
centroid distances in the [1 1 0] direction (A) and in the [1 -1 0] direction (B). 

In a detailed analysis of the diacetylene packing in the [1 1 0] and the [1 -1 0] 
direction of 120 · 121, the following features are worth emphasizing: 

(i) As mentioned above, there were two alternating types of 
phenyl-perfluorophenyl pairs, one of which (type A) had a centroid distance of 
3.82 Å, the other one (type B) of 3.76 Å.  These two different types of intimate 
phenyl/perfluorophenyl pairs connected adjacent monomers 120 and 121 in the 
[1 1 0]  (type A) and the [1 -1 0] (type B) directions, respectively.  

(ii) Along both [1 1 0] and [1 -1 0] directions, monomer 120 and monomer 121 were 
placed in an alternating fashion and the diacetylene moieties of the same 
monomer types were always parallel. Hence, the repeating distance between the 
same monomer types, (i.e., the distance between every other diacetylenes) was 
9.40 Å in the [1 1 0] direction and 9.90 Å in the [1 -1 0] direction.  

(iii) However, in contrast to the parallel packing of the diacetylenes from the same 
monomer, the diacetylenes of monomer 120 were not exactly parallel to the ones 
of monomer 121 in both [1 1 0] and [1 -1 0] directions. Thus, the repeating 
distance between two adjacent diacetylenes was not uniform but 4.62 Å at one 
end and 4.78 Å at the other one in the [1 1 0] direction; and, similarly, 4.80 Å and 
5.10 Å in the [1 -1 0] direction.  
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(iv) This “tilted” organization of the diacetylenes resulted in two inclination angles in 
each direction, and, more significantly, placed the reactive C1 and C4 positions 
of two adjacent acetylenes in direct proximity. The inclination angles and the 
reactive carbon distances were 46°/53° and 3.84 Å in the [1 1 0] direction, 51°/54° 
and 3.79 Å in the [1 -1 0] direction.  

(v) A final comparison of the diacetylene packing parameters in the [1 1 0] direction 
with the [1 -1 0] direction revealed the more optimal geometry in the latter 
direction. The average diacetylene distance in the [1 -1 0] direction, calculated as 
4.95 Å, was in excellent agreement with the value of 4.91 Å reported for the 
length of the poly(diacetylene) repeating unit.[13,14] In addition, the inclination 
angles of 46°/53° in the [1 -1 0] direction were also closer to the ideal value of 45°. 

 

Figure 3-7. The view of crystal structure of 122 showing three “tubes” (or pairs of 
molecules) of diacetylene arrangement in the crystal [1 0 -1] direction. 

In contrast to 120 · 121, there were, unfortunately, no continuous diacetylene 
arrays in the [1 1 0] and [1 -1 0] direction of 122 (Figure 3-7, 3-8). The symmetrical 
properties of 120 · 121 cocrystal with the triclinic crystal system and P-1 space group 
(Table 3-1), together with its “zigzag pattern”, provided the condition for continuous 
diacetylene arrays in the [1 1 0] and [1 -1 0] directions. However, crystal 122, by 
comparison, had a monoclinic crystal system with P2(1)/c space group and exhibited 
the different topology of “tubular arrays”. As a consequence, two different types of 
“tubular arrays” (type A and type B) existed in the unit cell of 122 which (i) exhibited 
angles of 28° and 24° between the planes of the phenyl and perfluorophenyl rings, 
respectively, (ii) did not feature a parallel orientation of the diacetylenes, and (iii) 
were packed such that the diacetylene arrays were not placed “on top of each other”, 
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but with translational shifts of about half a molecule’s distance. Therefore, there were 
no continuous diacetylene arrays in the [1 1 0] and [1 -1 0] directions of 122, since it 
was interrupted from “tube” to “tube”.  

 

Figure 3-8. Cartoon representation of monomer 122 stacked into a tubular array (top), 
and two different types of tubular arrays (A and B, bottom) with different orientations of the 
acetylene moieties were packed with translational shifts parallel to the [1 0 1] direction with 
respect to each other; therefore, no continuous diacetylene arrays in the [1 1 0] and [1 -1 0] 
directions were observed. 

 

3.2.2 Phenyl-Perfluorophenyl Interactions versus Alkoxy-Substituents 

As in the previous experiments, the recrystallizations of 131-134 as well as the 1:1 
mixtures of 131 / 121 and 133 / 121 (Chart 3-8) were carried out by dissolving the 
substances in different ratios of DCM/hexanes mixtures, followed by the slow 
evaporation of the solvent in the dark at room temperature or at 4°C. All crystal 
structures were determined successfully by X-ray analysis, except for the cocrystal 
133 · 121, which failed to crystallize despite considerable efforts using various solvent 
systems. A comparison of the crystal structures of the new alkoxy-substituted 
monomers with those of the former unsubstituted monomer demonstrated the 
obvious influence of the alkoxy chains on crystallization and proved the general 
usability of the phenyl-perfluorophenyl interactions as a supramolecular synthon in 
crystal engineering.    



Results and Discussion 

78 

O

O

O

O

OO

O

O

O

O

OO

O

O

O

O

OF

O

O

O

O

OF

FF

F F

F F

FF

131

133

132

134

O

O

O

O

OO

O

O

O

O

OO

O

O

O

O

F F

FF

FF

F F

F F

131 · 121 (1:1)

O

O

O

O

F F

FF

FF

F F

F F

133 · 121 (1:1)

5 5

11 1111 11

5 5

5

11

 

Chart 3-8. The alkoxy-substituted diacetylene monomers 131-134, as well as the cocrystal 
131 · 121 (1:1) and 133 · 121 (1:1), the crystal structures of which had been obtained (with the 
exception of 133 · 121). 

Table 3-3. Crystallographic data of monomers 131-134, as well as the cocrystal 131 · 121. 

Compound 131 132 133 134 131 · 121 

formula C32H38O6 C26H21F5O5 C44H62O6 C32H33F5O5 C26H21F5O5 
Mw 518.64 508.44 686.96 592.59 508.43 

crystal system monoclinic monoclinic monoclinic triclinic triclinic 
space group P2(1)/n P2(1)/c P2(1)/c P-1 P-1 

color colorless colorless colorless slight 
orange 

slight 
orange 

a  (Å) 25.279(5) 8.5473(2) 27.6013(7) 5.9780(1) 5.9343(1) 
b  (Å) 7.7559(14) 33.5122(7) 7.6701(2) 7.3408(2) 7.4644(1) 
c  (Å) 19.608(3) 8.5937(2) 19.6075(4) 32.998(1) 27.3032(5) 
α (deg) 90.00 90.0 90.00 87.576(1) 97.839(1) 
β (deg) 129.618(10) 98.590(1) 102.3582(8) 87.610(1) 90.534(1) 
γ (deg) 90.00 90.0 90.00 85.785(1) 93.184(1) 
V (Å3) 2961.37 2434.0(1) 4054.8(2) 1442.18(6) 1196.10(3) 

radiation MoKα MoKα MoKα MoKα MoKα 
Dcalcd (g cm-3) 1.16 1.39 1.125 1.365 1.412 
mcalcd (mm-1) 0.08 0.12 0.073 0.112 0.122 

F000 1112 1048 1496 - 524 
T 295 223 223 153 220(2) 
Z 4 4 4 2 1 

R, Rw2 0.0545, - 0.066, 0.175 0.085, 0.234 0.064, 0.189 0.073, 0.207 
GOF 0.68 1.28 1.33 1.036 1.029 
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The influence of the alkoxy chains on the arrangement of the monomers in the 
crystal was evident from the comparison of the hexyloxy-substituted 131 and 
dodecyloxy-substituted 133 with the non-substituted 120 (Figure 3-9, 3-10). The 
structure of the benzoylated molecule 120 showed the typical parallel-displaced π-π 
stacking of the phenyl groups with a centroid-centroid distance of 4.35 Å (see Section 
3.2.1). In addition, the two phenyl groups of the molecules were parallel, the 

diacetylene groups were linear (C≡C-C angle 180°), and the molecules exhibited a 
center of inversion (Figure 3-9 A). In many related aryl substituted examples, such as 
2,4-hexadiyne-1,6-diyl bis-p-toluenesulfonate or bis(phenylurethane),[1,13,204] the 
crystal structures were similar to 120 with respect to these features, while the details 
of the diacetylene packing may vary. However, after the addition of the alkoxy 
chains, the crystal structures of both 131 and 133 were surprisingly different from the 
structure of non-substituted 120 in almost every aspect. On the other hand, the 
molecular geometry and the intermolecular contacts of the benzolated-diacetylene 
cores in 131 and 133 were identical within experimental errors. With respect to the 
shape of the single molecules, 131 and 133 lacked a center of inversion and their two 
phenyl rings were, accordingly, not parallel to one another. The two phenyl rings 
were tilted at an angle of 56° with each other in both 131 and 133, and the molecules 
were bent into a “twisted Z-shape” (Figure 3-9 B, C).  

 

Figure 3-9. Comparison of the molecular shapes in the crystal structures of A) monomer 
120, which had a center of inversion with parallel phenyl groups; B) monomer 131 and C) 
monomer 133, which had no center of inversion with the phenyl groups tilted at angle of 56° 
and the molecules bent into a twisted Z-shape. 
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Figure 3-10. The influence of alkoxy chains on the π−π stacking in the comparison of the 
crystal structures of 120 (A, B), 131 (C, D) and 133 (E, F); A, B, C) viewed into the crystal 
[0 1 0] direction of the monomers; 131 (B) and 133 (C) showed a bilayer arrangement of the 
molecules with the diacetylene moieties placed at the core; D, E, F) viewed into the crystal 
[0 0 1] direction of the monomers, showing the alignment of molecules along the crystal 
[0 1 0] direction with π−π stacking in 120 (D), but increased repeating distance of above 7 Å 
in 131 (E) and 133 (F). 
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Considering the molecular packing, 131 and 133 were also significantly different 
from 120 (Figure 3-10). When viewed into the crystal [0 1 0] direction of 131 and 133, 
the molecules were observed to form “bilayers” with their diacetylene moieties 
placed at the core (Figure 3-10 C, E). In addition, although there were periodic arrays 
of phenyl groups and diacetylene moieties along the crystal [0 1 0] direction in 131 
and 133 (Figure 3-10 D, F), this distance was as large as 7.76 Å in 131 and 7.67 Å in 
133, which cannot be considered as a case of π−π stacking anymore. Hence, the 
introduction of the alkoxy substituents significantly altered the molecular symmetry 
and the crystal packing of 131 and 133 as compared to 120. Comparing the crystal 
structures of 131 and 133 to typical morphologies of ABA triblock copolymers, the 
obtained crystal structures may be described in terms of phase segregation occuring 
between the aliphatic segments in the molecules and the central diacetylene segment, 
leading to a lamellar bilayer packing of the Z-shaped molecules. The dense packing 
of the alkoxy substituents appeared to become the dominating factor in the crystal 
structure and outcompeted π−π stacking interactions of the phenyl groups which, in 
this sense, could not be regarded as a reliable supramolecular synthon.  

The situation was fundamentally different when comparing the crystal structure 
of 131 · 121 with 120 · 121 (Figure 3-11, compare to Figures 3-3 and 3-6). Their 
remarkable similarity suggests that the phenyl-perfluorophenyl interactions, in 
contrast to the conventional π−π interactions, prevailed despite the presence of the 
hexyloxy substituents.  

In 131 · 121, the phenyl and perfluorophenyl groups exhibited again an 
alternating placement of 131 and 121 with an almost perfect eclipsed stacking of the 
phenyl and perfluorophenyl substituents and only a minimal parallel displacement. 
The phenyl-perfluorophenyl centroid distances of 3.75/3.72 Å in 131 · 121 were very 
similar to the centroid distances of 3.82/3.76 Å in 120 · 121 and they were, in both 
cases, very close to the close contact distances, which were 3.38/3.40 Å for 131 · 121 
and 3.48/3.44 Å for 120 · 121. In order to accommodate the stacking of the 
phenyl-perfluorophenyl interactions, the alkoxy chains in 131 · 121 were 
interdigitated between adjacent columns of molecules (Figure 3-11 B). Hence, the 
diacetylene packing in 131 · 121 also resembled the arrangement in 120 · 121. In the 
[0 1 0] direction of 131 · 121, the diacetylene moieties of adjacent molecules were 
placed in different layers, too, with the ones from monomer 131 staying in one plane, 
and the ones from monomer 121 staying in another plane (Figure 3-11 C). This 
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resulted in a repeating distance between the acetylenes in the [0 1 0] direction of 
7.46 Å, compared to 7.56 Å in 120 · 121.  

 

Figure 3-11. Crystal structure of the 131 · 121 cocrystal A, B) viewed into the [0 1 0] 
direction with the “zigzag pattern” similar to the 120 · 121 cocrystal and the interdigitated 
hexyloxy chains between molecular arrays, respectively; C) diacetylene arrays parallel to the 
crystal [0 1 0] direction; D) the diacetylene array in the crystal [1 -1 0] direction which had 
packing parameters appropriated for a topochemical polymerization.  

More impressively, 131 · 121 also exhibited the characteristic “zigzag pattern” 
observed in the 120 · 121 cocrystal, which was formed similarly by every pair of 
complementary molecules sharing only one of their two side groups to form the 
phenyl-perfluorophenyl stacking. Finally, in the [1 1 0] and [1 -1 0] directions of 
131 · 121, continuous diacetylene arrays were also observed (Figure 3-11 D), and their 
packing parameters met the criteria for a topochemical polymerization (Table 3-4). In 
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the [1 1 0] direction, the two adjacent diacetylenes were not exactly parallel as was 
also the case in 120 · 121, but had a translational distance of 4.59 Å at one end and 
4.69 Å at the other one. Their inclination angles were 52° and 53°, accordingly, and 
the reactive C1-C4 distance was 3.80 Å. In the [1 -1 0] direction, the translational 
distances and inclination angles were 4.76 Å/5.03 Å, 48°/51°, respectively, while the 
reactive carbon distance was 3.77 Å. 

Likewise, the X-ray crystal structure of the dodecyloxy-substituted unsymmetric 
diacetylene 134 resembled the unsubstituted unsymmetric diacetylene 122 to a great 
extent (Figure 3-12, compare to Figure 3-4), showing again how the 
phenyl-perfluorophenyl interactions outperformed the packing of the alkoxy chains.  

 

Figure 3-12. The crystal structure of 134 A) viewed into the [0 1 0] direction, the “tubular 
arrays” can be recognized; B) the diacetylene arrays parallel to the crystal [0 1 0] direction. 

In the crystal structure of 134, stacks of almost perfectly eclipsed alternating 
phenyl and perfluorophenyl groups were observed, together with the characteristic 
short aromatic centroid distances (3.68/3.66 Å, Table 3-4) and a closely related close 
contact distance (3.32/3.28 Å). More significantly, 134 exhibited “tubular arrays” from 
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two molecules connected head-to-tail, forming a circle and sharing both side groups 
in the phenyl-perfluorophenyl stacking (Figure 3-12 A). This pattern resembled the 
packing of the unsymmetric 122 and was different from the “zigzag pattern” found in 
the cocrystals of 131 · 121 and 120 · 121. The diacetylene moieties of adjacent 
molecules in 134 along the crystal [0 1 0] direction were also placed in different layers, 
and their identity period was found to be 7.34 Å, similar to 122, 120 · 121 and 
131 · 121, as it was twice the phenyl-perfluorophenyl stacking distance 
(Figure 3-12 B). Furthermore, the dodecyloxy chains of 134, similar to the hexyloxy 
chains in 131 · 121, were packed in an interdigitated fashion in order to accommodate 
the phenyl-perfluorophenyl stacking (not shown). 

Irrespective of all the similarities between 134 and 122, there was, however, a 
fundamental difference between them in terms of their crystal symmetry or, more 
specifically, the relative position and orientation of the “tubular arrays” (compare 
Tables 3-3 and 3-1, as well as Figures 3-12 A and 3-4 B). As mentioned above, crystal 
122 had monoclinic crystal system with the space group P2(1)/c. By contrast, 134 was 
found to be triclinic with the space group P-1, resembling 120 · 121 and 131 · 121 
cocrystals in this sense. As a consequence, only one symmetrically independent 
molecule exists in the unit cell of 134, all “tubular arrays” were the same, and all 
phenyl groups, perfluorophenyl groups, and diacetylene moieties were parallel to 
each other, respectively. Furthermore, the dodecyloxy substituents, while 
outperformed by the phenyl-perfluorophenyl interaction, nevertheless, appeared to 
have an influence upon the crystal packing in certain aspects. The eclipsed 
phenyl-perfluorophenyl stacking in 134 did not display any disorder in the phenyl 
groups, as opposed to the 50%–50% disorder observed in the phenyl groups of 122. 
The alkyl chains, phenyl-perfluorophenyl stacks, and diacetylenes of adjacent 
tubular arrays were stacked “right on top” of each other (Figures 3-12 A and 3-13).  

 

Figure 3-13. Cartoon representation of 134 with only one type of tubular arrays that 
stacked “right on top” of each other in the crystal structure. 
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The most substantial consequence of the subtle changes in the crystal packing of 
134 was that there were now continuous diacetylene arrays in the crystal’s [1 1 0] and 
[1 -1 0] directions (Figure 3-14), resembling the situation in 120 · 121 and 131 · 121. 
The diacetylene moieties of 134 in the [1 1 0] and [1 -1 0] directions were parallel but 
formed pairs with two different distances, which was slightly different from the 
pattern of the diacetylenes in the 120 · 121 and 131 · 121. Nevertheless, the 
diacetylene array in 134 also exhibited packing parameters in the range appropriate 
for a topochemical polymerization (Table 3-4).  

 

Figure 3-14. The crystal structure of 134 A) viewed into the [1 1 0] direction with 
continuous arrays of diacetylene moieties parallel to the [1 1 0] direction; B) the diacetylene 
array in the [1 1 0] direction had packing parameters appropriate for a topochemical 
polymerization.  
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Table 3-4. Diacetylene packing parameters and side group interactions in the case of 131, 
133, 131 · 121 and 134.  

diacetylene packing parameters  side group interaction 

 lattice 
direction 

diacetylene 
distance da 

(Å) 
inclination 

angle φb 

reactive 
carbon 

distancec 

(Å) 
 

close 
contact 

distanced 
(Å) 

centroid 
distancee 

(Å) 
mode 

131 [0 1 0] 7.756 57° –  4.356 7.756 - 

133 [0 1 0] 7.670 58° –  4.345 7.670 - 

 [0 1 0] 7.464 35°, 38° –  –h –h –h 

131 · 121 [1 1 0] 4.59, 
4.69f 52°, 53°f 3.80  3.385 3.75 eclipsed 

 [1 -1 0] 4.76, 
5.03f 48°, 51°f 3.77  3.402 3.72 eclipsed 

 [0 1 0] 7.341 36° –  –h –h –h 

134 [1 1 0] 4.840, 
4.984g 53°, 45°g 3.929, 

3.535  3.320 3.684 eclipsed 

 [1 -1 0] 4.757, 
4.380g 51°, 57°g 3.792, 

3.910  3.284 3.660 eclipsed 

 
a. identity period d along the [0 1 0] axis; in the case of 131 · 121 and 134 in the[1 1 0] and 

[1 -1 0] directions, the two end-to-end distances between adjacent diacetylenes are given  
b. inclination angle between the diacetylene axis and the packing axis 
c. distance between the two reactive carbon centers in adjacent diacetylenes 
d. shortest contact distance between two carbons in the aromatic side groups of two 

adjacent molecules 
e. distance between the centroids of the aromatic rings of two adjacent molecules 
f. the diacetylene moieties of 131 and 121 were not aligned parallel with respect to one 

another 
g. both ends of each diacetylene of 134 had the same distance to the respective diacetylene 

ends of the adjacent molecules, but the distance to the diacetylene above was different 
from the distance to the diacetylene below; accordingly, there were also two inclination 
angles 

h. the phenyl-perfluorophenyl pairs stacked along the [0 1 0] axis connected adjacent 
molecules in 131 · 121 and 134 in the [1 1 0] and [1 -1 0] directions, respectively; 
therefore, they are listed in the rows below 
 

In the [1 1 0] direction, the identity period between every other acetylene was 
9.82 Å, while there were two alternating end-to-end repeating distances of 4.84 Å and 
4.98 Å between adjacent acetylenes, resulting in two inclination angles between the 
diacetylene moieties and the packing axis of 53° and 45°, as well as two reactive 
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carbon distances C1-C4 of 3.93 and 3.53 Å, respectively. Similarly, every other 
diacetylene in the [1 -1 0] direction of 134 had an identity period of 9.14 Å, while the 
alternating end-to-end repeating distances of adjacent acetylenes were 4.75/4.38 Å, 
with inclination angles of 51°/57°, and the reactive carbon distances of 3.79/3.91 Å. 
Interestingly, a comparison of the diacetylene parameters in the [1 1 0] and [1 -1 0] 
directions in 134 showed that the parameters were more appropriate in the [1 1 0] 
direction this time, while in 120 · 121 and 131 · 121, the [1 -1 0] direction exhibited a 
better geometry. 

While the crystal structures of 131 · 121 and 134 showed that the 
phenyl-perfluorophenyl interaction had prevailed in the presence of alkoxy chains, 
there was also one exception where the phenyl-perfluorophenyl interaction did not 
dominate the crystal packing. The crystal structure of the hexyloxy-substituted 
unsymmetric diacetylene derivative 132, which was first crystallized from 
DCM/hexanes solvent system and later from THF/H2O or THF/MeOH as well, 
exhibited neither a phenyl-perfluorophenyl stacking nor a conventional π−π stacking 
(Figure 3-15). It is not exactly clear which forces had dominated the crystal packing 
in 132. However, considering the disorder of the hexyloxy chains in the 131 · 121 
cocrystal, which was not observed in the dodecyloxy-substituted 134 (see Section 
3.3.3), it seemed that the hexyloxy chains in 132 were, in one way or another, 
responsible for the absence of the phenyl-perfluorophenyl interactions in this 
particular case.  

 

Figure 3-15. The crystal structure of the hexyloxy-substituted unsymmetric 132, which did 
not exhibit phenyl-perfluorophenyl interactions, viewed into the [1 0 0] direction. 
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3.2.3 Phenyl-Perfluorophenyl Interactions in Triacetylene Monomers 

The recrystallization of the triacetylene targets was generally more difficult than 
the recrystallization of the diacetylene monomers, as most of them were very reactive 
in the solid state. Finally, single-crystalline samples of 139, 139 · 141 and 142 
(Chart 3-9) were obtained from DCM/hexanes mixtures using the same procedures 
as described above in the dark, and their crystal structures were determined by X-ray 
analysis.   
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Chart 3-9. The unsubstituted triacetylene monomers 139, 142, as well as the cocrystal 
139 · 141 (1:1), the crystal structures of which had been obtained. 

Table 3-5. Crystallographic data of the triacetylene monomers 139 and 142, as well as the 
cocrystal of 139 · 141. 

 139 139 · 141 142 
formula C22H14O4 C22H9F5O4 C22H9F5O4 

Mw 342.33 432.29 432.29 
crystal system monoclinic triclinic triclinic 
space group P2(1)/n P-1 P-1 

color colorless light purple light purple 
a  (Å) 4.2012(5) 6.0722(2) 6.2219(2) 
b  (Å) 11.342(1) 7.4799(3) 7.4276(3) 
c  (Å) 18.648(2) 20.1546(6) 20.5570(6) 
α (deg) 90.00 88.557(2) 80.611(2) 
β (deg) 97.179(7) 87.217(2) 84.151(2) 
γ (deg) 90.00 86.376(2) 84.959(2) 
V (Å3) 881.561 912.28(5) 929.95 

radiation CuKα MoKα CuKα 
Dcalcd (g cm-3) 1.29 1.574 1.54 
mcalcd (mm-1) 0.089 0.142 0.139 

F000 356 436 436 
T 295 203 295 
Z 2 1 2 

R, Rw
2 0.056, 0.147 0.0499, 0.1373 0.054, 0.136 

GOF 0.95 0.979 0.811 
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The crystal structure of the octa-2,4,6-triynylene dibenzoate 139 exhibited great 
similarities with the one of the analogous hexa-2,4-diynylene dibenzoate 120 
(Figure 3-16, compare to Figure 3-1 A). In the crystal of 139, the phenyl groups 
attained a typical parallel-displaced π-π stacking with a characteristic centroid 
distance of 4.20 Å, which was considerably larger than the close contact distance of 
3.56 Å (Table 3-6). The triyne moieties of 139, resembling the diynes in crystalline 120, 
were packed along the direction of the phenyl π-π stacking, leading to an identical 
period of 4.20 Å. The inclination angle of the triacetylene moieties against the 
packing axis in 139 was 60°, which was similar to the inclination angle of 59° for the 
diacetylenes in 120. As discussed above, the geometry of the diacetylenes in 120 had 
not been appropriate for a topochemical polymerization and, accordingly, the 
triacetylene moieties in 139 were neither appropriate for a 1,4-polyaddition, nor for a 
1,6-polyadditon.  

 

Figure 3-16. The crystal structure of 139 viewed into A) the [1 0 0] direction and B) into the 
[0 0 1] direction.  

By contrast, the cocrystal structure of 139 · 141 met our expectations and 
confirmed once again the crystal engineering potential of phenyl-perfluorophenyl 
interactions. In the structure of 139 · 141, the consistent alternating and almost 
eclipsed π−π stacking of phenyl-perfluorophenyl groups was observed and, more 
importantly, the familiar geometry of the triacetylene moieties as well as the 
characteristic cocrystal “zigzag pattern” were also found (Figure 3-17 A). Along the 
[0 1 0] direction of 139 · 141 (Figure 3-17 B), the triacetylene moieties of molecule 139 
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were aligned in different layers from the ones of 141, similar to the diacetylenes in 
the [0 1 0] direction of 120 · 121 and 131 · 121. With the preserved short centroid 
distances of 3.70/3.78 Å between the phenyl and perfluorophenyl rings in 139 · 141, 
the repeating distance between adjacent triacetylenes in the same plane parallel to 
the [0 1 0] direction of 139 · 141 was 7.48 Å, which was the sum of two centroid 
distances (Table 3-6). In addition, the inclination angles of the triacetylenes in the 
[0 1 0] direction of 139 · 141 were 32°/30°, resulting in reactive carbon distances 
(C1-C6) of 3.99/3.69 Å (Figure 3-17 C, Table 3-6). This packing geometry of the 
triacetylenes, although not 100% ideal, was still close to the criteria for a 
topochemical 1,6-polymerization, which require the triacetylene translational 
distance to be around 7.5 Å and the inclination angle to be around 28°.  

 

Figure 3-17. The crystal structure of cocrystal 139 · 141 A) viewed into the [0 1 0] direction 
exhibited the characteristic zigzag pattern; B) viewed into the [1 0 0] direction, two layers of 
triacetylenes arrays parallel to the [0 1 0] direction had parameters appropriate for a 
topochemical 1,6-polymerization; C) viewed into the [1 0 0] direction showing only the 
triacetylenes array from monomer 141; D) the triacetylene array in the [1 1 0] direction had 
parameters appropriate for a topochemical 1,4-polymerizaton. 
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Table 3-6. Triacetylene packing parameters and phenyl-perfluorophenyl interactions 

 
a. identity period d along the [1 0 0] axis in 139 and the [0 1 0] axis in 139 · 141 and 142; in 

the case of 139 · 141 and 142 in the [1 1 0] and [1 -1 0] directions, the two end-to-end 
distances between adjacent triacetylenes are given 

b. inclination angle between the diacetylene axis and the packing axis 
c. distance between the two reactive carbon centers in adjacent diacetylenes 
d. shortest contact distance between two carbons in the aromatic side groups of two 

adjacent molecules 
e. distance between the centroids of the aromatic rings of two adjacent molecules 
f. distances or angles between acetylene segments for a possible 1,6-polymerization 
g. the phenyl-perfluorophenyl pairs stacked along the [0 1 0] axis connected adjacent 

monomers in 139 · 141  and 142 in [1 1 0] and [1 -1 0] directions, respectively; therefore, 
they are listed in the rows below 

h. the adjacent triacetylenes of 139 and 141 were not exactly parallel with respect to each 
other in the [1 1 0] and [1 -1 0] directions 

i. distances or angles between the acetylene segments for a possible 1,4-polymerization 
j. both ends of each triacetylene of 142 had the same distance to the respective triacetylene 

ends in adjacent molecules, but the distance to the triacetylene above was different from 
the distance to the triacetylene below  

 

However, since 139 · 141 resembled the structures of both 120 · 121 and 131 · 121 
to a great extent, there were triacetylene arrays in its [1 1 0] and [1 -1 0] directions, as 

acetylene packing parameters  side group interaction  

lattice 
direction 

acetylenes 
distance da 

(Å) 
inclination 

angle φb 

reactive 
carbon 

distancec 
(Å) 

 
close 

contact 
distanced 

(Å) 

centroid 
distancee  

(Å) 
mode 

139 [1 0 0] 4.201 60° -  3.558 4.201 
parallel 
displace

d 

[0 1 0] 7.48(1)f 32° 
30°f 

3.99(1), 
3.69(1)f  -g -g -g 

[1 1 0] 5.09(1), 
4.84(1)h, i 

46° 
   45°h, i 

3.67(1), 
3.52(1)h, i  3.420 3.70(1) eclipsed 139 · 141 

[1 -1 0] 4.69(1), 
4.65(1)h, i 

50° 
   50°h, i 

3.67(1), 
3.65(1)h, i  3.500 3.78(1) eclipsed 

[0 1 0] 7.43(1)f 32°f 3.90(1)f  -g -g -g 

[1 1 0] 4.97(1), 
5.16(1)i, j 47°i 3.84(1), 

3.54(1)i, j  3.441 3.69(1) eclipsed 142 

[1 -1 0] 4.44(1), 
4.84(2)i, j 52°i 3.85(1), 

3.69(1)i, j  3.483 3.73(1) eclipsed 
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well, exhibiting similar packing parameters (Figure 3-17 D, Table 3-6). Thus, in the 
[1 1 0] direction of 139 · 141, the triacetylene moieties from the same monomer were 
parallel to one another, while the ones of monomer 139 compared to the ones of 
monomer 141 were not exactly parallel. The repeating distance between every other 
triacetylene function was 9.91 Å, while there were two different end-to-end distances 
between two adjacent triacetylenes of 5.09 Å at one end (C1-C1’) and 4.84 Å at the 
other end (C6-C6’). Meanwhile, the inclination angles between the triacetylenes and 
the packing axis were 48°/45°. Thus, this geometry was not appropriate for a 
1,6-polymerization but satisfied the criteria for a 1,4-polymerization. Indeed, two 
pairs of 1,4-carbons were well within the reactive range of 3.67 Å (C1-C4’) and 3.52 Å 
(C3-C6’) (Figure 3-17 B). Similarly, in the  [1 -1 0] direction of 139 · 141, the repeating 
distance between every other triacetylene moieties was 9.34 Å, while the translational 
distances between two adjacent triacetylenes were 4.69 Å (C1-C1’’) at one end and 
4.65 Å (C6-C6’’) at the other one. The inclination angle between the triacetylenes and 
the packing axis was 50°, and there were also two sets of reactive carbon distances of 
3.67 Å (C1’’-C4) and 3.65 Å (C3’’-C6) for possible 1,4-polyadditions.    

The crystal structure of the unsymmetric triyne derivative 142 was also found to 
be in agreement with former observations and proved the reproducibility of 
applying the phenyl-perfluorophenyl interaction as a supramolecular synthon in 
crystal engineering (Figure 3-18).  

 

Figure 3-18. The crystal structure of 142 A) viewed into the [0 1 0] direction exhibited the 
characteristic tubular arrays; B) viewed into the [1 0 0] direction, two layers of triacetylenes 
arrays had parameters appropriate for a topochemical 1,6-polymerization in the same layer, 
and parameters appropriate for a topochemical 1,4-polymerization diagonal to the layers. 
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In addition to the close eclipsed packing of phenyl-perfluorophenyl groups with 
the short centroid distance of 3.69/3.73 Å, crystal 142 exhibited the characteristic 
“tubular arrays” which had also been observed in the crystal structures of the 
unsymmetric diacetylene derivatives of 122 and 134, and was different from the 
cocrystals’ “zigzag pattern”. In the [0 1 0] direction, the triacetylene moieties of 142 
resembled the diacetylene moieties in 122 and 134, having a translational distance of 
7.43 Å and an inclination angle with the packing axis of 32°. The reactive carbon 
distance between the triacetylenes for 1,6-addition was 3.9 Å. Thus, similar to 
139 · 141, a geometry appropriate for a 1,6-polymerization of the triacetylenes was 
also present in the [0 1 0] direction of crystals of 142.  

However, in terms of the crystal symmetry, especially the relative orientations of 
the “tubular arrays” in 142 resembled the dodecyloxylated 134 more than the 
unsubstituted 122. Thus, 142 exhibited a triclinic crystal system and the space group 
P-1 with only one symmetrically independent molecule in the unit cell and, hence, 
identical “tubular arrays”. Furthermore, similar to 134, the “tubular arrays” of 142 were 
stacked “right on top” of each other, without a substantial translational shift in the 
[0 0 1] direction. Therefore, in relation to 134 but opposing 122, there were 
continuous triacetylene arrays in 142 in its [1 1 0] and [1 -1 0] directions. The packing 
parameters of these triacetylenes were appropriate for a 1,4-polymerization, but not 
for a 1,6-polymerization (Figure 3-18 B, Table 3-6). The translational distance of the 
triacetylenes in the [1 1 0] direction was, alternatingly, 4.97 Å and 5.16 Å, and the 
inclination angle with respect to the packing axis was 47°. The reactive carbon atoms 
were too remotely placed for a 1,6-polymerization, while reactive carbon distances of 
3.84 and 3.54 Å were observed in the case of a possible 1,4-polymerization. In 
comparison, in the [1 -1 0] direction, the translational distances of the triacetylenes 
were 4.44/4.84 Å, the inclination angle was 52°, and the reactive carbon distances 
were 3.85/3.69 Å. 

 

 

3.3 Topochemical Polymerizations 

3.3.1 First Example of a Strictly Alternating Diacetylene Copolymer  

In addition to the structural studies on the crystals of different groups of 
monomers discussed above, UV irradiation on these monomers has also been carried 
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out in order to investigate their polymerizability. The (powdered) crystalline samples 
of the monomers were placed on a Petri dish and irradiated for different time periods 
ranging from 15 min to several hours using a 250 W Ga-doped low-pressure Hg 
flood lamp. Among the unsubstituted diacetylene monomers 120-122 as well as the 
cocrystal 120 · 121 (1:1), the latter most substantially resulted in the conversion of the 
yellow crystalline monomer to a deep red, insoluble material. By extraction of the 
residual monomer with DCM after 18 h of irradiation, the polymer product of 
120 · 121 was obtained in 35% yield. With Raman spectroscopy, solid state 13C NMR, 
as well as X-ray structure analysis, the successful polymerization of 120 · 121 was 
proven, and the structure of the obtained poly(diacetylene) copolymer was 
confirmed (Scheme 3-28). 
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Scheme 3-28. Alternating diacetylene copolymer prepared by topochemical polymerization 
of the cocrystal 120 · 121. 

It has been noted that IR measurements of poly(diacetylene)s reveal only an 

extremely weak, rather broad absorption in the region of the C≡C stretching 

vibration, because the small changes in dipole moment during the stretching of C≡C 
or C=C bonds in a long-chain polymer molecule usually preclude an intense IR 
activity.[8,205] By contrast, the sensitivity of Raman scattering to polarizability changes 
during a molecular vibration results in pronounced activity for carbon-carbon 

double-bond (νC=C) and triple-bond (νC≡C) stretching vibrations. In the case of the 
120 · 121 polymerization, the changes observed in the Raman spectra of the obtained 
material compared to the monomer were, indeed, substantial (Figure 3-19). The 
monomer diacetylene absorption at 2260 cm-1 was shifted to 2129 cm-1 in the polymer 
spectrum, and a new peak appeared at 1523 cm-1 in the polymer spectrum, which is 
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the typical absorption for the formed double bonds in the poly(diacetylene) 
backbone.[205,206] 

 

Figure 3-19. Raman spectra of the cocrystal 120 · 121 before UV irradiation (top) and the 
corresponding poly(diacetylene) copolymer (bottom). 

 A comparison of the solid state CP-MAS 13C NMR spectra of the obtained 
material with the cocrystal 120 · 121 before UV irradiation (Figure 3-20) showed that 
the four monomer acetylene peaks had completely disappeared, while a new peak 
arose at δ = 99.8 ppm, representing the acetylene carbons in the poly(diacetylene) 
backbone. In addition, the peak of the methylene group experienced a shift from 
δ = 54.5 ppm to δ = 65.0 ppm, which was in agreement with the formation of the 
polymer backbone, because the 1,4-addition of the acetylene bonds changed the 
chemical environment of the methylene group. Unfortunately, the signals of the 
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newly formed double bonds in the polymer backbone were not observed, because 
they overlapped with the signals from the aromatic side groups.    

 

Figure 3-20. Solid state 13C CP-MAS NMR spectra of the cocrystal 120 · 121 before UV 
irradiation (top) and the corresponding poly(diacetylene) copolymer (bottom); spinning side 
bands are marked with an asterisk (✽). 

Finally, the crystal structure of 120 · 121 after 12 h of UV irradiation has been 
determined as a superposition of monomers with the resulting polymer (Figure 3-21). 
This single-crystal X-ray structure confirmed the polymerization, identified the 
product as a strictly alternating poly(diacetylene) copolymer, and offered insights 
into the polymerization process, as well. Most importantly, the polymerization 
proceeded along the crystallographic [1 -1 0] direction which was, on one hand, in 
agreement with the assessment of the packing geometry (see Section 3.2.1) and, on 
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the other hand, related to the direction of phenyl-perfluorophenyl interactions (see 
Section 3.3.5). The side groups of the monomers, in consistence with what had been 
reported in the literature, showed a remarkably minimal displacement in the course 
of the polymerization. The C1 and C4 positions of the diacetylenes, on the other hand, 
experienced a considerable shift. As expected, the ester linkages served as hinges in 
the molecule and allowed for the required shearing movement of the diacetylene 
moieties.  

 

Figure 3-21. Crystal structure of the copolymer obtained from monomer 120 · 121 after 18 
h of UV irradiation; shown as a superposition of the monomer (dashed) and the polymer 
(solid) (atoms were shown as 20% probability thermal ellipsoids). 

Since the obtained polymer turned out to be insoluble in any common organic 
solvents both at room temperature or at temperatures close to the solvents’ boiling 
points, no further structural characterization was possible, and no molecular weight 
data could be obtained. Nevertheless, with the analytical methods discussed above, 
the successful polymerization of 120 · 121, as well as the exact structure of the 
polymer could be unambiguously proved. This was the very first report of a strictly 
alternating poly(diacetylene) copolymer in general, since no former cases had 
realized the assembly of two different diacetylene monomers in such an alternating 
manner with a packing geometry appropriate for a topochemical polymerization.  
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3.3.2 A New Soluble Poly(diacetylene) 

The crystal structural analysis of the alkyl-substituted monomers helped to 
identify that both the hexyloxy-substituted 131 · 121 and the dodecyloxy-substituted 
134 exhibited essentially the same geometric features as the polymerizable 120 · 121. 
Therefore, they were regarded as possible candidates for a successful topochemical 
polymerization. Indeed, UV irradiation of the acetone-soluble, colorless 
dodecyloxy-substituted unsymmetric 134 led to an instantaneous color change to 
deep orange, and the material turned partially insoluble in acetone but remained 
completely soluble in DCM or chloroform. These solubility properties allowed for 
the separation of the polymer from residual monomer by extraction with acetone and 
made it possible to characterize both the reaction mixture as well as the obtained 
pure polymer in solution. The kinetics of the polymerization of 134 were studied by 
1H NMR, and the polymer was characterized by NMR, Raman, X-ray analysis and 
GPC. 
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Scheme 3-29. A novel soluble poly(diacetylene) P134 prepared by the topochemical 
polymerization of 134.  
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A comparison of the 1H NMR spectra of monomer 134 with both the reaction 
mixture of the crystalline sample during UV irradiation and the final polymer after 
extraction with acetone revealed several new or shifted peaks, respectively 
(Figure 3-22). In the spectrum of the irradiated mixture (blue), two new aromatic 
proton signals appeared at 7.7 ppm and 6.7 ppm in addition to the monomer’s 
aromatic peaks at 8.0 and 6.9 ppm, and an additional small new peak arose at 
3.9 ppm next to the monomer’s dodecyloxy CH2O signal at 4.0 ppm. In the spectrum 
of the pure polymer (red), the two aromatic peaks appeared at 7.7 and 6.7 ppm, and 
the peak of the CH2O group at 3.9 ppm, matching exactly the new peaks observed in 
the reaction mixture. Meanwhile, the two signals of the CH2 groups adjacent to the 
diacetylenes experienced a slight downfield shift from the original 5 ppm, and all 
peaks appear broadened compared to the monomer spectrum.  

 

Figure 3-22. Comparison of the 1H NMR spectra of monomer 134 (black), the irradiated 
mixture (blue) and the obtained pure polymer P134 (red) after acetone extraction. 

The yield of the pure polymer P134 obtained from monomer 134 after isolation 
by acetone extraction was gravimetrically determined to be 37%, which turned out to 
be consistent with the conversion of around 38% determined from the relative 
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integration of the aromatic protons at 7.7 ppm and 8.0 ppm in the 1H NMR spectra of 
the UV irradiated reaction mixture. Therefore, the kinetics of the polymerization 
were investigated by UV irradiating crystalline powders of 134, dissolving samples 
obtained after different time intervals of UV irradition in CDCl3, and determining the 
conversion via integration in the 1H NMR spectra (Figure 3-23, 3-24 and Table 3-7).  

 

Figure 3-23. Example of a series of 1H NMR spectra of UV-irradiated samples of 134 
(powder samples in black, single-crystalline samples in blue) after different irradiation time.  

Table 3-7. Integration of the polymer proton peaks in 1H NMR of P134 at 7.7 and 
6.7 ppm relative to the monomer proton absorption at 8.0 and 6.9 ppm as the standard after 
different periods of irradiation time. 

 
 

irradiation 
time (min) 

integrations of polymer 
aromatic signals in 1H NMR calculated conversion 

30 0.33 0.31 24.8% 23.1% 
90 0.48 0.47 32.4% 31.8% 
210 0.61 0.55 37.8% 35.0% 
360 0.70 0.66 41.2% 39.5% 
720 0.73 0.67 42.2% 39.6% 

Powdered crystalline 
samples 

 

1080 0.67 0.67 40.1% 38.1% 
Single-crystal samples 1200 1.11 1.04 52.6% 51.2% 
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Figure 3-24. The kinetics of the polymerization of 134, as determined by 1H NMR 
spectroscopy; powder samples as blue solid diamonds and red open squares; single-
crystalline samples as the blue open diamond and red solid square; the line serves as guide 
to the eye. 

In a representative polymerization experiment, a maximum conversion of about 
41% was achieved after 720 min of UV irradiation of the monomer, and further 
irradiation did not improve the conversion (Table 3-7, Figure 3-24). The limiting 
factor for a higher conversion appeared to be the crystal quality, as irradiation of 
larger single-crystals in a separate experiment resulted in 51% yield after 20 h of UV 
irradiation. 

A comparison of the 13C NMR spectra of monomer 134 with the obtained pure 
polymer provided further evidence for the successful polymerization (Figure 3-25). 
The four acetylene peaks at 71.8, 71.6, 69.9 and 68.2 ppm in the monomer spectrum 
had disappeared in the polymer, and the signals of the methylene groups attached to 
the diacetylene moieties substantially shifted from 54.1 ppm and 52.3 ppm to 65.1 
ppm and 63.6 ppm. Similar changes had been observed in the solid state 13C NMR 
spectra of 120 · 121 after polymerization (see Section 3.3.1) and confirmed the 
topochemical polymerization of 134. Furthermore, there were also new peaks at 128.5, 
127.4, 99.8 and 98.4 ppm in the polymer spectrum, which could be assigned to the 
signals of the double and triple bonds from the poly(diacetylene) backbone, 
respectively. Their comparably small intensity was supposedly caused by the rigidity 
of the backbone.  
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Figure 3-25. 13C NMR spectra (with D1 = 10s) of monomer 134 (top) and the corresponding 
poly(diacetylene) P134 (bottom).  

The solid state Raman spectrum obtained from P134 after UV irradiation 
demonstrated that the monomer diacetylene absorption at 2264 cm-1 was completely 
replaced by the typical bands of poly(diacetylene) backbone double and triple bonds 
at 1509 cm-1 and 2106 cm-1 (Figure 3-26), which was in agreement with former 
observations and confirmed the successful polymerization of 134, as well.  
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Figure 3-26. Solid state Raman spectra of the crystalline monomer 134 (top) and the 
corresponding poly(diacetylene) P134 (bottom). 

Furthermore, the crystal structure of 134 after 18 h of irradiation, similar to the 
case of 120 · 121, could be determined as a superposition of the polymer and the 
monomer (Figure 3-27), which unambiguously confirmed the successful 
polymerization as well as the polymer structure (see Scheme 3-29). While polymer of 
P134 may formally be regarded as an alkylated sibling of the previously described 
alternating copolymer of 120 · 121, the polymer microstructure was noticeably 
different, featuring an alternating sequence of two different types of symmetrically 
substituted olefin bonds along the backbone, carrying either two 4-alkoxybenzoate or 
two perfluorobenzoate residues, respectively. 
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Figure 3-27. Crystal structure of the homopolymer P134 (superposition of the polymer and 
the monomer crystal structures).  

Finally, GPC measurements were carried out in order to investigate the 
molecular weight of polymer P134. A GPC run in chloroform at 35°C suggested an 
extremely high molecular weight of Mn = 2 · 106 and Mw = 9 · 106. The broadness of 
the polymer peak and the wavy baseline in the elution curve may be explained by 
the stiffness of the polymer, which may have caused aggregation as well as shear-
induced degradation of the polymer on the column. Another GPC measurement was 
carried out using THF as the solvent. But since the solubility of the polymer in THF 
was not as good as in CHCl3, the results were not reliable either. A more thorough 
evaluation of the molecular weight of polymer P134 was carried out by static light 
scattering. Polymer P134 exhibited a radius of gyration Rg = 80 nm. Comparing this 
value with the reported radius of gyration Rg = 70 nm of the notorious 
poly(diacetylene) “PTS-12” carrying two –(CH2)4OSO2C6H4CH3 substituents,[207] 
which had a reported molecular weight Mw of 6.3 · 105, resulted in an estimated 
molecular weight Mw = 9 · 105 for polymer P134. This value may be an approximation, 
too, but it is definitely more reliable than the values obtained via GPC which, hence, 
almost certainly result from an aggregation of the polymers in organic solution. 

 

 

 a + b 
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3.3.3 Polymerization of Other Diacetylene Monomers 

UV irradiation of single-crystalline samples 120 and 121, which had 
unsubstituted benzoate or perfluorobenzoate groups, respectively, did not generate 
any isolable polymer products. Although color changes from colorless to red and 
bright orange were observed upon UV irradiation, these most probably originated 
from trace amounts of the polymers, supposedly generated by unspecific 
polymerization reactions. The Raman spectra of irradiated samples of 120 and 121 
showed two new peaks at 1496 and 2126 cm-1, as well as 1517 and 2114 cm-1, 
respectively, but their original diacetylene absorptions at 2262 and 2266 cm-1 were 
still strong (Figure 3-28). In addition, both 120 and 121 remained virtually completely 
soluble even after UV irradiation of up to 3 d, both at room temperature and at 
temperatures of 5°C below their melting points of 75°C and 68°C.  NMR, and GPC 
analyses confirmed that the material essentially remained monomeric in both cases.  

 

Figure 3-28. Comparision of the Raman spectra of the dibenzoate-substituted 120 (top) and 
the bis(perfluorobenzoate)-substituted 121 (bottom) before (black) and after UV irradiation 
(red).  
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The lack of polymerizability was not surprising in the case of 120, since the 
obtained crystal structure had revealed that it was not appropriate for a 
topochemical polymerization (see Section 3.2.1, Figure 3-1). It corresponded to an 
isomorphic form which had previously been reported to be inactive for 
polymerization.[6,11,208] The non-polymerizability of 121, by contrast, was surprising 
because its diacetylene packing parameters in the [0 1 0] direction were found to be 
well in the range of the packing requirements for topochemical polymerizations. Its 
reluctance to polymerize may, however, be a consequence of the complex side group 
packing. Crystal 121 exhibited a monoclinic crystal system and the space group 
P2(1)/c. Its molecules had no center of inversion, and both perfluorobenzoate groups 
and the methylene groups were, hence, not symmetry-related (Figure 3-29). We tend 
to believe that such a twisted side group arrangement in 121 would not allow for an 
in-plane shearing movement of the diacetylene moieties in [0 1 0] direction and, in 
consequence, prohibit a successful polymerization. Similarly unexpected lack of 
reactivity has also been observed (but not discussed) in other cases of molecules with 
twisted side groups, such as bis(2-thiophenyl) diacetylene.[209] 

 

Figure 3-29. The view of a single molecule of the bisperfluorobenzoate substituted 121 in 
the crystalline state shows the twisted perfluorophenyl side group arrangement which 
supposedly prohibited the polymerization of the molecules.   

Extensive UV irradiation of the unsubstituted self-complementary monomer 122, 
which had one benzoate group and one perfluorobenzoate group, led to a very small 
amount of about 5% (w/w) of a red, intractable material. The Raman spectrum of the 
obtained material (Figure 3-30) was similar to the one of 120 · 121 copolymer 
(Figure 3-19). However, the yield was too low for the polymerization to be 
considered as a favorable reaction, and NMR and GPC analyses confirmed that the 
material remained essentially monomeric as well.  

The unsuccessful polymerization of 122 can be explained based on the lack of an 
appropriate geometry in any direction of the crystal structure (see Section 3.2.1, 
Figures 3-4 and 3-7).  The formation of minimal amounts of insoluble material with a 
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Raman spectrum similar to the one of 120 · 121 copolymer may be due to the 
presence of a small amount of a different crystal modification, which may be suitable 
for topochemical polymerizations. 

 

Figure 3-30. Raman spectra of the unsubstituted self-complementary monomer 122 (black) 
and the minimal amounts of insoluble material (red) obtained after extensive UV irradiation. 

Polymerization attempts with the bis(4-alkoxybenzoate)-substituted monomers 
131 and 133 did not result in isolable and identifiable poly(diacetylene)s either, 
which was in agreement with the fact that their geometric features were 
inappropriate for a topochemical polymerization. However, color changes were also 
observed in the case of both 131 and 133 under daylight and UV irradiation, which 
may be due to the presence of some small amounts of different isomorphic forms, 
which may be suitable for a topochemical polymerization. Furthermore, addition 
reactions between closely paired diacetylene moieties may be possible as well (see 
Section 3.2.2, Figure 3-10), since they had a center-center distance (C2-C2 and C3-C3) 
of 3.83 (131) and 3.71 Å (133) in the crystal. 

The largely unsuccessful topochemical polymerization of the cocrystal of the 
bis(4-hexyloxybenzoate)-substituted 131 and the bis(perfluorobenzoate)-substituted 
121 was unexpected. As already mentioned, the cocrystal structure of 131 · 121 
resembled the one of the unsubstituted 120 · 121 to a great extent, from the nature of 
the molecular arrangement to the detailed packing parameters. There were also 
diacetylene arrays in 131 · 121 along its [1 1 0] and [1 -1 0] directions, with parameters 
very similar to the ones in 120 · 121, meeting the criteria for topochemical 
polymerizations. However, to our disappointment, while UV irradiation of 131 · 121 
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caused a significant color change of the sample from slightly yellow to deep orange, 
acetone extraction of the sample after 3 h of irradiation only yielded 3% of insoluble 
material, which was still soluble in CH2Cl2. The 1H NMR spectrum of this new 
material showed new aromatic signals that were different from the monomer and 
resembled those of the dodecyloxy-substituted polymer P134 (Figure 3-31). Longer 
irradiation of 131 · 121 generated more insoluble material, the Raman spectrum of 
which showed the typical poly(diacetylene) signature (Figure 3-32), but the total 
isolated yields were still below 5%.  

 

Figure 3-31. Comparison 1H NMR spectra of the cocrystal 131 · 121 before UV irradiation 
(black) and the generated acetone-insoluble material after UV irradiation (red). 

 

Figure 3-32. Raman spectra of the cocrystal 131 · 121 before UV irradiation (black) and the 
generated acetone-insoluble material after UV irradiation (red). 
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In conclusion, the polymerization of 131 · 121 can be confirmed to be successful 
only to a very limited extent. This lack of bulk polymerizability may tentatively be 
attributed to the poor crystal quality of the monomer, which may be a consequence 
of the “fluidity” of the hexyloxy chains in the crystalline state. In the crystal structure 
of 131 · 121, the hexyloxy chains, especially the chain ends, were to a great extent 
disordered, reflected in the distorted and artificially enlarged thermal ellipsoids of 
the carbon atoms in the hexyl chains (Figure 3-33). This mobility of the hexyloxy 
group may lead the monomer crystal to be more like a frozen glass, which may 
diminish the yield of the polymerization. Most interestingly, in comparison to the 
successfully polymerized dodecyloxy-substituted monomer 134, a similar disorder of 
the dodecyloxy chains was not observed in the crystal structure.  

 

Figure 3-33. Crystal structure of 131 · 121 with distorted and artificially enlarged thermal 
ellipsoids of the carbon atoms caused by the disorder of hexyloxy chains. 

Parallel to the limited polymerization of 131 · 121, the hexyloxy-substituted 
unsymmetric monomer 132 was confirmed to be non-polymerizable, as its crystalline 
samples showed no trace of a color change upon UV irradiation, and the Raman 
spectrum of the irradiated sample appeared to be the same as the monomer 
spectrum. This result was in agreement with the observed crystal structure of 132, 
which was a particular case where the phenyl-perfluorophenyl interaction was not 
observed. 

Since no single-crystalline samples of the cocrystal of the bis(4-dodecyloxy 
benzoate)-substituted 133 and 121 were obtained, only microcrystalline samples of 
133 · 121 (1:1 ratio crystallized from DCM and reconfirmed by 1H NMR spectroscopy) 
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were investigated for their polymerizability. UV irradiation of the microcrystalline 
133 · 121 samples caused a color change to red, while Raman spectra after 2 h of 
irradiation showed two small new peaks at 2122 and 1519 cm-1 (Figure 3-24), which 
can be interpreted as the typical poly(diacetylene) backbone absorption. However, 
since the 1H NMR spectrum of the irradiated mixture did not offer more illustrative 
information of the polymer formation and its crystal structure remained unknown, 
no further conclusion concerning its polymerizability could be drawn.   

 

Figure 3-34. Comparison of the Raman spectra of microcrystalline samples of 
dodecyloxylated 133 · 121 (1:1) before (black) and after (red) UV irradiation. 

 

3.3.4 Polymerization of Triacetylene Monomers  

The crystal structures analysis of the triacetylene monomers 139 · 141 and 142 
suggested that their polymerization would be more complicated compared to the 
corresponding diacetylene monomers. If an exclusive 1,6-polymerization takes place 
in the [0 1 0] direction of 139 · 141, the reaction can proceed either in the layers of 
triacetylenes from monomer 139 or in the layers of triacetylenes from monomer 141, 
but not across the layers. Therefore, two distinguishable poly(triacetylene)s 199 and 
200, with poly(ene-diyne) backbones and substituted with only benzoate or 
perfluorobenzoate groups, respectively, would be generated (Scheme 3-30, top). 
Likewise, if an exclusive 1,6-polymerization of 142 takes place in the [0 1 0] direction, 
only one type of poly(triacetylene) 201 can be obtained, since different layers of the 
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triacetylenes were structurally identical and only exhibited opposite orientations 
(Scheme 3-30, bottom). In addition, this polymer 201 will be different from both 199 
and 200 in its microstructure, as it will have both benzoate and perfluorobenzoate 
substituents. 
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Scheme 3-30. Expected 1,6-polyadditions of the triacetylene 139 · 141 cocrystal (top) and the 
self-complementary 142 (bottom) along its [0 1 0] direction, respectively. 

In addition to the three different polymers 199-201 in case of a successful 
1,6-polymerization of 139 · 141 and 142 in their [0 1 0] directions, a 
1,4-polymerization of 139 · 141 or 142 in either [1 1 0] or [1 -1 0] direction can produce 
two additional polymers 202 and 203 (Scheme 3-31). These two polymers will both 
have poly(ene-yne) backbones with additional acetylene bonds connected to it, but 
they will differ in the substituent pattern along the polymer backbone. It is worth 
noting, that 3,6-addition can proceed in both 139 · 141 and 142 in their [0 1 0] 
directions as well, as illustrated from the analysis of the monomer (co)crystal 
structures. However, considering the symmetry of the monomers and its symmetric 
arrangement, the polymer generated from 3,6-addition would be structurally 
identical to the ones generated by 1,4-addition.  
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Scheme 3-31. Alternative 1,4-polyadditions of 139 · 141 (top) and 142 (bottom) along their 
[1 1 0] or [1 -1 0] directions would produce acetylene-substituted poly(diacetylene)s.  

In order to investigate the polymerization behavior of 139 · 141 and 142 in detail, 
the powdered crystalline samples of the monomers were UV irradiated. 139 · 141 and 
142 changed their color to dark red under UV irradiation within minutes. After 5 h of 
irradiation and subsequent washing with DCM to extract the residual monomers, an 
insoluble, dark red material was obtained in 26% yield in both cases. A comparison 
of the Raman spectra of 139 · 141 monomer with the generated material revealed that, 
in the new material’s spectrum, in addition to a rising baseline due to the strong 
absorption of the dark red color, the monomer acetylene absorption at 2220 cm-1 had 
completely disappeared and two new peaks at 1489 and 2129 cm-1 had appeared 
(Figure 3-35).  
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Figure 3-35. Comparison of the Raman spectra of cocrystal 139 · 141 (black) with the 
obtained insoluble material (red) after UV irradiation and DCM extraction. 

Similarly, the Raman spectrum of the obtained material from monomer 142 also 
showed that the monomer acetylene absorption at 2220 cm-1 had completed been 
replaced by two new peaks at 1471 and 2127 cm-1 (Figure 3-36). While this spectral 
measurement confirms the successful polymerization of both 139 · 141 and 142, it 
does not allow one to distinguish between a 1,6- or 1,4-polymerization. It is already 
known from the literature[205,206] as well as from our experience (vide supra) that the 
typical absorptions of the poly(diacetylene) backbone are located at around 1520 and 
2130 cm-1 for the double and triple bonds, respectively. However, the Raman data on 
poly(triacetylene) backbones is very limited, and they appear to be similar to 
poly(diacetylene)s.[17,195] In addition, it has to be considered that the Raman 
absorption is influenced by polymer’s conjugation length, as well as by the 
substituents. Hence, the ability of Raman spectroscopy to differentiate between the 
backbone of poly(diacetylene)s, poly(triacetylene)s and the 1,4-polymerized 
alternatives of triacetylenes are very limited. Thus, although the double bonds’ 
absorptions of the new materials from 139 · 141 and 142 had shifted to wavenumbers 
which were about 30 and 50 cm-1 lower than the typical absorption of 
poly(diacetylene) double bonds, it is not clear whether these materials were exclusive 
1,6-polyaddition products, exclusive 1,4-polyaddition products, or a mixture of 
partly 1,6-polymerized and partly 1,4-polymerized products. 
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Figure 3-36. Comparison of the Raman spectra of the self-complementary monomer 142 
(black) with the obtained insoluble material (red) after UV irradiation and DCM extraction. 

In an attempt to further investigate the polymerizations of 139 · 141 and 142, a 
characterization of the monomers and polymers by solid state CP-MAS 13C NMR 
spectroscopy was carried out, since the polymers were insoluble in common organic 
solvents. A comparison of the cocrystal 139 · 141 with the corresponding polymer 
(Figure 3-37) showed that: (i) in the spectrum of the polymer, four of the six 
monomer acetylene carbon signals, originally at δ = 77.7–72.3 ppm, had almost 
disappeared; (ii) a new peak had appeared at δ = 63.8 ppm in the polymer spectrum, 
at the position where the other two monomer acetylene carbon peaks had originally 
been located. It overlapped with the original peak and added to the integrated 
weight of the peaks in this region; (iii) the intensity of the monomer methylene peak 
at δ = 54.0 ppm was reduced after irradiation, but remained as a shoulder in the 
polymer spectrum; (iv) although there were no distinguishable new peaks in the 
polymer spectrum at δ = 120–70 ppm, the whole region had a considerably higher 
baseline in contrast to the monomer spectrum, indicating that it may consist of many 
unresolved peaks in this area. Therefore, the disappearance of monomer acetylene 
peaks and the shift of the methylene peak from δ = 54.2 ppm to 63.8 ppm after 
irradiation of cocrystal 139 · 141 confirmed a successful polymerization, while the 
arising broad peaks in the region of δ = 120–70 ppm indicated that the generated 
polymer could be a mixture of products with different types and lengths of their 
polymer backbones. Meanwhile, the residual methylene peak at δ = 54.0 ppm in the 
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polymer spectrum indicated that some acetylene bonds remained directly connected 
to the methylene group, which meant that a 1,4-addition of the triacetylenes in 
139 · 141 must had occurred. On the other hand, since the signals of the polymer 
backbones in the polymer’s solid state NMR spectrum were not well resolved, the 
possibility that a 1,6-polymerization of the triacetylenes had occurred together with 
the 1,4-addition cannot be excluded.  

 

Figure 3-37. Comparison of solid state CP-MAS 13C NMR spectra of monomer 139 · 141 
(black) with the obtained insoluble material (red) after UV irradiation and DCM extraction; 
spinning side bands marked with an asterisk (✽). 

Similarly, a comparison of the solid state CP-MAS 13C NMR spectra of monomer 
142 with its polymer (Figure 3-38) revealed: (i) the disappearance of four monomer 
acetylene carbon signals at δ = 77.8–71.9 ppm, (ii) an increased intensity at 
δ = 63.4 ppm with a new peak, (iii) a reduced intensity of the methylene group at 
δ = 54.5 ppm and its remaining shoulder, (iv) broad new peaks at δ = 120–70 ppm. As 
the situation resembled the polymerization of the cocrystal 139 · 141 described above, 
it could be confirmed that a 1,4-polymerization of the triacetylenes in 142 had 
occurred, while the possible competitive 1,6-polymerization could neither be 
confirmed nor be excluded.  
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Figure 3-38. Comparison of solid state CP-MAS 13C NMR spectra of monomer 142 (black) 
with the obtained insoluble material (red) after UV irradiation and DCM extraction; spinning 
side bonds marked with an asterisk (✽). 

The polymerizability of monomers 139 · 141 and 142 had been studied in detail 
because, according to their crystal structures, they appeared to be the most 
promising candidates for a topochemical 1,6-polymerization. Nevertheless, the 
polymerizability of other triacetylene monomers was also tested in the attempt to 
search for reactive monomers and obtain a more general idea of the triacetylene 
polymerization. Hence, microcrystalline samples of monomers 139, 140, 141, 143, and 
a 1:1 mixture of 140 and 141 (140 · 141) were UV irradiated and characterized by 
Raman spectroscopy. The Raman spectrum of UV irradiated dibenzoate substituted 
monomer 139 showed that the material mainly remained monomeric without the 
substantial generation of new absorption peaks (Figure 3-39, top), although a color 
change from colorless to brown occurred during the irradiation process. This result 
was in agreement with the assessment of the crystal structure of 139, since neither a 
geometry appropriate for a 1,4-polymerization nor for a 1,6-polymerization was 
observed in the crystal structure (see Section 3.2.1). Similarly, in the Raman spectrum 
of the UV irradiated bis(4-dodecyloxybenzoate)-substituted monomer 140, the 
monomer diacetylene absorption at 2223 cm-1 remained, while the new peaks 
representing the newly formed polymer double and triple bonds at 1458 and 
2128 cm-1 were almost unnoticeable (Figure 3-39, bottom). This observation 
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suggested that 140 was most likely unreactive for polymerization. However, its 
crystal structure would be needed in order to finally rule out the possibility of a 
polymerization. Unfortunately, any recrystallization experiments attempted so far 
remained fruitless.  

 

Figure 3-39. Comparison of the Raman spectra of the bisbenzoylated monomer 139 (top) 
and the bis(4-dodecyloxybenzoate)-substituted monomer 140 (bottom) before (black) and 
after (red) UV irradiation. 

The Raman spectra of the irradiated bis(perfluorobenzoylated) 141 and the 
cocrystal 140 · 141 showed new peaks in the region of polymer double and triple 
bonds absorptions, but their monomer acetylene peaks remained strong, as well 
(Figure 3-40). Since crystal structures of both monomers have not been obtained 
despite extensive recrystallization experiments, further investigation of their 
polymerization behavior has not been possible. 
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Figure 3-40. Comparison of the Raman spectra of bis(perfluorobenzoylated) monomer 141 
(top) and the cocrystal 140 · 141 (bottom) before (black) and after (red) UV irradiation. 

The most promising polymerization experiments were observed with the 
(4-dodecyloxybenzoate)-substituted unsymmetric triacetylene molecule 143. The 
monomer turned out to be highly reactive, as it turned purple rapidly even when 
exposed to daylight and generated a deep purple, insoluble material upon UV 
irradiation. A comparison of the Raman spectrum of the obtained material after UV 
irradiation followed by acetone extraction with the ones of the monomer showed 
that the monomer acetylene absorption at 2222 cm-1 was completely replaced by two 
new absorptions at 1468 and 2125 cm-1 (Figure 3-41). However, since recrystallization 
attempts of 143 also failed so far, no detailed packing information about the 
monomer has been obtained. In addition, the polymer generated from 143, unlike the 
polymer generated from the dodecyloxy-substituted diacetylene monomer 134, did 
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not gain enough solubility in common organic solvents in spite of the addition of the 
dodecyloxy chains. Thus, further characterization of the polymer was prohibited.   

 

Figure 3-41. Comparison of the Raman spectra of the dodecyloxy-substituted 
self-complementary triacetylene monomer 143 (black) with the obtained insoluble material 
(red) after UV irradiation and acetone washing. 

 

3.3.5 The Phenyl-Perfluorophenyl Interaction and the Polymerization Direction  

For the polymerization behavior of all the monomers discussed above, their 
preorganization induced by the phenyl-perfluorophenyl interaction certainly played 
an essential role. Moreover, another detailed analysis of the monomer crystal 
structures together with the fact that the polymerization in 120 · 121 had occurred 
along the crystallographic [1 -1 0] direction, while the polymerization in the case of 
134 proceeded along the [1 1 0] direction, indicated that the phenyl-perfluorophenyl 
interaction may have also played a decisive role in determining the polymerization 
direction. 

In the case of monomer 120 · 121, there were appropriate parameters for a 
topochemical polymerization in both [1 1 0] and [1 -1 0] directions. The parameters in 
the [1 -1 0] direction (with an average monomer distance of 4.95 Å and inclination 
angles of 46°/53°) in comparison to the ones in the [1 1 0] direction (with an average 
monomer distance of 4.70 Å and inclination angles of 51°/54°) appeared to be more 
favorable for a topochemical polymerization (see Section 3.2.1). However, since there 
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were two different types of phenyl-perfluorophenyl pairs, indicated by the two 
different centroid distances, connecting adjacent monomers 120 and 121 in the [1 1 0] 
and the [1 -1 0] direction, respectively, their relative orientation could have had an 
additional influence on the preferred polymerization direction. Indeed, when 
analyzing the angles between the normal vectors of the phenyl and perfluorophenyl 
ring planes with the [1 -1 0] axis, respectively, these were found to be about 19.8° and 
15.9° (Figure 3-42, left). By contrast, the vectors of the phenyl and perfluorophenyl 
ring planes were inclined with 59.0° and 64.8° against the [1 1 0] axis, respectively 
(Figure 3-42, right). As a result, the polymerization proceeded along the [1 -1 0] axis 
which was almost perpendicular to the planes of the aromatic side groups 
(Figure 3-44 A). This would not have been the case if the polymerization proceeded 
along the [1 1 0] direction (Figure 3-44 B). Furthermore, the phenyl-perfluorophenyl 
interaction persisted virtually unaltered in the side groups of the final polymer. In 
this regard, the phenyl-perfluorophenyl interactions did not only promote the 
alternating placement of the two different monomers 120 and 121 in the cocrystal, 
but also seemed to determine the polymerization direction in the sense that it helped 
to “stitch together” the polymer.  

 

Figure 3-42. Comparison of the two different phenyl-perfluorophenyl pairs in cocrystal 
120 · 121; A) small angles were observed between the normal vectors of the side groups’ 
planes and the [1 -1 0] axis; B) by contrast, comparably large angles were found between the 
normal vectors of the side groups’ planes and the [1 1 0] axis. 
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The diacetylene packing parameters of 134 in the [1 1 0] and [1 -1 0] directions 
were also both in the range for a topochemical polymerization. However, this time 
the parameters in the [1 1 0] direction (with an average monomer distance of 4.91 Å 
and inclination angles of 45°/53°) appeared to be more optimal than the ones in the 
[1 -1 0] direction (with an average monomer distance of 4.57 Å and inclination angles 
of 51°/57°) (see Section 3.2.2). More interestingly, the polymerization direction of 
P134 was mot only found to be, indeed, along the [1 1 0] direction but it also 
coincided once again with the phenyl-perfluorophenyl stacking direction. The 
normal vectors of the phenyl (perfluorophenyl) ring planes were inclined only 21.9° 
(17.8°) against the [1 1 0] axis in 134 (Figure 3-43, left), while they were inclined 60.6° 
(64.9°) against the [1 -1 0] axis (Figure 3-43, right). With this geometry, the 
polymerization along the [1 1 0] direction was, again, almost perpendicular to the 
planes of the aromatic side groups, which would not have been the case if it had 
proceeded along the [1 -1 0] direction (Figure 3-44, C and D). Therefore, the 
phenyl-perfluorophenyl interaction, which held the monomers together and 
persisted almost unchanged in the final polymer, appeared to determine the 
polymerization direction in this case, as well. 

 

Figure 3-43. Comparison of the two different phenyl-perfluorophenyl pairs in 134; A) 
small angles were observed between the normal vectors of the side groups’ planes and the 
[1 1 0] axis; by contrast, B) comparably large angles were found between the normal vectors 
of the side groups’ planes and the [1 -1 0] axis (alkyl chains omitted for clarity). 
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It is worth noting that, in the limited polymerization of the cocrystal 131 · 121, 
the normal vectors of the phenyl (perfluorophenyl) rings were inclined 19.8° (14.5°) 
against the [1 -1 0] direction axis, and 58.9° (65.2°) against the [1 1 0] direction axis 
(not shown). The packing parameters of the diacetylenes in the [1 -1 0] direction also 
appeared to be more optimal for a polymerization. Both aspects were similar to 
120 · 121. Therefore, the lack of polymerizability in 131 · 121 was probably not related 
to the influence of phenyl-perfluorophenyl stacking direction. We tentatively 
attributed it to the increased mobility and disorder of the hexyloxy chains in 131 · 121 
in comparison to the highly ordered dodecyloxy chains in 134 (see Section 3.3.3). 

 

Figure 3-44. Comparison of the direction of the diacetylene arrays in the [1 -1 0] and the 
[1 1 0] directions with the planes of the aromatic side groups; A) the planes of the aromatic 
side groups were almost perpendicular to the [1 -1 0] direction of cocrystal 120 · 121, along 
which the polymerization proceeded; B) a view into the [1 1 0] direction of cocrystal 120 · 121 
reveals that the same is not true in the [1 1 0] direction; C) the planes of the aromatic side 
groups were almost perpendicular to the [1 1 0] direction of 134, along which the 
polymerization proceeded; D) this was not the case along the [1 -1 0] direction of 134. 
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Finally, the observed polymerization behavior of the triacetylenes 139 · 141 and 
142 may find an explanation in the direction of the phenyl-perfluorophenyl stacking, 
as well. It is worth emphasizing that, in the [0 1 0] direction, the cocrystal 139 · 141 
exhibited an appropriate geometry for a 1,6-polymerization of either monomer 139 or 
monomer 141 (Figure 3-17, B and C). Likewise, an appropriate geometry for a 
1,6-polymerization was observed in the [0 1 0] direction of 142 (Figure 3-18). 
Nonetheless, the most likely mode of polymerization observed in both cases was a 
1,4-polyaddition, leading to acetylene-substituted poly(diacetylene)s. This reaction 
can, in both cases, only occur along the [1 1 0] or the [1 -1 0] direction. It is precisely 
in these crystal directions that the phenyl-perfluorophenyl interactions connect 
adjacent molecules, whereas they do not in the [0 1 0] direction. Hence, it may once 
again be the “mechanics” of the phenyl-perfluorophenyl interaction, the flexible 
linker, and the required shearing movement to achive the polymerization which 
controls the observed polymerization behavior. 
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4 Conclusions and Outlook 

Based on the successful synthesis and recrystallization of different diacetylene 
and triacetylene monomers, the comparison of their (co)crystal structures, as well as 
the investigation of the monomers’ polymerizability, it may be concluded that the 
phenyl-perfluorophenyl interaction is a reliable supramolecular motif in the 
crystalline state, and it can be utilized to establish a molecular packing appropriate 
for a topochemical polymerization.  

In the case of the cocrystal of the unsubstituted mutually complementary 
diacetylene monomers 120 and 121, the first strictly alternating diacetylene 
copolymer was obtained. Here, the phenyl-perfluorophenyl interaction played a 
crucial role in assembling two different diacetylene monomers in an appropriate 
geometry. In the case of the hexyloxy-substituted, mutually complementary 
diacetylene monomers 131 and 121 as well as the dodecyloxy-substituted self-
complementary diacetylene monomer 134, the phenyl-perfluorophenyl interaction 
did not only outperform the influence of the alkoxy chains in crystal engineering but 
also preserved the characteristic packing features including the appropriate 
arrangement of the diacetylene moieties for a topochemical polymerization. 
Consequently, monomer 134 was successfully polymerized, affording a novel soluble 
poly(diacetylene).  

In the case of the unsubstituted, mutually complementary triacetylene 
monomers 139 and 141, as well as the self-complementary triacetylene 142, the 
utilization of the phenyl-perfluorophenyl interaction was also successful in terms of 
the obtained crystal structures. The monomers were polymerizable, although they 
probably did not polymerize in the sense of a clean 1,6-addition. While both 
monomers were organized in the expected and rationally assessable geometry 
appropriate for a 1,6-polymerization, the perfluorophenyl-phenyl interaction and the 
“mechanics” of the flexible linker only allowed a 1,4-polymerization in their [1 1 0] or 
[1 -1 0] directions, analogous to the corresponding diacetylenes. 

Compared to the reliability of the phenyl-perfluorophenyl interaction as a 
supramolecular synthon in crystal engineering, our investigation of utilizing it in the 
solution state, in an attempt to promote supramolecular self-assembly into one-
dimensional nanostructures, was less successful. It must be clearly stated that, for 
this purpose, stronger directional interactions, such as hydrogen bonding, appear to 
be better suited. 
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5 Experimental Part 

5.1 General Procedures 

Unless otherwise noted, all reagents were purchased as reagent grade from 
commercial sources and used without further purification. Solvents were purchased 
as reagent grade and distilled once prior to use. Anhydrous solvents were freshly 
distilled and stored over molecular sieves prior to use. DCM was dried over CaH2, 
freshly distilled and stored over molecular sieves prior to use. THF was refluxed over 
sodium/benzophenone. 

TLC analyses were performed on TLC plates from Macherey-Nagel (Alugramm® 
Sil G/UV254). UV-light (254 nm) or standard coloring reagents were used for detection. 

Column Chromatography was conducted on Geduran® Silica gel Si 60 from 

Merck (40 – 60 μm). 

Solution Phase 1H NMR spectra were recorded on a Bruker Avance 300 
spectrometer working at a frequency of 300.23 MHz. Deuterated solvents were 
purchased from Cambridge Isotope Laboratories, Inc. The residual proton signal at 

δ = 7.26 ppm was used as an internal standard for measurements in CDCl3.  

Solution Phase 13C NMR spectra were recorded on a Bruker Avance 300 
spectrometer working at a frequency of 75.49 MHz. As an internal standard, the 
13C signal at δ = 77.00 ppm was used for measurements in CDCl3. In the NMR spectra 
of monomers containing perfluorophenyl groups, the peaks of the aromatic carbon 
atoms and the carbonyl carbon atom of the pentafluorophenyl residues were not 
visible in conventional high resolution 13C NMR spectra. However, they could be 
determined via 2D 19F-13C HMQC NMR spectroscopy, or by increasing the delay time 
D1 in the pulse sequence to 10 s. Their values have been included in the peak listings 
when either of these two methods was used. Additionally, a delay time of D1 = 10 s 
was also necessary in the NMR spectra of polymer 134. 

Solid State CP-MAS 13C NMR spectra were recorded on a Bruker Avance 500 
MHz spectrometer at a rotational frequency of 12.5 kHz. 

Mass-spectrometric measurements were carried out using an Ionspec Ultima 
device for ESI-FT-ICR, a Bruker Daltonics Ultraflex II for MALDI-TOF and a Micromass 
Autospec device for EI-MS. 
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Elemental analyses were performed by the Mikrolabor at the Laboratorium für 
Organische Chemie, ETH Zürich, with a LECO CHN/900 instrument. 

Crystal Structure Analysis. Detailed instructions on how to obtain X-ray quality 
single (co)crystals are given in the respective experimental procedures. For 
monomers 120-122, 131, 139 and 120 · 121, routine X-ray data collection and 
reduction was performed at an Oxford Xcalibur CCD diffractometer.[210] The 
structures were solved and refined with standard SHELX procedures.[211] For 
monomers 132-134, 142, 131 · 121 and 139 · 141, data collection/ reduction was done 
on a Bruker KappaCCD diffractometer.[212] Structures were solved with Sir97[213] and 
refined with SHELX. In order to determine the crystal structure of the 
polymer/monomer crystal 120 · 121 after UV irradiation, selected irradiated crystals 
were mounted on a CAD4 diffractometer. The unit cell was determined to be nearly 
the same as for the non-irradiated 120 · 121 crystals (Table 3-1) but the reflections’ 
angular width was doubled and their shape was less regular. A full data set was 
obtained with a measurement on an OXFORD XCALIBUR CCD-diffractometer. The 
structure solution with direct methods (SHELXS) showed essentially the monomer 
structure with some additional peaks, but anisotropic refinement produced 
unreasonable ellipsoids and poor agreement. Therefore, the 120 · 121 monomer 
structure model was used as the input with isotropic displacement parameters. The 
maxima of a subsequent difference Fourier synthesis could straightforwardly be 
interpreted as the polymer partial structure. The quality of the data and the model 
allowed a constrained anisotropic refinement (SHELX DELU constraints) of a 
disordered distribution with 74% monomer and 26% polymer in the crystal. In order 
to obtain an acceptable data/parameter ratio the perfluorophenyl and phenyl 
residues were refined in rigid body mode with idealized geometry.  Because of the 
low occupancy of the polymer and the high correlation parameters between the 
monomer and polymer partial structures, the interatomic distances of the polymer 
backbone were constrained to literature values. 

Raman Measurements were recorded on a Perkin-Elmer-Spectrum 2000 FT-IR-
Raman� spectrometer with quartz beam splitter (stokes range 200 – 4000 cm–1). 

UV Polymerization. The (powdered) crystalline samples of monomers were 
placed on a Petri dish and irradiated for time periods between 15 min and several 
hours using a 250 W Ga doped low-pressure Hg flood lamp. For the unsubstituted 
monomers, the irradiated samples were washed 3–5 times with DCM in order to 
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extract the unreacted monomers, and the polymerization yields were determined 
gravimetrically. In the case of substituted monomers, when the final polymer was 
soluble in DCM, acetone was used instead of DCM to extract the unreacted 
monomers.   

Polymerization Kinetics. In order to investigate the polymerization kinetics, 
200 mg of powdered crystalline 134 were exposed to UV irradiation as described 
above. After 30 min, 90 min, 210 min, 360 min, 720 min and 1080 min, samples of 
approximately 2–3 mg were dissolved in CDCl3. The conversion was then 
determined by means of 1H NMR spectroscopy. Thus, the integral of the monomer 
peak at δ = 8.0 ppm was set to 1.00 H, the polymer peak at δ = 7.7 ppm was 
integrated as x, and the conversion was calculated as x / (x + 1) (or, similarly, the 
conversion was calculated according to the integrations of the polymer peak at δ = 
6.7 ppm and the monomer peak at δ = 6.9 ppm).  

Synthesis of 4-(N,N-Dimethylamino)pyridinium-toluenesulfonate (DPTS): In 
two dry Schlenk flask, purged with N2, equal amounts of 4-toluenesulfonic acid 
(PTSA) and 4-(dimethylamino)-pyridine (DMAP) were dissolved in dry THF. Then, 
while cooling (0ºC) and vigorously stirring, the two solutions were mixed slowly. 
White solid was observed to precipitate immediately, which was collected by suction 
filtration and dried on high vacuum pump. The final product was a white powder 
which could be stored at room temperature and used when needed.[190] 

 

 

5.2 Synthesis of Compounds  

2,4-Hexadiynylene dibenzoate 120: 

O

O

O

O

 

2,4-Hexadiyne-1,6-diol 123 (0.44 g, 4 mmol, 1 eq) and benzoyl chloride (0.93 mL, 
8 mmol, 2 eq) were dissolved in dry DCM. The solution was cooled to 0°C, and 
pyridine (1.3 mL, 16 mmol, 4 eq) was added slowly. The mixture was allowed to 
warm up to room temperature and stirred for 4 h. After aqueous workup, the crude 
product was purified by column chromatography (DCM/hexanes 1:25), affording 
pure 120 (1.08 g, 85%) as colorless crystals. Crystals appropriate for X-ray analysis 
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were prepared by slow addition of hexanes to a 15% w/w solution of 120 in DCM 
until opalescence occurred, and subsequent slow evaporation of the solvent.  

1H NMR (300 MHz, CDCl3): δ 8.07 (m, 4H, PhHo), 7.59 (m, 2H, PhHp), 7.46 (m, 4H, 
PhHm), 5.00 (s, 4H, CH2). 13C NMR (75 MHz, CDCl3): δ 165.4 (C=O), 133.3, 129.7, 129.0, 

128.3 (Ph), 73.7, 70.4 (C≡C), 52.6 (CH2). Anal. calcd for C20H14O4: C, 75.46%; H, 4.43%; 
O, 20.10%; found: C, 74.94%; H, 4.50%; O, 19.91%. HRMS (EI) m/z calcd for C20H14O4 
([M]+): 318.0892; found: 318.0886. m.p.: 73-75°C; 74.8°C (DSC). Rf = 0.85 (DCM). 

 

2,4-Hexadiynylene bis(pentafluorobenzoate) 121:  

O

O

O

O

FF

F

F F

F F

F

FF  

123 (0.44 g, 4 mmol, 1 eq) and pentafluorobenzoyl chloride (1.15 mL, 8 mmol, 
2 eq) were dissolved in dry DCM. The solution was cooled to 0°C, and triethylamine 
(2.23 mL, 16 mmol, 4 eq) was added. The mixture was allowed to warm up to room 
temperature and stirred over night. After aqueous workup, the organic solution was 
concentrated in vacuo, affording pure 121 (1.93 g, 97%) as slightly yellow crystals. 
Colorless crystals appropriate for X-ray analysis were prepared by slow addition of 
hexanes to a 20% w/w solution of 121 in DCM until opalescence occurred, and 
subsequent slow evaporation of the solvent.  

1H NMR (300 MHz, CDCl3): δ 5.04 (s, 4H, CH2). 13C NMR (75 MHz, CDCl3): 

δ 158.2 (C=O), 145.7, 143.7, 137.7, 106.9 (C6F5), 72.7, 71.2 (C≡C), 54.0 (CH2). 19F NMR 
(188 MHz, CDCl3): δ –137.2 (m, 4F), –147.2 (m, 2F), –160.1 (m, 4F). Anal. calcd for 
C20H4F10O4: C, 48.21%; H, 0.81%; F, 38.13%; O, 12.85%; found: C, 48.36%; H, 0.71%; F, 
37.95%. HRMS (EI) m/z calcd for C20H4F10O4 ([M]+): 497.9950; found: 497.9944. m.p.: 
65-68°C; 67.8°C (DSC). Rf = 0.88 (DCM). 

 

Cocrystal 120 · 121 (1:1): 

The cocrystal 120 · 121 for X-ray analysis was obtained as colorless platelets by 
addition of hexanes to a 20% w/w solution of a 1:1 mixture of 120 and 121 in DCM 
until opalescence occurred, and subsequent slow evaporation of the solvent. 
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Anal. calcd for C40H18F10O8: C, 58.84%; H, 2.22%; F, 23.27%; O, 15.68%; found: C, 
58.96%; H, 2.35%; F, 23.46%. m.p.: 60-79°C (color change to red upon onset of 
melting); 61.5°C (DSC). 

 

6-(Pentafluorobenzoyloxy)hexa-2,4-diynyl benzoate 122:  

O

O

O

O

F F

F

FF  

A solution of 130 (0.65 g, 3 mmol, 1 eq) and pentafluorobenzoyl chloride (0.43 mL, 
3 mmol, 1 eq) in dry DCM was cooled to 0°C, and triethylamine (1 mL, 7 mmol, 
2.3 eq) was added slowly. The mixture was allowed to warm up to room temperature 
and stirred for 5 h. After aqueous workup and column chromatography (DCM), pure 
122 (1.06 g, 87%) was obtained as bright yellow crystals. Colorless crystals 
appropriate for X-ray analysis were prepared by slow addition of hexanes to a 
20% w/w solution of 122 in DCM until opalescence occurred, and subsequent slow 
evaporation of the solvent. 

1H NMR (300 MHz, CDCl3): δ 8.06 (m, 2H, PhHo), 7.58 (m, 1H, PhHp), 7.46 (m, 2H, 
PhHm), 5.05 (s, 2H, CH2), 5.01 (s, 2H, CH2). 19F NMR (188 MHz, CDCl3): δ –137.2 (m, 
2F), –147.3 (m, 1F), –160.2 (m, 2F). 13C NMR (75 MHz, CDCl3): δ 165.5, 158.2 (C=O), 
145.7 (C6F5), 143.6 (C6F5), 137.7 (C6F5), 133.4, 129.7, 129.0, 128.4 (Ph), 107.0 (C6F5), 74.5, 
72.0, 71.4, 70.0 (C≡C), 54.0, 52.5 (CH2). Anal. calcd for C20H9F5O4: C, 58.84%; H, 2.22%; 
F, 23.27%; O, 15.68%; found: C, 58.71%; H, 2.28%; F, 23.10%. HRMS (EI) m/z calcd for 
C20H9F5O4 ([M]+): 408.0421; found: 408.0412. m.p.: 70-72°C; 71.80°C (DSC). Rf = 0.70 
(DCM) 

 

6-(Triisopropylsilyloxy)hexa-2,4-diyn-1-ol 124: 

OHTIPSO  

CuCl (0.095 g, 0.96 mmol, 0.06 eq) was dissolved in a mixture of methanol (10 mL) 
and n-BuNH2 (10 mL). Then, 127 (2.83 g, 13.3 mmol, 1 eq) was added at 0°C, followed 
by the dropwise addition of 128 (2.91 g, 16 mmol, 1.2 eq).  Whenever the reaction 
mixture turned to green, a few crystals of NH2OH · HCl were added. After stirring 
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for 1 h at 0°C and for another 3 h at room temperature, the reaction mixture was 
filtered through a pad of silica gel. After aqueous workup, the crude product was 
purified by column chromatography (EtOAc/hexanes 1:3). The pure product 124 
(1.4 g, 40%) was obtained as a brownish liquid.  

1H NMR (300 MHz, CDCl3): δ 4.44 (s, 2H, CH2), 4.32 (s, 2H, CH2), 3.23 (b, 1H, OH), 
1.07 (m, 21H, CH3 and CHMe2). 13C NMR (75 MHz, CDCl3): δ 77.8, 77.0, 69.6, 68.7 
(C≡C), 52.2, 51.0 (CH2), 17.7 (CH3), 11.8 (CHMe2). Anal. calcd for C15H26O2Si: C, 
67.61%; H, 9.84%; O, 12.01%; Si, 10.54%; found: C, 67.49%; H, 9.86%. HRMS (EI) m/z 
calcd for C15H26O2Si ([M]+): 266.1702; found: 266.1701. Rf = 0.38 (EtOAc/hexanes 1:3). 

 

3-Bromoprop-2-yn-1-ol 125: 

HO

Br

 

Propargylic alcohol (7 g, 125 mmol, 1 eq) was dissolved in acetone (375 mL) 
followed by the addition of AgNO3 (1.87 g, 11 mmol) and NBS (25 g, 137 mmol, 
1.1 eq). The reaction was stirred at room temperature over night (15 h) and then 
worked up by diluting with ether and washing with water. The aqueous phase was 
extracted with ether. The combined organic layers were washed with brine, dried, 
filtered and concentrated. The resulting residue was then purified by vacuum 
distillation, affording 125 (10.62 g, 62.9%) as a colorless liquid.  

1H NMR (in CDCl3): δ 4.25 (d, 2H, CH2), 3.37 (s, 1H, OH). 13C NMR (in CDCl3): 
δ 78.1 (C≡CBr), 45.5 (C≡CBr), 51.4 (CH2). Anal. calcd for C3H3OBr: C, 26.70%; H, 2.24%; 
O, 11.85%; found: C, 24.63%; H, 2.24%. 

 

(3-Bromoprop-2-ynyloxy)triisopropylsilane 126: 

TIPSO

Br

 

Compound 125 (1.35 g, 10 mmol, 1 eq) and imidazole (0.82 g, 12 mmol, 1.2 eq) 
were dissolved in dry DCM. Then, triisopropylsilyl chloride (TIPSCl, 2.31 g, 1.2 eq) 
was added slowly at 0°C. The mixture was stirred for 2 h at room temperature and 
diluted with DCM. After aqueous workup, the crude product 126 (2.98 g, 100%) was 
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obtained as a slightly yellow liquid and used in following steps without further 
purification.  

1H NMR (300 MHz, in CDCl3): δ 4.40 (s, 2H, CH2), 1.07 (m, 21H, CH3, CHMe2). 
13C NMR (75 MHz, in CDCl3): δ 78.7 (C≡CBr), 52.7 (CH2), 44.3 (C≡CBr), 17.8 (CH3), 
12.0 (CHMe2)  

 

Triisopropyl(prop-2-ynyloxy)silane 127:  

TIPSO

H

 

Propargyl alcohol (1.12 g, 20 mmol, 1 eq) and imidazole (1.63 g, 24 mmol, 1.2 eq) 
were dissolved in dry DCM. Then, TIPSCl (3.84 g, 20 mmol, 1 eq) was added slowly 
at 0°C. The mixture was stirred for 2 h at room temperature and diluted with DCM. 
After aqueous workup, the crude product 127 (4.16 g, 98%) was obtained as a slightly 
yellow liquid and used in the following steps without further purification.  

1H NMR (300 MHz, CDCl3): δ 4.37 (s, 2H, CH2), 2.37 (s, 1H, C≡CH), 1.09 (m, 21H, 
CH3, CHMe2). 13C NMR (75 MHz, CDCl3): δ 82.3 (C≡CH), 72.5 (C≡CH), 51.7 (CH2), 
17.8 (CH3), 11.9 (CHMe2).  

 

3-Iodoprop-2-yn-1-ol 128: 

I

HO  

A solution of propargyl alcohol (5.8 mL, 100 mmol, 1 eq) in methanol (100 mL) 
was added slowly to a solution of potassium hydroxide (14 g, 250 mmol, 2.5 eq) in 
H2O (20 mL) at 0°C. The mixture was stirred for an additional 10 minutes. Then, 
iodine (27 g, 110 mmol, 1.1 eq) was added in one portion. The reaction mixture was 
allowed to warm up to room temperature and stirred for 3 h before it was extracted 
with diethyl ether. The combined organic phases were washed with Na2S2O3 and 
brine. Upon concentration of the solution in vacuo, 128 (14.58 g, 80%) was obtained in 
the form of yellow crystals.  

1H NMR (300 MHz, CDCl3): δ 4.39 (s, 2H, CH2), 3.18 (s, 1H, OH). 13C NMR 
(75 MHz, CDCl3): δ 92.4 (C≡CI), 52.1 (CH2), 2.8 (C≡CI). Anal. calcd for C3H3IO: C, 



Experimental Part 

132 

19.80%; H, 1.66%; O, 8.79%; I, 69.74%; found: C, 19.86%; H, 1.68%; O, 8.93%; I, 69.70%. 
HRMS (EI) m/z calcd for C3H3IO ([M]+): 181.9229; found: 181.9229. 

 

6-(Triisopropylsilyloxy)hexa-2,4-diynyl benzoate 129:  

O

O

OTIPS  

A solution of 124 (1.06 g, 4 mmol, 1 eq) and benzoyl chloride (0.46 mL, 4 mmol, 
1 eq) in dry DCM was cooled to 0°C, and triethylamine (1.10 mL, 8 mmol, 2 eq) was 
added slowly. The mixture was allowed to warm up to room temperature and stirred 
for 4 h. After aqueous workup, the crude product was purified by column 
chromatography (DCM/hexanes 1:25), affording product 129 (1.18 g, 80%) as a 
yellow liquid.  

1H NMR (300 MHz, CDCl3): δ 8.08 (m, 2H, PhHo), 7.60 (m, 1H, PhHp), 7.46 (m, 2H, 
PhHm), 5.01 (s, 2H, CH2), 4.47 (s, 2H, CH2), 1.10 (m, 21H, CH3, CHMe2). 13C NMR 
(75 MHz, CDCl3): δ 165.6 (C=O), 133.3, 129.8, 129.2, 128.4 (Ph), 78.6, 72.6, 71.0, 68.4 
(C≡C), 52.8, 52.2 (CH2), 17.8 (CH3), 11.9 (CHMe2). Rf = 0.35 (EtOAc/hexanes 1:15). 

 

6-Hydroxyhexa-2,4-diynyl benzoate 130:  

O

O

OH  

A solution of 129 (1.42 g, 3.8 mmol, 1 eq) in THF was cooled to –78ºC, and TBAF 
(4.6 mL, 1.2 eq, 1.0 M solution in THF) was added via a syringe. The reaction was 
stirred for 2 h at –78ºC and then diluted with Et2O. After aqueous workup, the crude 
product was purified by column chromatography (EtOAc/hexanes 1:2). Pure 130 
(0.65 g, 79%) was obtained as a brown syrup.  

1H NMR (300 MHz, CDCl3): δ 8.04 (m, 2H, PhHo), 7.57 (m, 1H, PhHp), 7.44 (m, 2H, 
PhHm), 4.98 (s, 2H, CH2), 4.33 (s, 2H, CH2), 3.46 (s, 1H, OH). 13C NMR (75 MHz, 
CDCl3): δ 165.7 (C=O), 133.3, 129.6, 128.8, 128.3 (Ph), 78.3, 72.9, 70.7, 68.9 (C≡C), 52.8, 
50.8 (CH2). Anal. calcd for C13H10O3: C, 72.89%; H, 4.70%; O, 22.41%; found: C, 72.78%; 
H, 4.76%; O 22.30. HRMS (EI) m/z calcd for C13H10O3 ([M]+): 214.0630; found: 214.0622.  
Rf = 0.26 (EtOAc/hexane 1:2). 
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Hexa-2,4-diyne-1,6-diyl bis(4-hexyloxybenzoate) 131:  

O

O

O

O

O

O

 

123 (0.33 g, 3 mmol, 1 eq) and 4-hexyloxybenzoyl chloride 135 (0.72 g, 3 mmol, 
1 eq) were dissolved in dry DCM at room temperature, and triethylamine (0.63 mL, 
4.5 mmol, 1.5 eq) was added to the solution. The mixture was stirred for 3.5 h. After 
aqueous workup, the organic solution was concentrated and purified by column 
chromatography (DCM/hexanes 3:2, gradient to DCM/hexanes 5:1). Product 131 
(0.38 g, 24%) was obtained as the first fraction in the column chromatography and 
formed colorless crystals. Crystals of 131 appropriate for X-ray analysis were 
prepared by slow addition of hexanes to a 15% w/w solution in DCM until 
opalescence occurred, and subsequent slow evaporation of the solvent in the 
refrigerator. 

1H NMR (300 MHz, CDCl3): δ 7.97 (m, 4H, Ph), 6.88 (m, 4H, Ph), 4.93 (s, 4H, 
OCH2C≡), 3.97 (t, 4H, J = 6 Hz, CH2CH2O), 1.77 (m, 4H, CH2CH2O), 1.43 (m, 4H, CH2), 
1.33 (m, 8H, CH2), 0.90 (t, 6H, J = 7.5 Hz, CH3). 13C NMR (75 MHz, CDCl3): δ 165.2 
(C=O), 163.2, 131.8, 121.1, 114.0 (Ph), 73.9, 70.3 (C≡C), 68.1 (CH2CH2O), 52.3 
(OCH2C≡), 31.4, 28.9, 25.5, 22.5 (CH2), 13.9 (CH3). Anal. calcd for C32H38O6: C, 74.11%; 
H, 7.38%; O, 18.51%; found: C, 74.17%; H, 7.43%; O, 17.88%. HRMS (EI) m/z calcd for 
C32H38O6 ([M]+): 518.2668; found: 518.2665. m.p.: 54-56°C; 48.00°C & 56.01°C (DSC). 
Rf = 0.84 (DCM). 

 

6-(4-Hexyloxybenzoyloxy)hexa-2,4-diynyl 2,3,4,5,6-pentafluorobenzoate 132:  

O

O

O

O

F

O

F F

FF  

137 (0.46 g, 1.46 mmol, 1 eq) and pentafluorobenzoyl chloride (0.35 g, 1.5 mmol, 
1.02 eq) were dissolved in dry DCM at room temperature. Triethylamine (0.63 mL, 
4.5 mmol, 3 eq) was added to the solution, and the mixture was stirred for 3 h. After 
aqueous workup, the organic solution was concentrated and purified by column 
chromatography (DCM/hexanes 3:1). Product 132 (0.61 g, 82%) was obtained as 
colorless crystals. Crystals appropriate for X-ray analysis were prepared by 
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dissolving the product (around 0.55 g) in DCM/hexanes (3:2) 20 mL and subsequent 
slow evaporation of the solvent in the refrigerator; or by dissolving the product 
(around 0.10 g) in a mixture of 2 mL acetone, 1 mL MeOH and 0.2 mL H2O and 
subsequent slow evaporation of the solvent at room temperature.  

1H NMR (300 MHz, CDCl3): δ 7.96 (m, 2H, Ph), 6.88 (m, 2H, Ph), 5.02 (s, 2H, 
OCH2C≡), 4.94 (s, 2H, OCH2C≡), 3.99 (t, 2H, J = 6 Hz, OCH2CH2), 1.76 (m, 2H, CH2), 
1.48–1.30 (m, 6H, CH2), 0.90 (t, 3H, CH3, J = 7.5 Hz). 19F NMR (188 MHz, CDCl3): δ 
–137.1 (m, 2F), –147.3 (m, 1F), –160.0 (m, 2F). 13C NMR (75 MHz, CDCl3, D1 = 10s): 
δ 165.2 (C=O), 163.3 (Ph), 158.1 (O=CC6F5), 145.6 (dm, J = 255 Hz, C6F5), 143.6 (dm, J = 
263 Hz, C6F5), 137.7 (dm, J = 248 Hz, C6F5), 131.8, 121.1, 114.1 (Ph), 107.0 (C6F5), 74.8, 
71.8, 71.5, 69.8 (C≡C), 68.2 (CH2CH2O), 54.0, 52.2 (OCH2C≡), 31.5, 29.0, 25.6, 22.5 (CH2), 
13.9 (CH3). Anal. calcd for C26H21O5F5: C, 61.42%; H, 4.16%; O, 15.73%; F: 18.68%; 
found: C, 61.42%; H, 4.03%; F: 18.78%. HRMS (EI) m/z calcd for C26H21O5F5 ([M]+): 
508.1309; found: 508.1302. m.p.: 64-67°C; 65.98°C (DSC). Rf = 0.70 (DCM). 

 

Hexa-2,4-diyne-1,6-diyl bis(4-dodecyloxybenzoate) 133:  

O

O

O

O

O

O

 

In a dry flask purged with N2, 123 (0.33 g, 3 mmol, 1 eq), EDCI · HCl (0.75 g, 
3.9 mmol, 1.3 eq) and DPTS (1.15 g, 3.9 mmol, 1.3 eq) were mixed in dry DCM at 
room temperature. Then, 4-dodecyloxybenzoic acid 136 (1.20 g, 3.9 mmol, 1.3 eq) was 
added in three portions during 3 hours while the mixture was kept stirring all the 
time. After another 0.5 h of stirring, the reaction mixture was concentrated and 
purified by column chromatography (DCM/hexanes 2:1 gradient to DCM/hexanes 
5:1). 0.45 g (22%) of pure 133 was obtained as colorless crystals. Crystals appropriate 
for X-ray analysis were prepared by dissolving the product (about 0.2 g) in 15 mL 
DCM/hexanes (1:1) and subsequent slow evaporation of the solvent at room 
temperature.  

1H NMR (300 MHz, CDCl3): δ 7.99 (m, 4H, Ph), 6.91 (m, 4H, Ph), 4.95 (s, 4H, 
CH2C≡), 4.00 (t, 4H, J = 7.5 Hz, CH2CH2O), 1.80 (m, 4H, CH2CH2O), 1.46–1.27 (m, 36H, 
(CH2)9Me), 0.88 (t, 6H, J = 6 Hz, CH3). 13C NMR (75 MHz, CDCl3): δ 165.3 (C=O), 163.3, 
131.9, 121.2, 114.1 (Ph), 73.9, 70.4 (C≡C), 68.2 (CH2CH2O), 52.4 (OCH2C≡), 31.9, 
29.6–29.1 (7C), 25.9, 22.7 (CH2), 14.1 (CH3). Anal. calcd for C44H62O6: C, 76.93%; H, 
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9.10%; O, 13.97%; found: C, 76.97%; H, 9.02%; O, 13.90%. HRMS (EI) m/z calcd for 
C44H62O6 ([M]+): 686.4546; found: 686.4551. m.p.: 79-81°C; 79.75°C (DSC). Rf = 0.68 
(DCM). 

 

6-(4-Dodecyloxybenzoyloxy)hexa-2,4-diynyl 2,3,4,5,6-pentafluorobenzoate 134: 

O

O

O

O

O F

F F

FF  

138 (0.70 g, 1.75 mmol, 1 eq) and pentafluorobenzoyl chloride (0.41 g, 1.75 mmol, 
1 eq) were dissolved in dry DCM. Triethylamine (0.56 mL, 4 mmol, 2.3 eq) was added 
to the solution, and the mixture was stirred for 3 h. After aqueous workup, the 
organic solution was concentrated and purified by column chromatography 
(DCM/hexanes 2:3). Product 134 (0.92 g, 88%) was obtained as colorless crystals. 
Crystals appropriate for X-ray analysis were prepared by dissolving 0.2 g of the 
product in 10 mL DCM/hexanes and subsequent slow evaporation of the solvent at 
room temperature.  

1H NMR (300 MHz, CDCl3): δ 7.97 (m, 2H, Ph), 6.90 (m, 2H, Ph), 5.03 (s, 2H, 
OCH2C≡), 4.95 (s, 2H, OCH2C≡), 4.00 (t, 2H, J = 6 Hz, OCH2CH2), 1.78 (m, 2H, CH2), 
1.47–1.26 (m, 18H, (CH2)9Me), 0.88 (t, 3H, J = 7.5 Hz, CH3). 19F NMR (188 MHz, CDCl3): 
δ –137.0 (m, 2F), –147.2 (m, 1F), –159.9 (m, 2F). 13C NMR (75 MHz, CDCl3, D1 = 10s): δ 
165.1 (C=O), 163.3 (Ph), 158.0(C6F5), 145.6 (dm, J = 255 Hz, C6F5), 143.5 (dm, J = 255 Hz, 
C6F5), 137.7 (dm, J = 255 Hz, C6F5), 131.7, 121.1, 114.0 (Ph), 107.0 (C6F5), 74.8, 71.8, 71.5, 
69.8 (C≡C), 68.2 (CH2CH2O), 54.0, 52.2 (OCH2C≡), 31.8, 29.6-29.0 (7C), 25.9, 22.6 (CH2), 
13.9 (CH3). Anal. calcd for C32H33O5F5: C, 64.86%; H, 5.61%; O, 13.50%; F: 16.03%; 
found: C, 64.97%; H, 5.79%; F: 16.06%. HRMS (EI) m/z calcd for C32H33O5F5 ([M]+): 
592.2248; found: 592.2249. m.p.: 65-67; 66.14°C (DSC). Rf = 0.91 (DCM). 

 

Polymer P134 obtained from monomer 134: 

107 mg of powdered crystalline 134 were placed on a Petri dish and irradiated 
under a 250 W Ga doped low-pressure Hg flood lamp placed at a distance of 10 cm 
for 3 h. The powder was then transferred to a flask and dissolved in DCM. After 
complete evaporation of the solvent, a red film was obtained which was washed with 
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acetone until the acetone solutions remained colorless. Finally, the remaining film 
was dried in high vacuum, and the pure polymer (40 mg, 37%) was obtained as a red 
solid. 

1H NMR (300 MHz, CDCl3): δ 7.77 (m, 2H, Ph), 6.73 (m, 2H, Ph), 5.07 (s, 2H, 
OCH2C=), 5.03 (s, 2H, OCH2C=), 3.90 (b, 2H, OCH2CH2), 1.75 (b, 2H, CH2), 1.42–1.26 
(m, 18H, (CH2)9Me), 0.88 (m, 3H, CH3). 13C NMR (75 MHz, CDCl3, D1 = 10s): δ 165.2 
(C=O), 163.2 (Ph), 158.1 (C6F5), 145.7 (d, J = 158 Hz, C6F5), 143.5 (d, J = 173 Hz, C6F5), 
137.5 (d, J = 150 Hz, C6F5), 131.5 (Ph), 128.4, 127.5 (C=C), 121.1, 113.9 (Ph), 106.9 (C6F5), 
99.8, 98.4 (C≡C), 68.3 (OCH2CH2), 65.1, 63.6 (OCH2C=) 31.9, 29.6, 29.3, 29.1, 25.9, 22.7 
(CH2), 14.0 (CH3). m.p.: 67.4°C (DSC). 

 

6-Hydroxyhexa-2,4-diynyl 4-hexyloxybenzoate 137: 

O

O

O

OH  

137 (0.40 g, 42%) was obtained as a slightly yellow liquid from the synthesis of 
132 as the second fraction in the column chromatography.  

1H NMR (300 MHz, CDCl3): δ 7.98 (m, 2H, Ph), 6.90 (m, 2H, Ph), 4.95 (s, 2H, 
OCH2C≡), 4.33 (d, 2H, J = 6 Hz, ≡CCH2OH), 4.00 (t, 2H, J = 7.5 Hz, OCH2CH2), 2.26 (b, 
1H, OH), 1.79 (m, 2H, CH2), 1.48–1.30 (m, 6H, CH2), 0.90 (t, 3H, J = 6 Hz, CH3). 
13C NMR (75 MHz, CDCl3): δ 165.5 (C=O), 163.4, 131.9, 121.1, 114.1 (Ph), 77.9, 73.6, 
70.5, 69.5 (C≡C), 68.2 (CH2CH2O), 52.5, 51.3 (OCH2C≡), 31.5, 29.0, 25.6, 22.5 (CH2), 14.0 
(CH3). Anal. calcd for C19H22O4: C, 72.59%; H, 7.05%; O, 20.36%; found: C, 72.22%; H, 
7.89%; O, 20.06%. HRMS (EI) m/z calcd for C19H22O4 ([M]+): 314.1518; found: 314.1513. 
Rf = 0.15 (DCM). 

 

6-Hydroxyhexa-2,4-diynyl 4-dodecyloxybenzoate 138: 

O

O

O

OH  

0.70 g (58%) 138 was obtained as a white solid from the synthesis of 133 as the 
second fraction in the column chromatography.  
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1H NMR (300 MHz, CDCl3): δ 7.97 (m, 2H, Ph), 6.88 (m, 2H, Ph), 4.94 (s, 2H, 
OCH2C≡), 4.32 (s, 2H, ≡CCH2OH), 3.98 (t, 2H, J = 6 Hz, OCH2CH2), 2.80 (b, 1H, OH), 
1.76 (m, 2H, CH2), 1.45–1.25 (m, 18H, (CH2)9Me), 0.87 (t, 3H, J = 6 Hz, CH3). 13C NMR 
(75 MHz, CDCl3): δ 165.5 (C=O), 163.3, 131.8, 121.1, 114.1 (Ph), 78.0, 73.4, 70.5, 69.3 
(C≡C), 68.2 (CH2CH2O), 52.6, 51.1 (OCH2C≡), 31.8, 29.6-29.0 (7C), 25.9, 22.6 (CH2), 14.0 
(CH3). Anal. calcd for C25H34O4: C, 75.34%; H, 8.60%; O, 16.06%; found: C, 75.35%; H, 
8.67%; O, 15.95%. HRMS (EI) m/z calcd for C25H34O4 ([M]+): 398.2457; found: 398.2456. 
Rf = 0.45 (MeOH/DCM 1:50). 

 

2,4,6-Octatriynylene dibenzoate 139: 

O O

O O

 

144 (0.094 g, 0.7 mmol, 1 eq) and benzoyl chloride (0.197 g, 1.4 mmol, 2 eq) were 
dissolved in dry DCM. Triethylamine (0.39 mL, 2.8 mmol, 4 eq) was added to the 
solution, and the mixture was stirred for 3 h in the dark at room temperature. After 
aqueous workup, the organic solution was concentrated and purified by column 
chromatography (DCM/hexanes 1:4 gradient to DCM). The pure product 144 (0.20 g, 
82%) was obtained as colorless crystals and stored in a DCM solution at 4°C. Crystals 
appropriate for X-ray analysis were prepared by slow addition of hexanes to a 20% 
w/w solution of the product in DCM until opalescence occurred, and subsequent slow 
evaporation of the solvent in dark.  

1H NMR (300 MHz, CDCl3): δ 8.08 (m, 4H, PhHo), 7.61 (m, 2H, PhHp), 7.48 (m, 4H, 
PhHm), 5.03 (s, 4H, CH2). 13C NMR (75 MHz, CDCl3): δ 165.5 (C=O), 133.5, 129.8, 129.0, 

128.5 (Ph), 72.7, 71.3, 62.9 (C≡C), 52.7 (CH2). Anal. calcd for C22H14O4: C, 77.18%; H, 
4.12%; O, 18.69%; found: C, 76.91%; H, 4.14%; O, 18.72%. HRMS (EI) m/z calcd for 
C22H14O4 ([M]+): 342.0892; found: 342.0888. m.p.: 114–119°C; 119.21°C (DSC). Rf = 0.59 
(DCM). 
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Octa-2,4,6-triyne-1,8-diyl bis(4-dodecyloxybenzoate) 140:  

O O

O O

O O

 

In a dry flask purged with N2, 144 (0.25 g, 1.86 mmol, 1 eq), EDCI · HCl (0.46 g, 
2.42 mmol, 1.3 eq) and DPTS (0.71 g, 2.42 mmol, 1.3 eq) were mixed in dry DCM at 
room temperature. Then, 136 (0.74 g, 2.42 mmol, 1.3 eq) was added in 3 portions 
during 3 hours while the mixture was kept stirring all the time. After another 0.5 h of 
stirring, the reaction mixture was concentrated and purified by column 
chromatography (DCM/hexanes 2:3 gradient to DCM). Pure 140 (0.35 g, 26%) was 
obtained as colorless crystals as the first fraction in column chromatography.  

1H NMR (300 MHz, CDCl3): δ 7.99 (m, 4H, Phm-COO), 6.91 (m, 4H, Pho-COO), 4.96 (s, 

4H, OCH2C≡), 4.00 (t, 4H, J = 6 Hz, OCH2CH2), 1.78 (m, 4H, OCH2CH2), 1.47–1.27 (m, 
36H, (CH2)9Me), 0.88 (t, 6H, CH3, J = 6 Hz). 13C NMR (75 MHz, CDCl3): δ 165.3 (C=O), 

163.4, 131.9, 121.0, 114.2 (Ph), 72.9, 71.1 (C≡C), 68.2 (OCH2CH2), 62.8 (C≡C), 52.4 

(OCH2C≡), 31.9, 29.6-29.0 (7C), 25.9, 22.7 (CH2), 14.1 (CH3). Anal. calcd for C46H62O6: C, 
77.71%; H, 8.79%; O, 13.50%; found: C, 77.69%; H, 8.82%; O, 13.53%. m.p.: 82.96°C 
(DSC). Rf = 0.75 (DCM). 

 

2,4,6-Octatriynylene bis(pentafluorobenzoate) 141: 

O O

O O

FF

F

F F F F

F

FF

 

Compound 144 (0.094 g, 0.7 mmol, 1 eq) and pentafluorobenzoyl chloride 
(0.323 g, 1.4 mmol, 2 eq) were dissolved in dry DCM. Triethylamine (0.39 mL, 
2.8 mmol, 4 eq) was added to the solution and the mixture was stirred for 3 h in the 
dark. After aqueous workup, the organic solution was concentrated and purified by 
column chromatography (DCM). The pure product 144 (0.35 g, 95%) was obtained as 
colorless crystals and stored in DCM solution at 4°C.  

1H NMR (300 MHz, CDCl3): δ 5.07 (s, 4H, CH2). 13C NMR (75 MHz, CDCl3): 

δ 158.1 (C=O), 158.1, 145.8, 143.8, 137.8, 106.9 (C6F5), 72.0, 71.4, 63.1 (C≡C), 54.0 (CH2). 
19F NMR (188 MHz, CDCl3): δ –137.2 (m, 4F), –147.1 (m, 2F), –160.1 (m, 4F). Anal. 
calcd for C22H4F10O4: C, 50.60%; H, 0.77%; F, 36.38%; O, 12.25%; found: C, 50.56%; H, 
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0.96%; F, 36.19%. HRMS (EI) m/z calcd for C22H4F10O4 ([M]+): 521.9950; found: 521.9944. 
m.p.: 71-75°C; 71.27°C (DSC). Rf = 0.67 (DCM). 

 

Cocrystal 139 · 141 (1:1): 

The cocrystal 139 · 141 for X-ray analysis was obtained as light purple needles by 
addition of hexanes to a 20% w/w solution of a 1:1 mixture of 139 and 141 in DCM 
until opalescence occurred, and subsequent slow evaporation of the solvent. 

Anal. calcd for C44H18F10O8: C, 61.12%; H, 2.10%; F, 21.97%; O, 14.80%; found: C, 
61.07%; H, 2.19%; F, 22.19%. m.p.: 93.78°C (DSC). 

 

8-(Pentafluorobenzoyloxy)octa-2,4,6-triynyl benzoate 142:  

O O

O O

F F

F

FF

 

153 (0.083 g, 0.35 mmol, 1 eq) and pentafluorobenzoyl chloride (0.08 g, 0.35 mmol, 
1 eq) were dissolved in dry DCM. Triethylamine (0.15 mL, 1.05 mmol, 3 eq) was 
added to the solution and the mixture was stirred for 3 h in the dark. After aqueous 
workup, the organic phase was concentrated and purified by column 
chromatography (DCM/hexanes 1:4 gradient to DCM). The pure product 142 
(0.124 g, 82%) was obtained as supposedly colorless crystals, which unavoidably 
turned to a light purple when the solutions were concentrated. 142 was stored in 
DCM solution at 4°C. Crystals appropriate for X-ray analysis were prepared by slow 
addition of hexanes to a 20% w/w solution of the product in DCM until opalescence 
occurred, and subsequent slow evaporation of the solvent in dark.  

1H NMR (300 MHz, CDCl3): δ 8.05 (m, 2H, PhHo), 7.59 (m, 1H, PhHp), 7.45 (m, 2H, 
PhHm), 5.04 (s, 2H, CH2), 5.00 (s, 2H, CH2). 13C NMR (75 MHz, CDCl3): δ 165.5 (C=O), 
158.2, 145.7, 143.7, 137.7, 106.9 (C6F5), 133.5, 129.8, 129.0, 128.5 (ph), 73.2, 72.3, 71.1, 

70.9, 63.6, 62.5 (C≡C), 54.1, 52.6 (CH2). 19F NMR (188 MHz, CDCl3): δ –136.9 (m, 2F), 
–146.9 (m, 1F), –159.8 (m, 2F). Anal. calcd for C22H9O4F5: C, 61.12%; H, 2.10%; O, 
14.80%, F, 21.97%; found: C, 61.27%; H, 2.22%; F, 21.91%. HRMS (EI) m/z calcd for 
C22H9O4F5 ([M]+): 432,0421; found: 432,0413. m.p.:107.48°C (DSC). Rf = 0.71 (DCM). 
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8-(4-Dodecyloxybenzoyloxy)octa-2,4,6-triynyl 2,3,4,5,6-pentafluorobenzoate 143: 

O O

O O

O F

F F

FF  

155 (0.21 g, 0.5 mmol, 1 eq) and pentafluorobenzoyl chloride (0.12 g, 0.5 mmol, 1 
eq) were dissolved in dry DCM. Triethylamine (0.28 mL, 2 mmol, 4 eq) was added to 
the solution and the mixture was stirred for 3 h. After aqueous workup, the organic 
solution was concentrated and purified by column chromatography (DCM/hexanes 
2:3). The pure product 143 (0.26 g, 85%) was obtained as supposedly colorless 
crystals, which unavoidably turned slightly purple when the solutions were 
concentrated. Therefore, 143 was stored in DCM solution at 4°C.  

1H NMR (300 MHz, CDCl3): δ 7.98 (m, 2H, PhHm-COO), 6.90 (m, 2H, PhHo-COO), 5.04 

(s, 2H, OCH2C≡), 4.96 (s, 2H, OCH2C≡), 4.00 (t, 2H, OCH2CH2, J = 7.5 Hz), 1.80 (m, 2H, 
OCH2CH2), 1.46–1.26 (m, 18H, (CH2)9Me), 0.88 (t, 3H, CH3, J = 6 Hz). 13C NMR 
(75 MHz, CDCl3): δ 165.2 (C=O), 163.5, 131.9, 121.0, 114.2 (Ph), 73.5, 72.3, 70.9, 70.8 

(C≡C), 68.3 (OCH2CH2), 63.7, 62.4 (C≡C), 54.1, 52.3 (OCH2C≡), 31.9, 29.6-29.1 (7C), 
25.9, 22.7 (CH2), 14.1 (CH3). 19F NMR (188 MHz, CDCl3): δ –137.0 (m, 2F), –147.0 (m, 
1F), –159.9 (m, 2F). Anal. calcd for C34H33O5F5: C, 66.23%; H, 5.39%; O, 12.97%; F: 
15.41%; found: C, 66.14%; H, 5.57%; F: 15.36%. HRMS (EI) m/z calcd for C34H33O5F5 
([M]+): 616.2248; found: 616.2286. m.p.: 88.58 (DSC). Rf = 0.50 (DCM/hexanes 1:1). 

 

Octa-2,4,6-triyne-1,8-diol 144: 

HO OH  

CuCl (0.024 g, 0.24 mmol, 0.04 eq) was dissolved in a mixture of MeOH (2 mL) 
and n-BuNH2 (3 mL). Then, 147 (0.58 g, 7.2 mmol, 1.2 eq) dissolved in Et2O (1 mL) 
was added at 0°C, followed by the dropwise addition of 128 (1.09 g, 6 mmol, 1 eq) in 
Et2O (2 mL). Whenever the reaction mixture turned to green, a few crystals of 
NH2OH · HCl were added. After stirring for 1 h at 0°C and for another 1 h at room 
temperature, the reaction mixture was diluted with Et2O and filtered through a pad 
of silica gel. After aqueous workup, the crude product was purified by column 
chromatography (EtOAc/hexanes 1:3), affording pure 144 (0.34 g, 42%) as colorless 
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crystals. The product was unstable in daylight in the solid state and stored in a 
diethyl ether solution at 4°C. 

1H NMR (300 MHz, MeOD): δ 4.87 (s, 1H, OH), 4.28 (s, 2H, CH2). 13C NMR 

(75 MHz, MeOD): δ 77.5, 68.2, 61.6 (C≡C), 49.6 (CH2). Anal. calcd for C8H6O2: C, 
71.64%; H, 4.46%; O, 23.86%; found: C, 71.90%; H, 4.46%; O, 23.76%. HRMS (EI) m/z 
calcd for C8H6O2 ([M]+): 134.0368; found: 134.0360. Rf = 0.30 (EtOAc/hexanes 1:2). 

 

Bis(trimethylsilyl)butadiyne 145: 

TMS TMS  

A dry 2 L Schlenk flask filled with 500 mL of dry THF was cooled to –78°C, and 
320 mL of n-butyllithium (2.5 M solution in hexanes, 800 mmol) was added. Then, 
hexachlorobutadiene (52.15 g, 200 mmol) was added dropwise under vigorous 
stirring, forming black precipitate. The reaction was allowed to warm up to room 
temperature and stirred for another 2 h. Then, the reaction was cooled to 0°C, and 
trimethylsilylchloride (43.45 g, 400 mmol) was added slowly, followed by stirring the 
reaction mixture at room temperature for 20 min. The solvent was removed in vacuo 
and the black-brown residue was redissolved in DCM. After aqueous workup, the 
crude product 145 (36.38 g, 94%) was obtained as a dark brown solid. Further 
purification was carried out by sublimation, yielding 145 (32.9 g, 85%) as colorless 
crystals.  

1H NMR (300 MHz, CDCl3): δ 0.18 (s, 18H, SiMe3). 13C NMR (75 MHz, CDCl3): δ  
88.0, 85.9 (C≡C), -0.5 (SiMe3). Anal. calcd for C10H18Si2: C, 61.78%; H, 9.33%; Si, 28.89%; 
found: C, 61.78%; H, 9.54%. MS m/z calcd for C10H18Si2 ([M]+): 194.0947; found: 
194.0900. Mp: 111 - 111.5°C. Rf: not detectable on the TLC plate. 

 

5-(Trimethylsilyl)-2,4-pentadiyn-1-ol 146: 

TMS

OH  

In a thoroughly dried Schlenk flask under N2 atmosphere, 145 (7.78 g, 40 mmol, 
1 eq) was dissolved in 400 mL dry ether, and MeLi · LiBr complex in hexanes (1.5 M, 
34.7 mL, 52 mmol, 1.3 eq) was added to this solution. The reaction mixture was kept 
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stirring for 1 d. During this time it turned to a more greenish colour and became 
turbid. Paraformaldehyde (3.6 g, 120 mmol, 3 eq) was added in one portion, and the 
reaction was stirred for another 2 days. The reaction was subjected to an aqueous 
workup, and the crude product was purified by column chromatography 
(EtOAc/hexanes 7:1). The pure product 146 (4.26 g, 70%) was obtained as a yellow 
liquid. 

 1H NMR (300 MHz, CDCl3): δ 4.29 (d, 2H, J = 3 Hz, CH2), 3.00 (s, 1H, OH), 0.16 (s, 
9H, SiMe3). 13C NMR (75 MHz, CDCl3): δ 87.5, 87.1, 75.7, 70.4 (C≡C), 51.0 (CH2), -0.6 
(SiMe3). Anal. calcd for C8H12OSi: C, 63.10%; H, 7.94%; O, 10.51%; Si, 18.44%; found: C, 
62.89%; H, 7.80%. HRMS m/z calcd for C8H12OSi ([M]+): 152.0657; found: 152.0655. 
Rf = 0.44 (EtOAc/hexanes 1:2). 

 

Penta-2,4-diyn-1-ol 147: 

H

OH  

146 (1.52 g, 10 mmol. 1 eq) was added to a solution of K2CO3 (2.01 g, 15 mmol, 
1.5 eq) in MeOH (150 mL). The mixture was stirred in the dark for 2 h during which 
its color changed from slight yellow to brown. The reaction was worked up by 
concentrating the reaction mixture to a brown syrup, diluting it with Et2O, and 
washing it with saturated aqueous NH4Cl solution and brine. The organic phase was 
dried and concentrated, affording the crude 147 (0.72 g, 90%) as a brown liquid. This 
crude product was used in the next steps without further purification. For storage 
purpose, it was kept in a diethyl ether solution at 4°C.  

1H NMR (300 MHz, CDCl3): δ 4.27 (s, 2H, CH2), 3.70 (s, 1H, OH), 2.22 (m, 1H, 

≡CH). 13C NMR (75 MHz, CDCl3): δ 74.3, 69.5, 68.5, 67.2 (C≡C), 50.6 (CH2). Rf = 0.12 
(EtOAc/hexanes 1:5). 

 

8-(Triisopropylsilyloxy)octa-2,4,6-triyn-1-ol 148: 

TIPSO OH  

In a flask degassed with N2, CuCl (0.024 g, 0.24 mmol) was dissolved in a mixture 
of MeOH (4 mL) and n-BuNH2 (4 mL). Some NH2OH · HCl crystals were added, and 
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the mixture turned slightly yellow. Then, 150 (1 g, 4.23 mmol) was added at 0°C, 
followed by the dropwise addition of a solution of 128 (0.73 g, 4 mmol) in Et2O 
(2 mL). Whenever the reaction mixture turned to green, a few crystals of 
NH2OH · HCl were added. After stirring for 1 h at 0°C and for another 2 h at room 
temperature, the reaction mixture was worked up by extraction with Et2O and 
aqueous washing. The crude product was purified by flash chromatography 
(EtOAc/hexane 1:5), and the final product 148 (0.45 g, 38%) was obtained as a brown 
colored liquid.  

1H NMR (300 MHz, in CDCl3): δ 4.45 (s, 2H, CH2), 4.33 (s, 2H, CH2), 1.07 (m, 21H, 

CH3, CHMe2). 13C NMR (75 MHz, in CDCl3): δ 77.9, 76.9, 70.9, 69.9, 63.5, 62.7 (C≡C), 
52.8, 51.7 (CH2), 18.2 (CH3), 12.3 (CHMe2). Rf = 0.25 (EtOAc/hexanes 1:2). 

 

5-(Triisopropylsilyloxy)-1-(trimethylsilyl)penta-1,3-diyne 149: 

TMS

TIPSO  

146 (1.23 g, 8.08 mmol, 1 eq) and imidazole (0.55g, 8.1 mmol, 1 eq) were dissolved 
in dry DCM. Then, triisopropylsilyl chloride (1.56 g, 8.08 mmol, 1 eq) was added 
slowly at 0°C. The mixture was stirred for 2 h at room temperature and diluted with 
DCM. After aqueous workup, the crude product 149 (2.39 g, 96%) was obtained as a 
brown colored liquid and used in the following steps without further purification.  

1H NMR (300 MHz, in CDCl3): δ 4.47 (s, 2H, CH2), 1.11 (m, 21H, CH3, CHMe2). 

0.22 (s, 9H, Si(CH3)3). 13C NMR (75 MHz, in CDCl3): δ 87.6, 86.6, 76.5, 69.5 (C≡C), 52.3 
(CH2), 17.9 (CH3), 12.0 (CHMe2), -0.5 (Si(CH3)3). Rf = 0.79 (EtOAc/hexanes 1:2). 

 

Triisopropyl(penta-2,4-diynyloxy)silane 150: 

H

TIPSO  

To a solution of K2CO3 (1.25 g, 9 mmol, 2 eq) in MeOH (125 mL), 149 (1.4 g, 
4.5 mmol, 1 eq) was added, and the mixture was stirred for 2 h in the dark at room 
temperature. The reaction was worked up by removing most of the MeOH, diluting 
the residue with Et2O, and washing it with saturated aqueous NH4Cl solution as well 
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as brine. The crude product 150 (1 g, 94%) was obtained as a brown colored syrup 
and used directly without further purification.  

1H NMR (300 MHz, in CDCl3): δ 4.42 (s, 2H, CH2), 2.14 (s, 1H, ≡CH), 1.07 (m, 21H, 

CH3, CHMe2). 13C NMR (75 MHz, in CDCl3): δ 75.0, 68.9, 67.7 (C≡C); 52.1 (CH2), 17.8 
(CH3), 11.9 (CHMe2). Rf = 0.67 (EtOAc/hexanes 1:2).  

 

(3-Iodoprop-2-ynyloxy)triisopropylsilane 151: 

I

TIPSO  

Compound 128 (1.82 g, 8 mmol, 1 eq) and imidazole (0.78 g, 11 mmol, 1.1 eq) 
were dissolved in dry DCM. Then, TIPSCl (1.93 g, 10 mmol, 1 eq) was added slowly 
at 0°C. The mixture was stirred for 2 h at room temperature and diluted with DCM. 
After aqueous workup, the crude product 151 (3.19 g, 94%) was obtained as a slight 
yellow liquid and was used in following steps without further purification.  

1H NMR (300 MHz, CDCl3): δ 4.51 (s, 2H, CH2), 1.07 (m, 21H, CH3, CHMe2). 
13C NMR (75 MHz, CDCl3): δ 93.0 (C≡CI), 53.4 (CH2), 17.8 (CH3), 11.9 (CHMe2). 1.1 

(C≡CI). 

 

8-(Triisopropylsilyloxy)octa-2,4,6-triynyl benzoate 152: 

O OTIPS

O

 

A solution of 148 (0.42 g, 1.44 mmol, 1 eq) and benzoyl chloride (0.18 mL, 1.6 
mmol, 1.1 eq) in dry DCM was cooled to 0°C, and triethylamine (0.40 mL, 2.88 mmol, 
2 eq) was added slowly. The mixture was allowed to warm up to room temperature 
and stirred for 4 h. After aqueous workup, the crude product was purified by column 
chromatography (DCM/hexanes 1:25). The product 152 (0.48 g, 85%) was obtained as 
a brown liquid.  

1H NMR (300 MHz, in CDCl3): δ 8.04 (m, 2H, PhHo), 7.56 (m, 1H, PhHp), 7.43 (m, 
2H, PhHm), 4.97 (s, 2H, CH2), 4.44 (s, 2H, CH2), 1.08 (m, 21H, CH3, CHMe2). 13C NMR 
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(75 MHz, CDCl3): δ 165.3 (C=O), 133.3, 129.7, 129.0, 128.3 (Ph), 77.7, 72.1, 71.4, 69.2, 
63.4, 62.0 (C≡C), 52.6, 52.3 (CH2), 17.7 (CH3), 11.8 (CHMe2) Rf = 0.85 (DCM).  

 

8-Hydroxyocta-2,4,6-triynyl benzoate 153 (via deprotection of 152): 

O

O

OH  

A solution of 152 (0.37 g, 0.94 mmol, 1 eq) in THF was cooled to –78ºC, and TBAF 
(1.12 mL, 1.2 eq, 1.0 M solution in THF) was added via a syringe. The reaction was 
stirred for 2 h at –78ºC and then diluted with Et2O. After aqueous workup, the crude 
product was purified by column chromatography (silica gel, EtOAc/hexanes 1:2), 
affording pure 153 (0.157 g, 70%) as white crystals. The product was unstable under 
daylight in the solid state and stored in a DCM solution at 4°C. 

1H NMR (300 MHz, CDCl3): δ 8.08 (m, 2H, PhHo), 7.62 (m, 1H, PhHp), 7.48 (m, 2H, 
PhHm), 5.03 (s, 2H, CH2), 4.37 (s, 2H, CH2OH), 2.42 (b, 1H, OH). 13C NMR (75 MHz, 
CDCl3): δ 165.7 (C=O), 133.5, 129.8, 128.9, 128.5 (Ph), 77.0, 72,4, 71.4, 70.2, 63,1, 62.5 

(C≡C), 52.8, 51,3 (CH2). Anal. calcd for C15H10O3: C, 75.62%; H, 4. 23%; O, 20.15%; 
found: C, 75.33%; H, 4.33%; O, 20.23%. HRMS (EI) m/z calcd for C15H10O3 ([M]+): 
238.0630; found: 238,0623. Rf = 0.18 (EtOAc/hexanes 1:2). 

 

8-Hydroxyocta-2,4,6-triynyl benzoate 153 (via hetero-coupling of 147 and 154): 

O

O

OH  

In a thoroughly dried flask, 154 (0.86 g, 3 mmol, 1.1 eq), 147 (0.22 g, 2.7 mmol, 
1 eq) and diisopropylamine (1.7 mL, 12.8 mmol, 4 eq) were dissolved in THF (35 mL) 
under N2 atmosphere. The mixture was degassed in three freeze-pump-thaw cycles, 
and CuI (0.051 g, 0.27 mmol, 0.1 eq) together with PdCl2(PPh3)2 (0.038 g, 0.054 mmol, 
0.02 eq) were added in one portion. The reaction was kept stirring for 3 h at room 
temperature in the dark, followed by filtering through Celite and aqueous washing. 
The crude product was purified by column chromatography (EtOAc/hexanes 1:10 
gradient to 1:5), affording pure 153 (0.11 g, 16%) as colorless crystals. 
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3-Iodoprop-2-ynyl benzoate 154: 

O

O

I

 

128 (1.82 g, 10 mmol, 1 eq) and benzoyl chloride (1.41 g, 10 mmol, 1 eq) were 
dissolved in dry DCM and cooled to 0°C. Triethylamine (4.17 mL, 30 mmol, 3 eq) was 
added to the solution. The mixture was allowed to warm up to room temperature 
and stirred for 4 h. After aqueous workup (only using brine, no HCl or NH4Cl 
solution), the organic solution was concentrated and purified by column 
chromatography (Al2O3, DCM/hexanes 1:1). The pure product 154 (2.24 g, 78%) was 
obtained as a slight yellow liquid, which solidified when stored at 4°C.  

1H NMR (300 MHz, CDCl3): δ 8.08 (m, 2H, PhHo), 7.57 (m, 1H, PhHp), 7.46 (m, 2H, 
PhHm), 5.07 (s, 2H, CH2). 13C NMR (75 MHz, CDCl3): δ 165.6 (C=O), 133.3, 129.7, 129.2, 

128.3 (Ph), 88.0 (C≡CI), 53.8 (CH2), 4.7 (C≡CI). Anal. calcd for C10H7O2I: C, 41.99%; H, 
2.47%; O, 11.19%, I, 44.36%; found: C, 40.75%; H, 2.36%. HRMS (EI) m/z calcd for 
C10H7O2I ([M]+): 285.9491; found: 285.9485. Rf = 0.56 (Al2O3 TLC, DCM/hexanes 3:2). 

  

8-Hydroxyocta-2,4,6-triynyl 4-dodecyloxybenzoate 155: 

O OH

O

O

 

Product 155 (0.30 g, 38%) was obtained as a white solid from the synthesis of 140 
as the second fraction in the column chromatography.  

1H NMR (300 MHz, CDCl3): δ 7.99 (m, 2H, PhHm-COO), 6.91 (m, 2H, PhHo-COO), 4.96 

(s, 2H, COOCH2C≡), 4.34 (d, 2H, J = 6 Hz, ≡CCH2OH,), 4.00 (t, 2H, OCH2CH2, J = 
6 Hz), 2.16 (b, 1H, OH), 1.78 (m, 2H, OCH2CH2), 1.47–1.26 (m, 18H, (CH2)9Me), 0.88 (t, 
3H, J = 7.5 Hz, CH3). 13C NMR (75 MHz, CDCl3): δ 165.4 (C=O), 163.4, 131.9, 121.0, 

114.2 (Ph), 76.9, 72.8, 71.2, 70.3 (C≡C), 68.3 (OCH2CH2), 63.0, 62.7 (C≡C), 52.5, 51.4 

(≡CCH2), 31.9, 29.6-29.0 (7C), 25.9, 22.7 (CH2), 14.1 (CH3). Anal. calcd for C27H34O4: C, 
76.75%; H, 8.11%; O, 15.15%; found: C, 76.58%; H, 8.17%, O, 15.22%. HRMS (EI) m/z 
calcd for C27H34O4 ([M]+): 422.2457; found: 422.2450. Rf = 0.71 (MeOH/DCM 1:20). 
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Hexa-2,4-diyne-1,6-diyl bis[4-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy) 
benzoate] 157:  

O
O

O
O

O

O

O
O

O
O

O

O

O

O

 

In a dry flask purged with N2, 169 (1.05 g, 3.2 mmol, 2.1 eq) was dissolved in 
DCM, followed by the addition of DPTS (0.94 g, 3.2 mmol, 2.1 eq), EDCI · HCl (0.61 g, 
3.2 mmol, 2.1 eq) and 123 (0.165 g, 1.5 mmol, 1 eq). The mixture was stirred in the 
dark over night, and worked up by washing with water. The crude product was 
purified by column chromatography (EtOAc/hexanes 3:1 gradient to EtOAc). The 
product 157 (0.68 g, 62%) was obtained as a slightly yellow syrup as the first fraction 
in column chromatography. 

1H NMR (300 MHz, CDCl3): δ 7.95 (m, 2H, PhHm-coo), 6.90 (m, 2H, PhHo-coo), 4.91 (s, 
2H, OCH2C≡), 4.16 (m, 2H, CH2OPh), 3.84 (m, 2H, CH2), 3.68-3.58 (m, 10H, CH2), 3.50 
(m, 2H, CH2), 3.33 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 165.1 (C=O), 162.9, 
131.7, 121.6, 114.2 (Ph), 73.8, 70.4 (C≡C), 71.8, 70.8-70.3 (5C), 69.4, 67.5 (CH2), 58.8 
(OCH3), 52.3 (OCH2C≡). Rf = 0.09 (EtOAc). 

 

Compound 159: 

O

O

O

O

O
O

7

O
O

7  

In a thoroughly dried flask, 172 (0.81 g, 1.68 mmol, 2.1 eq) was dissolved in DCM 
in an inert gas atmosphere, and further dried by stirring with 4 Å molecular sieves 
for 0.5 h. Then, DPTS (0.49 g, 1.68 mmol, 2.1 eq) and EDCI (0.32 g, 1.68 mmol, 2.1 eq) 
were added to the solution, followed by the addition of 123 (0.09 g, 0.8 mmol, 1 eq) in 
several portions. The mixture was stirred for 10 h and worked up by filtering off the 
molecular sieves and concentrating the filtrate. The crude product was purified by 
column chromatography (DCM gradient to MeOH/DCM 1:30). Product 159 (0.67 g, 
80%) was obtained as a colorless liquid. 

1H NMR (300 MHz, CDCl3): δ 7.96 (m, 2H, PhHm-coo), 7.37 (m, 2H, PhHo-coo), 4.92 (s, 
2H, OCH2C≡), 4.57 (m, 2H, CH2Ph), 3.58 (m, 26H, CH2), 3.47 (m, 2H, CH2), 3.31 (s, 3H, 
OCH3). 13C NMR (75 MHz, CDCl3): δ 165.2 (C=O), 144.2, 129.7, 128.0, 127.0 (Ph), 73.6 
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(C≡C), 72.3, 71.7, 70.4-70.3, 69.7 (CH2), 58.8 (OCH3), 52.5 (OCH2C≡). m/z calcd for 
C24H22O6(OC2H4)2n (n = 7) ([M]+): 1022.5; found (ESI): 1045.2 ([M]++Na+). 

 

Compound 160:  

O

O

O

O

O O

O
O

O
O

O
O

O
O

O
O

O
O

O
O

O
O  

In a thoroughly dried flask, 174 (0.70 g, 1.3 mmol, 2.1 eq) was dissolved in DCM 
in an inert gas atmosphere, and further dried by stirring with 4 Å molecular sieves 
for 0.5 h. Then, DPTS (0.38 g, 1.3 mmol, 2.1 eq) and EDCI (0.25 g, 1.3 mmol, 2.1 eq) 
were added to the solution, followed by the addition of 123 (0.07 g, 0.6 mmol, 1 eq) in 
several portions. The mixture was stirred for 4 h and worked up by filtering off the 
molecular sieves and concentrating the filtrate. The crude product was purified by 
column chromatography (DCM gradient to MeOH/DCM 1:50). Product 160 (0.34 g, 
51%) was obtained as a slightly yellow liquid. 

1H NMR (300 MHz, CDCl3): δ 7.96 (m, 2H, PhHo-COO), 7.41 (m, 2H, PhHm-COO), 4.93 
(s, 2H, OCH2C≡), 4.72 (s, 2H, CH2Ph), 3.71 (m, 1H, CH), 3.62-3.53 (m, 24H, CH2), 3.49 
(m, 4H, (CH2)2CH), 3.31 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 165.3 (C=O), 
144.8, 129.7, 127.9, 127.1 (Ph), 77.6 (CH), 73.6 (C≡C), 71.7-70.3 (CH2), 58.8 (OCH3), 52.5 
(OCH2C≡). Anal. calcd for C56H86O22: C, 60.53%; H, 7.80%; O, 31.67%; found: C, 
60.51%; H, 7.58%; O, 31.86%. m/z calcd for C56H86O22 ([M]+): 1110.5611; found 
(HiResMALDI): 1133.551 ([M]+ + Na+). Rf = 0.32 (MeOH/DCM 1:10). 

 

6-[4-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy)benzoyloxy]hexa-2,4-diynyl 
2,3,4,5,6-pentafluorobenzoate 161:  

O
O

O
O

O

O

O

O

O

FF

F

FF  

175 (0.31 g, 0.74 mmol, 1 eq) and pentafluorobenzoyl chloride (0.184 g, 0.8 mmol, 
1.08 eq) were dissolved in dry DCM. Triethylamine (0.41 mL, 2.96 mmol, 4 eq) was 
added to the solution, and the mixture was stirred over night in the dark. After 
aqueous workup, the organic solution was concentrated and purified by column 
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chromatography (EtOAc/hexanes 1:2 gradient to EtOAc). 0.30 g (66%) of pure 161 
was obtained as a colorless liquid. 

1H NMR (300 MHz, CDCl3): δ 7.90 (m, 2H, PhHm-COO), 6.86 (m, 2H, OPhHo-COO), 
4.97, 4.88 (s, 2H, OCH2C≡), 4.11 (m, 2H, CH2OPh), 3.80 (m, 2H, CH2), 3.66-3.55 (m, 
10H, CH2), 3.46 (m, 2H, CH2), 3.29 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 164.9 
(C=O), 162.8, 131.6, 121.3, 114.1 (Ph), 74.6, 71.8, 71.2, 69.7 (C≡C), 71.7, 70.6-70.2 (5C), 
69.2, 67.4 (CH2), 58.7 (OCH3), 53.9, 52.1 (OCH2C≡). 19F NMR (188 MHz, CDCl3): δ  
–137.2 (m, 2F), –147.4 (m, 1F), –160.2 (m, 2F). Anal. calcd for C29H27O9F5: C, 56.68%; H, 
4.43%; O, 23.43%; F, 15.46%; found: C, 56.72%; H, 4.54%; F, 15.40%. m/z calcd for 
C29H27O9F5 ([M]+): 614.1575; found (HiResMALDI): 637.1468 ([M]++Na+), 653.1219 
([M]++K+), 710.2076([M]++96). Rf = 0.44 (EtOAc). 

 

Tri(ethylene glycol) monomethyl ether 4-methylbenzenesulfonate 163:  

O
O

O
O S

O

O  

In a dry flask purged with N2, p-toluenesulfonyl chloride (TsCl, 3 g, 15.75 mmol, 
1.05 eq) was dissolved in pyridine (5 mL) at 0°C, forming a bright yellow solution. 
Tri(ethylene glycol) monomethyl ether 162 (2.4 mL, 15 mmol, 1 eq) dissolved in 8 mL 
pyridine was then added dropwise to the first solution, forming some white 
precipitate. The mixture was allowed to warm up to room temperature and stirred 
for 26 h. The reaction was worked up by the addition of 10 mL of ice and the 
adjustment of the pH value to about 6 with 1 m HCl.  After extraction of the acidified 
mixture with Et2O and further washing with water, the product 163 (4.16 g, 87%) was 
obtained as a colorless oil.  

1H NMR (300 MHz, CDCl3): δ 7.71 (m, 2H, PhHo-SO2), 7.26 (m, 2H, PhHm-SO2), 4.07 
(m, 2H, CH2OSO2), 3.59-3.27 (m, 10H, CH2), 3.26 (m, 3H, OCH3), 2.35 (m, 3H, PhCH3). 
13C NMR (75 MHz, CDCl3): δ 144.4, 132.6, 129.5, 127.5 (Ph), 71.4, 70.2 (2C), 70.1, 68.9, 
68.2 (CH2), 58.5 (OCH3), 21.2 (PhCH3). Anal. calcd for C14H22O6S: C, 52.81%; H, 6.96%; 
O, 30.15%; S, 10.07%; found: C, 52.59%; H, 6.87%; O, 30.38%; S, 9.91%. MS (ESI) m/z 
calcd for C14H22O6S ([M]+): 318.11; found: 341.2 ([M]+ + Na+). Rf = 0.45 (DCM). 

 



Experimental Part 

150 

4-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}benzoic acid methyl ester 164:  

O
O

O
O

O

O

 

In a dry flask purged with N2, methyl 4-hydroxybenzoate (0.33 g, 2.2 mmol, 
1.1 eq) and potassium carbonate (0.69 g, 5 mmol, 2.5 eq) were mixed with dry DMF 
(5 mL) at room temperature, forming a white suspension. Then, 163 (0.64 g, 2 mmol, 
1 eq) dissolved in DMF (2 mL) was added and the whole mixture was heated to 50°C 
for 30 h. The reaction was worked up by concentrating the mixture, redissolving the 
residue in DCM and washing with water. The crude product was purified by column 
chromatography (EtOAc/hexanes 1:3), affording pure 164 (0.49 g, 82%) as a colorless 
oil.  

1H NMR (300 MHz, CDCl3): δ 7.94 (m, 2H, PhHm-COO), 6.89 (m, 2H, PhHo-COO), 4.12 
(m, 2H, CH2OPh), 3.83 (m, 5H, CH2 and COOCH3), 3.69-3.58 (m, 6H, CH2), 3.49 (m, 
2H, CH2), 3.33 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 166.6 (C=O), 162.4, 131.4, 
122.6, 114.1 (Ph), 71.8, 70.7, 70.5, 70.4, 69.4, 67.4 (CH2), 58.9 (OCH3), 51.7 (COOCH3). 
Rf = 0.74 (MeOH/DCM 1:10). 

 

4-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}benzoic acid 165: 

O
O

O
O

OH

O

 

164 (0.49 g, 1.64 mmol, 1 eq) were dissolved in MeOH (5 mL) at 0°C, followed by 
the addition of LiOH · H2O (0.34 g, 8.2 mmol, 5 eq) and H2O (2 mL). The turbid 
mixture was allowed to warm up to room temperature and kept stirring for 10 h. The 
reaction was worked up by concentrating the mixture to a white solid, redissolving it 
in DCM, and subsequently washing it with water. The product 165 (0.40 g, 86%) was 
obtained as a white solid.  

1H NMR (300 MHz, CDCl3): δ 11.38 (b, 1H, COOH), 8.03 (m, 2H, PhHo-COOH), 6.94 
(m, 2H, PhHm-COOH), 4.17 (m, 2H, CH2OPh), 3.88 (m, 2H, CH2), 3.74-3.63 (m, 6H, CH2), 
3.55 (m, 2H, CH2), 3.37 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 171.4 (C=O), 163.2, 
132.2, 121.9, 114.2 (Ph), 71.9, 70.8, 70.6, 70.5, 69.5, 67.6 (CH2), 58.9 (OCH3). Anal. calcd 
for C14H20O6: C, 59.14%; H, 7.09%; O, 33.76%; found: C, 59.36%; H, 7.01%; O, 33.54%. 
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MS (ESI) m/z calcd for C14H20O6 ([M]+): 284.13; found: 267.2 ([M]+ - OH), 307.1 ([M]+ + 
Na+). Rf = 0.35 (MeOH/DCM 1:10). 

 

Tetra(ethylene glycol) monomethyl ether 4-methylbenzenesulfonate 167:  

O
O

O
O S

O

O

O

 

In a dry flask purged with N2, TsCl (4.19 g, 22 mmol, 1.1 eq) was dissolved in 
pyridine (7 mL) at 0°C, forming a bright yellow solution. Tetra(ethylene glycol) 
monomethyl ether 166 (4.22 mL, 20 mmol, 1 eq) dissolved in pyridine (10 mL) was 
then added dropwise to the first solution, generating white precipitate. The mixture 
was allowed to warm up to room temperature and stirred for 5.5 h. The reaction was 
worked up by the addition of around 10 mL of ice and the adjustment of the pH 
value to about 6 with 1 m HCl.  After extraction of the acidified mixture with Et2O 
and further washing with water, 167 (6.78 g, 94%) was obtained as a colorless oil.  

1H NMR (300 MHz, CDCl3): δ 7.73 (m, 2H, PhHo-SO2), 7.29 (m, 2H, PhHm-SO2), 4.09 
(m, 2H, CH2OSO2), 3.63-3.47 (m, 14H, CH2), 3.30 (m, 3H, OCH3), 2.38 (m, 3H, PhCH3). 
13C NMR (75 MHz, CDCl3): δ 144.5, 129.5, 127.6 (Ph), 71.6, 70.3-70.1 (5C), 69.0, 68.3 
(CH2), 58.6 (OCH3), 21.3 (PhCH3). Anal. calcd for C16H26O7S: C, 53.02%; H, 7.23%; O, 
30.90%; S, 8.85%; found: C, 52.83%; H, 7.26%; O, 30.92%; S, 8.73%. MS (ESI) m/z calcd 
for C16H26O7S ([M]+): 362.14; found: 363.2 ([M]+ + H+); 385.2 ([M]+ + Na+). Rf = 0.15 
(DCM). 

 

4-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy)benzoic acid methyl ester 168:  

O
O

O
O

O

O

O

 

In a dry flask purged with N2, methyl 4-hydroxybenzoate (1.84 g, 12.1 mmol, 
1.1 eq) and K2CO3 (3.04 g, 22 mmol, 2 eq) were mixed with dry DMF (10 mL) at room 
temperature, forming a white suspension. Then, 167 (3.99 g, 11 mmol, 1 eq) dissolved 
in DMF (8 mL) was added, and the whole mixture was heated to 50°C and kept 
stirring for 20 h. The reaction was worked up by concentrating the mixture, 
redissolving the residue in DCM, and washing it with water. The crude product was 
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purified by column chromatography (EtOAc/hexanes 1:3), affording the pure 
product 168 (2.74 g, 73%) as a slightly yellow liquid.  

1H NMR (300 MHz, CDCl3): δ 7.92 (m, 2H, PhHm-COO), 6.86 (m, 2H, PhHo-COO), 4.10 
(m, 2H, CH2OPh), 3.80 (m, 5H, CH2 and COOCH3), 3.65-3.55 (m, 10H, CH2), 3.47 (m, 
2H, CH2), 3.29 (m, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 166.5 (C=O), 162.3, 131.3, 
122.4, 113.9 (Ph), 71.7, 70.6-70.3 (5C), 69.3, 67.3 (CH2), 58.8 (OCH3), 51.6 (COOCH3). 
Anal. calcd for C17H26O7: C, 59.64%; H, 7.65%; O, 32.71%; found: C, 59.68%; H, 7.51%; 
O, 32.89%. HRMS (EI) m/z calcd for C17H26O7 ([M]+): 342.1679; found: 342.1677. Rf = 
0.39 (EtOAc). 

 

4-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy)benzoic acid 169:  

O
O

O
O

OH

O

O

 

168 (2.72 g, 7.94 mmol, 1 eq) was dissolved in MeOH (25 mL) at 0°C, followed by 
the addition of LiOH· H2O (1.68 g, 40 mmol, 5 eq) and H2O (10 mL). The turbid 
mixture was allowed to warm up to room temperature and kept stirring for 10 h. The 
reaction was worked up by concentrating the mixture to a white solid, dissolving it 
in DCM, and subsequently washing it with water. The product 169 (2.46 g, 94%) was 
obtained as a white solid. 

1H NMR (300 MHz, CDCl3): δ 11.78 (b, 1H, COOH), 7.94 (m, 2H, PhHo-COOH), 6.85 
(m, 2H, PhHm-COOH), 4.09 (m, 2H, CH2OPh), 3.79 (m, 2H, CH2), 3.64-3.55 (m, 10H, CH2), 
3.47 (m, 2H, CH2), 3.29 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 170.6 (C=O), 162.8, 
131.9, 121.7, 114.0 (Ph), 71.6, 70.5-70.1 (5C), 69.2, 67.3 (CH2), 58.6 (OCH3). Anal. calcd 
for C16H24O7: C, 58.53%; H, 7.37%; O, 34.11%; found: C, 58.53%; H, 7.28%; O, 33.99%. 
HRMS (EI) m/z calcd for C16H24O7 ([M]+): 328.1522; found: 328.1516. Rf = 0.24 (EtOAc). 

 

4-(2-{2-[2-(2-Methoxyethoxy)ethoxy]ethoxy}ethoxy)methyl benzoic acid 170:  

OH

O

O
O

O
O

O  

In a thoroughly dried flask, NaH (2.63 g, 60% dispersion in mineral oil, 66 mmol, 
2.6 eq) was mixed with THF (150 mL) in an inert atmosphere, and degassed in three 
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freeze-pump-thaw cycles. Then, 166 (5.20 g, 25 mmol, 1 eq) was added slowly, 
forming a slight yellow suspension. The mixture was stirred for 0.5 h, followed by 
the addition of 4-(bromomethyl)benzoic acid (5.54 g, 26 mmol, 1.04 eq). After stirring 
for another 10 h, the whole mixture was acidified with 1 m HCl to pH 4 and 
concentrated. The residue was filtered through a short plug of silica gel by eluting 
with MeOH/DCM 1:10, and the combined filtrate was further purified by column 
chromatography (MeOH/DCM 1:30 gradient to MeOH/DCM 1:10). Pure 170 (4.91 g, 
60%) was obtained as a slightly yellow liquid. 

1H NMR (300 MHz, CDCl3): δ 11.33 (b, 1H, COOH), 8.00 (m, 2H, PhHo-COOH), 7.38 
(m, 2H, PhHm-COOH), 4.58 (m, 2H, CH2Ph), 3.64-3.58 (m, 14H, CH2), 3.50 (m, 2H, CH2), 
3.31 (s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 170.5 (C=O), 144.1, 130.0, 128.5, 127.0 
(Ph), 72.3, 71.6, 70.4-70.2 (6C), 69.6 (CH2), 58.7 (OCH3). Anal. calcd for C17H26O7: C, 
59.64%; H, 7.65%; O, 32.71%; found: C, 59.41%; H, 7.59%; O, 32.78%. m/z calcd for 
C17H26O7 ([M]+): 342.1679; found (EI): 342.1564 ([M]+-H2O). 

 

Compound 172: 

OH

O

O
O

7  

In a thoroughly dried flask, NaH (2 g, 60% dispersion in mineral oil, 50 mmol, 
2.5 eq) was mixed with THF (150 mL) in an inert atmosphere, and degassed in three 
freeze-pump-thaw cycles. Then, 171 (7 g, 20 mmol, 1 eq) was added, forming a white 
suspension. The mixture was stirred for 0.5 h, followed by the addition of 4-
(bromomethyl)benzoic acid (4.52 g, 21 mmol, 1.05 eq). After stirring for another 14 h, 
the whole mixture was acidified with 1 m HCl to pH 4 and concentrated. The residue 
was filtered through a short plug of silica gel by eluting with MeOH/DCM 1:10, and 
the combined filtrate was further purified by column chromatography (MeOH/DCM 
1:30 gradient to MeOH/DCM 1:10). The pure product 172 (7.66 g, 79%) was obtained 
as a slightly yellow liquid. 

1H NMR (300 MHz, CDCl3): δ 11.06 (b, 1H, COOH), 7.98 (m, 2H, PhHo-COOH), 7.37 
(m, 2H, PhHm-COOH), 4.57 (m, 2H, CH2OPh), 3.59 (m, 30H, CH2), 3.49 (m, 2H, CH2), 3.31 
(s, 3H, OCH3). 13C NMR (75 MHz, CDCl3): δ 169.9 (C=O), 144.0, 129.9, 128.6, 127.0 
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(Ph), 72.3, 71.6, 70.4-70.2, 69.6 (CH2), 58.7 (OCH3). m/z calcd for C9H10O3(OC2H4)n 
(n = 7) ([M]+): 474.2; found (ESI): 473.2 ([M]+-H). 

 

Compound 174:  
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O
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In a thoroughly dried flask, NaH (0.19 g, 60% dispersion in mineral oil, 8 mmol, 4 
eq) was mixed with THF (15 mL) in an inert atmosphere, and degassed in three 
freeze-pump-thaw cycles. 173 (0.77 g, 2 mmol, 1 eq) was added, forming a slightly 
yellow suspension. The mixture was stirred for 15 min, followed by the addition of 4-
(bromomethyl)benzoic acid (0.48 g, 2.2 mmol, 1.1 eq). After stirring for another 14 h, 
the whole mixture was concentrated and filtered through a short plug of silica gel by 
eluting with MeOH/DCM 1:10. The combined filtrate was further purified by 
column chromatography (MeOH/DCM 1:30 gradient to MeOH/DCM 1:10), 
affording 174 (0.77 g, 74%) as a colorless liquid. 

1H NMR (300 MHz, MeOD): δ 7.97 (m, 2H, PhHo-COOH), 7.38 (m, 2H, PhHm-COOH), 
4.71 (s, 2H, CH2Ph), 3.71 (m, 1H, CH), 3.60-3.55 (m, 24H, CH2), 3.49 (m, 4H, (CH2)2CH), 
3.31 (s, 6H, OCH3). 13C NMR (75 MHz, MeOD): δ 170.7 (C=O), 146.4, 132.1, 131.6, 
129.3 (Ph), 79.7 (CH), 73.7-72.1 (8C, CH2), 60.0 (OCH3). Rf = 0.20 (MeOH/DCM 1:20). 

 

6-Hydroxyhexa-2,4-diynyl 4-(2-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}ethoxy) 
benzoate 175:  

O
O

O
O

O

O

O

OH  

Product 175 (0.22 g, 35%) was obtained as a slightly yellow syrup from the 
synthesis of 157 as the second fraction in the column chromatography. 

1H NMR (300 MHz, CDCl3): δ 7.89 (m, 2H, PhHm-COO), 6.85 (m, 2H, PhHo-COO), 4.86 
(s, 2H, OCH2C≡), 4.21 (s, 2H, ≡CCH2OH), 4.09 (m, 2H, CH2), 3.78 (m, 2H, CH2), 
3.64-3.53 (m, 10H, CH2), 3.45 (m, 2H, CH2), 3.28 (s, 3H, OCH3). 13C NMR (75 MHz, 
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CDCl3): δ 165.1 (C=O), 162.7, 131.5, 121.3, 114.0 (Ph), 78.6, 72.9, 70.4, 68.5 (C≡C), 71.5, 
70.5-70.1 (5C), 69.1, 67.3 (CH2), 58.6 (OCH3), 52.3, 50.5 (OCH2C≡). Rf = 0.36 (EtOAc). 

 

tert.-Butyldimethylsilyl prop-2-ynoate 183:  

TBDMSO

O

 

Propiolic acid (0.70 g, 10 mmol, 1 eq) and imidazole (0.75 g, 11 mmol, 1.1 eq) 
were mixed in dry DCM under N2 atmosphere. Then, TBDMSCl (1.52 g, 10.1 mmol, 
1 eq) was added slowly, and the mixture was stirred for 2 h at room temperature. 
The reaction was worked up by dilution with DCM, followed by washing with water. 
The crude product 183 (1.49 g, 81%) was obtained as a slightly yellow liquid and was 
used in following steps without further purification.  

1H NMR (300 MHz, CDCl3): δ 2.88 (s, 1H, C≡CH), 0.96 (s, 9H, C(CH3)3), 0.32 (s, 6H, 
Si(CH3)2). 13C NMR (75 MHz, CDCl3): δ 151.9 (C=O), 76.2 (C≡CH), 73.4 (C≡CH), 25.1 
(CH3), 17.6 (CMe3), -0.5 (Si(CH3)2). 

 

tert.-Butyl 4-(triisopropylsilyloxy)but-2-ynoate 192: 

TIPSO O

O

 

In a dry flask purged with N2, diisopropylamine (0.52 mL, 4 mmol, 1 eq) was 
mixed with THF, followed by the addition of n-BuLi (2.5 mL, 1,6 M in hexane, 
4 mmol, 1 eq) at 0°C. The mixture was stirred for 10 min, and another THF solution 
containing 127 (0.85 g, 4 mmol, 1 eq) was added to it, which had been dried over 4 Å 
molecular sieves. The reaction was then stirred for 2 h at 0°C and another 1 h at room 
temperature, while Boc2O (1.05 g, 4.8 mmol, 1.2 eq) was successively added. The 
mixture was again stirred for 1 h at room temperature and worked up by washing 
with water. The crude product was purified by column chromatography 
(DCM/hexanes 1:50), affording 192 (0.87 g, 70%) as a colorless liquid.  
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1H NMR (300 MHz, CDCl3): δ 4.46 (s, 2H, CH2), 1.48 (m, 9H, C(CH3)3), 1.08 (m, 
21H, CH3, CHMe2). 13C NMR (75 MHz, CDCl3): δ 154.5 (C=O), 83.3, 83.1 (C≡C), 77.7 
(CMe3), 51.6 (CH2), 27.9 (C(CH3)3), 17.8 (CH(CH3)2), 11.9 (CHMe2). 

 

tert.-Butyl 4-hydroxybut-2-ynoate 193:  

HO O

O

 

A solution of 192 (0.56 g, 1.78 mmol, 1 eq) in THF was cooled to –78ºC, and TBAF 
(1.8 mL, 1 eq, 1.0 M solution in THF) was added via a syringe. The reaction was 
stirred for 2 h at –78ºC and subsequently diluted with Et2O. After aqueous workup, 
the crude product was purified by column chromatography (EtOAc/hexanes 1:10 
gradient to 1:2). Product 193 (0.18 g, 65%) was obtained as a bright yellow liquid.  

1H NMR (300 MHz, CDCl3): δ 4.35 (s, 2H, CH2), 3.53 (b, 1H, OH), 1.46 (m, 9H, 
C(CH3)3). 13C NMR (75 MHz, CDCl3): δ 152.6 (C=O), 83.8 (CMe3), 83.5, 78.0 (C≡C), 50.2 
(CH2), 27.8 (C(CH3)3). 

 

4-(2,3,4,5,6-Pentafluorobenzoyloxy) but-2-ynoic acid tert.-butyl ester 194: 

F

F

F F

F

O

O

O

O

 

In a dry flask purged with N2, pentafluorobenzoyl chloride (0.25 g, 1.2 mmol, 
1.04 eq), DPTS (0.35 g, 1.2 mmol, 1.04 eq) and EDCI · HCl (0.23 g, 1.2 mmol, 1.04 eq) 
were mixed in dry DCM at room temperature. Then, 192 (0.18 g, 1.15 mmol, 1 eq) 
was added and the mixture was stirred for 3 h. After aqueous workup, the crude 
product was purified by column chromatography (DCM/hexanes 1:2). Product 194 
(0.25 g, 62%) was obtained as a slightly yellow liquid.  

1H NMR (300 MHz, CDCl3): δ 5.04 (s, 2H, CH2), 1.47 (m, 9H, C(CH3)3). 13C NMR 
(75 MHz, CDCl3): δ 151.8 (C=O), 84.6 (CMe3), 80.5, 78.0 (C≡C), 53.5 (CH2), 28.2 
(C(CH3)3). 19F NMR (188 MHz, CDCl3): δ –137.1 (m, 2F), –147.2 (m, 1F), –160.2 (m, 2F). 
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4-(2,3,4,5,6-Perfluorobenzoyloxy) but-2-ynoic acid 195: 

F

F

F F

F

O

O

OH

O

 

In a dry flask purged with N2, 194 (0.25 g, 0.71 mmol, 1 eq) was mixed with TFA 
(0.71 mL, 9.23 mmol, 13 eq) in DCM. After stirring for 1 h, the reaction was worked 
up by aqueous washing. The product 195 (0.20 g, 96%) was obtained as pale white 
crystals. 

1H NMR (300 MHz, CDCl3): δ 9.28 (b, 1H, COOH), 5.11 (s, 2H, CH2). 13C NMR 
(75 MHz, CDCl3): δ 156.4 (C=O), 81.9, 78.2 (C≡C), 53.0 (CH2). 19F NMR (188 MHz, 
CDCl3): δ –136.8 (m, 2F), –146.6 (m, 1F), –159.9 (m, 2F). 
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7 Appendix 
1H and 13C NMR spectra of 120 

 

 



Appendix 

166 

1H and 13C NMR spectra of 121 
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19F and 19F-13C HMQC NMR spectra of 121 
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1H and 13C NMR spectra of 122 
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19F and 19F-13C HMQC NMR spectra of 122 
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1H and 13C NMR spectra of 124 
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1H and 13C NMR spectra of 125 
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1H and 13C NMR spectra of 126 
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1H and 13C NMR spectra of 127 
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1H and 13C NMR spectra of 128 
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1H and 13C NMR spectra of 129 
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1H and 13C NMR spectra of 130 
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1H and 13C NMR spectra of 131 
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1H and 19F NMR spectra of 132 
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13C NMR spectra of 132 (D1 = 10 s) 
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1H and 13C NMR spectra of 133 
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1H and 19F NMR spectra of 134 
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13C NMR spectra of 134 (D1 = 10 s) 
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1H and 13C NMR spectra of Polymer P134 
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1H and 13C NMR spectra of 137 
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1H and 13C NMR spectra of 138 
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1H and 13C NMR spectra of 139 
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1H and 13C NMR spectra of 140 
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1H and 13C NMR spectra of 141 

 

 



Appendix 

189 

19F NMR spectra of 141 and 142 
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1H and 13C NMR spectra of 142 
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1H and 13C NMR spectra of 143 
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19F NMR spectrum of 143 
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1H and 13C NMR spectra of 144 
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1H and 13C NMR spectra of 145 
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1H and 13C NMR spectra of 146 
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1H and 13C NMR spectra of 147 
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1H and 13C NMR spectra of 148 
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1H and 13C NMR spectra of 149 
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1H and 13C NMR spectra of 150 
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1H and 13C NMR spectra of 151 
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1H and 13C NMR spectra of 152 
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1H and 13C NMR spectra of 153 
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1H and 13C NMR spectra of 154 
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1H and 13C NMR spectra of 155 
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1H and 13C NMR spectra of 157 
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1H and 13C NMR spectra of 159 
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1H and 13C NMR spectra of 160 
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1H and 13C NMR spectra of 161 
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19F NMR spectrum of 161 
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1H and 13C NMR spectra of 163 
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1H and 13C NMR spectra of 164 
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1H and 13C NMR spectra of 165 
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1H and 13C NMR spectra of 167 
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1H and 13C NMR spectra of 168 
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1H and 13C NMR spectra of 169 
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1H and 13C NMR spectra of 170 
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1H and 13C NMR spectra of 172 
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1H and 13C NMR spectra of 175 
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1H and 13C NMR spectra of 183 
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1H and 13C NMR spectra of 192 
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1H and 13C NMR spectra of 193 
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1H and 13C NMR spectra of 194 
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1H and 13C NMR spectra of 195 
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