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Voorwoord

Eindelijk ik kan beginnen aan het voorwoord. Voor de lezer meestal het eerste wat
bekeken wordt, maar voor mij een afsluiting van mijn promotie tijd. Ruim vier en een half
jaar geleden kwam ik uit Leiden als kersverse doctorandus om hier in Groningen aan mijn
promotie te beginnen. Ik wist niet eens waarnaar ik onderzoek zou gaan verrichten, dat werd
mij allemaal pas verteld op de dag dat ik hier begon. Gelukkig heeft het allemaal goed
uitgepakt, zoals te lezen valt en ik ben in die tijd van een echte syntheticus langzamerhand
meer een fysisisch organicus geworden. Iets wat ik eerder niet voor mogelijk had gehouden,
ik wilde eigenlijk alleen maar synthese doen. Daar ik een erg fijne tijd heb gehad hier op het
lab en in Groningen zelf en wil ik graag de mensen bedanken die daar toe een steentje hebben
bijgedragen.

Allereerst wil ik prof. dr. R.M. Kellogg bedanken voor het feit dat hij het heeft
aangedurfd om mij deze promotieplaats aan te bieden. U heeft lang moeten wachten op de
schakelbare gelatoren, maar ze zijn er uiteindelijk toch gekomen. U doet er ook altijd alles
aan om te zorgen dat het aan uw aio’s niets ontbreekt, dat is in deze tijd van schaarste
onontbeerlijk. Op papier leek ik maar één promoter te hebben, maar in de praktijk bleek prof.
dr. B.L. Feringa er ook één. Ben, wil ik bedanken voor het enthousiasme dat regelmatig naar
voren kwam. Uiteindelijk bleken er drie “promotores” te zijn. Dr. Jan van Esch sluit de rij in
deze. Jan, ik wil je bedanken voor alle tijd die je in dit onderzoek gestopt hebt. Jij bleef altijd
enthousiast, zonder jou had het proefschrift er zeker minder mooi uitgezien.

De leden van de beoordelingscommissie, prof. dr. J.B.F.N. Engberts, prof. dr. J.C.
Hummelen en prof. dr. E.W. Meijer wil ik bedanken voor het zorgvuldig en snelle nakijken
van het manuscript.

Het werd op een gegeven moment niet meer zo vanzelfsprekend dat je als aio ook nog
een student onder je hoede kon nemen, vanwege het geringe aantal studenten binnen onze
groep. Gelukkig heb ik dat toch nog mee kunnen maken. Jaap, je hebt een jaar van je leven
gegeven aan de Jaap-switch wat helaas niet heeft mogen baten. De Linda-switch heeft je toch
nog enig succes opgeleverd, dit staat beschreven in hoofdstuk 4. Ik vind het leuk dat je erg
enthousiast bent geworden voor het onderzoek, zodat je nu verder gaat als aio, succes.

Het heeft veel tijd gekost voordat de eerste moleculaire schakelaar daadwerkelijk
gesynthetiseerd was, maar toen hebben ze me ook zeker geen windeieren gelegd. We hebben
samengewerkt met verschillende groepen om het uiterste eruit te halen wat erin zat. Ik ben
blij dat deze switches nog steeds gebruikt worden als een bron van inspiratie voor een
volgende generatie onderzoekers. De mensen, waarmee we samengewerkt hebben wil ik bij
deze graag nog eens persoonlijk bedanken. Het is natuurlijk een droom van elke chemicus om
zijn eigen moleculen echt te kunnen zien. Dit voorrecht heb ik gehad. Twee weken ben ik te
gast geweest bij de groep van prof. dr. F. DeSchryver in Leuven om mijn schakelaars eens te
bekijken met behulp van STM. Samen met drs. André Gesquière heb ik uren doorgebracht in
de bunker achter de STM om wat moleculen zichtbaar te maken. Ook dr. Steven de Feyter en
Betty Hoyez wil ik hierbij bedanken voor de gastvrijheid. De schakelaars konden zich ook
binnen het gebouw op voldoende interesse verheugen. In samenwerking met drs. Ralph



Hania, dr. Audrius Pugzlys en prof. dr Koos Duppen hebben we gekeken naar het gedrag van
de schakelaars in de eerste paar picoseconden. Dit staat in het tweede gedeelte van hoofdstuk
4 beschreven. Een paar verdiepingen hoger heeft dr. Joop Knol in de groep van prof. dr. Kees
Hummelen enkele buckyballen aan de schakelaar gezet. Het zijn esthetisch erg mooie
moleculen, die onverwachte, maar interessante eigenschappen bleken te hebben. Dit is
allemaal te lezen in hoofdstuk 8. Ik wil Joop bedanken voor alle tijd en het enthousiasme die
hij hierin heeft gestoken. Tenslotte wil ik Vincent Verhoeven bedanken voor de
viscositeitsmetingen die in hoofdstuk 6 zijn beschreven.

Naast het echte werk is er ook tijd voor een lolletje, hierin werd ik ruimschoots voorzien
door mijn zaalgenoot René la Crois. Samen met Hanneke van der Deen hebben we met z’n
drieën altijd veel plezier gehad op 16.238Z. Ik wil Marco van den Heuvel, Minze Rispens en
Alette Ligtenbarg bedanken voor de gezelligheid die ze gegeven hebben bij de wekelijkse
uurtjes sport zoals BOMmen, circuiten, tennissen en schaatsen. Na afloop werd dit vaak met
een lekkere maaltijd afgesloten bij één van ons thuis. De CB borrel op vrijdagmiddag was
ook altijd erg gezellig en kon in het begin van mijn promotietijd ook nog wel eens tot de late
uurtjes doorgaan. Maaike de Loos wil ik bij deze ook bedanken voor alle gezelligheid binnen
en buiten het lab, en voor haar kookexperimenten. Ik ben blij dat je ook op de grote dag als
paranimf naast mijn zijde staat. Samen met Robert Naasz en Richard van Delden heb ik met
veel plezier de werkweek in 1998 naar Straatsburg en omgeving georganiseerd. Verder wil ik
José Nieuwenhuijzen nog noemen, samen hadden we het altijd erg naar onze zin bij de
Kellogg-lunch. Ook de Biomade-zaal, André, Inouk, Ron en Peter, bedankt voor de koffie en
de bijbehorende gezelligheid.

Verder wil ik mijn oud-huisgenoten Maaike de Jong, Marina Slijkerman en Yvonne
Streefkerk bedanken voor alle gezelligheid aan de Jozef en daarna, vooral in het begin toen ik
net in Groningen woonde en nog niemand kende heeft me dat heel veel steun gegeven. In dat
kader wil ik ook Tycho van der Plas bedanken. De vriendschap met Mirjam van der Burg is
me nog steeds zeer dierbaar en ik ben je dan ook zeer dankbaar dat je naast mijn zijde zal
staan als paranimf. Samen zaten we in hetzelfde promotieschuitje. Ook aan onze vakanties
heb ik veel goede herinneringen.

Tenslotte wil ik mijn ouders bedanken voor het vertrouwen dat ze in mij hebben en de
geboden vrijheid om te doen wat ik leuk vind. Ik vind het mooi dat mijn broer Sander,
ondanks dat hij in de kunst zit, zich toch nog wel eens artistiek laat inspireren door de
scheikunde.

Lieve Jelle, jij bent uiteindelijk het beste wat me hier in Groningen overkomen is.
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Chapter 1

Supramolecular Chemistry:
From Molecule to Material

1.1 Supramolecular chemistry

In recent years supramolecular chemistry1 has established itself as one of the most active
fields of science. Pioneers in this field are Cram,2 Lehn3 and Pedersen4 and their work on
crown ethers and cryptands in the area of host-guest chemistry has been awarded with the
1987 Nobel prize for chemistry. An example of a guest system is crown ether 1.1 depicted in
Scheme 1.1. Early inspiration for the construction of supramolecular species was obtained
from nature and especially from biological aggregates like lipid bilayers, viral capsids, the
DNA double helix, and the tertiary and quaternary structure of proteins.5 Nowadays the area
of supramolecular chemistry stretches from molecular recognition in natural and artificial
complexes to applications in new materials, in biology, chemical technologies or medicine.

The most important feature of supramolecular chemistry is that the building blocks are
reversibly held together by intermolecular forces (non-covalent self-assembly). The
reversible formation under thermodynamic control and therefore the capacity of
supramolecular systems to correct errors that may occur during the self-assembly process is
advantageous, but the outcome may be difficult to control. The bond formation between
atoms in molecular chemistry is based on covalent assembly, which is kinetically or
thermodynamically controlled. Thus non-covalent synthesis enables one to build
supramolecular entities having architectures and features that are sometimes extremely
difficult to prepare by covalent synthesis.
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O

Pd NH2

H2N

Pd NH2
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Scheme 1.1 Examples of structures designed in supramolecular chemistry.
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An example is the supramolecular square (1.2) reported by Fujita et al.,6 which is formed
by four rigid 4,4’-bipyridyl species held together with palladium and four ligands. This
square is able to function as host in a solution for aromatic guests such as naphthalene (Kassoc

= 1800M-1).7

This example of Fujita’s supramolecular square is typical for one side of supramolecular
chemistry, that is the area of the supramolecules. In this area well-defined discrete
oligomolecular species are designed and synthesized through non-covalent assembly of a few
components, leading to a variety of functions like recognition as in host-guest complexes,
supramolecular catalysis, and supramolecular devices. At the other extreme there is the area
of the supramolecular aggregates, i.e. polymolecular entities that result from the spontaneous
association of a large number of components. Well-known examples of such systems include
bilayer membranes, liquid crystals, micelles and self-assembled monolayers. A spectacular
example of a polymolecular entity with a limited aggregation number was constructed by
Stupp and coworkers, who created a molecular mushroom8 (Scheme 1.2) of about 200 kD by
self-assembly of 100 triblock polymers (1.3). These mushrooms can self-organize into films
containing 100 or more monolayers.

1.3n+m = 9

mn
9

O O

O
O

O
OH

O

Scheme 1.2 The mushroom shaped supramolecular nanostructure and its monomer.

The reversible nature of the supramolecular structures has also complicated their analysis and
characterization by conventional organic analytical and spectroscopic methods. The progress
in supramolecular chemistry would not have been possible without the development of new
analytical and spectroscopic techniques suitable for characterizing the structure and
properties of supramolecular systems.

One of the most important aspects of supramolecular chemistry is the understanding and
the ability to exploit non-covalent interactions for the controlled and reversible assembly of
functional entities. The term “non-covalent”9 contains an enormous range of intermolecular
interactions, which, however, originate from only a few attractive and repulsive forces. These
are in order of decreasing strength (a) electrostatic interactions (ion-ion, ion-dipole and
dipole-dipole interactions) and coordinative bonding (metal-ligand) (b) hydrogen bonding (c)

π-π stacking and (d) Van der Waals forces. The use of these interactions for the directed self-
assembly of a given structure requires knowledge of their strength and of their dependence on
distances and directionality. Although a single interaction is generally much weaker than a
covalent bond, the cooperative action of many of such interactions may lead to
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supramolecular species that are thermodynamically and kinetically stable under a variety of
conditions. In addition, hydrophobic or solvophobic effects often play a role. Less formally,
the water or solvent molecules are attracted strongly to one another resulting in a natural
assembly of other species such as nonpolar organic molecules as they are squeezed out of the
way of the strong intersolvent interactions.1b

The area of supramolecular chemistry is very broad and can therefore not be covered
completely in one chapter. Therefore in the light of part of the research carried out in this
thesis, photocontrolled self-assembly based on hydrogen bonding, this chapter will mainly
deal with self-assembly processes based on hydrogen bonding in order to provide a sufficient
literature background.

1.2 Hydrogen bonding

Hydrogen bonding occurs between a proton donor group A-H and a proton acceptor
group B, where A is an electronegative atom, O, N, S, P, Se, X (F, Br, I, Cl) or C, and the

acceptor group is a lone electron pair of an electronegative atom, or a π-electron orbital of a
multiple bond (unsaturated) system. Generally, a hydrogen bond can be characterized as a
proton shared by two lone electron pairs. Increasing the dipole moment of the donor and the
electron pair on the acceptor result in an increasing strength of the hydrogen bond. The
strength of hydrogen bonds is typically around 20 kJMol-1, but can even be as strong as 163
kJ Mol-1, as has been reported for the F-···HF interaction.10

There are different types of hydrogen bonds known based on their geometry (Scheme
1.3). The simplest is a D-H···A arrangement with a favored angle close to 180°, type a
(Scheme 1.3). In type b hydrogen bonds one hydrogen atom interacts with two acceptor
atoms in a three center, often called bifurcated, arrangement. Less frequently occurring are
type c and d, both also referred to as bifurcated.

D H
A

D
H

H
A

A

A

D H
A

A
(a)  

nearly linear
(b)

bifurcated
(c)

bifurcated
(d)

three center
bifurcated

D
H

H
A

Scheme 1.3 Different hydrogen bond types.

Molecules can contain different numbers of donor and/or acceptor sites. In many self-
assembling structures, the components are held together by arrays of double (1.4), triple (for
instance the GC base pair, Scheme 1.5), quadruple (for instance 2-ureido-4-pyrimidones,
Scheme 1.11) hydrogen bonds and quintuple11 hydrogen bonds. In order to increase the
stability even more, self-complementary modules that dimerize through the formation of up
to six hydrogen bonds (1.5) have been synthesized.12
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N N N N

O

NN

O

H H

Ar Ar

HH
HH

N N

O

NNNN
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Scheme 1.4 Multiple hydrogen bonding systems.

Not only the number of hydrogen bonds determines the stability of the assembly, but also
the arrangement of the donor (D) and acceptor (A) sites plays a significant role, as recognized
by Jorgenson and coworkers.13 They showed that these differences in stability can be largely
attributed to attractive and repulsive secondary interactions. Stabilization arises from
electrostatic attraction between positively and negatively polarized atoms in adjacent
hydrogen bonds, whereas destabilization is likewise the result of electrostatic repulsions
between two positively or negatively polarized atoms (Scheme 1.5). Alternation of hydrogen
bond donors and acceptors in the same functional group lowers the association constant and
thus the overall binding Gibbs energy of a pair of molecules (repulsive secondary
interactions). On the other hand when a molecule consists of only donors and the
corresponding partners only of acceptors, the secondary interactions are favorable, resulting
in a much stronger hydrogen bonded complex (attractive secondary interactions). The GC
base pair (Scheme 1.5) is a ADD·DAA complex and has a Kass=104-105M-1 in chloroform.14

Formation of the GC dimer involves two attractive (AA and DD) and two repulsive (AD and
AD) secondary interactions. DDD·AAA complexes (four attractive secondary interactions)
showed Kassoc. > 105M-1.15
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N

H
H N

O
N

N

Scheme 1.5 Secondary interactions.
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Solvents do also have a pronounced influence on hydrogen bonding, especially in the
case of single hydrogen bonds and dimers. The contribution a hydrogen bond makes to
molecular interactions is, in the presence of a hydrogen bonding solvent like water, limited to
the difference between the hydrogen bond to the substrate and the hydrogen bond to the
solvent molecule.16 Solvents containing hydrogen bond donor or acceptor groups are
therefore competitive inhibitors of binding, e.g. in a water-saturated chloroform environment
the hydrogen bonding sites are solvated resulting in a decrease aggregation.17

1.3 From molecule to material

Hydrogen-bonding18 motives are, because of their high cooperative strength, selectivity
and directionality especially suited for the design of novel molecular building blocks which
will self-assemble into supramolecular assemblies with a well-defined structure.19 Lawrence
et al.20 realized that a process that plays such an important role in nature must have many
advantages over the connection of these molecules by covalent bonds. Nature’s ultimate
example of a self-assembled hydrogen bonded array is of course the double helix of DNA,
which is formed by complementary hydrogen bonding between cytosine (C) and guanine (G),
and adenine (A) and thymine (T) base pairs (Scheme 1.6).

sugar
backbone

H

H

H

HN

ON

N N

N

H
H N

sugar
backbone

O
N

N

GC base pair

N

NN

N

H
sugar
backbone

N H
H

O

O sugar
backbone

N

N

AT base pair

Scheme 1.6 Watson-Crick hydrogen bonding in DNA.

Many scientists have thus been inspired by nature to construct supramolecular structures
and materials by means of hydrogen bonding. In this part we want to focus on some
important developments in hydrogen bonding supramolecular chemistry and pay in particular
attention to their potential importance for materials research. Some instructive examples are
selected from literature ranging from small defined species like molecular capsules, rosettes,
and dendrimers to infinite less-defined assemblies like liquid crystals, peptide nanotubes,
supramolecular polymers, materials formed by crystal self-assembly and organogelators.

Recent literature shows that glycoluril derivatives have strong potentials for applications
in the materials sector, ranging from nanoporous materials, via molecular switches, tailor-
made polymers, synthetic receptors, liquid crystals, and molecular capsules to supramolecular
gels.21 There are some good reasons why this molecule has become a building block for a
variety of intriguing structures. The geometry of the molecule allows the synthesis of concave
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molecular structures. Also the NH groups provide handles for facile substitution and the
ureidomoiety is a powerful self-complementary donor-acceptor unit for hydrogen bonding. A
well-known assembly formed by glycoluril derivatives is the “tennis ball” (Scheme 1.7)
developed by Rebek jr. et al.22 This is an example of a molecular capsule.

Scheme 1.7 The tennis ball.

Two self-complementary glycoluril derivatives (1.6) assemble to form a closed shell, three-
dimensional surface through a network of hydrogen bonds. The assembly is held together by
eight almost linear hydrogen bonds with N-O distances of 2.78-2.89Å. Due to cooperative
hydrogen bonding these dimers are extremely stable, even in the presence of 25% DMSO in
CHCl3.

23 The tennis ball is also able to encapsulate small guest molecules, like for instance
methane22c. Various tennis balls have been synthesized in order to improve the host-guest
complex.22 Even larger assemblies to encapsulate larger guest molecules have been
developed, the so-called soft balls, by expanding the size of the spacer between the two
glycoluril units.24

N

N

N

NH2

H2N NH2

HN

N

NH

O

O O

HN NH

O

O O

N N

NH2

H2N NH2

1.7 1.8

1.9 1.10
H

Scheme 1.8 Cyanuric-melamine lattice in the solid state and their building blocks.

Very intensively studied hydrogen bonded motifs are the ones based on cyanuric acid
(1.9) or barbituric acid (1.10) and melamine (1.7) or 2,4,6-triaminopyrimidine (1.8).
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Whitesides and coworkers recognised that these molecules could form three different
submotifs in the solid state (scheme 1.8): (1) infinite linear tapes (2) infinite crinkled tapes
and (3) a finite cyclic rosette motif.25 Subtle structural changes in either the acids (1.9 or 1.10)
or the amines (1.7 or 1.8) strongly affected the stability of the linear or crinkled tapes in the
solid state.26 The rosette motif is very soluble and has a defined shape and size, and therefore
it has been a grateful subject of supramolecular research.27 Especially the group of Whitesides
and more recently the group of Reinhoudt put a great deal of effort in these systems.
Whitesides et al. developed two different strategies to promote selective formation of the
rosette motifs: peripheral crowding and covalent preorganization. When steric bulk is
introduced to the melamine derivatives the system preferably forms rosettes, whereas small
substituents promote linear tapes.28 The other approach involved the synthesis of a
trismelamine compound, in which the melamines are covalently preorganized through semi-
rigid spacers onto a C3-symmetric central unit.25b 1H-NMR competition experiments showed
clearly that the thermodynamic stability of the rosette had increased.25b,29 Reinhoudt and
coworkers showed that calix[4]arenes can also serve as excellent preorganizing units for the
formation of rosettes.30 At present, these systems are the subject of continuing research in the
groups of Reinhoudt, 31 Rebek32 and Lehn33 towards dynamic combinatorial chemistry.

Hydrogen bonding motives have also been exploited for the supramolecular organization
of subunits of macromolecular size, for instance dendrimers.34 Zimmerman and coworkers are
the pioneers in the study on hydrogen-bond mediated self-assembly of dendritic molecules.
Dendritic branches were attached via hydrogen bonding to a bis-isophthalic acid core, and as
a result of the formation of the carboxylic acid dimers, they self-assemble preferentially into
a hexameric structure.35 The assembly of two different dendritic subunits through hydrogen
bonding interactions, has been investigated by Fréchet et al.36 A second generation dendron
was functionalized at the focal points with melamine and cyanuric acid entities, and self-
assembly in solution resulted in the formation of a cyclic hexameric rosette (scheme 1.9a).

(a) (b)

Scheme 1.9 (a) Self-assembled dendrimer and (b) schematic depiction of a hexagonal phase

from gallate-based amphiphiles.
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Percec and coworkers have made some very interesting discoveries with respect to the
behavior of amphiphiles based on a gallate core, which assembled into highly organized
liquid crystalline aggregates.37 In the gallate core the three phenoxy groups are alkylated with
hydrophobic functionalities, whereas the 1-carboxyl group is rendered hydrophilic through
esterification or ionization, to yield a wedge-shaped molecule that readily forms a hexagonal
columnar LC phase (Scheme 1.9b). These molecules assemble in a discotic fashion and the
hexagonal columnar phase can be regarded as a nanotube.

An example of infinite hydrogen bonded structures are the nanotubes based on cyclic
peptides synthesized in the laboratories of Ghadiri (Scheme 1.10).38 These cyclic peptides are

composed of an even number of alternating D α- and L α-amino acids. Due to this alternating
sequence the cyclic peptide can adopt an extended ring conformation in which all hydrogen
bonding amide moieties are directed along the normal axis through the ring. As a result the

ring-shaped peptides assemble into extended linear stacks, which are stabilized by a β-sheet
type of hydrogen bonding network along its rim. The association constant is dependent on the
peptide residues and is typically around 2500 M-1. The low solubility of the cyclic D,L-
peptide subunits and high stability of the resulting aggregates suggests significant
preorganization of the monomeric units and a strongly cooperative assembly process. An
advantage of cyclic D,L-peptide nanotubes is the possibility of controlling the internal
diameter of the tube by simply varying the size of the peptide ring. Possible applications for
these peptide tubes are manyfold and range from preparation of novel cytotoxic and
controlled-release drug-delivery agents to catalytic and materials science applications, such
as biomineralization and site isolation of chromophores or other reactive groups.39 Recently
the same group also succeeded in using these peptide tubes as effective antibiotics.40 The
nanotubes insert themselves in the cellmembranes of bacteria, which then become permeable
and leaky. The bacteria died within minutes after insertion.

Scheme 1.10 Schematic diagram of a nanotube assembly from cyclic D,L-peptides.
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The reversible nature of supramolecular aggregates provides opportunities to develop
materials, which change their properties in response to environmental changes, so called
“smart” materials. In this way also a supramolecular polymer could be regarded as a ‘smart
material’. Early attempts by the groups of Lehn41 and Griffin42 to synthesize a supramolecular
polymer were based on one hydrogen bond and three hydrogen bond modules, such as the
carboxylic acid·pyridine motif or the uracil·2,6-diacylaminopyridine motif. Unfortunately, the
stability of these complexes was not sufficient to induce polymeric properties in solution. In
order to generate polymer chains of sufficient length that exhibit true polymeric properties,
the association constant of the individual hydrogen bonding modules should be significantly
higher than those of three hydrogen bonding units.

Scheme 1.11 A linear supramolecular polymer based on ureidopyrimidone units.

A breakthrough was achieved by Meijer and co-workers when they developed a quadruple
hydrogen bonding motif based on the dimerization of 2-ureido-4-pyrimidones.43 They found
that ditopic monomers containing two 2-ureido-4-pyrimidone moieties, that cannot interact in
an intramolecular fashion, spontaneously form polymers in chloroform (Scheme 1.11).44

These hydrogen bonded structures displayed the behavior of true polymers for the first time.
The bulk properties resemble those of high molecular weight macromolecules; the materials
are elastic at room temperature and fibers can be drawn from the melt. This system showed
remarkably high degrees of polymerization, even in dilute solution. Several monomers
consisting of the ureidopyrimidone groups connected by different spacers have been
prepared. These compounds show high polymer-like viscoelastic behavior, whereas at higher
temperatures they show more liquid-like properties due to breaking of the hydrogen bonds.
The viscosity also drops sharply when small amounts of monofunctional ”stoppers” are
added, which shows that the polymer formation is indeed reversible.45

In non-covalent synthesis, achieving controlled, multidimensional self-assembly would
allow the construction of ordered materials: in essence, crystal engineering.46,47 The
crystallization process is, by definition, a self-assembly process in the sense that the
component molecules (crystal or supramolecular synthons) must find and recognize one
another in solution and find their optimum orientation in the time available. The resulting
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aggregate, as an assembly, can then grow with more synthons to an ordered nucleus e.g. the
lattice of trimesic acid (Scheme 1.12). Trimesic acid crystallizes in a two-dimensional lattice,
in which six trimesic acid molecules form a cyclic hexamer with an internal cavity of 14Å.48

Crystal engineering and crystal structure prediction has not been very successful up to now,49

the reason for this being that crystal self-assembly (crystallization) is a non-equilibrium
phenomenon in which both kinetic and thermodynamic aspects contribute to the eventual
structure.

Scheme 1.12 Self-assembled two-dimensional lattice consisting of trimesic acid.

1.4 Organogelators

Gelation is a long known phenomenon that is easier to recognize than to define. The
understanding of the structure and properties of gels has become a focus of recent research.50

Although an exact definition of a gel is still a problem, the definition given by Flory51 has the
greatest generality. In his view gels can be defined as diluted mixtures of at least two
components, in which both components form a separate continuous phase throughout the
system. For most gels a solid-like phase is the minor component which forms a three
dimensional structure within the fluid or gas phase. For solid fluid gels it can be said that this
network prevents the solvent form flowing at the macroscopic level, whereas the liquid phase
often prevents collapse of the network. Gels are usually classified as being either chemical or
physical. In chemical gels the network is completely of covalent nature, and as a consequence
the formation of such gels is an irreversible process. Inorganic oxides, silica and cross-linked
polymers belong to this class of gels. Physical gels usually have structures composed of
smaller molecular subunits that are held together by non-covalent interactions. Physical gels
exhibit a characteristic reversible transformation from the gel phase to a solution at moderate
temperatures, due to the nature of the non-covalent bond. Many gels containing mineral
clays, polymers and proteins belong to this class. A special class of physical gels are low
molecular weight organogelators. These gelators are capable of forming gels by assembling

into filaments through hydrogen bonding (1.11, 1.17, 1.18), π-π stacking (1.12, 1.13, 1.15),
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Coulomb interactions (1.14), Van der Waals forces but also solvophobic (1.16) and entropy
effects play an important role (Scheme 1.13).
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Scheme 1.13 Various types of small molecular weight organogelators.

In Scheme 1.13 some examples of small molecular weight organogelators are depicted. Good
organogelators can be derived from different kinds of systems, like fatty acids (1.11),52

anthracene (1.12) and anthraquinone (1.13),53 surfactants (1.14),54 tetraline (1.15),55 steroids
(1.16),56 ureas (1.17)57 and amides (1.18).58

Most gelators are found rather by serendipity than by design. In order to design

molecules that can act as low molecular weight organogelators, one should consider the

events and intermolecular interactions, which occur during the process of gelation (Scheme

1.14). First, there are the interactions between the gelator molecules themselves. They form

aggregates, and the growth of the aggregate preferably takes place in one direction

(anisotropic growth, vide infra). After the formation of long, fibroid structures, some kind of

interaction has to exist between the individual fibers in order to form a three dimensional

entangled network. However, this secondary interaction should not be too large, since in such

cases a phase separation may occur, which may eventually result in crystallisation. From

Scheme 1.14 it is obvious that the balance between the gelator-gelator and gelator-solvent

interactions is delicate and the role of the solvent is profound.
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Control of gelator-gelator inter-
actions

Control of gelator-solvent
interactions

Formation of entan-
gled network

Prevention from crystal-
lization

Scheme 1.14 Schematic view of gelation of organic solvents

by small molecular weight organogelators.

From these considerations that the following factors are considered to be of importance in the

design of low molecular weight organogelators: (1) fiber formation by control of an

anisotropic growth process, (2) intertwining of the aggregates to form a three dimensional

network and (3) prevention of crystallisation.

Since crystallization of the self-assembled aggregates must be avoided, a balance between

order and disorder has to be found. Although it is obvious that a certain degree of (one-

dimensional) order is required to achieve self-assembly in one direction, the packing in the

other directions should be far from ideal. The methods for prevention of crystallization

remain a little obscure in the design of new gelators, but the use of flexible or branched alkyl

chains is usually a good starting point.50d,e

There are numerous approaches to design molecules with self-complementary binding
groups that could assemble into one-, two- and three-dimensional constructs (vide supra).
Many of the small molecular weight organogelators reported in the recent literature contain
hydrogen-bonding functional groups such as amides and ureas. Multiple amides and urea
functionalities are essential to drive the self-assembly process to completion. It was
established that two urea groups in one molecule are sufficient enough to enforce aggregation
in dilute solutions of a range of organic solvents. The urea-urea hydrogen-bonding interaction
is highly directional and has limited conformational flexibility. Therefore the urea-group is an
excellent building block in order to design gelators (Scheme 1.15) and they have been
extensively exploited in our laboratories by Van Esch et al.59 and by Hanabusa.60 Due to
stereochemical constrain of the cyclohexyl based urea or amide derivatives both the ureas and
amides are directed along a constrained axis, thus enforcing self-assembly in one direction.
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Scheme 1.15 Gelators based on urea–urea interactions.

Small molecular weight organogelators that act via amide-amide interactions are frequently

used, sometimes with the aid of π-π interactions as well. Well known organogelators are the
amides derived from trans-1,2-diaminocyclohexane (Scheme 1.16).61 Hanabusa et al.62

reported this compound 1.21 to be an effective gelator. The other trans-compound (1.22)
showed the same gelation behavior. Whereas the cis-compound showed no gelation at all, the
same result as a racemic mixture consisting of 1.21 and 1.22 showed. Many gelators are

based on α-amino acids (1.24).63 Also examples of gelators that are based on amino sugars
have appeared in the literature (1.23).64
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Scheme 1.16 Gelators based on amide-amide interactions.

There is a strong interest in using these compounds in practical applications and in the
design of specific material properties. For instance, materials that can be used to form
dynamic gels, which respond to various stimuli in the bulk phase (smart gels). One of these
applications involved the incorporation of thiophene and bis-thiophene (1.20, Scheme 1.15)
in the spacer between the urea groups. Thiophene groups are promising organic semi-
conductors and in this case efficient charge transport within the organogels has been
shown.59c
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Polymerization of gels of 1.19 by photo-irradiation transforms a physical gel into a

chemical gel, and the resulting gels show excellent long-term and thermal stability. After

removal of the solvent by freeze-drying, a highly porous material of low density (< 0.005

kg/dm3) was obtained.59e

New experimental solar cells65 and electrochemical cells66 often contain liquid electrolyte
mixtures, which are potentially dangerous with respect to leakage, and here organogelators
have also been used to solidify the liquid phase while retaining typical fluid properties like
high diffusion.67 Also effort has been put into the design of gels, which show liquid
crystalline behavior. They are obtained by the formation of a self-associated molecular
network (1.25) in a liquid crystal (1.26) (Scheme 1.17).68

CNC7H15O

CNNHCO(CH2)10O

NHCO(CH2)10O CN

1.25

1.26

Scheme 1.17 Amide organogelator used for liquid crystal applications.

1.5 Aims and outline of this thesis

The self-assembly of small functional molecules into supramolecular structures
comprises a powerful approach towards the development of new materials and devices of
nanoscale dimensions (vide supra). The control of these organisational processes by chemical
or physical processes is a major challenge. A promising approach towards such responsive or
‘smart materials’ is the integration of an addressable function, e.g. photochromic moieties,
into the supramolecular building blocks, which would offer the possibility to alter the self-
assembly process of the individual molecules or change the properties of the supramolecular
arrays by means of light.

The aim of this thesis is to prepare (supra)molecular systems with an optical switch
incorporated herein in order to have an addressable function. It will then be established if
light could be used to alter the various synthesized systems and thereby also alter the
macroscopic properties of these systems.

In chapter 2 several photochromic switch systems are discussed in order to find the best
optical switch for our purposes. Diarylethene-switches appeared to be the best choice
available at this moment because of their thermal stability and fatigue resistance properties.
The last part of this chapter is dedicated to the diarylethenes in order to provide a literature
background to the research described in this thesis.

Chapter 3 deals with the development of a new synthetic route to diarylethenes. Here the
synthesis and photochromic properties of a new type diarylethene photochromic switch,
namely the dithienylcyclopentene switch, is described. In addition a new synthetic route to
the perfluorocyclopentene switches has been found and for the extension and
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functionalization of both types of switches have been developed. Finally the spectroscopic
properties of all the newly synthesized switches were investigated and these measurements
showed that conjugation is required in order to achieve good switching behavior.

Chapter 4 describes a combined theoretical and time-resolved spectroscopic study on the
switching behavior of the newly developed dithienylcyclopentenes and the already known
dithienylperfluorocyclopentenes.

In chapter 5 dithienylcyclopentene derivatives are described, which were investigated in
order to determine whether they could be used for single-molecule switching. These
compounds showed a competition between fluorescence or switching behavior after
irradiation.

In chapter 6 it is shown that it is possible to change the macroscopic properties of a
supramolecular system by light. In order to enforce self-assembly in solution, a
dithienylcyclopentene switch has been extended with two aliphatic amide moieties. This
compound indeed forms extended aggregates in apolar solvents, which was accompanied by
a large increase in viscosity. It was found that the viscosity could be modulated by irradiation
with UV light.

In chapter 7 it was shown that other amide derivatives of the switch were able to act as
organogelators. The properties of the gelators are discussed before and after irradiation.
Remarkably light and temperature control 5 states including three different gel states.

Finally chapter 8 deals with a switch with two fullerene moieties attached to it. The
properties of this system before and after irradiation were investigated in order to deduce its
possible application in materials such as photocontrolled molecular wires.
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Chapter 2

Photochromic Switches

2.1 Introduction

Extensive research has been devoted to the study of molecules whose physical properties
can be reversibly switched using light. Such behavior forms the basis of what is termed
photochromism. Photochromic systems are used for applications in photooptical technology
as well as in the design of devices which can be photomodulated.1 Two significantly different
and stable molecular states (A and B) that can be interconverted by irradiation using different
wavelengths, are required for these applications (Scheme 2.1). A and B differ from one
another not only in their absorption spectra, but also in their refractive indices, dielectric
constants, geometrical structure and oxidation/ reduction potential.

λ1
λ2

BA
Scheme 2.1 Optical switch.

2.2 Photochemical transformations

Photochromic molecules can be divided into several classes on basis of their transformations
induced by light. These structural changes can be tautomerizations, cis-trans isomerizations
and electrocyclic ring closures.

2.2.1 Photochromic tautomerism2

Tautomerism refers in general to the reversible interconversion of isomers. In the case of
photochromic tautomerism this interconversion occurs after irradiation with light. A major
type of photochromic tautomerism is hydrogen transfer. The most extensively studied
systems that undergo light-induced hydrogen transfer are the salicylidene-anilines (Scheme
2.2). After irradiation with UV light a prototropic rearrangement from 2.1 to 2.2 occurs.3

These molecules are photochromic or thermochromic in the solid state and in rigid glasses.
No salicydene-aniline derivative exhibits both properties.4 The enol-form (2.1) is pale yellow
and after irradiation the keto-form (2.2) appears, which is reddish or brown. This quinoid-
keto tautomer appears to exist in two forms: an intramolecular hydrogen bonded cis-keto
form (2.2) and a rotated trans-keto form (2.3). The cis-keto form is not thermally stable and

has a thermal activation barrier of ∆Hact = 83.8 kJMol-1 in case of 2.2 when R=R’=H to go
back to 2.1.5 In this case the quantum yield for the conversion of enol to keto form is about
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0.007.2 Current research interest in these compounds is still mainly fundamental. Quantum
mechanical calculations are being performed in order to obtain more insight in the proton
transfer in the excited state. Ultrafast spectroscopy measurements are also necessary, because
there is still no conclusion on the photochromic mechanism.

365 nm

436 nm, ∆

N

O
H

R R'

N

OH

R R'

O

N
H

R

R'

2.1 2.2 2.3

Scheme 2.2 Light-induced hydrogen transfer tautomerization.

2.2.2 Cis-trans isomerizations
An alkene cis-trans isomerization, a 180° rotation around an alkene double bond, takes

place in your eyes as you read this thesis. Visual pigments are composed of the protein
moiety opsin and 11-cis-retinal. The latter undergoes a cis-trans isomerization upon
absorption of light. This simple change in shape triggers a cascade of chemical signals, which
are ultimately converted into an electrical signal (nerve impules) that propagates to the brain
and allows us to see.6

Well-known molecules that undergo cis-trans isomerization are the stilbenes (Scheme
2.3).7 The photoisomerization of the stilbenes is recognized as one of the best understood and
more thoroughly studied photochemical reactions and is generally used as the model for cis-
trans isomerization. Trans- (2.4) and cis-stilbene (2.5) are reversibly interconverted by light.
Following direct excitation of the stilbenes, photoisomerization is confined entirely to the
singlet excited state and competes with fluorescence on the trans side and photocyclization
on the cis side. The ratio of 2.5 to 2.4 in the photostationary state (PSS) is 11.5 (92% 2.5),

when the sample is irradiated at λ = 313 nm in n-pentane.8 Cis-stilbenes are not thermally
stable and return to the trans-form in the dark. The thermal activation barrier lies around 154
kJMol-1 for most stilbene derivatives.9

2.72.62.52.4
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Ph

H

H

hν
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Ph

Ph

hν
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Scheme 2.3 Photochemical reactions involving stilbenes.
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In very concentrated solutions trans-stilbene can undergo a [2+2] cycloaddition to form a
cyclobutane derivative (2.8), which in this case is an undesired side reaction. Cis-stilbene

(2.5) can also undergo a photoinduced 6π-electrocyclization to give the 12π-system 4a,4b-
dihydrophenanthrene (2.6). 2.6 can either undergo ring opening back to 2.5 or, under
oxidizing conditions, it can be converted irreversibly into the more stable aromatic system,

phenanthrene (2.7). This photocyclization is thought to arise from the singlet π,π*-state of the
stilbene. The light-induced ring-closure is conrotatory according to the Woodward-Hoffmann

rules based on π-orbital symmetries for 1,3,5-hexatriene, whereas the thermal ring-opening
proceeds in disrotatory motion.10 The half-life of the trans-4a,4b-dihydro species is, as may
be expected, highly dependent on structural features and varies from less than 1 second to
36.8 days for the ring-closed product of 1,2-bis(2-naphthyl)ethene.11 The applications of
stilbenes for reversible photoswitching has thus been limited, because of all these undesired
side reactions vide supra. Despite these drawbacks stilbenes12 are still applied in organized
media, because photoreactions maybe completely different at, for instance, molecular
adlayers13 or silica surfaces.14

Sterically overcrowded alkenes15 are a special type of stilbenes (Scheme 2.4) and have
been exploited in our group for a long time now. Due to sterical interactions the molecules
are forced into a non-planar helical shape. After irradiation these molecules undergo cis-trans

isomerization and at the same time the helix is inverted.

∆∆

hν

M-cis-2.9 P-trans-2.9

S

N(CH3)2O2N

SS

S

O2N N(CH3)2

M-trans-2.9P-cis-2.9

436 nm

365 nm

S

N(CH3)2O2N

SS

S

O2N N(CH3)2

Scheme 2.4 Sterically overcrowded alkene.
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The presence of a donor and an acceptor substituent in the lower half resulted in relatively
large differences in absorption spectra between P-cis-2.9 and M-trans-2.9 depicted in
Scheme 2.4,16 facilitating distinct switching between the two forms. P-trans-2.9 has a rather

high thermal racemization barrier (∆Grac = 122.2 kJMol-1). Irradiation of either enantio-

merically pure P-cis-2.9 or M-trans-2.9 at λ = 365 nm resulted in a PSS composed of 70%

M-trans-2.9 and 30% P-cis-2.9, whereas irradiation at λ = 436 nm resulted in a PSS
composed of 10% M-trans-2.9 and 90% P-cis-2.9. The CD-spectra of these molecules are
nearly mirror images, illustrating the pseudoenantiomeric character of both isomers. This
system also showed very high fatigue resistance. It was possible to perform 80 switching
cycles between both forms without racemization or degradation. One can switch between two
states, one possessing a P and one possessing a M helix, with diastereomeric excesses of 80%
and 40%. This switch was successfully applied as chiral dopant in liquid crystalline (LC)
phases to induce a cholesteric phase, the pitch of which could be controlled by light.17 In
order to improve the compatibility of the switch and the LC phase, thus preventing phase
separation, recently the N(Me)2 group was replaced by a N(Me)-n-C6H13 group.18

A closely related class of molecules with more favorable photochemical properties are

the azastilbenes.19 The molecules go from a trans isomer to a cis isomer via a nπ*-transition
by means of irradiation with UV light. A PSS consisting of 91% of cis-isomer can be

obtained, if the system is irradiated at λ = 365 nm.20 The reversed reaction takes place by
irradiation with visible light or thermally. (Scheme 2.3).21 The trans-isomer has absorptions at
314 nm and 440 nm, whereas the cis-isomer has absorption at 280 nm and 430 nm. If the
azobenzenes have electron donating substituents, like methoxy groups, their absorptions are
shifted to the visible region. These are the well-known azo dyes. The trans state is
thermodynamically more stable than the cis state by 96.2 kJMol-1 in case of 2.10. Only the
trans to cis photochemical reaction is temperature dependant. The activation energy has been
determined to be 0.7 kJMol-1.22 The quantum yield is 0.20 for trans � cis and 0.70 for cis �
trans.22

2.10-cis2.10-trans

Vis, ∆

UV
N NN N

Scheme 2.5 Cis-trans isomerization of azobenzene.

A major drawback of the azobenzenes is that the photogenerated cis state can also thermally
return to the trans state. The activation barrier is approximately 100 kJMol-1 for a variety of
azobenzene derivatives.9 The photoinduced E,Z-isomerization of azobenzene has attracted
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considerable attention of chemists since the late 1970s when several groups recognized the
E,Z-isomerization of azobenzene to be useful as a new tool to enforce reversible changes in a
variety of molecular systems. A pioneer in this field was Shinkai, who investigated
photoresponsive azobenzene-bridged crown ethers.23 An additional advantage when
azobenzenes are incorporated in supramolecular systems is that they are often forced into a
certain conformation due to the surrounding media, and this leads to an increase in thermal
stability. This was shown, for instance, by Willner et al.,24 who synthesized model systems
for biological self-assembly materials like DNA or proteins, which formed a complex with
cis-3,3’-diacetyl-azobenzene. The thermal cis to trans isomerization was completely
inhibited. Scheme 2.6 shows a completely different example of the use of azobenzenes as
photoresponsive systems. In this case the trans-azobenzene derivative (2.11-trans) effectively

blocked the cavity of the β-cyclodextrin moiety, thereby preventing binding of the substrate,
p-nitrophenyl acetate, to the cyclodextrin and subsequent histidine induced hydrolysis.25 The
cis-isomer (2.11-cis) does not fit into the cavity, thus after irradiation with UV light the
cavity is free for substrate binding and imidazole-catalyzed ester hydrolysis can take place
again. This process is reversible.

2.2.3 Photocyclizations
Another light-induced transformation that molecular switches can undergo is an

electrocyclic reaction. This was already shown for the formation of dihydrophenanthrene
(1.6). This may be illustrated by a 1,3,5-hexatriene derivative, which undergoes a
photocyclization to 1,3-cyclohexadiene (Scheme 2.7). The ring closure is conrotatory for
photochemical reactions, resulting in a trans deposition of R1 and R2. The thermal ring
closure is disrotatory resulting in a cis arrangement of R1 and R2. This stereochemical
outcome is predicted by the Woodward-Hoffmann rules.10

R2

R1 R1

R2

hν2

hν1

Scheme 2.7 Photocyclization of a 1,3,5-hexatrien derivative.

2.11-trans       2.11-cis

Scheme 2.6 Photocontrol of the catalytic activity of ester hydrolysis.



Chapter 2

26

Among the photochromic compounds that undergo these ring closures are (a) the spiropyrans
(2.12), (b) the fulgides (2.13) and (c) the diarylethenes (2.14) (Scheme 2.8).

2.14

S S

F2

F2

F2

2.13

O

O

O

O NO2N

2.12

Scheme 2.8 Compounds that undergo photocyclizations.

The photochromic behavior in spiropyran compounds26 arises from a  photochemical 6π
electron ring-closure reaction leading to the colorless closed spirostructure (2.15c) and the

colored open merocyanine structure (2.15o) (Scheme 2.9). The λmax for several derivatives of
2.15o are for R = Me; 532 nm (ethanol) and 610 nm (toluene), for R = Et; 590 nm (dioxane)
and for R = Ph; 559 nm (ethanol) and 610 nm (toluene). The quantum yields for 2.15 R = Me

at r.t. in ethanol are as follows: ΦC�O(313) = 0.15, ΦC�O(366) = 0.12 and ΦO�C(546) = 0.10.27

2.15c 2.15o

O NO2

R

N

UV

Vis, ∆
N

R

O

NO2

Scheme 2.9 Switching of a spiropyran derivative (c = closed, o = open).

Spiropyrans have several drawbacks such as low thermal stability of the merocyanine form,28

photooxidation29 as side reaction and thermochromic behavior.30 The thermal activation
barrier is 8.8 kJMol-1 for 2.15o R = Me at 25°C.31 Nevertheless spiropyrans are widely
employed in photochromic polypeptides,32 holographic recording33 and optobioelectronic
devices.34 An intriguing application of spiropyrans was published recently by Raymo et al.35

This deals with the problem of making devices in which organic molecules are integrated.
The difficulty is the establishment of electrical communication between the molecules.
Raymo and coworkers used a three-state spiropyran switch36 to communicate intermolecular
signals to pyrene, a fluorescent probe (Scheme 2.10). The fluorescence intensity of pyrene
(2.17) decreases in presence of the switch due to coabsorption of the exciting light by the
switch and secondly by reabsorption of the emitted light by the switch. However only the

contribution of one of these two factors varies upon switching. The absorption at λexc of
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pyrene increases 17% in presence of spiropyran 2.16c. After switching to 2.16o with UV
light and further treatment with acid to 2.16oH this absorption stays at the same level. Thus
the coabsorption effect remains the same. The absorption properties of 2.16c, 2.16o and
2.16oH are different in the emission area of pyrene, e.g. the readsorption efficiency of 2.16c
is smaller than that of 2.16o and 2.16oH, which display the same efficiency. The emission of
pyrene is not influenced by UV, Vis or H+ in the absence of the switch. In presence of
equimolar amounts of spiropyran (2.16c) and pyrene (2.17) in acetonitrile, after excitation at

λ = 336 nm the emission of pyrene decreased to 60% of the original value. When this

solution was irradiated at λ = 254 nm, 2.16c opens to 2.16o, which has a larger reabsorption
efficiency, and now the emission of 2.17 dropped to 50% after excitation. When acid is added
to switch 2.16o to form 2.16oH, the emission level stays the same. Sequences of alternating
UV and visible light regulate the fluorescence intensity of pyrene, thus demonstrating that
intermolecular communication is possible.

VIS

Acid
UV

VIS, ∆

Signal
Communication

2.17 2.17

2.16c

O NO2N

OH

N

O

OH

NO2
N

HO

OH

NO2

Acid

Base

2.16o 2.16oH

Scheme 2.10 Signal communication at the molecular level.

Fulgides37 are another class of photochromic molecules that undergo photocyclization.
Fulgides possessing at least one aryl group on the methylene carbon atoms were first studied
by Stobbe38 and these derivatives are still in use today. Upon irradiation with UV light the
colorless (or faintly colored) isomer of the fulgide (E-form) changes into a deeply colored
isomer (C-form). During UV irradiation the E-form can also undergo cis-trans isomerization
to the Z-form (scheme 2.11). The C-form of the fulgide (C-2.18) depicted in Scheme 2.11 is
thermally not stable, but when the phenyl group was replaced by a furyl group, and a methyl
group was intoduced at the ring-forming carbonatom (R2 or R3) of the aromatic ring, together
with an isopropylidene as the other methylene unit, the system became a thermally
irreversible (2.19, Scheme 2.12).39



Chapter 2

28

O

O

OR2 R3

R1

O

O

OR3

R2

R1
O

O

OR3

R1

R2

UV

UV

UV

VIS, UV

Z-2.18 E-2.18 C-2.18

Scheme 2.11 Photochemical transformations of fulgides.

After this development the fulgides were suddenly very promising optical materials, even
more since, other side reactions like oxidative aromatization and sigmatropic proton shifts
appeared also to be suppressed effectively by these structural changes. If R is a methyl group
(2.19) the quantum efficiency is 20%, but when R is isopropyl the quantum efficiency is as
high as 62%. In both cases the absorption maximum of the E-form is about 360 nm and of the
C-form about 500 nm.40 The quantum yields measured for R = isopropyl in toluene are 0.58

for ΦE�C (366 nm) and 0.043 for ΦC�E (492 nm). The E to Z-isomerization did not occur.40,41

Fluorescence can be used as a non-destructive read-out method in case of fulgides, because
E-form fulgides rarely emit fluorescence unless they bear fluorescent substituents, whereas
C-forms often fluoresce at low temperatures.42 Fulgides have also been used extensively to
switch biological activities32,34 and to switch the anisotropy of liquid crystalline phases.43
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Scheme 2.12 Fulgide dopants for liquid crystals.

Yokoyama et al.44 showed that binaphthol derivatives 2.20 and 2.21 induced a cholesteric
phase in nematic LC 2.23 (Scheme 2.12). Upon irradiation the pitch changed dramatically.

Addition of 1.1 mol% of 2.21 resulted in changes of pitch length of 15.8 µm and 2.6 µm
respectively for the E-form and the p.s.s. (C/E mixture) after UV irradiation. For 2.22 a less
pronounced change in the pitch occurred on UV irradiation and the sense of the induced
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helices was also different form 2.20 and 2.21 although the helicity of the fulgide core part
remained the same.45

2.3 Diarylethenes

Last but certainly not least of the photochromic molecules that will be discussed are the
diarylethenes (Scheme 2.13).46
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( closed, colored )( open, colorless )

X R6
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R4

X X
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R5R2

R3

UV

VIS

Scheme 2.13 Switching cycle of diarylethenes.

Upon irradiation with UV-light the diarylethenes (2.24o) undergo a ring closure to the
colored closed form (2.24c). This closed form is thermally stable (vide infra) and upon
irradiation with visible light the system returns to the ring opened form. The most important
properties of these compounds are the thermal stability of the closed form and the high
fatigue resistance.

For our purposes, namely incorporation of a switch in a supramolecular system, we
need an optical switch that is thermally stable after irradiation, and that can be colored and
bleached repeatedly. Furthermore all properties should be retained after incorporation in a
supramolecular system. Of all the photochromic switches that were described in this chapter
only the fulgides and the diarylethenes show thermal stability. Moreover the diarylethenes
have a much higher durability than the fulgides. Coloration and bleaching cycles can be
repeated more than 104 times while maintaining satisfactory photochromic performance,
whereas in most cases the furylfulgides are seldom stable for more than 100 cycles.47 Another
advantage is the more easier accessibility of the diarylethenes compared to the fulgides.
Therefore we have chosen to use the diarylethenes as the photochromic system. In order to
provide a literature background to the research described in this thesis, the remaining part of
this chapter is dedicated to the diarylethenes. An overview of the fundamental properties of
these compounds and their recent developments is given.

Irradiation of cis-stilbene (2.5) can lead to the formation of dihydrophenanthrene (2.6),
actually a closed diarylethene (Scheme 2.3). As was already pointed out (vide supra), this
compound is thermally not stable. In order to develop thermally stable compounds it is
necessary to establish which properties are responsible for this thermal instability. It appeared
that the thermal stability of the ring-closed form is controlled by the energy barrier, which
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correlates with the ground-state energy difference between the open and photochemically
closed form.48 When the energy difference in the ground state is large as in the case of
stilbene 2.5 (114.2 kJMol-1) (depicted in Scheme 2.14 left), the energy barrier for ring
opening becomes smaller and the cycloreversion reaction readily takes place. On the other
hand the barrier becomes large when the energy difference is small, as is the case for 1,2-
bis(thien-3-yl)ethene 2.25 (-13.8 kJMol-1). The aromatic stabilization energy of the aryl
groups in the open form correlates well with the ground-state energy difference. The highest
energy difference was calculated for the phenyl group (115.9 kJMol-1) and the lowest for the
thienyl group (19.7 kJMol-1).

Scheme 2.14 Relative ground state energy differences between the open and photochemically

closed isomers.

Aromaticity is the key property that controls the energy barrier required for thermal stability
of the closed form. To meet these requirements for a thermally stable system, thienyl,
benzothienyl or thiazole groups have to be introduced as the aryl groups in order to introduce
a large energy barrier for the cycloreversion reaction. The closed forms of diarylethenes
(2.24c) having phenyl, pyrrolyl or indolyl groups are thermally unstable, because the energy
barrier of these compounds is small.

In order to prevent cis-trans isomerization during the photochemically induced ring-
closing reaction, in most compounds the alkene connecting the thiophenes is part of a cyclic
structure. Rings of different sizes have been employed. For example, 1,2-bis(benzothien-3-
yl)perfluorocycloalkenes have been synthesized with 4, 5 and, 6 membered rings.49 The
absorption maxima of the ring-closed isomers shifted to longer wavelengths with decreasing

ring size. The ring size controls the planarity and thus the extent of π–conjugation in the ring-
closed isomers. Furthermore the quantum yield also depends on the ring size and the highest
value was measured for the six-membered ring.50 The five-membered ring is the most
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appropiate choice if these two factors are taken into account. Several different bridging units
have been used, the perfluorocyclopentene (2.27),49 cyclopentene (2.28),51 dihydrothiophene
(2.29),52 maleic anhydride (2.30)53 and the maleimide-bridge (2.31),54 depicted in that order in
scheme 2.15, of which the perfluorocyclopentene (2.27) is the most frequently used.

N OO

CN

O OOS
F2

F2

F2

2.27 2.28 2.29 2.30 2.31

Scheme 2.15 Different bridging alkene ringstructures used in diarylethenes.

The non-trivial to resort the understatement synthesis of these perfluorocyclopentene based
diarylethenes prompted us to develop a new synthetic route to this system.55 This will be
discussed in further detail in chapter 3, as well as the synthesis of the dithienylcyclopentene
analogs.51a

In order to prevent oxidation of the ring-closed product to a molecule with a central
aromatic ring, exemplified by the formation of 2.4 by photooxidation of 2.3, hydrogens at R1

and R4 must be avoided and these are usually replaced by methyl groups.

During the photochemical reactions of ring opening and ring closing undesirable side
reactions can take place. Eventually if one wants to use an optical switch for practical
purposes the performance has to be 100%, e.g. the switching cycle should be repeatable
millions of times without degradation. This can be illustrated with the following example: if
there is an undesirable reaction with a quantum yield of 0.001, then after 1000 switching
cycles 63% of the initial switch is decomposed. The dithienylethenes show very good fatigue
resistance properties, especially in degassed solutions,1b if the proper substituents at R3 and R6

are present.
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Scheme 2.16 Degradation product after prolonged irradiation with UV-light.

Recently a degradation product (2.33) was isolated by Irie et al.56 (Scheme 2.16) and later on
it was shown that a similar degradation product also appeared after long irradiation of the
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cyclopentene analog (Scheme 2.22).57 Radical migration in the π-conjugated system is
believed to be the cause of the formation of the by-product.58

Figure 2.1 shows a typical example of an absorption spectrum of a diarylethene (3.31,
bisaldehyde, see chapter 3). The open form absorbs only in the UV region, whereas the
closed form owing to destabilization of the ground state and lowering of the HOMO/LUMO
barrier exhibits a distinct absorption in the visible region. UV-light, which is absorbed by the
open form, is used to induce the ring closing reaction. During this reaction a photostationary
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Figure 2.1 Absorbance of 3.31 in benzene () before and (---) after irradiation at 313 nm.

state (PSS) will always be reached. Due to non-zero absorption of the closed form in the
entire UV spectral region, both ring-closure and ring-opening take place on irradiation,
leading to an equilibrium situation determined by the quantum yields of ring-closing and
ring-opening. It is thus not possible to obtain 100% of the closed form in this way. Visible
light is used in order to switch the closed form back to the open form, a conversion, which
does proceed in a 100% yield. The red shift of the closed form depends on the bridge
connecting the aryl rings and the substituents that are attached to the arylgroups.
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Scheme 2.17 Diarylethene with longest absorption band thus far observed.
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The longest wavelength absorption band thus far reported for a closed form (2.34c) is 828 nm
in benzene.59 Here a strongly electron-donating CH=benzodithiole and a strong electron-
withdrawing dicyanoethylene were introduced to 1,2-bis(2-methyl-thien-3-yl)perfluoro-
cyclopentene (Scheme 2.17). However, the closed form of this switch is thermally unstable
and t1/2 = 186 min at 60°C was found.

A diarylethene with five membered heterocyclic rings is found in two conformations: (1)
the parallel conformation (Scheme 2.18 left), with the two rings in mirror symmetry (plane of
symmetry) and (2) the anti-parallel conformation (Scheme 2.18 right), with the rings in a C2

orientation (C2 symmetry axis).53,60

Scheme 2.18 The parallel (left) and anti-parallel (right) conformation.61

In general the ratio of the two conformational isomers is 1:1. This ratio may sometimes be
determined by 1H NMR, because in some cases the methyl signals of both conformers are
visible.60 This is the case with benzothiophene diarylethene analogs. The interconversion rate
between the two conformations is estimated to be much slower than the lifetime of the
photoexcited states. Therefore, both conformers are excited independently, and only the
photoexcited anti-parallel conformer can be converted to the closed form. The ground state
disrotatory ring closure from the parallel form, predicted by the Woodward-Hoffmann rules10

is prohibited because of both steric hinderance caused by the central methyl groups and the
higher ground state energy of the closed form than that of the corresponding open form. In
practice this means that the maximum quantum yield of the ring closing reaction is 0.5. In
order to increase the quantum yield the ratio of the anti-parallel conformation has to be
increased. This has been accomplished in three different ways:

(1) By introducing bulky substituents at the 2- and 2’-positions of the arylgroups (2.35).62

(2) By incorporating the switch in a polymer backbone (2.36).63

(3) By including the switch in a confined space, e.g. a β-cyclodextrin.64

2-Isopropyl groups (2.35) instead of methyl groups at the 2- and 2’-positions increased the
cyclization quantum yield from 0.35 to 0.52,65 but unfortunately the closed form of this
compound is not thermally stable.66 When the switch is incorporated in a polymer backbone
(2.36), the anti-parallel conformation is the only conformation that can exist.63
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Scheme 2.19 Diarylethenes that exist predominantly in the anti-parallel conformation.

This system gives the largest quantum yield for the ring closing reaction so far reported (Φ =
0.86). The molecule in the anti-parallel conformation has an extended rodlike structure,

whereas the molecule in parallel conformation has a cubic structure. In case of β-cyclodextrin
the anti-parallel conformer fits better into the cavity than the parallel conformer, thus

enhancing the quantum yield.64 This effect was not only found with β-cyclodextrin, but also

with γ-cyclodextrin, in the latter case the change is less pronounced. The cavity of α-
cyclodextrin appeared to be too small.

Both the energies of the states and the probabilities of transitions are influenced by the
physical properties of the medium.67 As “medium” a very wide range of states should be
considered including, like liquids, solids, micelles, organized thin films and even vacuum. As
an example, a change in the dielectric constant of a solvent affects the values of the maxima
of both absorption and emission spectra. Technical applications of photochromic systems to
optoelectronic devices require dispersion of compounds into solid matrices. The
photochromic reactivity is surpressed in most cases in polymer media. Moreover the
quantities of compounds which can be dispersed in polymer matrices are limited. Therefore it
is desired to develop bulk photochromic systems. Crystalline and amorphous diarylethenes
are thus of great promise in potential applications.68

Compounds that show photochromic reactivity in crystalline phases are very rare.69 In
most cases the photogenerated closed forms are thermally unstable. Some of the
diarylperfluorocyclopentenes undergo photochromism in the crystalline phase and are
thermally stable (Scheme 2.20).70 The molecules in the crystal lattice should, of course, have
an anti-parallel conformation in order to be able to undergo ring closure.
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Scheme 2.20 Diarylethenes that show photochromism in the crystalline phase.
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Provided there is no steric hindrance that will force the molecule to adopt the parallel
conformation, the switch will show this behaviour. All the molecules described in this thesis
show solid-state photochromism. An exception is found for some switches described in
chapter 5, but they do not show photochromic reactivity in solution either. We did not
determine the thermally stability of the solid states. Other examples of crystalline
photochromism are found among coordination complexes. A copper complex of 1,2-dicyano-
1,2-bis(2,4,5-trimethylthien-3-yl)ethene71 and a linear coordination polymer composed of 1,2-
bis[2’-methyl-5’-(4’’-pyridyl)-thien-3’-yl]perfluorocyclopentene and bis(hexafluoroacetyl-
acetonato)zinc(II) (Scheme 2.21) have been reported.72

Scheme 2.21 Photochromism of a linear chain polymer in the crystalline phase.

In solution there was no difference in absorption maxima of the closed form of the compound
shown in Scheme 2.21 between the free ligand and the complex, whereas in the solid state the
absorption maxima of the polymer complex showed a redshift of 10 nm. This shift is due to
the increased strain in the crystal due to complexation.

2.4 Applications of diarylethene photochromic switches

In this section some recent examples from the diarylethene-research areas will be
discussed. Beginning with the first system that was synthesized starting from the
dithienylcyclopentene-switch developed by us.51a Branda et al. reported the photochromic
behaviour of covalently linked double 1,2-dithienylethenes.57 When 2.37 is irradiated with
light of 365 nm, only one diarylethene moiety is closed, this was determined by 1H NMR in

365 nm

> 434 nm
ClS S

Cl SS
SS

SCl S
Cl SSCl

ClS S

2.37 2.38 2.39

Scheme 2.22 Photochromic behaviour of covalently linked double 1,2-dithienylethenes.
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cyclohexane-d12. Prolonged irradiation did not result in the ring closure of the diarylethene
unit, but resulted in the formation of the decomposition product (2.39), similar to the one
reported previously by Irie et al.56 When the same system was prepared starting from 1,2-bis-
(2’-methyl-thien-3’-yl)perfluorocyclopentene, similar observations were made. Only one
diarylethene moiety was closed and after prolonged irradiation the same decomposition
product appeared, but in this case much longer irradiation times were needed to obtain this
decomposition product compared to 2.37.

2.4.1 Photocontrolled magnetism
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Scheme 2.23 Photochromism of a diarylethene containing nitronyl nitroxides.

It is known that molecular magnetism can be controlled by light by incorporating a
photochromic moiety into the system.73 Intermoleculair magnetic interaction has been
controlled photochemically, but photocontrol of intramolecular magnetic interaction was still
a challenge. Irie et al. succeeded in this by attaching two nitronyl nitroxides to the

diarylethene switch system.74 The nitronyl nitroxide radical was chosen because of its π-
conjugation and it was found to be rather persistant under UV-Vis light. The system showed
excellent photochromic properties both in solution and in the crystalline phase. The closed
form has a resonant quinoid structure,75 which stabilizes it. It therefore suppresses the
cycloreversion reaction and that is why high conversions (>99%) are reached for the ring
closure reaction. Earlier Lehn et al. reported the same findings with the ring closed forms of
bisphenolic diarylethenes, which are electrochemically oxidized to the quinoid form.76 The
magnetic susceptibility was measured with crystals of both the open and the closed form.
Although the two spins of open form 2.40o have a small interaction (2J/KB = -2.2 K) due to

the disconnection of the π-conjugation system, which was confirmed by X-ray, spins of
closed form 2.40c have remarkable antiferromagnetic interaction (2J/KB = -11.6 K). The
change of the magnetization is thus attributed to the change in planarity and aromaticity of
the molecular structure, resulting in enhanced (or diminished) spin interactions.

2.4.2 Switching of liquid crystalline phases
Reversible photocontrol of the anisotropic properties of LC materials is a major

challenge in the development of new molecular devices and optical data storage systems. A
variety of photochromic polymer liquid crystals for the construction of these devices and
storage systems have been described.77 The photochromic molecules are covalently attached
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to a polymer LC or polymer LC’s are doped with photochromic molecules. Also a non-
polymer based LC can be doped by photochromic molecules. The addition of small amounts
of optically active guest molecules to a nematic LC host can induce a cholesteric phase.78 The
resulting cholesteric phase depends on the helical twisting power (HTP), the type of LC
material and the structural compatibility of the chiral dopant. Photochemically induced
changes in the structure or stereochemistry of the dopant can therefore induce a significant
change in the anisotropy of the LC. Azobenzenes have been used to reversible switch
between nematic and isotropic LC phases.79
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Scheme 2.24 Photoisomerization of bisimine diarylethene doped in LC material. (a)
cholesteric fingerprint texture. (b) nematic texture (1.4 wt% of 2.41o in ZLI-389 at 52°C).

Recently in our laboratories chiral diarylethenes have been used to switch reversibly between
a cholesteric and nematic LC phase.80 In the open form diarylethene (2.41o) induced a stable
cholesteric phase (Scheme 2.24a) in nematic LC materials K15 and ZLI-389. The HTP values

were 11 µm-1 for K15 and 13 µm-1 for ZLI-389 at doping with 2.1 wt% of 2.41o.After

irradiation at λ = 300 nm the closed form was generated (2.41c) and the cholesteric phase
disappeared (Scheme 2.24b). The cholesteric phase was restored after irradiation with visible
light. The HTP of the closed form is thus smaller than for the open form. Six switching cycles
could be performed without deterioration of the LC phase. Another diarylethene derivative
(2.42, Scheme 2.25) with two diarylethene units in a chiral cyclohexane81 was doped in
commercially liquid crystal K15 and showed the same effect, but now the other way around.

Doping of K15 with the open form resulted in a nematic LC phase.82 After irradiation at λ =
313 nm the PSS (ratio closed/open = 3/2) induced a cholesteric phase.
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Scheme 2.25 Chiral bisimine used as chiral dopant in liquid crystals.

In this case the HTP of the open form is the smallest. Both phases, the nematic and the
cholesteric phase, remained stable even after long-term storage. The switching cycle was
performed 50 times without deterioration of the LC phase.

2.4.3 Gated reactivity
For a practical optical memory the wavelength needed for read-out should not interfere

with the switching process, because otherwise the stored information will be erased.
Nondestructive read-out is required. One possible way to accomplish this is by gated
reactivity. As was pointed out only the anti-parallel conformer of the switch can undergo the
ring-closing reaction. So if the switch can be ‘trapped’ in the parallel conformer it will not go
to the closed form. Irie et al. used this concept by designing a diarylethene acetic acid
derivative, which is fixed in the parallel conformer by intramolecular hydrogen bonds in a
cyclohexane solution (Scheme 2.26). The addition of a small amount of ethanol breaks the
hydrogen bonds and the system regains it photochromic activity.83 In decaline the system also
regained its activity when it was heated above 100°C.

Scheme 2.26 Formation of the parallel confomer by means of hydrogen bonding.

Dual-mode type switching systems can be considered to undergo gated photochromic
reactions. These systems combine two reversible processes that can be addressed by two
independent stimuli. Lehn et al. synthesized a molecule having both photochromic and
electrochromic active units (Scheme 2.27).84
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Scheme 2.27 Dual-mode-type switching system.

The electrical behavior is controlled in an on-off fashion by light and the photochromism is

likewise regulated electrochemically. After irradiation with UV light (λ = 312 nm) the closed
form was generated, which was converted chemically to the quinonoid compound by addition
of excess K3Fe(CN)6 and aqueous KOH. This compound could also be obtained by

irradiating 2.43o at λ = 254 nm, which leads to the formation of 2.43c, which is then
irreversibly oxidized to 2.43q. The open form is electrochemically inert within the –1 to +1 V
range, whereas the closed form has a reversible oxidation wave corresponding to the
formation of quinonoid form 2.43q. The quinonoid form is photochemically stable (< 2%

change after 8 h of irradiation at λ > 600 nm). Thus 2.43c is photochromic, whereas oxidation
to 2.43q can be used to block effectively the ring-opening reaction. Recently the same group
also developed a similar gated system based on photocontrolled PKa-modulation.85
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Scheme 2.28 Thermal-gated reactivity of the closed form.
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The quantum yield of the photochemical ring opening reaction of 2.44 is 0.00013 at
ambient temperature (Scheme 2.28). This increased up to 34 times when the temperature was
increased from 25 to 150°C. This system can also thus be considered to employ thermal-
gated reactivity.

2.4.4 Fluorescence
The fact that the optical properties of the diarylethene molecule change after irradiation

can be used to circumvent destructive read-out. Changes in these optical properties, such as
transmittance,86 reflectance,87 refractive index,88 optical rotation,89 IR90 or fluorescence91 are
used for this application. Fluorescence is highly sensitive and is therefore a very suitable
read-out method. Fluorescence can be used as a nondestructive readout method if (a) there is
a difference in fluorescence emission between the open and closed form of the diarylethene,
(b) the fluorescence excitation wavelength does not interfere with the switching process of
the diarylethene.
Lehn and coworkers synthesized a series of dithienylethenes functionalized with
oligothiophenes.91c,d They found that the open form of the switches depicted in Scheme 2.29
were very strongly fluorescent both in the methylated form and in the non-methylated form,
whereas the closed form of these compounds emitted very weakly. The absorption bands that
are used for the fluorescence excitation are inactive with respect to the opening-closing
photoreactions.
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Scheme 2.29 Fluorescent dithienylethenes.
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2.4.5 Reversible Surface Morphology92
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Scheme 2.30 Single crystal that shows reversible surface morphology.

The surface morphology of a single crystal of 2.49 (Scheme 2.30) was observed with
AFM under irradiation with 366 nm light to form the closed form. The initially flat (100)
surface (A) of the crystal turned blue and steps of about 1 nm height appeared, corresponding
to one molecular layer. The (010) surface (B) showed valleys with a depth of about 10 to 50
nm after irradiation with 366 nm. Both the steps and the valleys disappeared after irradiation

of the crystal with λ > 500 nm. These reversible morphological changes can be attributed to
the molecular changes of the diarylethenes regularly packed in the single crystal.
Morphological changes of photo-reactive single-crystal surfaces were reported earlier by
Kaupp93 but these changes were irreversible. When the irradiation times of surface A were
prolonged, the number of steps increased and steps with heights of 2 and 3 nm appeared. The
height was always a multiple of the minimum step height of 1 nm. X-ray studies of both
surfaces revealed a decrease in the thickness of the molecular layers. This shrinking produces
vacancies in the crystal bulk. Accumulation of vacancies deep within the crystal allow the
surface molecular layer B to descend as much as one layer. Upon prolonged irradiation the
vacancies increase and two or more layers descend, which explains the observed step
formation at surface A. These crystals could potentially be used as photodriven nanometer
scale actuators.

2.5 Conclusions

Various types of photochromic switches are known. Most of them have the disadvantage
of the thermal reversibility of the photogenerated form. Major drawbacks are the side
reactions that can occur like photooxidation or undesired cis-trans isomerizations. For the
application of these switches in devices diarylethenes are the best choice. They are thermally
stable, fatigue resistant and synthetically rather easily accessible. Therefore we have chosen
to use the diarylethenes as the photochromic system. The fundamental properties of
diarylethenes have been elaborately discussed in the latter part of this chapter. The (recent)
applications showed that they could be successfully applied to construct switching systems,
such as, for instance, photoactive liquid crystals, and molecular magnets.
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Chapter 3

Synthesis of Diarylethene Derivatives

3.1 Existing methods to synthesize diarylethenes

Diarylethenes constitute an important class of photochromic molecules, which can
undergo a reversible ring-closure reaction upon irradiation with UV and visible light,
respectively (see Chapter 2). The photochemical switching process is thermally irreversible
and the compounds show high fatigue resistance.1 These are promising features for
application in optical data storage,2 molecular wires3 and as molecular switches.4,5 The most
commonly used diarylethenes are the diarylperfluorocyclopentenes6 followed by the
bisarylmaleic anhydrides,7 and bisarylmaleimides.8 Many functionalized derivatives of these
diarylethenes have been synthesized.4 Although the photochromic properties of these
compounds are attractive, the synthesis of diarylethenes is not trivial.

The diarylperfluorocyclopentenes are synthesized by a double substitution reaction
between a lithiated thiophene derivative 3.1 and octafluorocyclopentene 3.2 (Scheme 3.1).
The yields are usually moderate at best, it is not easy to scale up the procedure, and a
considerable amount of mono-substituted perfluorocyclopentene product is formed. The
major cause of these complications is that 3.2 is very volatile (bp 26-28°C)9 and therefore not

easy to handle. Only  in one case has a very high yield (99%) been reported.10 Another
drawback of this route is that octafluoropentene is very expensive (25g for $1200,-) and not
regularly available.
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Scheme 3.1 General synthesis of perfluorocyclopentene-derivatives.

Bisarylethene type switches based on maleic anhydride are also used quite often. Their
synthesis starts from thienylacetonitriles 3.4, which react with itself to form a stilbene type of
molecule 3.5 (Scheme 3.2). This oxidative coupling involves a nucleophilic substitution
followed by elimination of HCl. A disadvantage here is that both the cis and trans isomers of
                                                
 Part of this chapter has been published in: Lucas, L.N.; Esch, J. van; Kellogg, R.M.; Feringa, B.L.
Chem. Commun. 1998, 2313; and Lucas, L.N.; Esch,. J. van; Kellogg, R.M.; Feringa, B.L.
Tetrahedron Lett. 1999, 40, 1775.
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3.5 are formed (see also addendum), but only the cis isomer can, after hydrolysis, undergo a
ring closure to the desired anhydride 3.6. In some cases it has been possible to obtain high
yields of the desired product 3.6 by first carrying out a photochemical trans to cis

isomerization, followed by hydrolysis to the anhydride.7

+

3.5-trans

NC

S

CN

SS

CN CCl4, Bu4NBr

50% NaOH(aq)

50% NaOH(aq)

NC CN

SS SS

O OO

3.4

3.5-cis 3.6

Scheme 3.2 Synthesis of a bisarylmaleic anhydride derivative.

Less frequently used derivatives are the bisarylmaleimides. In Scheme 3.3 an example of
such a derivative is depicted. Besides the fact that maleimides can be prepared from
anhydrides, also an alternative route has been developed in order to synthesize
bisarylmaleimide 3.10.8 Compound 3.8 is prepared by acylation of 3.7 with oxalylchloride in
the presence of aminoacetonitrile. Switch 3.10 was then obtained by condensation of the acid
chloride of 3.9 and compound 3.8.
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S
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Scheme 3.3 Synthesis of a bisarylmaleimide-derivative.
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The physical characterization of photochromic switches by spectroscopic methods and
the investigation of the photochromic properties usually requires only a few milligrams of the
compound. However, when these photochromic switches are to be incorporated in self-
assembling photoactive materials (vide infra), substantially more material is required to study
the aggregation behavior and aggregate morphology. For this reason it was considered
necessary to develop a new synthetic route to functionalized dithienylcyclopentenes that can
be performed on a larger scale and at reasonable costs. Considering these three synthetic
methods versus these requirements, it was decided to start with the synthesis of a
bisarylmaleic anhydride photochromic switch. The starting-point for the development of this
synthesis was based on the synthesis described before (Scheme 3.2), and the results are
summarized7 in the addendum to this chapter. Unfortunately this straightforward synthetic
procedure did not work out in our case, due to the formation of chiefly the undesired trans

form in the penultimate step. The photochemical conversion of the trans form to the cis form
was not successful and also the final step, the hydrolysis to the anhydride, failed miserably.

3.2 Synthesis of diarylcyclopentene-derivatives

An alternative synthetic approach to diaryl cyclopentene switches is shown in Scheme
3.4. In this route, the central cylcopentene ring is formed in the last step by a ring closure
reaction of a 1,5-diketone via a McMurry reaction,11 or by a ring closure metathesis
employing a 2,6-diaryl-1,6-heptadiene.12 The latter compound can be obtained from the 1,5-
diketone by a Wittig reaction. The generation of substituted cyclopentenes either via a
McMurry reaction or a ring closure metathasis are well established reactions that can be
carried out on multigram scale. Moreover, by following this approach the undesired and often
troubling formation of the trans isomer of the 1,2-diarylethene is avoided. The McMurry
reaction was preferred, because it has one reaction step less. McMurry reactions are
performed in two consecutive steps in a one pot procedure. First, the active titanium (Ti(0)) is
formed by reduction of TiClx (x = 3,4) in an ethereal solvent with strong reducing agents (i.e.
K, Mg, Li, Na, LiAlH4, C8K, Zn) under an inert atmosphere. Secondly the substrate is added
to the black slurry thus obtained. As an alternative an “instant” method can be used, in which
the active titanium is prepared in the same way as described above, but in the presence of the
substrate.13

The key intermediate in the synthetic route shown in Scheme 3.4 is the 1,5-diaryl-1,5-
diketone. Many procedures for the preparation of aryl ketones are known, the most
straightforward of which is via a Friedel-Crafts acylation of the corresponding aryl compound
by using a 1,5-dicarboxylic acid chloride, or by the addition of a metallated aryl (thienyl)
group to a 1,5-dinitrile or 1,5-diester. Again, these acylation methods are well-established and
can be conducted on larger scales, but the main advantage is that the dicarboxylic acids
needed are readily available cheap chemicals. Even the perfluorinated glutaric acid is cheap
(25g for $112,-) compared to octafluorcyclopentene.
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Scheme 3.4 Retrosynthetic scheme of a new route to diarylcyclopentenes.

The thiophene derivative to be used in this synthesis requires some considerations. The
most reactive positions in the thiophene molecule are the 2- and 5-positions, but in this route
the acylation should take place at the 3-position. This implies that the 2- and 5-positions have
to be substituted for example by an alkyl group and, if possible, a functional group to allow
further derivatization of the photochromic switch. This functional group has to be compatible
with the reaction conditions, and should have the right directing effect to achieve acylation at
the desired position. An ortho-para directing group at the 2-position would direct to the 3-
and 5-position, and in combination with the tendency of sulphur to orient to the 5-position
this will result in a directing factor of at least 100 to 1 in favor of the 5-position.14

Electrophilic substitution reactions with thiophenes bearing meta directing groups at the 2-
position have been reported to give a mixture of substitution at the 4- (minor) and 5-position
(major).14

Mg, TiCl 3(THF) 3

THF, 40ºC, 58%

AlCl3

CS2, 40%

+

SSS

O

S

O

Cl Cl

O O

S

3.11 3.12

3.13 3.14

Scheme 3.5 Synthesis of 1,2-bis(2,5-dimethyl-3-thienyl)cyclopentene.

First, the synthesis of a simple bis-thienylcyclopentene 3.14 lacking further functional
groups was carried out in order to test the viability of the proposed route (Scheme 3.5).
Starting compounds for 3.14 are 2,5-dimethylthiophene 3.11 and glutaryl chloride, which are
both commercially available. The Friedel-Crafts acylation15 of 3.11 with glutaryl chloride in
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CS2 using AlCl3 as a Lewis acid gave a tarry reaction product, from which the desired 1,5-
diketone 3.13 could be isolated by column chromatography in 40% yield. Ring closure of
3.13 by a McMurry reaction with Mg and TiCl3(THF)3 in THF at 40°C16 gave the desired 1,2-
bis-(2’-methyl-5’-methylthien-3’-yl)cyclopentene 3.14 in 58% yield after purification using
column chromatography with hexane. Later it was found that unpurified 3.13 could be
subjected to the McMurry ring closure reaction without significant decrease of yield. This
synthesis can be performed on larger scale and the starting materials are easily accessible, but
the drawback of this particular switch is the lack of functionality. Some attempts were made
to brominate the 5-methyl groups of 3.14 using NBS, but no discrimination could be achieved
between the two different methyl groups present. Later it turned out that the photochemical
reactions of these simple bis(2,5-dialkyl-thienyl)cyclopentenes are in fact irreversible, which
implies that these compounds are not suitable as photochromic switches (vide infra).

In our group there has been good experience with the bisaldehyde-substituted-
perfluorocyclopentene 3.32. It was shown that this compound could easily be transformed to
a bis-imine-derivative. These imine-derivatives showed excellent switching behavior.17 This
prompted us to introduce the aldehyde as functional group. Various attempts have been
carried out to acylate 3.15 with glutaryl chloride in a Friedel-Crafts reaction using AlCl3 or
SnCl4 in CS2 as Lewis acids, but the corresponding diketone was not formed and starting
compound 3.15 was recovered from the reaction mixture. Also the acetal derivative 3.16,
synthesized from 3.15 and ethylene glycol under Dean-Stark conditions, appeared to
withstand acylation under these conditions, and gave only the unprotected aldehyde 3.15 after
the reaction, which is not really surprising.

3.163.15

S
H

O S R
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R S
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3.12
AlCl3, SnCl4

CS2

or

3.13 R

Scheme 3.6 Attempted synthesis of a functionalized diketone.

An alternative route to the 1,5-diketone (3.13R) is via a Stille cross-coupling reaction
between 3.12 and tributyl[5-(1,3-dioxolan-2-yl)-2-methyl-3-thienyl]stannane 3.19 using a Pd-
or Ni-catalyst (Scheme 3.8).18 An important feature of the Stille procedure is that various
organic residues (alkyl, aryl, vinyl, alkynyl, etc.) can be transferred from tin to carbon in a
cross-coupling reaction, which tolerates a wide variety of functional groups (nitro, nitrile,
aryl halide, methoxy, ester, and even aldehyde substituents). Reactions with acid chlorides
and substrates in the Stille reaction where a tin-derivative is attached to a thiophene are not
widespread,19,20 but successful reactions under neutral conditions have been reported for
pyrroles and furans.21,22 The most important drawback of the Stille coupling are the tin salts
that are formed during the reaction, which are very toxic and often hard to remove.
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Scheme 3.7 Synthesis of tributyl[5-(1,3-dioxolan-2-yl)-2-methyl-3-thienyl]stannane.

The synthesis of the functionalized thiophene stannane 3.19 is straightforward (Scheme 3.7).
First 3.15 was brominated23 with Br2 in the presence of AlCl3 to provide 3.17
regioselectively. The aldehyde was then protected with ethylene glycol and subsequently the
bromine atom was substituted for a Bu3Sn moiety via the corresponding lithium derivative to
give 3.19 in a good yield.

Stannane thiophene 3.19 was then subjected to a coupling with glutaryl chloride in
HMPA with PhCH2Pd(PPh3)2Cl2 as palladium source.24 This approach did not give the
desired product but only starting material. Many variations on the Stille coupling have been
carried out (Table 3.1), but the desired compound, 1,5-diketone 3.20 was not formed. The
isolated products were 3.15, 3.16 and starting material 3.19.

3.12, Pd-cat

Solvent

3.203.19
S

O
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OO
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SS

O

O

Bu3Sn

Scheme 3.8 The Stille coupling.

Acid chloride Pd-cat Mol % Solvent T (°C) Yield (%) Reference

Glutaryl
chloride

BnPd(PPh3)2Cl 1 HMPA 68 - 24

Pd(PPh3)2Cl2
CuO

1 DMF 80 - 25

Pd(PPh3)2Cl2 1/10 DMF 80 - 22

BnPd(PPh3)2Cl 1 THF 66 - 26

Pd(PPh3)2Cl2
CuCN 8 mol%

4 Toluene 95 - 27

Pd(PPh3)2Cl2 5 Toluene 60 - 28

Acetylchloride Pd(PPh3)4 5 Toluene 60 - 29

Table 3.1 Attempted Stille Couplings.
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The catalytic cycle involved in the Stille coupling reaction using acid chlorides is generally
accepted to involve the following steps (Scheme 3.9): (1) Formation of an active palladium
species generated by reaction between the palladium compound and R’SnR”3 bearing two
ligands (“PdL2”); (2) Oxidative addition of the organic moiety RCOCl to give “RCOPdL2Cl”;
(3) reaction with R’SnR”3 to form a species with an R-Pd-R’ linkage and R”3SnCl; (4)
Reductive elimination to give RCO-R’ and regenerate the active palladium species. What
most likely happened in this case, is that the active palladium species in step (1) is not
formed. Support for this conclusion comes from the observation that the reaction mixture
does not turn black, which is normally observed. If there is no active palladium, the Stille
coupling will obviously not succeed.
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Scheme 3.9 Catalytic cycle involved in the Stille coupling between

an acid chloride and an arylbutyltin derivative

Recently a palladium cross-coupling reaction using an acid chloride and trialkylborane
derivatives.30 Also a system using an acid chloride and arylboronic acid derivatives was
recently reported.31 These procedures might give better results in case of our system.
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Scheme 3.10 Synthesis of the diketone derivative via an organolithium intermediate.
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Ketones can also be prepared by addition of Grignard reagents or organolithium32

compounds to nitriles and subsequent hydrolysis. Here a reaction with an organolithium
compound with a nitrile was chosen, because of the availability. Halogen atoms at the 3 or 4-
position of thiophene derivatives can easily be exchanged by lithium at –70°C, and the
resulting lithiated thiophene can subsequently undergo a reaction with a nitrile to form a
ketone after hydrolysis. Commercially available glutaronitrile 3.21 was used as the dinitrile
in this reaction. Unfortunately, the reaction of lithiated 3.18 with glutaronitrile did not give
the desired 1,5-diketone derivative. Instead, only the dehalogenated and hydrolysed
thiophene derivatives 3.15 and 3.16 could be isolated. When the same reaction was
performed with propionitrile, no acylated thiophene was obtained either. When benzonitrile
was used as a substrate, acylation of thiophene 3.18 took place, although the yield of this
product was not more than 30%. It is known that the addition of organolithium compounds
��� �������	� �	� 	
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glutaronitrile it will lead to the formation of 3.15. Apparently, acylation of 3.15 and 3.16 at
the 3,4-position is very difficult to achieve by conventional synthetic methods. It occurred to
us that this might be due to the strong deactivating aldehyde functionality at the 5-position of
the thiophene ring.

Other functional groups that provide a handle for further functionalization, but which are
much less deactivating than an aldehyde, are the halogens. Moreover, by using halogens the
straightforward reaction sequence described in Scheme 3.5 could again be applied. The use of
2-bromo-5-methyl-thiophene as a substrate for the Friedel-Crafts acylation was, however, not
successful because it was found that during the Friedel-Crafts acylation the bromine was
shifted to the 3-position, followed by acylation at the more reactive 2-position. This
rearrangement has been observed before for bromothiophenes,33 and iodines are known to
behave similarly. However, chlorines are less reactive and compared to the aldehyde also less
deactivating substituents.

Mg or Zn, TiCl 3(THF) 3

THF, 40ºC, 50%

NCS

C6H6, HOAc
80ºC, 82%S

AlCl3, 3.12

CS2, 0ºC, 98%

SS RRS Cl

O

Cl S

O

S Cl

R = H  3.25
R = Cl 1

3.22 3.23

3.24

Scheme 3.11 Successful synthesis of 1,2-bis(5-chloro-2-methyl-thien-3-yl)cyclopentene.
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The starting compound 3.23 for the synthesis of chlorinated switch 134 was easily
prepared by chlorination33 of 2-methylthiophene (3.22) at the 5-position with NCS in a
mixture of glacial acid and benzene. An alternative route to synthesize 3.23 is by reaction
with sulfuryl chloride.35 After that, 2-chloro-5-methyl-thiophene 3.23 was subjected to a
Friedel-Crafts reaction15 with AlCl3 and glutaryl chloride in CS2 at 0°C, and in this way 1,5-
diketone 3.24 was obtained in 98% yield. Apparently, the only mildly deactivating chlorine
does not prevent acylation of the thiophene in a Friedel-Craft reaction. It was also found that
acylation of the thiophene occurs exclusively at the ortho position relative to the methyl
group, whereby the often difficult separation of isomers is not required.33 The resulting 1,5-
bis-(5’-chloro-2’-methylthien-3’-yl)pentadione 3.24 was then used in a McMurry reaction16

with TiCl3(THF)3 and Mg in THF at 40°C.13 Spectroscopic analysis revealed that instead of
the expected product 1, the dechlorinated ring-closed product 3.25 was formed. Apparently,
under these conditions the chlorines were reductively removed. Catalytic dechlorination of
aromatic chlorides using Grignard reagents in the presence of (C2H5)2TiCl2 was reported by
Takahashi et al.36 They also reported that the use of THF as a solvent dramatically improves
the reactivity in this dehalogenation reaction. This was also observed in the present case as
the dehalogenation was complete. Compound 3.25 is not very stable, and deteriorates even at
4°C within a week. McMurry reactions can, however, also be carried out with milder
reduction agents like zinc to prepare the Ti(0) species in situ. Fortunately, when this reaction
was carried out with TiCl3(THF)3 and Zn in THF at 40°C, the desired switch 1 could finally
be obtained. Later it was found that instead of TiCl3, which was suddenly removed from the
commercial market, also TiCl4 could be used, which has the advantage that it is easier to
handle. The synthesis of compound 1 can be performed on a large scale (largest scale used to
date was 1 mole) and requires only cheap starting materials. Furthermore the photochromic
switch can easily be functionalized in many different ways as will be discussed in section 3.3.

It was of course tempting to investigate whether dithienylperfluorocyclopentene
switches could also be synthesized following the same route as has been developed for 1. A
Friedel-Crafts acylation with hexafluoroglutarylchloride (3.26),37 AlCl3 and benzene or
toluene has been described in literature.38

S Cl

O

Cl S

O

F F F F

F F

3.27

O O

F F F F

F F

Cl Cl

3.26

3.23, AlCl3 / SnCl4

CS2, 0ºC

Scheme 3.12 Attempted Friedel-Crafts acylation.

Unfortunately this reaction did not work for the combination of 3.23 and hexafluoroglutaryl
chloride, only an undefined black tar was obtained (Scheme 3.12). Also the use of SnCl4 as a



Chapter 3

56

Lewis acid did not lead to any improvement. Most likely, the acylation does not occur as the
acid chloride is destabilized by the strongly electron withdrawing fluorines.

In the literature the diethyl ester of hexafluoroglutaric acid (3.28) was also used in a
reaction with phenyllithium to obtain the corresponding diketone.39 That same approach was
used here. Hexafluoroglutaryl ethyl ester 3.29 was synthesized40 by a standard acid-catalysed
esterification of hexafluoroglutaric acid in quantitative yield.

Zn, TiCl 3(THF) 3

THF, 40ºC, 55%

Br2

CHCl 3, 93%

1) n-BuLi, -78ºC
2) 3.29

diethyl ether, 70%
S Cl S Cl
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S

O OF F

F FF F
SCl Cl S

F F

F

F

F

F

S ClCl

3.23 3.30

3.27 2

OEt

O OF F

F FF F

EtO+

3.29

Scheme 3.13 Synthesis of 1,2-bis(5-chloro-2-methyl-thien-3-yl)perfluorocyclopentene.41

In this alternative approach 2-chloro-5-methylthiophene (3.23) was used as the starting
material. Treatment of this compound with a lithiation reagent would result in lithium-
halogen exchange of the chlorine at the 2-position instead of deprotonation at the 4-position.
Therefore this compound was first brominated at the 4-position using Br2 in chloroform to
give 3-bromo-5-chloro-2-methylthiophene 3.30. This allows the regioselective lithiation at

the 4-position. Compound 3.30 was then lithiated at -78°C in anhydrous diethyl ether using
n-butyl lithium. Under these conditions compound 3.30 undergoes exclusive lithium-halogen
exchange with the bromine at the 3-position, whereas the chlorine substituent is not affected.
Lithiated 3.30 was then treated with a solution of 3.29 in ether at the same temperature. After
acidic work-up the 1,5-diketone 3.27 was obtained in good yield, and other regioisomers
were not formed. Finally, ring closure was achieved by the McMurry-coupling with
TiCl3(THF)3 and Zn in THF at 40°C to provide 2, which was purified by column
chromatography. It is, of course, in principle possible to use thiophene derivatives other than
3.30 in this route, provided that they can be lithiated exclusively at the 3-position. However,
it was found that 3-bromo-5-chloro-2-methylthiophene is an extremely versatile intermediate
for the introduction of functional groups at a later stage at the 5,5’-positions of the
diarylperfluorocyclopentenes.

3.3 Derivatization of 1 and 2

Compounds 1 and 2 can easily undergo a lithium-chlorine exchange at ambient

temperature (Scheme 3.14) thus providing a versatile handle to introduce functionality.
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Quenching of the doubly lithiated dithienylcyclopentene switch with, for instance, DMF gave
the bis-aldehydes 3.31 and 3.3242 in 52% and 66% yield, respectively (Scheme 3.14). The
diacid 3.35 (Scheme 3.14) can be obtained via oxidation of 3.31,43 or directly by bubbling
CO2(g) through a solution of lithiated 1 (see chapter 6).44 This compound can be used to
synthesize amides, which will be discussed in chapter 6 and 7. The bis-aldehyde is also a
precursor for imines, for instance, the bis-phenylethylimine derivative (3.33), which has
already been synthesized starting from 3.32.17 Furthermore a condensation reaction with
malonitrile has been carried out to yield 3.34.42 Lithiated 1 or 2 can also be quenched with a
Brønsted acid to give 3.25. Although this compound is not very stable (vide supra), it is a
reactive substrate for electrophilic substitutions like, for instance, a Friedel-Crafts reactions
(see Chapter 8), and halogenation with the more reactive bromide or iodine. It has been found
that in all of these examples substitution exclusively occurs at the most reactive 5-position.
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Scheme 3.14 Derivatization of 1 and 2.

3.3.1 Cross-coupling reactions
Photochromic switches with an extended aromatic system are currently the focus of

much attention because of their possible application in data storage, display technology, and
molecular electronics. It would therefore be of great value if an approach to
diarylcyclopentene based switches were available, in which an aromatic moiety could easily
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be coupled with a dithienylcyclopentene building block. The bis(chlorothienyl)cyclopentene
switches 1 and 2 are in principle such building blocks. The most straightforward method to
extend the aromatic system of 1 and 2 is by a cross-coupling reaction using organometallic
reagents with organic halides and related electrophiles. The different cross-coupling
methods21 available for synthesis of bisaryls are: (1) Kumada-coupling; a reaction between a
Grignard-reagent and an aryl halide catalyzed by Ni-phosphine complexes.45 (2) Suzuki-
coupling; a reaction between a boronic acid derivative and an aryl halide catalyzed by Ni(0),
Pd(0) or Fe(I). (3) Stille-coupling; a reaction between an organostannane aryl derivative and
an aryl halide catalyzed by Pd(0) or Ni(0). (4) aryl C-C bond formation reactions mediated by
organozinc reagents and aryl halides catalyzed by Pd(II), Cu(I), Ni(II), Co(II), Co(III), Fe(III)
or Mn(II). In order to attach an aryl group to switch 1 or 2, the switch can be regarded as the
aryl halide that can be allowed to react with an organometallic reagent or a boronic acid
derivative. Alternatively, the switch can be transformed into the organometallic compound or
a boronic acid. Because many arylboronic acids and organometallic compounds are
commercially available nowadays, it is easier to use the switch as aryl halide.

3.3.2  The Kumada cross-coupling reaction
The first approach to synthesize the oligoaryl switch was via the Kumada cross-coupling

reaction, because of the good experience in our group with this reaction for the synthesis of
oligothiophenes.46

3.23 3.38 3.39

1 3.40

S
S S

S

SSCl Cl

S Cl S MgBr+ S
S

Ni(dppp)Cl 2, 1 mol%

Diethyl ether, ∆, 69%

3.38
Ni(dppp)Cl 2, 1 mol%

Diethyl ether, ∆

Scheme 3.15 Kumada cross-coupling reactions.

First the coupling between 3.23 and 3.38 in diethyl ether with Ni(dppp)Cl2 as catalyst
was performed.47 5-Methyl-2,2’-bithiophene 3.39 was successfully obtained in 69% yield.
Switch 1 was then subjected to analogous reaction conditions, but unfortunately only a mono
cross-coupling had taken place to give 3.41 in 40% yield together with a small amount of
starting material. Increasing the amount of catalyst to even stoichiometric quantities did not
improve this result and only the monoadduct could be obtained. Compound 3.41 is of course
very versatile in the synthesis of non-symmetric switches.
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S
ClS S

3.41

Scheme 3.16 Mono-cross-coupling Product.

Another Ni-phosphine complex often used in the Kumada cross-coupling is Ni(PPh3)2Cl2.
When using 1 equivalent of this catalyst under the same conditions as described above, the
starting material, mono and the bis-product were recovered from the reaction mixture in a
1/1/4 ratio. Reduction of the amount of catalyst resulted in a lower yield of the bis-product,
and at 10 mol% of catalyst or less no bis-product was formed at all. This route clearly does
not work well. Most likely, the lower reactivity of the chloride compared to bromides or
iodides is the main problem in this Kumada cross-coupling reaction. Usually aryl bromides or
aryl iodides are used in the Kumada cross-coupling because of their higher reactivity,
although a recent study showed that also chlorobenzene derivatives can be successfully
coupled with Grignard-reagents by means of Pd2(dba)3 and N-heterocyclic carbenes 3.43 as
ligands rather than phosphines.48 Another successful method is based on the
[Pd2(dba)3]/PtBu3 (3.42) system (Scheme 3.17),49 but the successful application of
chlorothiophene derivative in the Kumada cross-coupling have not yet been reported. The
Kumada cross-coupling could in principle also be carried out between the Grignard reagent
prepared from the chlorinated switch 1 and an aryl bromide, thereby avoiding the two-step
conversion of the chlorinated switch 1 to a more reactive brominated switch. In order to
investgate the feasibility of this approach, some attempts were made to prepare the Grignard-
reagent of 2-chloro-5-methyl-thiophene 3.23 in the following ways: (1) with Mg in diethyl
ether or THF, (2) in an exchange reaction with EtMgBr in ether and (3) a lithiation of the
chlorine followed by a reaction with MgBrOEt2. None of the methods mentioned worked.
Based on our synthetic experience with the chemistry of these compounds, we can safely say
that if it does not work for 3.23, it will not work for 1 either. The most straightforward
solution to the successful application of the Kumada cross-coupling seems to be the two-step
conversion of the chlorinated switch 1 to a more reactive bromide switch. This modification
was, however, not further investigated, because in the meanwhile it also has turned out that it
was not possible to prepare Grignard reagents of 5’-bromo-[2,2’-bisthiophene-5-(pyridin-4’-
yl)] or 2-bromothiophene-5-(pyridin-4’-yl) (which will be discussed in chapter 5), thereby
serious limiting the scope of this approach.

3.3.3 The Suzuki cross-coupling reaction
 An alternative to the Kumada cross coupling of two aryl fragments is the Suzuki

coupling. In the Suzuki cross coupling, an aryl boronic acid is coupled to an aryl halide by
using Ni(0), Pd(0) or Fe(0) complexes as a catalysts. These cross-coupling reactions often
proceed under mild conditions, provided the organoboron compound is activated with a
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suitable base. The key step in this reaction involves the insertion of Pd(0) in the aryl halogen
bond. It has proven to be a quite general technique for a wide range of selective C-C bond
formation reactions. Organoboronic acids are convenient reagents and are generally thermally
stable and inert to water and oxygen, thus allowing their handling without special
precautions. Many organoboronic acids are commercially available nowadays or can be
prepared from organolithium or magnesium reagents and trialkyl borates. A very wide range
of palladium (0) catalysts can be used for this reaction. Pd(PPh3)4 is the most commonly
used, but PdCl2(PPh3)2 and Pd(OAc)2 plus PPh3 or other phosphine ligands are also efficient
since they are stable to air and readily reduced to the active Pd(0) complexes by the
organometallics or phosphines used for the cross-coupling reaction. Aqueous Na2CO3 is most
frequently used as base and DME as solvent. Recently also the first asymmetric Suzuki-
coupling was reported by Buchwald et al.50 So far, mostly aryl bromides, iodides, and triflates
have been used as starting materials for Suzuki reactions, because of their higher reactivity.

L = P

Pd-cat., L, base

solvent

N N
Cl-

+

+ Ar(BOH)2
S Ar

R

S Cl

R

or
3

3.42 3.43

Scheme 3.17 Basic reaction-scheme of the attempted Suzuki cross-coupling reactions.

Due to the industrial interest in the functionalization of economically attractive aryl chlorides
there is currently a great deal of interest in the coupling of aryl chlorides with arylboronic
acids.51 Although nickel catalysts are useful for this reaction as has been demonstrated by
Indolese52 and Saito et al.,53 most studies have focussed on palladium catalysts. Recently
significant breakthroughs in this area have been made by Fu,54 Buchwald,55 Nolan56, Beller57

and Trudell.58 Suzuki-coupling of chlorothiophene derivatives has not been reported yet, but
the recently developed systems (vide supra) looked promising for our ends. The following
reactions were carried out (Scheme 3.17): (1) 1 with phenylboronic acid in dioxane at 80°C
with Cs2CO3 as base and [Pd2(dba)3]/PtBu3 as a catalyst;54 (2) 1 with 2-thiopheneboronic acid
under the same conditions as described for (1); (3) 1 with 2-thienylboronic acid in dioxane at
80°C with Cs2CO3 as base and the [Pd2(dba)3]/1,3-bis(2,4,6-trimethylphenyl)imidazol-2-
ylidene (3.43) as the catalyst;56 (4) 1 with phenylboronic acid under the same conditions as
described at (3); (5) The same as described at (4) but with 2 times as much of both ligand and
Pd-catalyst; (6) The same as described at (4) but with 3 times as much of both ligand and Pd-
catalyst. Unfortunately none of these attempts led to cross-coupled product, and starting
compound 1 was recovered in all cases. Apparently, also in the Suzuki cross coupling the low
reactivity of the chlorothienyl bond prevents the coupling reaction from taking place. The
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most obvious solution to this problem is to convert the chloride switch 1 into the more
reactive bromide derivative or to the boronic ester derivative. This latter approach has been
applied before in the synthesis of diarylperfluorocyclopentene derivatives by Lehn et al.,59

starting from 1,2-bis(5’-bromo-2’-n-hexyl-thien-3’-yl)perfluorocyclopentene. It was found
that also 1 could also be converted to a boronic acid by means of an organolithium reagent,
which was then allowed to react with an aryl halide in a Suzuki cross coupling reaction.
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SS B(OBu)2(BuO)2BSS ClCl

1) n-BuLi, r.t.
2) B(OBu)3 r.t.

THF
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Scheme 3.18 Successful Suzuki reaction.

First, 1 was lithiated with BuLi in THF at room temperature, and then treated with B(OBu)3

to provide the bis-boronic ester 3.41. This unpurified material was used directly in the Suzuki
reaction without any work-up because it was found that the bis boronic ester 3.41 easily
hydrolyses to the dehalogenated switch 3.25 during isolation. This has also been observed by
Lehn et al.59 for the corresponding bis-2’-n-hexylthiophen-3’-yl-perfluorocyclopentene. For
the Suzuki cross coupling reaction, Pd(PPh3)4 was added as palladium source, Na2CO3 as
base, THF as solvent and several drops of ethylene glycol were added as cosolvent. This
system worked excellent, and after column chromatography, yields of up to 70% were
reached. Switch 1 gave much higher yields then switch 2 in the Suzuki reaction, even when
Lehn’s conditions59 were applied. In chapter 4 the synthesis of various phenyl derivatives of 1
and 2 are described using this method and their photochromic properties compared. The
synthesis of oligothiophene derivatives of 1 using this method are described in chapter 5.

3.4 Photochromic behavior of the various derivatives of compounds 1 and 2

The photochromic behaviour of 1, derivatives thereof, and 2 was studied by irradiation
with a high pressure mercury lamp at selected wavelengths, and monitored by UV-Vis
spectroscopy. Table 3.2 shows the absorption maxima for the open and closed forms of the
synthesized derivatives and their corresponding extinction coefficients. During this reaction a
photostationary state (PSS) will always be reached. Due to non-zero absorption of the closed
form in the UV spectral region, both ring-closure and ring-opening take place after
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photoexcitation, leading to an equilibrium situation (PSS) determined by the quantum yields
of ring-closing and ring-opening. However, quantum yields obtained for diarylethenes
showed that the cyclization is more efficient than the ring-opening.1,60 Therefore it can be
assumed that the PSS represents the closed form of the switch. Because we did not have the
absorption spectra of the closed form, the extinction coefficients reported in Table 3.2 are
those of the PSS. Several attempts were undertaken to separate the open and closed form by
column chromatography and HPLC, but they were unsuccessful. Visible light was used in
order to switch the closed form back to the open form, which lead to full recovery of the open
form. Compared to the known corresponding perfluorocyclopentene derivatives, the
wavelengths at the absorption maxima of the closed forms of the cyclopentene switches
showed a blue shift. Only 3.34 measured in benzene showed the same absorption maximum
in the closed form as was reported earlier for the perfluorocyclopentene analog.42

UV

Vis

closedopen

SSR' R'SSR' R'

R R

Compound R / R’ Solvent λmax open and (ε) λmax PSS and ε

1 H / Cl n-hexane 240 (1901) 276, 444 (116)

2 F / Cl n-hexane 242 (2486), 300 (483) 334 (1932), 331 (571),
501 (390)

3.14 H / Me n-hexane 196 (2077), 233 (2395), 275a

(810)
201 (1280)

3.25 H / H n-hexane 229 (2100), 270a (924) 231a (997)

3.31 H / CHO benzene 280 (4097), 318 (1486) 383 (1661), 379
(1578), 580 (1473)

3.33 H / CH=NCH(Me)Ph n-hexane 271 (5396), 308a (2362) 366 (1272), 555
(1240)

3.34 H / CH=C(CN)2 benzene 334 (2742), 392 (3029) 358 (1829), 448
(1787), 732 (2177)

3.35 H / COOH methanol 252 (2972), 290a (991) 253 (1500), 347 (865),
531 (684)

3.36 H / CONHC12H25 methanol 264 (2872), 298a (987) 269 (1290), 347 (800),
522 (885)

3.46 H / Ph benzene 277 (5259), 303a (3936) 290 (3669), 358
(1828), 531 (2562)

a Shoulder

Table 3.2 UV-Vis data λmax (nm) and ε (101cm-1M-1, in parenthesis) values of the open and

PSS of several compounds. Concentration of the solutions is about 1 x 10-5M.
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First a solution of 1 in n-hexane was studied (Figure 3.1a). The open form showed a distinct
absorption in the UV region, after irradiation using the whole spectrum of the mercury lamp,

a clear absorption appeared in the visible region with λmax = 444 nm (εPSS = 1.16 x 103cm-1
M-1) due to formation of the closed form, which has an extended conjugated structure. After
longer irradiation times (t > 10min), 1 started to degrade (Figure 3.1a), probably to the

compound proposed by Branda et al. (Scheme 2.22).61 Irradiation of the closed form of 1 at λ
= 435 nm, i.e nearby its absorption maximum, the closed form did not fully return to the open
form, because of degradation. Apparently the photochemical switching of 1 can take place,
but the process is not fully reversible due to degradation processes, which makes 1 unsuitable
as a photochromic switch. For compound 2 different behavior was observed. After irradiation

at λ = 313 nm switch 2 also showed a distinct absorption in the visible region at λmax = 501

nm (εPSS = 3.9 x 103cm-1M-1) due to formation of the closed form. Irradiation of the closed

form with λ > 460 nm caused a complete conversion to the open form. For this compound it
is possible to switch selectively between the open and the closed form for at least five times
without any noticeable degradation.

It would be very interesting to see how the derivatives of 1 are behaving upon irradiation

with light. After irradiation of compound 3.31 in benzene at λ = 313 nm a new absorption
band appeared at 583 nm due to formation of the closed form. Visible light was used in order
to switch the closed form back to the open form, which lead to full conversion of the closed
form. Diarylethenes 3.14 and 3.25 turn yellow upon UV-irradiation next to compounds 1 and
2, which is quite unusual. Most derivatives of 1 that are described in this thesis turned purple
upon irradiation, whereas derivatives of 2 mostly turned blue upon irradiation. Diarylethene
compounds that turn yellow after irradiation are rare,62 but are indispensable for covering the
whole color spectrum.
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Figure 3.1 (a) UV-Vis spectra of 1 (1.09 x 10-5 M in n-hexane) before (—), after (---)
irradiation for 5 min, and after irradiation for 40 min (····) and (b) 3.31 (2.05 x 10-5 M in

benzene) before (—) and after (---) irradiation at 313 nm.

The absorption spectra of compounds 3.14 and 3.25 do not show maxima in the visible region
after irradiation with UV-light. The absorption spectra can be compared with the absorption
spectrum of 1 after prolonged irradiation (Figure 3.1a). These switches are not suitable for
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application, because it is too difficult to distinguish between the open and closed form. The
switching behavior of the compounds 3.33, 3.35, 3.36 and 3.46 is excellent. The coloring-
bleaching cycles can be performed several times without degradation. Dialdehyde 3.31
showed an ± 8% decrease in absorption (UV-Vis) after one cycle, and the perfluorinated bis-
aldehyde 3.32 showed the same degradation behavior.42 On the other hand, the bis-imine
derivative 3.33 performed very well and after ten cycles no degradation was detected. Five
coloring-bleaching cycles were performed with compounds 3.33, 3.36 and 3.46, and they also
showed no degradation and the cycles were still fully reversible. Switch 3.34 also showed
good switching behavior, but is thermally unstable at elevated temperatures. The half-life of
the thermal ring opening in benzene at 60°C of compound 3.34 is 4.27 min. Compared to the
perfluorocyclopentene analog42 it shows slower thermal ring opening. It appears that if the
conjugation of switch 1 is increased, the switch shows good switching behavior and little
fatigue, whereas if the electron withdrawing properties of the substituents attached to 1
become too strong, the thermal stability decreases. This latter decrease in thermal stability
was also observed for perfluorocyclopentene-derivatives.

The photochemical ring closure of 3.31 (λ = 313 nm), 3.33 (λ = 313 nm) and 3.34 (λ = 405
nm) in CDCl3 was observed by 1H NMR. Both the chemical shift of the methyl group and the
thiophene proton before and after irradiation were investigated. The results are displayed in
Table 3.3.

Compound δCH3 open δCH3 closed δCH open δCH closed

3.31 2.04 2.17 7.42 6.72

3.33 1.97 1.94 6.95 7.37

3.33 2.14 2.05 7.40 6.56

Table 3.3 1H NMR chemical shift data before and after irradiation (δ  in ppm).

The photochemical reaction has proven to be a clean process. After irradiation only a new set
of signals appeared corresponding to the closed form. Other products were not observed.

3.5 Conclusions

In this chapter the successful syntheses of diarylethene-switches 1 and 2 have been
described. The reactions can be performed on large scale (the largest scale at which we
performed this reaction was one mole) and cheap(er) starting materials can be used compared
to the commonly employed syntheses. These developed chloride switches can be easily
derivatized by lithiation and quenching with different electrophiles. Another versatile
reaction for successful modification of 1 is the Friedel-Crafts reaction. The scope could even
be expanded to the formation of bisaryl carbon-carbon bond formation by means of the
Suzuki-reaction. It appears that these bis(thien-3-yl)cyclopentenes, which are now readily
accessible, show photochromic behaviour similar to known diarylethenes. Provided the
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proper substituents are present thermal irreversibility and fatigue resistance are observed.
These synthesis methods will be applied to the synthesis of various different diarylethenes,
the synthesis and properties of which will be discussed in this thesis. Also the difference in
switching behavior between the cyclopentene- and perfluorocyclopentene will be discussed in
chapter 4.

3.6 Experimental section

General information:

Starting materials were commercially available and were used without further purification.

Diethyl ether and THF were distilled from Na. Melting points were determined on a Büchi

melting point apparatus and are uncorrected. 1H NMR were recorded on a Varian Gemini-200

spectrometer (at 200 MHz), a Varian VXR-300 spectrometer (at 300 MHz) or a Varian 500

spectrometer (at 500 MHz) at ambient temperature. The splitting patterns are designated as

follows: s (singlet); d (doublet); dd (double doublet); t (triplet); q (quartet); m (multiplet) and

br (broad). 13C NMR were recorded on a varian Gemini-200 (at 50.3 MHz), a varian VXR-

300 (at 75.4 MHz), or a Varian Gemini-500 (at 125.7 MHz). 19F-NMR were recorded on a

Varian Gemini-200 spectrometer (at 188.2 MHz) or a Varian 500 (at 470.3 MHz). Chemical

shifts are denoted in δ (ppm) referenced to the residual protic solvent peaks. Coupling

constants J, are denoted in Hz. Masses were recorded with a MS-Jeol mass spectrometer,

with ionisation according to CI+, DEI or EI+ procedures by A. Kiewiet. The dithienylethene

switches are sometimes hard to sublimate and only by means of DEI (desorption electron

ionization) it is then possible to obtain the mass spectrum. However, this ionizationtechnique

is so fast that it is impossible to get a exact mass, due to an unfavorable signal/ noise ratio.

Elemental analyses were performed at the analytical department of the Stratingh Institute by

H. Draayer, J. Ebels and J. Hommes. Aldrich silica gel Merck grade 9385 (230-400 mesh)

was used for column chromatography. The solvents were distilled and dried before use, if

necessary, using standard methods. Reagents and starting materials were used as obtained

from Aldrich, Acros Chimica or Fluka. Derivates synthesized starting from compounds 1 or 2

are light sensitive and were therefore exclusively handled in the dark using brown glassware,

and column chromatography was performed in yellow light. Irradiations were performed with

a high pressure mercury lamp (200W, Oriel) and the appropriate filters (Andover

corporation)

1,5-Bis(2’-methyl-5’-methylthien-3’-yl)pentadione (3.13): AlCl3 (7.02 g, 52.7 mmol) and
2,5-dimethylthiophene (5 ml, 43.9 mmol) were added to CS2 (100 ml). The mixture was
heated to reflux and glutarylchloride 3.12 (3.71 g, 21.95 mmol) in CS2 (25 ml) was added
dropwise. After the addition of glutaryl chloride, the reaction mixture was refluxed for 2
hours. After cooling to r.t. cold H2O (50 ml) was carefully added to the reaction mixture, the
water layer was extracted with diethyl ether (3 x 75 ml). The combined organic phases were
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washed with sat. NaHCO3 solution (1 x 50 ml) and water (1 x 50 ml), dried (Na2SO4), filtered
and the solvent evaporated in vacuo to yield a yellow solid (3.78 g, 54%), which was used in

subsequent reactions without further purification. 1H NMR (200 MHz, CDCl3): δH 1.85 (s,
CH3), 1.95-2.09 (m, 2H), 2.34 (s, 6H), 2.73 (t, J = 7.2, 9.6 Hz, 4H), 6.41 (s, 2H); 13C NMR

(75.4 MHz, CDCl3): δC 14.88 (q), 15.97 (q), 18.49 (t), 40.61 (t), 125.96 (d), 134.91 (s),
135.33 (s,), 147.11 (s), 195.91 (s); MS (EI): 320 [M+]; IR (Nujoll): 1669 cm -1 (C=O). Anal.
calc. for: C17H20O2S2: C 63.72, H 6.29; found: C 64.14, H 6.33.

1,2-Bis(2’-methyl-5’-methylthien-3’-yl)cyclopentene (3.14) : TiCl3(THF)3 (0.42 g, 1.13

mmol) and Mg (0.069 g, 2.83 mmol) were stirred under nitrogen in dry THF (30 ml) at 40°C
until the blue colour of TiCl3(THF)3 was disappeared and then 3.13 (0.36 g, 1.13 mmol) was

added to the black solution. After stirring for 2 h at 40°C, the mixture was poured into
hydrochloric acid (6N, 50 ml). This solution was extracted with diethyl ether (2 x 50 ml), and
the combined diethyl ether layers were washed with saturated sodium bicarbonate solution
(2x 25 ml) and H2O (1 x 25 ml), dried (Na2SO4), filtered and the solvent evaporated in vacuo
to yield a brown oil (0.28 g, 86%). Chromatography of the oil over silica gel (hexane/ethyl
acetate = 9/1) afforded the compound as a white solid (0.19 g, 58%). 1H NMR (300MHz,

CDCl3): δH 1.85 (s, 6H), 1.95-2.09 (m, 2H), 2.34 (s, 6H), 2.73 (t, J = 7.6 Hz, 7.2Hz, 4H), 6.41

(s, 2H); 13C NMR (75.4 MHz, CDCl3): δC 13.77 (q), 14.91 (q), 22.67 (t), 38.23 (t), 125.94 (d),
131.91 (s), 134.04 (s), 134.78 (s), 135.29 (s); MS (EI): 288 [M+]; Anal. calc. for: C17H20S2: C
70.78, H 6.99; found: C 70.13, H 6.92.

2-Methyl-5-thiophenecarbaldehyde (3.15): A mixture of 2-methylthiophene 3.22 (24.2 ml,
0.25 mol) and DMF (25.6 ml, 0.33 mol) was cooled down to 0°C and then POCl3 (29.4 ml,
0.32 mol) was added very slowly. After the addition was complete the mixture was heated
and at about 70°C a vigorous reaction occurred. Immediately an ice bath was put under the
vessel until no HCl gas evolved anymore. The mixture was then heated for an additional hour
at 110°C. After cooling to r.t the mixture was poured into icewater (200 ml) and neutralised
with sodium bicarbonate. The resulting slurry was extracted with diethyl ether (3 x 100ml),
drying (NaSO4) and after evaporation of the solvent under vacuo 3.15 (27.3 g, 87%) was

obtained. 1H NMR (300MHz, CDCl3): δH 2.49 (s, 3H), 6.83 (d, J = 3.6, 1H), 7.53 (d, J = 3.6,

1H), 9.73 (s, 1H); 13C NMR (75.4 MHz, CDCl3): δC 16.00 (q), 126.93 (d), 137.20 (d), 150.85
(s), 151.43 (s), 182.41 (d); MS (EI): 126 [M+].

2-(5-Methyl-2-thienyl)-1,3-dioxolane (3.16): Under Dean-Stark conditions a mixture of 3.15
(4 g, 22.6 mmol), ethyleneglycol (2.5 ml, 45.2 mmol) and p-TsOH (catalytic amount) was
refluxed in benzene (200 ml). After 18 h the solution was cooled down to r.t. and poured into
NaOH (3M, 150 ml). The organic layer was subsequently washed with NaOH (3M, 2 x 50
ml) and H2O (100 ml) and then dried (NaSO4). After evaporation of the solvent 3.16 (7.08 g,

38.0 mmol) was obtained. 1H NMR (300 MHz, CDCl3): δH 2.46 (s, 3H), 3.95-4.14 (m, 4H),
6.01 (s, 1H), 6.62 (d, J = 3.3 Hz, 1H), 6.94 (d, J = 3.3 Hz, 1H); 13C NMR (75.4 MHz,
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CDCl3): δC 15.32 (q), 65.06 (t), 100.35 (d), 124.60 (d), 126.30 (d), 138.92 (s), 141.10 (s); MS
(EI): 170 [M+].

4-Bromo-5-methyl-2-thiophenecarbaldehyde (3.17): AlCl3 (26.40 g, 198 mmol) was
placed in a three-necked flask equipped with a powerful stirrer, and 3.15 (10.0 g, 79.3 mmol)
was added under vigorous stirring, while keeping the temperature below 60°C. To the
resulting brown liquid Br2 (4.70 ml, 91.2 mmol) was added at once and this mixture was left
for 1h. Then it was poured into HCl conc. (50 ml) and enough ice to allow hydrolysis at 0°C.
The water phase was extracted with diethyl ether (3 x 50 ml). The combined organic layers
were washed with saturated bicarbonate solution (2 x 50 ml) and H2O (50 ml). After drying
(Na2SO4) and evaporation of the solvent, the resulting tar was subjected to a bulb to bulb
distillation, which yielded a off white solid (11.4 g, 70%), b.p. 85-87°C/ 9mm Hg. 1H NMR

(300MHz, CDCl3): δH 2.45 (s, 3H), 7.56 (s, 1H), 9.74 (s, 1H); 13C NMR (75.4 MHz, CDCl3):

δC 15.81 (q), 111.13 (s), 138.60 (d), 140.04 (s), 145.70 (s), 181.48 (d); MS (EI): 206 [M+].

2-(4-Bromo-5-methyl-2-thienyl)-1,3-dioxolane (3.18): Under the same conditions as
described for 3.16, 3.17 (5.95 g, 28.9 mmol) was reacted with ethylene glycol (4.0 ml, 69.3
mmol) and p-TsOH (catalytic amount) in benzene (200 ml) to afford 3.18 (6.43 g, 89%). 1H

NMR (300MHz, CDCl3): δH 2.36 (s, 3H), 3.94-4.10 (m, 4H), 5.98 (s, 1H), 6.95 (s, 1H); 13C

NMR (75.4 MHz, CDCl3): δC 14.76 (q), 65.09 (t), 99.58 (d), 108.35 (s), 128.68 (d), 135.23
(s), 138.64 (s); MS (EI): 249 [M+]

Tributyl[5-(1,3-dioxolan-2-yl)-2-methyl-3-thienyl]stannane (3.19): Under nitrogen 3.18
(0.5 g, 2 mmol) in THF (25 ml) was cooled to -80°C and n-BuLi (1.56 ml of 1.6M solution in
hexane, 2.5 mmol) was added slowly. After addition the temperature was allowed to rise to –
50°C during 30 min. The temperature was lowered to –70°C and SnBu3Cl (0.57 ml, 2.1
mmol) was added at once. The cooling bath was removed, when the temperature had reached
r.t., the reaction mixture was poured into an aqueous NaOH solution (50ml, 0.01M) and
extracted with diethyl ether (3 x 25 ml). After drying (Na2SO4) and evaporation of the solvent

yellow oil was obtained (0.73 g, 80%). 1H NMR (300MHz, CDCl3) δH 0.87 (t, J = 6.9 Hz, 7.5
Hz, 9H), 1.04 (t, J = 8.4 Hz, 8.1 Hz, 6H), 1.25-1.34 (m, 6H), 1.43-1.53 (m, 6H), 2.47 (s, 3H),

3.93-4.12 (m, 4H), 6.02 (s, 1H), 6.94 (s, 1H); 13C NMR (75.4 MHz, CDCl3): δC 8.58 (q), 9.90
(t), 13.48 (q), 27.19 (t), 29.00 (t), 64.98 (t), 100.53 (d), 132.82 (d), 135.28 (s), 138.79 (s),
146.57 (s); MS (CI): 461 [M+H+]

2-Chloro-5-methylthiophene (3.23): 2-Methylthiophene (100 ml, 1.03 mol) and N-
chlorosuccinimide (152 g, 1.13 mol) were added to a stirring solution of benzene (400 ml)
and acetic acid (400 ml). The suspension was stirred for half an hour at room temperature,
then after one hour of heating at reflux, the cooled mixture was poured into an 3M aq NaOH
solution (300 ml). The organic phase was washed with a 3 M aq NaOH solution (3 x 300 ml),
dried (Na2SO4), filtered and the solvent evaporated in vacuo to yield a slightly yellow liquid.
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Purification of the product by vacuum distillation (19mm, 55°C) afforded a colourless liquid

(111 g, 84%). 1H NMR (300 MHz, CDCl3): δH 2.30 (s, 3H), 6.40-6.42 (m, 1H), 6.58 (d, J =

2.2 Hz, 1H); 13C NMR (75.4 MHz, CDCl3): δC 15.24 (q), 124.29 (s), 125.68 (s), 126.39 (s),
138.40 (s); MS (EI): 131 [M+]; Anal. calc. for: C5H5ClS: C 45.29, H 3.80; found: C 45.76, H
3.77. b.p. 55°C (19 mm).

1,5-Bis(5’-chloro-2’-methylthien-3’-yl)pentadione (3.24): Under vigorous stirring AlCl3

(48 g, 0.36 mol) was added in portions to an ice cooled solution of 3.23 (32.3 ml, 0.3 mol)
and glutarylchloride (25 g, 0.15 mmol) in CS2 (300 ml). After addition of AlCl3, the reaction
mixture was stirred for 2 h at room temperature. Then ice-water (100 ml) was carefully added
to the reaction mixture, the water layer was extracted with ether (3 x 150 ml). The combined
organic phases were washed with water (1 x 100 ml), dried (Na2SO4), filtered and evaporated
in vacuo to yield a brown tar (53 g, 98 %). This tar can be purified by flash chromatography
(hexane/ethyl acetate = 9/1), a white solid is then obtained (25.9 g, 48%). For further

reactions it is not necessary to purify this tar. 1H NMR (200 MHz, CDCl3): δH 1.98-2.12 (m,

2H), 2.66 (s, 6H), 2.86 (t, J = 6.8 Hz, 2H), 7.19 (s, 2H); 13C NMR (125.7 MHz, CDCl3): δC

15.97 (q), 18.06 (t), 40.42 (t), 125.19 (d), 126.68 (s), 134.73 (s), 147.62 (s), 194.74 (s); MS
(EI): 360 [M+]; IR (Nujoll): 1675 cm-1 (C=O). Anal. calc. for: C15H14Cl2O2S2: C 49.87, H
3.91; found: C 49.46, H 3.94.

1,2-Bis(2’-methylthien-3’-yl)cyclopentene (3.25) TiCl3(THF)3 (1.57 g, 4.23 mmol) and Mg

(0.26 g, 10.6 mmol) were stirred under nitrogen in dry THF (30 ml) at 40°C until the blue
colour of TiCl3(THF)3 was disappeared, whereup 3.24 (1.53 g, 4.23 mmol) was added to the

black solution. After stirring for 30 min at 40°C, the mixture was cooled down to r.t. and
poured into hydrochloric acid (6N, 50 ml). The resulting mixture was extracted with diethyl
ether (2 x 50 ml). The combined organic layers were washed with saturated sodium
bicarbonate solution (2x 25 ml) and H2O (1 x 25 ml), dried (Na2SO4), filtered and the solvent
evaporated in vacuo to yield a brown oil (0.79 g, 72%). Chromatography of the oil over silica
gel (pet. ether 40/60) afforded the compound as a yellow oil (0.22 g, 20%). 1H NMR (200

MHz, CDCl3): δH 1.92 (s, 6H), 1.97-2.14 (m, 2H), 2.79 (t, J = 7.6 Hz, 7.4Hz, 4H), 6.74 (d, J

= 5.0Hz, 2H), 6.95 (d, J = 5.0Hz, 2H); 13C NMR (125.7 MHz, CDCl3): δC 13.88 (q), 22.86
(t), 38.31 (t), 120.99 (d), 128.04 (s), 134.31 (d), 136.51 (s), 143.15 (s); MS (EI): 260 [M+].

1,2-Bis(5’-chloro-2’-methylthien-3’-yl)cyclopentene (1): “Instant method”; A mixture of
3.24 (1.13 g, 3.13 mmol), TiCl3(THF)3 (2.32 g, 6.26 mmol), Zn dust (0.82 g, 7.83 mmol) and

THF (30 ml) was stirred under nitrogen at 40°C for 1 h. The mixture was cooled to r.t. and
poured over a glass filter containing with silica gel that was pretreated with PE ether. The
silica was rinsed with PE ether 40/60. After evaporation of the solvent a yellow solid (0.97 g,
94%) was obtained. Pure 1 was obtained as a white solid (0.45 g, 44%) was obtained after
purification by chromatography over silica gel (PE ether 40/60). 1H NMR (200 MHz,

CDCl3): δH 1.98 (s, 6H),1.94-2.09 (m, 2H), 2.71 (t, J = 7.6, 7.4Hz, 4H), 6.58 (s, 2H); 13C
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NMR (75.4 MHz, CDCl3): δC 14.90 (q), 23.55 (t), 39.05 (t), 125.87 (d), 127.37 (s), 133.97
(s), 135.10 (s), 135.50 (s); MS (EI): 328 [M+]; Anal. calc. for: C15H14Cl2S2: C 54.71, H 4.29;
found: C 54.54, H 4.24.

1,2-Bis(5’-chloro-2’-methylthien-3’-yl)cyclopentene (1): Due to lack of TiCl3 the reaction
was later on carried out with TiCl4. THF (50 ml) and Zn-dust (2.5 g) were put in a three-neck
flask under nitrogen. TiCl4 (6.2 ml, 28.8 mmol)was added very cautiously by a glass syringe
The solution turned yellow and was refluxed for 45 min. After that it was cooled in an icebath
and 3.24 (6.9 g, 19.2 mmol) was added in portions. This mixture was refluxed for 2 h,
subsequently quenched with 10% K2CO3 (50 ml), extracted with diethyl ether (4 x 20 ml).
The combined organic layers were washed with H2O (1 x 25 ml), dried (Na2SO4) and the
solvent removed in vacuo. The compound was purified with column chromatography in the
same way as described before (3.16 g, 50%).

Hexafluoroglutaryl chloride (3.26): Hexafluoroglutaric acid 3.28 (1.0 g, 4.2 mmol) and
thionylchloride (0.61 ml, 8.4 mmol) were heated at 60°C for 30 min, then a few drops of
POCl3 were added and the mixture was heated for another 15 min. After cooling to r.t.
thionylchloride was removed in vacuo to yield hexafluoroglutaryl chloride 3.26 (1.1 g, 95%).

bp 112-113°C,  19F NMR (188.2 MHz, CDCl3): δF –113.94 (s, 4F), -122.18 (s, 2F); 13C NMR

(75.4 MHz, CDCl3): δC 108.20 (t), 113.70 (t), 162.76 (s); MS (CI): 295 [M+NH4
+].

Hexafluoroglutaryl ethyl ester (3.29): hexafluoroglutaric acid 3.28 (10.0 g, 41.7 mmol) was
dissolved in ethanol (100 ml), subsequently HCl (30%, 0.5 ml) was added and the reaction
mixture was refluxed overnight. After cooling to r.t., the ethanol was evaporated and diethyl
ether (50 ml) was added. The organic layer was washed with a NaOH solution (2M, 2x) and a
HCl solution (2M, 2x), dried (Na2SO4). After removal of the solvent the residual oil was
subjected to a bulb to bulb distillation to afford the corresponding ester (3.8 mm, 70°C) (12.3

g, 100%). 1H NMR (300 MHz, CDCl3): δH 1.35 (t, J = 7.5 Hz, 6H), 4.40 (q, J = 7.2 Hz, 7.5

Hz, 4H); 13C NMR (75.4 MHz, CDCl3): δC 13.54 (q), 64.56 (t), 108.04 (t), 111.57 (t), 151.24

(s); 19F NMR (470.3 MHz, CDCl3): δF –119.93 (t, 4F), -125.44 (t, 2F). MS (CI): 314
[M+NH4

+].

3-Bromo-5-chloro-2-chlorothiophene (3.30): A solution of bromine (3.78ml, 73.3 mmol) in
CHCl3 (20 ml) was added slowly to an ice cooled solution of 3.23 (9.72 g, 73.3 mmol) in
CHCl3 (75 ml). After addition of the bromine, the reaction mixture was stirred for 2 h at room
temperature, and subsequently poured into H2O (150 ml). The water layer was extracted with
dichloromethane (3 x 50 ml). The combined organic extracts were dried (Na2SO4), filtered
and evaporated in vacuo to yield a yellow/brown oil (14.4 g, 93%). 1H NMR (200 MHz,

CDCl3): δH 2.32 (s, 6H), 6.73 (s,1H); 13C NMR (75.4 MHz, CDCl3): δC 14.49 (q), 107.38 (s),
126.65 (d), 128.29 (s), 133.03 (s); MS (EI): 211 [M+]; Anal. calc. for: C5H4BrClS: C 28.39,
H 1.91; found: C 28.74, H 1.97.
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1,2-Bis(5’-chloro-2’-methylthien-3’-yl)hexafluoropentadione (3.27): n-Butyllithium (1.6M
in hexane, 5.4 ml, 8.64 mmol) was added to a stirred solution of 3.30 (1.75 g, 8.29 mmol) in

anhydrous diethyl ether (25 ml) under nitrogen at -78°C. After 15 min of stirring at that
temperature, 3.29 (0.91 ml, 4.15 mmol) in anhydrous diethyl ether (2 ml) was added slowly
to the mixture in about 30 min. The reaction mixture was quenched by hydrochloric acid (2N,
10 ml), extracted with diethyl ether (3 x 25 ml). The combined organic layers were washed
with saturated sodium bicarbonate solution (1 x 25 ml) and H2O (1 x 25 ml), dried (Na2SO4),
filtered and the solvent evaporated in vacuo to yield a brown/reddish oil (1.36 g, 70%). 1H

NMR (200 MHz, CDCl3): δH 2.70 (s, 6H), 7.31 (s, 2H); 13C NMR (125.7 MHz, CDCl3): δC

17.05 (q), 110.37 (t), 111.08 (t), 125.80 (d), 126.19 (s), 128.92 (s), 155.37 (s), 177.85 (s); 19F

NMR (470.3 MHz, CDCl3): δF -116.18(t, 4F), -122.73 (t, 2F);MS (EI): 467[M+]; IR (Nujol):
1696cm -1 (C=O).

1,2-Bis(5’-chloro-2’-methylthien-3’-yl)perfluorocyclopentene (2) : “Instant method”: A
mixture of 3.27 (0.96 g, 2.06 mmol), TiCl3(THF)3 (1.5 g, 4.12 mmol), Zn dust (0.53 g, 8.24

mmol) and THF (25 ml) were stirred under nitrogen at 40°C for 1 h. The mixture was cooled
and poured over a glass filter containing silica gel that was pretreated with pet. ether (40/60).
The silica was rinsed with pet. ether (40/60). A white solid (0.49 g, 55 %) was obtained after
purification by chromatography over silica gel (pet. ether 40/60). 1H NMR (200 MHz,

CDCl3): δH 1.88 (s, 6H), 6.88 (s, 2H); 13C NMR (500 MHz, CDCl3): δC 14.29 (q), 110.67 (t),

117.73 (t), 123.92 (d), 125.36 (s), 127.88 (s), 140.37 (s); 19F NMR (470.3 MHz, CDCl3): δF -
114.78 (t, J = 5.5, 5.0Hz, 4F), -136.37 (t, J = 6.2, 5.0Hz, 2F); MS (EI): 436 [M+], M.p.;

132°C.

1,2-Bis(5’-formyl-2’-methylthien-3’-yl)cyclopentene (3.31): n-Butyllithium (7.85 ml of
1.6M solution in hexane, 12.56 mmol) was added to a stirred solution of 1 (1.97 g, 5.98
mmol) in anhydrous THF (20 ml) under nitrogen at room temperature. One hour after the
addition the reaction mixture was quenched with anhydrous dimethylformamide (0.97 ml,
12.56 mmol). The mixture was stirred then for an additional hour at room temperature, before
it was poured into HCl (2N, 50 ml). The mixture was extracted with diethyl ether (3 x 25 ml).
The combined organic layers were washed with saturated sodium bicarbonate solution (2x 25
ml) and H2O (1 x 25 ml), and dried (Na2SO4), filtered and evaporated in vacuo to yield a
brown solid (1.89 g, 90%). Chromatography of the solid over silica gel (hexane/ethyl acetate
= 9/1) afforded the compound as a brown/orange solid (0.98 g, 52%). 1H NMR (200 MHz,

CDCl3): δH 2.04 (s, 6H), 2.07-2.17 (m, 2H), 2.83 (t, J = 7.5Hz, 4H), 7.42 (s, 2H), 9.74 (s,

2H); 13C NMR (75.4 MHz, CDCl3): δC 15.30 (q), 22.81 (t), 38.33 (t), 134.85 (d), 136.93 (s),
137.26 (s), 140.11 (s), 146.25 (s), 182.22 (s); MS (EI): 316 [M+]; IR: 1662 cm -1 (C=O);
Anal. calc. for: C17H16O2S2: C 64.53, H 5.10; found: C 63.32, H 4.98.
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1,2-Bis(5’-formyl-2’-methylthien-3’-yl)perfluorocyclopentene (3.32): Under the same
conditions as described for 1, n-Butyllithium (1.6M in hexane, 0.13ml, 1.8 mmol) was added
to a stirred solution of 2 (30 mg, 0.06 mmol) in anhydrous diethyl ether (5 ml) under nitrogen
at room temperature and quenched with anhydrous dimethylformamide (0.05 ml, 0.6 mmol).
Trituration from hexane/CH2Cl2 afforded the compound as a brown/orange solid (20 mg,

66%). M.p.; 182°C 1H NMR (200 MHz, CDCl3): δH 2.02 (s, 6H), 7.73 (s, 2H), 9.85 (s, 2H);
19F NMR (188.2 MHz, CDCl3): δF -111.97 (t, J = 0Hz, J = 4.8Hz, 4F), -133.55 (t, J = 4.8Hz,

J = 6.0Hz, 2F). 13C NMR (50.3 MHz, CDCl3): δC 15.21 (q), 110.1 (t), 115.7 (t), 125.77 (d),
135.34 (s), 136.5 (t) 142.19 (s), 151.32 (s), 181.49 (s). MS (CI): 424 [M+].

1,2-Bis[5’-(2’’,2’’-methylphenylimine)-2’-methylthien-3’-yl]cyclopentene (3.33): 3.31
(40.3 mg, 0.13 mmol) was dissolved in R(+)-1-phenylethylamin (3.4 ml of a stock solution of
1 ml amine in 99 ml methanol). After 18 h of stirring at room temperature, the solvent was
removed in vacuo. The mixture was diluted with dichloromethane and dried (Na2SO4),
filtered and evaporated in vacuo to yield a brown oil (0.28 g, 86%). Chromatography over
Al2O3 (hexane/ethyl acetate/Et3N = 2:1:0.02) afforded a purple oil (17.6 mg, 33%). IR: 1631

cm –1; 1H NMR (200 MHz, CDCl3): δH 1.55 (d, J = 6.6, 6H), 1.97 (s, 6H),1.94-2.10 (m, 2H),
2.76 (t, J = 7.8 Hz, J = 7.6 Hz, 4H), 4.45 (q, J = 6.8 Hz, J = 6.4 Hz, 2H), 6.95 (s, 2H), 7.24-

7.36 (m, 10H), 8.25(s, 2H); 13C NMR (75.4 MHz, CDCl3): δC 12.85 (q), 20.85 (t), 22.76 (q),
36.33 (t), 67.08 (d), 124.60(d), 124.73 (d), 126.35(d), 129.60 (s), 132.40 (s), 133.90 (s),
136.36 (s), 135.95 (s), 143.10 (s), 150.65 (d); MS (EI): 522 [M+].

1,2-Bis[5’-(2’’,2’’-dicyanoethenyl)-2’-methylthien-3’-yl]cyclopentene (3.34): A mixture of
malonitrile (15.3 mg, 0.23 mmol), 3.31 (35.0 mg, 0.111 mmol) and a catalytic amount of
piperidine (1 drop of a stock solution of 1 drop amine in 2 ml absolute ethanol) in absolute
ethanol (1.5 ml) was heated to reflux. After 17 hours the solution was cooled down to r.t. and
the solvent was removed in vacuo. Trituration of the crude product in methanol resulted in
the formation of a brown/orange solid, which was filtered in the dark and dried in vacuo (33

mg, 72%): m.p. 154-156 °C; IR: 2343 cm -1, 2223 cm-1 (C≡N), 1574 cm-1 (C=C-CN)2); 
1H

NMR (200 MHz, CDCl3): δH 2.14 (s, 6H), 2.05-2.20 (m, 2H), 2.82 (t, J = 7.2 Hz, 4H), 7.40

(s, 2H), 7.63 (s, 2H); 13C NMR (75.4 MHz, CDCl3): δC 15.30 (q), 22.79 (t), 38.26 (t), 113.03
(s), 113.80 (s), 131.99 (d), 135.15 (s), 137.67 (s), 138.67 (s), 148.58 (s), 150.06 (s); MS (EI):
412 [M+].

1,2-bis(5’-carboxy-2’-methylthien-3’-yl)cyclopentene (3.35): Ag2O was used to oxidize
3.31 (0.74 g, 2.34 mmol), this was made in situ by adding AgNO3 (1.64 g, 9.6 mmol) to a
solution of NaOH (0.75g, 18.7 mmol) in H2O (15 ml). Ag2O immediately precipitated. This
suspension was then added to 3.31 and refluxed for 1h, subsequently filtered over a glass
filter (G4) and rinsed with hot water. The filtrate was cooled and acidified with 2M HCl in an
ice bath. The compound precipitated and was filtered over a glassfilter (G4). The residual
water was azeotropically removed with toluene to yield an off-white solid (0.51g, 62%). 1H
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NMR (DMSO, 300MHz): δH 1.91 (s, 6H, CH3), 1.95-2.05 (m, 2H, CH2), 2.77 (t, J = 7.8 Hz,

4H, CH2), 7.40 (s, 2H, CH); 13C NMR (75.4 MHz, CDCl3): δC 14.37 (q), 22.36 (t), 37.93 (t),

130.50 (s), 133.90 (d), 134.34 (s), 136.43 (s), 141.75 (s), 162.68 (s); IR: ν 1550, 1663, 2578,
2841, 2953 cm-1, MS (EI): 348 [M+].

2-Thienylmagnesium bromide (3.38): A solution of 2-bromothiophene (1 ml, 10.3 mmol) in
anhydrous diethyl ether (8 ml) was added dropwise to magnesium turnings (0.30 g, 12.4
mmol) in diethyl ether (2 ml). The mixture spontaneously started to reflux, became turbid and
the amount of magnesium diminished in time. After 1 h of reflux the Grignard reagent was
ready for use in the Kumada coupling.

5-Methyl-2,2’-bithiophene (3.39): 3.23 (0.89 ml, 8.24 mmol) was dissolved in anhydrous
diethyl ether (10 ml) and Ni(dppp)Cl2 (42 mg, 0.08 mmol) was added, to yield a suspension.
At 0°C 3.38 in diethyl ether was added dropwise. The mixture turns dark-brown to black, and
was refluxed for 8 hr after addition. Then the reaction mixture was quenched with 2N HCl at
ambient temperature, extracted with diethyl ether (3 x 50 ml) and dried (Na2SO4). After

evaporation of the solvent an oil was obtained (1.28 g, 69%) 1H NMR (300MHz, CDCl3) δH

2.47 (s, 3H), 6.66 (dd, J = 1.2, 1H), 6.96 (d, J = 4.2, 1H), 6.99 (d, J = 3.6, 1H), 7.09 (dd, J =

2.7, 1H), 7.16 (dd, J = 0.6, 1H); 13C NMR (74.5 MHz, CDCl3) δC 15.24 (q), 122.93 (d),
123.15 (d), 123.64 (d), 125.81 (d), 127.59 (d), 134.99 (s), 137.77 (s), 139.02 (s); MS (EI):
180 [M+].

1-[5’-(Thiophen-2-yl)-2’-methylthien-3’-yl]-2-[5’-chloro-2’-methylthien-3’-
yl]cyclopentene (3.41): A Grignard reagent was made of 2-bromothiophene (0.57 ml, 4.84
mmol), Mg (0.12 g, 5.08 mmol) and diethyl ether (5 ml) according to the procedure described
for 3.38. At the same time 1 (0.4 g, 1.2 mmol) was added to a suspension of Ni(dppp)Cl2 (21
mg, 0.04 mmol) in anhydrous diethyl ether (10 ml). The thienylmagnesium bromide solution
was added dropwise at 0°C. The mixture turned black immediately. After addition the
mixture was refluxed for 20 h. Subsequently the reaction mixture was quenched with 2N HCl
at 0°C, extracted with diethyl ether (3 x 50 ml) and dried (Na2SO4). After column
chromatography (pet. ether 40/60) 3.41 was obtained as a red oil (0.18 g, 40%). 1H NMR

(300MHz, CDCl3) δH 1.90 (s, 3H), 1.95 (s, 3H), 2.00-2.09 (m, 2H), 2.72-2.82 (m, 4H), 6.62
(s, 1H), 6.86 (s, 1H), 6.99 (d, J = 4.2 Hz, 1H), 7.05 (d, J = 3.6 Hz, 1H), 7.15 (d, J = 5.1, 1H);
13C NMR (75.4 MHz, CDCl3) δC 14.18 (q), 14.22 (q), 22.85 (t), 38.32 (t), 38.40 (t), 122.93
(d), 123.71 (d), 124.32 (d), 126.73 (d), 127.64 (d), 133.11 (s), 133.22 (s), 133.92 (s), 134.95
(s), 135.02 (s), 135.99 (s), 137.61 (s); MS (EI): 377 [M+].

1,2-Bis(5’-(thiophen-2-yl)-2’-methylthien-3’-yl)cyclopentene (3.40): A Grignard reagent
was made of 2-bromothiophene (4 ml, 0.04 mol), Mg (1.0 g, 0.05 mol) and diethyl ether (50
ml) according to the procedure described for 3.41. At the same time 1 (199 mg, 0.6 mmol)
was added to a suspension of Ni(PPh3)2Cl2 (0.40 g, 0.6 mmol) in anhydrous diethyl ether (10
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ml). Then 20 ml of the thienylmagnesium bromide solution was added dropwise at 0°C. The
mixture turned black immediately. After addition the mixture was refluxed for 20 hr.
subsequently the reaction mixture was quenched with 2N HCl at 0°C, extracted with ether (3
x 50 ml) and dried (Na2SO4). After evaporation of the solvent a mixture of 3.40 and 3.41 was
obtained in a 4/1 ratio. After column chromatography (pet. ether 40/60) 3.40 was obtained as

an oil (51 mg, 20%). 1H NMR (300 MHz, CDCl3) δH 1.95 (s, 6H), 2.01-2.11 (m, 2H), 2.80 (t,
J = 7.5, 4H), 6.88 (s, 2H), 6.96 (dd, J = 3.9 Hz, 3.3 Hz, 2H), 7.04 (dd, J = 0.6 Hz, 2H), 7.14

(d, J = 5.1 Hz, 2H); 13C NMR (75.4 MHz, CDCl3) δC 14.30 (q), 22.93 (t), 38.47 (t), 122.90
(d), 123.66 (d), 124.48 (d), 127.64 (d), 133.00 (s), 133.98 (s), 134.50 (s), 136.25 (s), 137.74
(s); MS (EI): 424 [M+].

Bis-(1,3-(2,4,6-trimethylphenyl))imidazol-2-ylidene (3.43):63 Paraformaldehyde (1.51 g,
0.05 mol) was suspended in toluene (15 ml), then 2,4,6-trimethylaniline (14 ml, 0.1 mol) in
toluene (15 ml) was added dropwise in 15 min at r.t.. The mixture was then heated until
complete solution of the compounds occurred. At 40°C aq HCl (6N, 8.3 ml, 0.05 mol) was
added very slowly, resulting in the immediate precipitation of copious amounts of white
solid. Finally glyoxal in H2O (40%, 7.26 ml, 0.05 mol) was added. The mixture was heated to
reflux for 2hr. Cooling the mixture and removing the volatiles in vacuo left a sticky black tar.
The substance was then triturated and washed with acetone (15 ml). Upon filtration, 3.40 was

isolated 100% pure as a greyish solid (8.39 g, 49%). m.p. 1H NMR (300MHz, DMSO) δH

2.13 (s, 12H), 2.34 (s, 6H), 7.20 (s, 4H), 8.35 (s, 2H), 9.94 (s, 1H); 13C NMR (74.5 MHz,

DMSO) δC 16.97 (q), 20.65 (q), 121.33 (d), 124.84 (d), 129.36 (d), 131.02 (s), 134.29 (s),
140.49 (s); MS (EI): 303 [M-Cl-].

1,2-Bis(5’-boronyl-2’-methylthien-3’-yl)cyclopentene (3.44): 1 (1.75g, 5.3 mmol) was
dissolved in anhydrous THF (12 ml) and n-BuLi (4.5 ml of 2.5M solution in hexane, 11.2
mmol) was added under nitrogen at r.t. in 5 portions using a syringe. This solution was stirred
for 30 min at r.t., then B(n-OBu)3 (4.3 ml, 15.9 mmol) was added in one portion. This reddish
solution was stirred for 1 h at r.t. and was then used in the Suzuki cross-coupling reaction
without any workup because boronic acid 3.44 is deboronized during isolation.

1,2-Bis(5’-boronyl-2’-methylthien-3’-yl)perfluorocyclopentene (3.45): This boronic ester
was prepared in the same way as described for 3.44.

1,2-Bis(5’-(phenyl-2-yl)-2’-methylthien-3’-yl)cyclopentene (3.46): 2-Bromobenzene (1.12
ml, 9.29 mmol) was dissolved in THF (12 ml) and Pd(PPh3)4 (0.37 g, 0.3 mmol) was added,
the resulting solution was stirred for 15 min at r.t.. Then aqueous Na2CO3 (23 ml, 2M) and 6
drops of ethylene glycol were added. This two phase system was heated in an oilbath just
below reflux at a temperature of 60°C and the solution of 3.44 was added dropwise via a
syringe in a short time period of approximately 5 min. Subsequently the mixture was refluxed
for 2 h and cooled to r.t. and diethyl ether (50 ml) and H2O (50 ml) were added. The organic
layer was separated and dried (Na2SO4). After evaporation the compound was purified by
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column chromatography on silica (hexane) to yield a brown/yellowish solid (1.03 g, 47%). 1H

NMR (300MHz, CDCl3) δH 1.98 (s, 6H), 2.03-2.13 (m, 2H), 2.84 (t, J = 7.2 Hz, J = 7.8 Hz,
4H), 7.03 (s, 2H), 7.19-7.25 (m, 1H), 7.32 (t, J = 6.9 Hz, J = 7.5 Hz, 2H), 7.49 (d, J = 7.2,

2H); 13C NMR (75.4 MHz, CDCl3) δC 14.43 (q), 23.00 (t), 38.48 (t), 123.88 (s), 125.19 (d),
126.82 (d), 128.67 (d), 134.40 (s), 134.51 (s), 136.55 (s), 139.53 (s); anal. calcd. for CHS: C,
78.60, H, 5.86. Found: C, 78.65, H, 5.90.

1,2-Bis(5’-phenyl-2’-methylthien-3’-yl)perfluorocyclopentene (3.47): The same procedure
as described for 3.46 was followed, except 2 (200 mg, 0.5 mmol) and 2-bromobenzene (0.1
ml, 1.0 mmol) were used to obtain the crude compound. After evaporation it was also
purified by column chromatography on silica (hexane) to obtain a greenish solid (16 mg,

7%). 1H NMR (300 MHz, CDCl3) δH 1.96 (s, 6H), 7.28 (s, 2H), 7.29 (d, J = 6.9 Hz, 2H), 7.38

(t, J = 7.2 Hz, J = 7.5 Hz, 2H), 7.53 (d, J = 7.5 Hz, 2H); 13C NMR (75.4 MHz, CDCl3) δC

14.53 (q), 120.49 (d), 122.35 (d), 125.57 (d), 127.87 (d), 128.97 (d), 133.27 (s), 141.25 (s),

142.19 (s); 19F NMR (188.2 MHz, CDCl3): δF –111.26 (s, 4F), -133.03 (s, 2F). HRMS calcd.
for C27H18F6S2 520.075, found 520.075.
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Chapter 4

Influence of Structural Variation of the Central 5-Ring on the
Photochromic Behavior of Diarylethenes

4.1 Introduction

4.1.1 Perhydro versus perfluorocyclopentene derivatives
For switching purposes the most commonly used diarylethenes1 are the diarylperfluoro-

cyclopentenes2 followed by the bisaryl maleic anhydrides,3 and bisaryl maleimides.4 Many
functionalized derivatives of these compounds have been synthesized. The photochemical
switching process is thermally irreversible and the compounds show high fatigue resistance.
Especially the perfluoro-derivatives display these excellent properties and therefore they are
the most regularly used diarylethene derivatives. Recently we developed the dithienylethene-
cyclopentene derivatives, which also exhibit excellent switching behavior provided the right
substituents are present, i.e. moieties which extend the conjugation length of this switch.5 The
synthesis of this perhydrocyclopentene derivative can be performed on a large scale starting
from cheap chemicals, and the basic switch can be easily derivatized (see Chapter 3). This
switching system thus possesses advantages compared to the perfluorocyclopentenes in the
synthetic route.

The question still remains whether these dithienylcyclopentene based switches are also a
better choice when it comes to the photochromic properties. In order to determine the
exchangeability of the perhydro- and the perfluorocyclopentenes with respect to
photochromic behavior, it was decided to synthesize and study a series of substituted dithien-
3’ylcyclopentenes and perfluorocyclopentenes, which only differ by the presence of fluorine
atoms at the bridging cyclopentene moiety.
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R R

SS

R R
4.1 R = H 
4.2 R = OMe 
4.3 R = CN 
4.4 R = Cl 
4.5 R = Br 

4.6 R = H 
4.7 R = OMe  
4.8 R = CN 
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Scheme 4.1 Compared para-phenylperfluoro- and perhydro-derivatives.
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The para-phenyl derivatized switches (Scheme 4.1) were an obvious choice, because the
perfluoro derivatives (4.6,6 4.77 and 4.88) were already known, and also the perhydro phenyl
derivatives showed good switching behavior (Chapter 3). Moreover it was expected that these
derivatives should be easily accessible via the same synthetic route as described in Chapter 3.
The following properties of both switches were examined: the photochromic behavior

including λmax of the closed form, the fatigue resistance, and the structure and the thermal
stability of the closed form.

4.1.2 Ultrafast spectroscopy
In the second part of this chapter the use of ultrafast laser spectroscopy is described to

unravel the switching processes at the femtosecond timescale. The reaction in the excited
state generally occurs in competition with various processes such as radiative transitions
(fluorescence and phosphorescence), non-radiative transitions (internal conversion and inter
system crossing), and quenching by other molecules. Hence a large rate constant of the
photochromic reaction is indispensable to obtain an optimum quantum yield for the desired
ring closure reaction (sensitivity of the system) and as low as possible quantum yield for
undesirable competitive processes leading to a decrease in durability (low fatigue resistance).
Ultrafast laser spectroscopy is one of the most powerful tools for the direct elucidation of the
reaction profiles of photosystems.9

Among the many detection methods, the time resolved transient absorption measurement
in the UV and visible regions has been utilized as a principal tool in the investigation of
photoinduced dynamic behavior because of its wide applicability. Transient absorption
spectroscopy can deal with a number of chemical species such as excited molecules, ions and
radicals, provided that they have a transition in the UV-Vis region with a sufficiently large
oscillator strength. Information that can be derived from the transient spectra are the reaction
scheme of the photoinduced processes and reaction yields of the transient species provided
the extinction coefficients are known.

Scheme 4.2 Schematic diagram of ultrafast transient absorption spectroscopy.

A basic diagram of the ultrafast absorption spectroscopy setup is given in Scheme 4.2. In
general, transient absorption spectroscopy shows the temporal evolution of “transient”
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spectra representing the pump-pulse induced absorption changes of the sample. While
performing measurements with picosecond and femtosecond time resolution, it is necessary
to employ two pulses. One is the exciting (pump) pulse and the other is a monitoring (probe)
pulse, and both should be very short. These pulses travel different paths before arriving at the

sample position, and therefore the time, τ, between these two pulses can be varied by
changing one of the optical path lengths (Scheme 4.2). These two pulses are provided by one
laser beam in order to attain an accurate relative timing, and the time resolution is basically
determined by the pulse duration of the laser pulse. Thus the individual transient spectra,
taken at a certain time delay after the excitation by the pump-pulse, may provide information
on the properties of the transient species, and the development of these transients with

increasing time τ between pump and probe pulse reveals the dynamics of the photophysical
and photochemical processes.

Recent pump-probe experiments performed on several dithienylperfluoro-

cyclopentene switches have revealed ring closure time constants of 1-3 ps.10,11,12,13 In
particular, rise times of the ground-state absorption of the closed form were attributed to the
cyclisation reaction via C-C bond formation in the central part of the molecule by Tamai et

al. (4.11) (τ = 1.1 ps),10 Ohtaka et al. (4.12, 4.13) (τ = 2.6 ps),11 Ern et al. (4.10) (τ = 2.1 ps)12

and Owrutsky et al. (4.9) (τ < 3 ps).13 The switches are depicted in Scheme 4.3.

4.11 n = 0, R = SiMe 3, R' = H
4.12 n = 1, R = H,          R' = Me
4.13 n = 1, R = Me,       R' = Me

F2

F2

F2

O

SS

O

4.10

F2

F2

F2

SS

N N4.9

n n

F2

F2

F2

S
S

SS
S

SR R

R' R'

Scheme 4.3 Diarylethenes that were already examined by pump-probe experiments.

No intermediates were found in case of the experiments that were conducted by Ern,12

Owrutsky13 and Ohtaka,11 and it was subsequently concluded by this latter group that the ring
closure proceeds through a concerted mechanism. In contrast, Tamai and coworkers10

suggested the formation of an intermediate within 400 fs leading to switching, whereas the
initially present absorption band was found to decay on a timescale much slower than the ring
closure reaction took place. Regardless of the pre-switching dynamics, the few ps time
constants attributed to the ring closure itself indicate that barrierless switching to the ground



chapter 4

80

state of the closed form occurs. In addition to the above results on the ring closure reaction,
studies of the ring opening reactions of two diarylperfluorocyclopentenes derivatives were
reported by Ern and coworkers.12,14 They found greatly differing ring opening time constants
(2.2 ps12 (4.10) and 325 ps (3.31, Scheme 3.14)14), indicating the existence of a relatively high
energy barrier to ring opening in the latter derivative.

In order to obtain more insight into the reaction pathway and kinetics of the ring-closing
reaction of our dithienylcyclopentene system, pump-probe experiments were carried out with
compound 4.1 (Scheme 4.1). To our knowledge, the work presented on the pump-probe
experiments in this chapter represents the first nonlinear optical spectroscopy studies of
dithienylcyclopentene switches possessing no fluorine atoms in their cyclopentene moieties.

4.2 Synthesis

In order to obtain the desired phenyl derivatives of both diarylethenes, 1 or 2 was
lithiated with BuLi in THF at room temperature (Scheme 4.4), and then allowed to react with
B(OBu)3 to provide the bis boronic ester 4.14 or 4.15, respectively. These compounds were
used directly in the Suzuki reaction without any work-up because it was found that the
bisboronic esters 4.14 and 4.15 easily hydrolyse during isolation. Several aryl bromide
derivatives have been used, including 4-methoxy, 4-nitrile, 4-chloride and 4-bromide phenyl
bromides. For the Suzuki cross coupling reaction, Pd(PPh3)4 was added as palladium source,
Na2CO3 as base, THF as solvent and several drops of ethylene glycol were added as
cosolvent. This system worked excellently and after column chromatography yields of up to
76% were reached. Switch 1 gave much higher yields then switch 2 in the Suzuki reaction,
even when Lehn’s conditions15 were applied.

R'

        
 

SS B(OBu)2(BuO)2B

4.6 R = H (7%)
4.7 R = OMe  (22%)
4.8 R = CN (23%)

4.1 R = H (47%)
4.2 R = OMe (40%)
4.3 R = CN (35%)
4.4 R = Cl (68%)
4.5 R = Br (76%)

or

ArBr, Pd(PPh3)4
2M Na2CO3

Ethylene glycol
THF, reflux

1) n-BuLi, r.t.
2) B(OBu)3 r.t.

THF
SS ClCl

R'

SS

R R

SS

R R

F2

F2

F2

1 R' = H
2 R' = F

4.14 R' = H
4.15 R' = F

Scheme 4.4 Synthesized para-phenyldithienylethenes.



Influence of Structural Variation of the Central 5-Ring on the Photochromic Behavior of Diarylethenes

81

4.3 Photochromic behavior

The photochromic behavior of the synthesized compounds (Scheme 4.4) was studied by
using irradiation with a high pressure mercury lamp provided with band-pass filters and
monitoring the photochemical reactions that occur by UV-Vis spectroscopy and 1H NMR.
The 1H NMR and 13C NMR spectra of the synthesized compounds clearly showed that they
are all obtained as the open form. UV-Vis spectroscopy revealed that the absorption spectra
of the open form of the perhydro derivatives 4.1-4.5 do not differ that much from each other,
and have a characteristic maximum around 300 nm (see Table 4.1, Figure 4.1). Also between
the different perfluoro-derivatives 4.6-4.8, there is no distinct difference in absorption
spectrum, and, moreover, they have also absorption maxima around 300 nm. Apparently, the
long wavelength transition of the open form is little influenced by electron-donating or
withdrawing substituents at the para positions of the phenyl groups or fluor substituents at the
central cyclopentene ring.
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Figure 4.1 Absorption of n-hexane solutions of 4.2 (4.23 x 10-5M) (—) and 4.7 (3.44 x 10-5

M) (⋅⋅⋅⋅).

Irradiation of a solution of 4.3 in n-hexane (4.32 x 10-5M) at λ = 313 nm with a high
pressure mercury lamp (200W) resulted in the appearance of a broad absorption band with

λmax = 570 nm, which was assigned to the formation of the closed form (Figure 4.2, left). As
was pointed out before, during the ring-closure reaction a photostationary state (PSS) will
always be reached. Due to non-zero absorption of the closed form in the UV spectral region,
both ring-closure and ring-opening take place after photoexcitation, leading to an equilibrium
situation (PSS), the position of which is determined by the quantum yields of ring-closure
and ring-opening. The PSS has been reached when irradiation no longer induces a change in
the UV-Vis spectrum. Irradiation of a solution of the perfluoro analog 4.8 in n-hexane (3.51 x

10-5M) at λ = 313 nm gave also a broad absorption band with in this case λmax = 588 nm,

which was assigned to the closed form of 4.8 (Figure 4.2, right). The difference in λmax of 18
nm between the closed form of 4.3 and 4.8 is thus caused by the strong electron withdrawing
effect of the fluorines. Absorption spectra like these depicted in Figure 4.2 are illustrative for
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all the compounds synthesized, the structures of which are shown in Scheme 4.1. The UV-
Vis data of the open and closed form of 4.1-4.8, all measured in n-hexane, are summarized in
Table 4.1. The compounds display about the same absorption maxima in the UV-region, but

in the visible region they all display a different λmax. The UV-Vis data, all measured in n-
hexane, are summarized in Table 4.1.
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Figure 4.2 (left) UV-Vis spectra of 4.3 (4.32 x 10-5 M in n-hexane) before irradiation at

313nm (—) and (---) in the PSS and (right) 4.8 (3.51 x 10-5 M in n-hexane) before

irradiation at 313nm (—) and (---) in the PSS.
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Table 4.1 UV-Vis data λmax (nm) and ε (103cm-1M-1, in parenthesis) values of the open form

and PSS of several compounds in n-hexane at room temperature, at 313 nm.

Compound R’ R λmax Open (ε) λmax PSS (ε)

4.1 H H 277 (53) 268 (44), 289 (37), 360 (18), 529 (26)

4.2 H OMe 282 (28), 307a(23) 303 (25), 350 (10), 529 (13)

4.3 H CN 294 (11), 333 (11) 286 (14), 381 (6.9), 570 (8.4)

4.4 H Cl 282 (42), 312a(32) 277 (34), 296 (31), 363 (13), 540 (20)

4.5 H Br 282 (45), 313a(36) 278 (35), 297 (34), 366 (14), 539 (18)

4.6 F H 280 (36) 310(25), 373 (10), 575 (16)

4.7 F OMe 295 (75) 338 (49), 376 (23), 587 (30)

4.8 F CN 272 (30), 313 (46) 278 (29), 311 (34), 388 (9), 592 (16)
a Shoulder
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In analogy to the behavior of the open forms of these compounds, the closed forms
display about the same absorption maxima in the UV region, but the differences in the
absorption maxima of the band in the visible region are more pronounced. In case of the
perhydro-phenyl derivatives the absorption maxima of the closed form in the visible region
are situated around the same values. Apparently it does not matter that much if an electron-
donating (R = OMe), electron-withdrawing (R = Cl or Br) or a non inductive group (R = H) is
present at the para-position. Only when a strongly electron-withdrawing group (R = CN) is

present at the para-position, there is a larger change in λmax in the visible region of the
absorption spectrum of the closed form.

The absorption maxima of the closed perfluoro compound in the visible region have
clearly been shifted towards the red compared to the perhydro compounds. It is also clear that

the different substituents at the para-position do not induce a large difference in λmax in the
visible region. Apparently the electron-withdrawing properties of the fluorines in the central
ring of the perfluoro compounds have the dominating effect on the absorption of the closed
form, and the substituents at the phenyl ring do not add that much to it. On the other hand, the
substituent choice at the para-position of the phenyl group in case of the perhydro
compounds does have a significant influence in case of a strongly electron withdrawing
group like CN. The extinction coefficients of the perfluorocyclopentenes are slightly higher
compared to the perhydrocyclopentenes.

The photochemical reaction can also easily be followed by 1H NMR. Solutions of all
synthesized switches in CDCl3, except for 4.6 that was dissolved in toluene-d8, were

irradiated at λ = 313 nm in a NMR-tube. The chemical shifts (in ppm) are denoted in Table
4.2.

Table 4.2 1H NMR chemical shift data of the open and of the closed form obtained after

irradiation.

Compound R’ R δCH3 open δCH3 closed δTh-H open δTh-H closed

4.1 H H 1.98 1.98 7.03 6.36
4.1a H H 1.98 2.25 7.04 6.27

4.2 H OMe 1.97 1.97 6.90 6.36

4.3 H CN 2.01 2.01 7.11 6.50

4.4 H Cl 1.97 1.98 6.97 6.36

4.5 H Br 1.97 1.98 6.98 6.37
4.6a F H 1.71 2.11 7.04 6.66

4.7 F OMe 1.93 2.13 7.11 6.50

4.8 F CN 1.97 2.18 7.37 6.74
a measured in toluene-d8

After irradiation of the perhydro-derivatives the thiophene protons were clearly shifted in the
1H NMR spectra. However, to our surprise the signals of the methyl groups did not shift. This



chapter 4

84

has to do with the choice of solvent, because irradiation of the solution of 4.1 in C6D5CD3

showed a clear shift of 0.27 ppm between the methyl groups of the open and closed form.
The photochemical ring-closure was a clean process and, only the formation of the closed
form was observed. The NMR data of the product after irradiation of 4.3 are fully consistent
with the structure of the closed form as shown in Figure 4.3, in accord with the results of
related compounds by Irie et al.6,7,8 Compound 4.2 forms an exception. A complex mixture of

reaction products was obtained after > 1h of irradiation at λ = 313 nm. Alkyl halides, like
chloroform, are known to give alkyl and halogen radicals,16 which can also undergo electron
transfer to give carbocations and Cl- in competition with the radical process.17 Methoxy
substituted phenyls can easily undergo a photoinduced nucleophilic substitution which
involves an arene radical cation.18 These possibilities together with the presence of water,
oxygen and acid can give rise to many side reactions. Irradiation of the solution of 4.2 in
C6D5CD3 solved these problems, because in this case the ring-closure reaction proved to be a
clean process. The influence of the substituents at the para-position is clearly visible when
the chemical shift of the thiophene proton of the open form is considerable. Electron
withdrawing groups induce a downfield shift, whereas electron donating groups induce an
upfield shift. After irradiation the chemical shifts of all the thiophene protons of

perhydrocyclopentenes except for 4.3 are situated around δ 6.36. In contrast to the perhydro-
derivatives in CDCl3, irradiation of solutions of perfluoro-derivatives in CDCl3 showed a
pronounced downfield shift of the methyl group of the closed form. Also irradiation of the
methoxy derivative in CDCl3 led to ring closure without problems. In 13C-NMR the chemical
shift for the C=C atoms of both the perhydro and the perfluoro-derivatives showed a
difference. In CDCl3 this signal was observed at 123.88 ppm for compound 4.1, and at 133.27
ppm for compound 4.6.

The NMR experiments already showed that the photochemical ring closure was a clean
process. UV-Vis can be used to see if this can be repeated. Fatigue is a very important feature
of the perfluorocyclopentene switches. These switches have a high fatigue resistance, which
means that coloring-bleaching cycles can be performed 104 times without showing any
degradation.1a The fatigue resistance of perhydro-switches 4.1-4.5 was tested by performing
five coloring-bleaching cycles. In each case there was less than 1% decomposition observed
after five cycles. An example is given for compound 4.3 (Figure 4.3). Perfluoro-switch 4.6 in
n-hexane showed a repeatable cycle number of 80 when the measurements were performed
with a non-degasssed sample and 200 when the sample was deoxygenated.6c No information
about coloring-bleaching cycles performed with perfluoro-switches 4.7 and 4.8 has appeared
in the literature. Also five coloring-bleaching cycles were performed with these compounds
and afterwards no degradation was observed. Unfortunately we do not have the experimental
setup in our lab to perform these cycles automatically. It is thus impossible to say something
about the very long term fatigue resistance. However, if a switch has very low fatigue
resistance, significant degradation can already be observed within a few switching cycles.
That is apparently not the case for the switches examined here.
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Figure 4.3 Fatigue resistance of p-nitrilebenzenecyclopentene switch (4.3) in n-hexane.

4.3.1 Thermal stability of the ring-closed isomers
A very important property of the perfluorocyclopentene switches is the thermal stability

of the closed form. Most perfluorocyclopentene switches are thermally stable.1a For the
examined compounds 4.6-4.8 only information about the thermal stability of perfluoro-switch
4.6 in the crystalline phase has appeared in the literature.6b To test the thermal stability of the
synthesized perhydro- and the perfluoroderivatives, toluene-d8 solutions of these switches

were irradiated under air in a sealed NMR tube at λ = 313 nm for 1h to convert the open form
to the closed form, and subsequently the thermal ring opening was followed at different
temperatures by 1H NMR. The thermal ringopening was then analyzed form plots of
ln([c]/[c]0) against time as illustrated for 4.3 (Figure 4.4). Thermal ring opening were carried
out during 14h at 100°C, and, if no notable ring opening was observed (< 1%), it was
concluded that the closed form was thermally stable.

Previously it was estimated from other thermal ring opening experiments carried out with
the crystalline phase of 4.6 that the half-life of the closed-ring isomer of 4.6 was
approximately 1900 years at 30°C and 3.3h at 150°C.6b Here we found that also in solution
the closed form of 4.6 was thermally stable at 100°C, and the same was found for 4.7 and 4.8.
Also the ring-closed isomers of perhydrocyclopentene derivatives 4.4 and 4.5 were thermally
stable at 100°C for 14h. For 4.1, 4.2, and, 4.3 a thermal ring-opening reaction was observed.
In order to determine the activation energies for this thermal ring-opening reaction, the rates
of the ring-opening reaction were measured at different temperatures between 60 and 100°C.
It was found that the decay curves of the closed-ring isomers were roughly linear in plots of
ln([c]/[c]0) against t, indicating first-order kinetics. The reaction rate k was determined from
the slope. The half-lives were derived from the relation: t½ = ln2/k.19 As an example the decay
curves for compound 4.3 are shown in Figure 4.4. The gray solid lines are the linearly fitted
curves. The error in the measurements seems rather large. The measured points do not lie
nicely on the fitted curve, especially the curve for the 60°C measurements has a large
deviation from this fitted curve (R = -0.35). Nevertheless R = -0.90 for the fitted curve of
80°C and R= -0.93 for the fitted curve of 100°C.
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Figure 4.4 Thermal stability of compound 4.3 measured by 1H NMR at 60, 80 and 100°C.

The half-lives at the different temperatures of the compounds (vide supra) are given in Table
4.4. The decay curve of 4.1 only showed a decrease at 100°C, but at 60 and 80°C the closed
form appeared to be stable during the period of the measurements. The half-lives for the ring-
closed isomers of 4.1, 4.2 and 4.3 at the different temperatures are displayed in Table 4.3.

Compound R t½ at 60°C (h) t½ at 80°C (h) t½ at 100°C
(h)

Eact (kJMol-1)

4.1 H - - 66 -

4.2 OMe 26 14 3 54

4.3 CN 349 68 40 56

Table 4.3 Half-lives and activation energies of several perhydrocyclopentene closed-ring

isomers.

Upon heating the compounds only revert to the open form, there is no sign of any
decomposition products in the 1H NMR spectra. The temperature dependence of the thermal
cycloreversion reaction rate (k) from closed to open showed a linear relationship between ln k
and 1/T (Arrhenius plot, Figure 4.5), and the resulting activation energies are shown in Table
4.3. In case of 4.2 it turned out to be 54 kJMol-1 (R = -0.92) and for 4.3 56 kJMol-1 (R= -0.97)
(Figure 4.5). The activation energy for 4.6 in the crystalline phase was previously determined
to be 139 kJMol-1.6b The activation energies for the perhydrocyclopentenes 4.2 and 4.3 are
much lower, but the error in the measurements is rather large. The thermal ring opening is
controlled by the energy barrier, which correlates with the ground-state energy difference
between the open and the closed form (see Chapter 2.3). The aromatic stabilization energy of
the aryl group correlates well with the ground-state energy difference. It was found that
thiophenes have the lowest energy difference and thus the highest thermal barrier (Chapter
2.3). Apparently the atoms in the cyclopentene ring have a pronounced influence on the
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stabilization of the aromatic groups. The electron-withdrawing effect of the fluorines
apparently causes more stability of the thienyl groups.
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Figure 4.5 Arrhenius plot of the thermal ring opening reaction of compound 4.3.

4.3.2 Conclusions
In the first part of this chapter the synthesis and characterization of various substituted

phenyl-thienyl cyclopentene switches are described, which differ only in the presence of
absence of fluorine substituents at the cyclopentene ring. From these investigations it
appeared that the synthesis of the phenyl substituted perhydrocyclopentene derivatives is
much easier than of the corresponding perfluorocyclopentenes. It appears that in case of the
perfluoro derivatives the various para substituted functional groups do not have a pronounced

influence on the λmax in the visible region of the closed form and on the chemical shift in the
1H NMR spectrum, whereas in case of the perhydro derivatives the different terminal

functional groups determine the λmax in the visible region of the closed form and the chemical
shifts in the proton spectrum. Apparently, the electron-withdrawing fluorines have the
dominating effect on the electronic properties of these diarylethene type of switches. The
switching process of both series of compounds is a clean process, as no decomposition
products were observed by 1H NMR, and also the thermal stability of the closed forms of the
perfluoro derivatives is very good, i.e. none of the compounds showed any ring-opening after
14h at 100°C. The closed forms of the perhydro compounds with the para-chloro (4.4) and
the para-bromo (4.5) did not ring open after 14h at 100°C, whereas the unsubstituted (4.1)
underwent a distinct ring opening reaction at 100°C. The thermal stability of the closed form
of 4.2 and 4.3 on the other hand proved to be much lower. The activation energies for the
thermal ring opening reaction for both compounds are almost the same.
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4.4 Time resolved measurements

SSSS

4.1o 4.1c

hνUV

hνVIS

Scheme 4.5 Photoreactions of 4.1.

As was already extensively discussed in Chapter 2, 4.1o converts to 4.1c upon UV-

irradiation, in which π-conjugation extends throughout the molecule because the closed form
restricts the thiophene moieties to near-coplanarity (Scheme 4.5). When the closed form

returns to the initial open form upon irradiation with visible light (λ > 460 nm) this
conjugation is interrupted again owing to conformational effects. Woodward-Hoffman rules20

for an electrocyclic reaction in the case of 6π-electron ring closure predict that a concerted
one-step mechanism would proceed through a conrotatory path in the excited state.21 An
alternative possibility of a two-step mechanism proceeding via a diradical intermediate was
proposed by Tamai and coworkers.10

1H NMR-data on 1,2-bis(benzo[b]thiophen-3-yl)ethene derivatives22 and 1,2-bis(2,4-
dimethylthiophen-3-yl)perfluorocyclopentene derivatives23 in solution indicate the existence
of two conformations in the open-ring form of these molecules in a close to 1:1 ratio. One
conformer has two aromatic “arms” in C2 symmetry, the anti-parallel conformation, whereas
the other has its two “arms” in mirror (Cs) symmetry, the parallel conformation (see also
Scheme 2.18). For these switches, interconversion between the two forms, induced by
rotation of the arms, is a fast process on a NMR timescale at room temperature. These two
switches (vide supra) are the only compounds described in the literature for which these two
conformers can be observed separately by 1H NMR. The ground-state disrotatory ring closure
from the Cs form, predicted by the Woodward-Hoffman rules is prohibited because of both
steric hindrance caused by the central methyl groups and the higher ground state energy of
the closed form than that of the open form.21 We also tried to determine the ratio between
these two conformers in case of compound 4.1 both in CDCl3 and toluene-d8. At room
temperature no distinction could be made on the NMR time scale between the two
conformers; the methyl groups appear as one singlet. Even at –60°C the methyl groups only
appear as one singlet without any observable line broadening. So for these measurements a
ratio of 1:1 has been anticipated.

Ultrafast polarization selective frequency resolved pump-probe spectroscopy has been
used to investigate the switching dynamics of 4.1. Solutions of 4.1 in cyclohexane have been
excited by the pump-pulse, for which the polarization can be tuned. This pump-pulse initiates
the ring-closing reaction and the delayed probe-pulse of fixed polarization monitors then the
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photo-induced changes in the absorption of the sample. Since the switching process is related
to conformational changes in the molecules, additional information about the process can be
obtained from the studies of the dynamics of the photoinduced anisotropy (PIA).24 The PIA
can be quantitatively defined by the macroscopic order parameter S (equation (1)).
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where AII and A⊥ represent respectively the absorbance with a polarization parallel and
perpendicular to the polarization of excitation.

The separate chromophore 4.18 was also synthesized in order to be able to compare the
photochromic behavior of the switch 4.1 itself and its side-arms. Compound 4.18 was
synthesized according to a standard Suzuki coupling procedure (Scheme 4.6).25

4.17

S Br
+ B(OH)2

K2CO3, Pd(OAc)2

DME, H2O, ∆, 85%

4.18

S

4.16

Scheme 4.6 Synthesis of the chromophore.

4.4.1 Steady state experiments
Upon photoexcitation of a solution of 4.1o in cyclohexane (5.0 x 10-5M) at λ = 310 nm

(ε310 = 2.12 x 105 Lmol-1cm-1) the closed form 4.1c is formed. The UV-Vis spectra are similar
to those found in our previous irradiation experiments (Figure 4.2). In order to investigate the

fatigue resistance a solution of 4.1o in cyclohexane (0.14 mM) was irradiated at λ = 300 nm
and the build-up of the absorption band of the closed form in the visible region was
monitored by a weak probe beam at 550 nm. The results are shown in Figure 4.6. It is very
clear that the fatigue resistance of this system is limited. The difference with the stability
experiments performed in the first part of this chapter, the switching cycles, are the

following: the intensity of the laserlight used here (300µW/cm2) is much higher than in the
experiments described in the first part of this chapter (the intensity of the light was

~1µW/cm2). Furthermore the time duration of the experiments performed here is much
longer. After irradiation ring closure occurs and the PSS is reached. In this experiment the
sample in the PSS is subjected to continued irradiation for a long time, so mainly the fatigue
resistance of the closed form is probed.
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Figure 4.6 Fatigue resistance of 4.1 in cyclohexane.

The quantum yield of ring closure can be determined from the slope of the first part of the

graph in Figure 4.6, Φ = 0.48 ± 0.1. The extinction coefficient of 4.1c at 550 nm (E550 ~ 1.66
x 105 Lmol-1cm-1) was determined by the absorption at 550 nm in the UV-Vis spectrum
together with 1H NMR in order to determine the molar fraction of the closed form. The error
is mainly determined by the accuracy of the measurement of the output power of the pump
laser. According to Higashiguchi et al.26 the main pathway for decomposition is from the
excited state of the closed form, which leads to following scheme of photochromic reactions:

)2(3

2

1
D

k

k

k
4.1c4.1o

where D represent the 'decomposed' forms of 4.1, and k1, k2 and k3 are the rate constants of
ring-closing, ring-opening and photodecomposition, respectively. These rates were estimated
to be in ratio 37:5.6:1 for k1:k2:k3, as obtained form the analytical solution of the set of
differential equations that follow from the kinetic model (equation (2)).27 Using the ratios of
the reaction rates and the value of the maximum in Figure 4.6 an estimate for the quantum

yield of ring opening could be given, Φ = 0.14 ± 0.03. During the time resolved experiments
the sample is pumped in a closed flow system to avoid the effect of permanent bleaching.
From the ratios determined above it was deduced that a sample (30 ml at a concentration of
7.0 x 10-4M in cyclohexane) could be irradiated for ~7 h in a closed flow system without
significant ring closure of the switch taking place (<5%).

4.4.2 Time resolved experiments: population dynamics
After irradiation at λ =310 nm transient absorption spectra are obtained at different delay

times between the pump and probe pulses. They are shown in Figure 4.7 and can give more
information about the excited state species. The data points in the transients are averages over
50 measurements. The initially photoinduced absorption spectrum consists mainly of a single
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band centered around 460 nm as can be seen in the top left panel. On the one hand the shape
of the initially photoinduced absorption spectrum resembles the shape of the photoinduced
absorption spectrum of the chromophore 4.18, represented by a dotted line in Figure 4.7 in
the 0 fs window. Similar observations were made by Tamai et al.10 and Owrutsky et al.13 On
the other hand the initially photo-induced absorption spectrum is slightly blue-shifted and
substantially broadened compared to that of the chromophore, due to exciton coupling of two
parallel oriented dipole moments of the side-arms in the open form of 4.1.
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Figure 4.7 Transient absorption spectra of 4.1 after irradiation at λ = 310 nm and the photo-

induced absorption spectrum of 4.18 in the time window of 0 fs.

The decay of the band centered at around 460 nm presenting a photo-induced absorption of
the initially excited state is consistent with the appearance of new photo-induced absorption
bands centered at around 370nm (see spectra measured at delay times of 200 and 500 fs in
Figure 4.7) and 550nm (see spectra measured at delay times of 50 and 100 fs also in Figure
4.7). Since the newly formed bands represent photo-induced absorption of the excited state
(or states) from which switching dynamics i.e. a transition to the ground state of the closed
form occurs, these states are named as intermediate. The newly formed band centered at 550
nm features an obvious blue spectral shift during the first 300 fs presumably consistent with a
lowering in energy of the intermediate state. The shift cannot be attributed either to solvation
dynamics (because of the non-polar nature of cyclohexane) or to a random cooling process
(because of the very high speed of the shift). As can be seen from the right middle and
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bottom panels in Figure 4.7, the ultrafast spectral dynamics are finished after 500 fs, as is
clear from the fact that the 500 fs and 2.5 ps transient spectra are virtually identical.

In order to obtain the relevant time constants, the kinetics of the population dynamics
within the first picosecond after excitation (Figure 4.8) were analyzed in terms of multiple
first-order processes.
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Figure 4.8 Early-time population dynamics of 4.1 at probe wavelengths 360 – 660 nm after

excitation at λ = 310 nm. An indication of the time resolution in each case is given by a

Gaussian fit of the electronic response governed by the two-photon absorption in a 200 µm

glass plate.

The results of this analysis reveal that the transients measured at probe wavelengths from 400
nm to 450 nm feature an instrument-limited decay, followed by a decay, which can be

described by two first-order processes with time constants of 70±10 fs and 325±50 fs
respectively. The pre-exponential factor corresponding to the decay time of 70 fs increases
with probe wavelength whereas that corresponding to the decay time of 325 fs stays nearly
constant. The time constants of 70 fs and 325 fs match well with the time constants of the
delayed formation of the signal to the blue and to the red from the spectral region 400-450
nm (see Figure 4.6). Furthermore, the exponential rise of the signal with a time constant of
325 fs is dominant in the spectral region 350-380 nm, whereas at probe wavelengths in the
spectral region 460-700 nm a delayed formation of the signal with the time constant of 70 fs
has a major contribution. From this analysis it is concluded that at least two excited states
exist: the initially excited state and one or more intermediate states that are populated with
time constants of 70 fs and 325 fs. In the region of 350-380 nm a rise can be observed mainly
due to the 325 fs component, but also a little due to the 70 fs component. In the 400-450 nm
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region mostly the initially excited state is probed. Finally an increase is observed in the 500-
700 nm region due to the 70 fs component.
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Figure 4.9 Transient spectra of 4.1 recorded at probe delays of 3 and 9 ps (left) and

normalized ∆OD transients for 4.1 at different probe wavelengths (right).

From the transient spectra presented in Figure 4.9 left, it can be seen that in a time window
0.5-10 ps the spectral changes are associated with the appearance of an additional band
located at around 430 nm, for which the maximum does not shift during its development. The
analysis of the kinetics presented in the right panel of Figure 4.9 shows that besides the

femtosecond dynamics discussed above, a decay with a time constant of τc = 4.1±0.5 ps is
present in all transients with exception of the one measured at around 410 nm, i.e. close to the
maximum of the 430 nm band. The fact that two conformers in the open form exist22 together
with the fact that only one conformation is capable of switching strongly suggests that the ~ 4
ps time constant is associated with the switching process whereas the band centered at around
430 nm represents a photoinduced absorption spectrum of non-switchable conformers.

Similar time constants were reported by the group of Irie, (τ = 1.1 ps)10 and (τ = 2.6 ps),11 Ern

et al. (τ = 2.1 ps)14a and Owrutsky (τ < 3 ps)13 for the ring closure in dithienylperfluoro-

cyclopentene derivatives and have been attributed to the cyclisation reaction via C-C bond
formation in the central part of the molecule. The major difference between these chemical
systems and the one which has been investigated in our experiments is the substitution of the
fluorine atoms by hydrogens. The time constants of switching reported in literature are
comparable to the one reported here. Furthermore, the fact that in the spectral region of the
steady state absorption of 4.1c on a picosecond timescale only a decay is observed, means
that in the case of 4.1 the absorption spectrum of the intermediate state overlaps largely with
that of the ground state of the closed form and that the extinction coefficient of the
intermediate excited state is larger than one of the ground state of the closed form. It should
be noticed that the shape of the photo-induced absorption spectrum after a time delay of 500
fs is identical to the one after a time delay of 2.5 ps (see Figure 4.7 in combination with 4.10),
i.e. a uniform decrease in absorption is observed in the whole spectral region on a few
picosecond time scale. In contrast, a rise of the absorption linked to the ring closing process
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was observed by Tamai,10 Ern,14a and Owrutsky13 for the dithienylperfluorocyclopentene
derivatives.
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Figure 4.10 Steady state absorption spectrum of 4.1c (····), and photo-induced absorption

spectrum at a delay of 150ps (—).

At a delay time of 150 ps after excitation the shape of the photo-induced absorption
spectrum approaches that of the ground state absorption of 4.1c (Figure 4.10). The remaining
excess of photo-induced absorption on the red side of the spectrum indicates that the random
cooling process is not completed after 150 ps. In addition, the band centered at 430 nm and
attributed to the photo-induced absorption of the non-switchable conformers is still present
implying that the lifetime of the excited state of non-switchable conformers is in the order of
a few hundreds of picoseconds. Taking all time-resolved measurements into account; the

absorbed photons at every excitation pulse, the optical density at 150 ps and ε550, the quantum

yield for ring-closure can be determined and is 0.4 ± 0.2. The large error is caused by the
difficulty of the determination of the exact irradiated volume. The quantum yield corresponds
well with the value of 0.5 that was determined form the steady-state measurements, and
confirms that the switching and non-switching conformers have about the same stability.

4.4.3 Orientational dynamics
As was pointed out before, additional information about the process can be obtained

from the studies of the dynamics of the photo-induced anisotropy (PIA). The initial value of
the PIA (equation (1)) can range from 0.4 when the transition dipole moments of excitation
and PIA are parallel in the molecular frame, to -0.2 when the transition dipole moments are
perpendicular.28
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Figure 4.11 Femtosecond dynamics of the photo-induced anisotropy at different probe

wavelengths. An indication of the time resolution in each case is given by a Gaussian fit of

the electronic response governed by the two-photon absorption in a 200 µm glass plate.

As can be observed from Figure 4.11, which illustrates the changes in PIA occurring on the
sub-picosecond time scale at different probe wavelengths, very fast dynamics during overlap
of the pump and probe pulses is present (cross correlation functions between probe and pump
pulses in Figure 4.11 are represented by dotted lines). In the spectral region 460-550 nm (the
red side of the initially photo-induced absorption spectrum) the initial value of the photo-
induced anisotropy is close to 0.4. This is an indication that the excitation transition dipole
moment is parallel to that of the absorption from the initially excited state in the 460-550 nm
region. In contrast, on the blue side of the pump-probe spectrum (350-380 nm) the initially
induced anisotropy is negative. This indicates that the angle made by the probed transition
dipole moment with respect to that of excitation is larger than 55°. In the spectral region
380-460 nm the initial value of the anisotropy varies with probe wavelength from negative
values to the maximum positive value of 0.4, establishing that the spectral region where
absorption from electronic states with differently oriented transition dipole moments overlap
and making it difficult to estimate the orientation of the individual transitions. Finally, the
initial anisotropy of ~0.2 to the red from 600 nm and the absence of pronounced
subpicosecond dynamics indicate that absorption of the initially excited state is small.
The nature of the sub-picosecond dynamics of the photo-induced anisotropy is similar to that
of the population, as discussed in the previous paragraph. On a sub-picosecond time scale no
significant rotations or nuclear rearrangements are considered to take place, which means that
the nature of the ultrafast relaxation of the anisotropy is exclusively electronic. This
suggestion is supported by the fact that the time scales of the ultrafast dynamics of the
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anisotropy are identical to the ones of the subpicosecond decay and rise of 70 and 325 fs
respectively, of the population dynamics discussed in the previous paragraph. The transients
of the anisotropy in the spectral region 350-400 nm show delayed formation with a time
constant of 70 ± 10 fs, whereas to the red from 420 nm a decay with the same time constant is
observed. Moreover, the spectral region 380-460 nm features anisotropy decay with a time
constant of 325 ± 50 fs.

Additional information about the switching process is given by the decay of the
photoinduced anisotropy on a picosecond time scale (Figure 4.12).
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Figure 4.12 Transients of anisotropy recorded at different probe wavelengths in time interval

0-100 ps. Experimental results are given by the points, whereas the solid lines correspond to

bi- (500 – 600 nm) or single-exponential (410 nm) fits to the data.

In the 460-600 nm spectral region, the anisotropy rises exponentially with a time constant of
8 ± 4 ps before relaxing via rotational diffusion with a time constant of 100 ± 40 ps. The error
of the time constant representing the diffusional reorientation is mainly determined by the
limited time range of the experiments. At around 410 nm, where the population analysis did
not show a switching process, no dynamics with the time constant of ~4 ps were observed
providing additional evidence that the switching dynamics are not probed in the spectral
region 390-430 nm. By taking into account the time constants of diffusional reorientation of

the chromophore 4.18 alone (τor1 = 2 ps and τor2 = 18 ps, representing the orientational
relaxation of the molecule with respect to different molecular axes), the 8 ps component in
the transients of the photo-induced anisotropy can be attributed to the motion of the thienyl
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wings of the chromophore towards coplanarity as a result of the ring closure. Despite the
visual evidence of the increase in the value of the photoinduced anisotropy (see Figure 4.12),
the error of the 8 ps time constant is large, being mainly determined by a relatively small
signal to noise ratio. On the one hand, considering the switching time constant obtained from
the population dynamics, the lowest limit of the time constant of the movement of side
thienyl groups towards coplanarity is expected to be ~ 4ps. On the other hand, by taking into
account the real reorientational diffusion time of the chromophore around the longer
molecular axis the upper limit is expected to be ~18ps. The actual values of the time constant
of the movement of side thienyl groups towards coplanarity can range somewhere in between
the lower and upper limits and are determined by the torque induced by a ring closure and the
momentum of inertia of the side group of the switch molecule.
Recently, Ishitobi et al.29 demonstrated that the transition dipole moment of the lowest-energy
absorption band of the closed form is oriented perpendicular to the C2 axis, whereas that of
the second lowest absorption band is parallel to it. The anisotropy rise in the 500-600 nm
spectral region versus the decay in the 350-380 nm region then suggest that the transition
dipole moment of the initial excitation of 4.1 is perpendicular to the C2 symmetry axis.

4.5 Conclusions

In conclusion the time constant of switching was determined to be 4 ps and this is
comparable to the time constants reported in literature for the perfluorocyclopentenes. The
quantum yields for ring closure, 0.48 ± 0.1, and ring opening 0.14 ± 0.1 are also comparable
to literature values. Only the degradation quantum yield is probably higher.

70 fs325 fs
?

S0

S1

S0

4.1 ps

Open Closed

Scheme 4.7 Schematic representation of the observed processes during ring closure of 4.1.

The observed processes are depicted in Scheme 4.7. After excitation the molecule goes to the
initially excited state (S1) and within 70 fs it goes to an intermediate state, which resembles
the ground state of the closed form. After excitation to the initially excited state also another
process takes place during 325 fs, at the present it is still unclear what happens here. The ring
closed ground state is then reached after 4.1 ps after the formation of the intermediate in 70
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fs. The nature of the intermediate states is still unclear and currently calculations applying
density function theory (DFT) are being performed in order to solve this problem. Such an
intermediate state was not observed for the ring closure in case of perfluorocyclopentenes.

The perhydrocyclopentenes are easier to synthesize, the λmax of the closed form in the visible
region is easily influenced by other substituents, but the thermal stability of the closed form at
elevated temperatures is smaller. For applications that do not require elevated temperatures
the perhydrocyclopentenes can be used with results equal to those for the perfluoro-
cyclopentenes.
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4.7 Experimental section

The samples were irradiated in a 1 cm quartz cuvet for UV-Vis measurements and in 5
mm pyrex tubes for NMR experiments, using a 200W mercury lamp (Oriel) with the
appropriate filters (Andover Corporation optical Filters). 1H NMR experiments were
performed on a Varian VXR-300 spectrometer. All measurements have been carried out at
room temperature except for the thermal stability tests of the closed forms.
The pump-probe experiments have been carried out under the following conditions.
Compound 4.1 was dissolved in cyclohexane (p.a., Merck) at a concentration of 0.7 mM. The
flow system used during the pump-probe experiments contained ~30 ml of sample. The
amount of the sample in the flow system determines for how long the sample can be
irradiated without replacement (for details see the first section of the experimental chapter).
The solution was pumped at a speed of ~3 ml/s to ensure that fresh sample was available for
every single measurement. The optical density of the sample did not exceed 0.3 ensuring
homogeneous excitation. The experiments were performed at room temperature (T = 296 K).
To investigate the switching dynamics of 4.1, we employed ultrafast polarization selective
frequency resolved pump-probe spectroscopy. Population and anisotropy dynamics are
probed as follows: the pump pulse of variable polarization excites compound 4.1 in the open
form, initializing the ring-closing reaction, and the delayed probe pulse of fixed polarization
monitors the photo-induced changes in the absorption of the sample.
The experiments are performed by using a 1 kHz Ti:sapphire laser system (Hurricane,
Spectra Physics) and optical parametric amplifiers (OPA). The laser system produces 120 fs,

800 µJ pulses at 1 kHz centered at 800 nm. A fraction of the output of energy ~300 µJ is used
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to pump the travelling wave optical parametric amplifier of superfluorescence (TOPAS, Light
Conversion LTD) which is employed as a source of excitation pulses in the pump-probe
experiments. The sample is excited at the red side of the steady state absorption spectrum of
4.1 with pulses centered at wavelength of 310 nm (fourth harmonics of the signal wave (1240
nm) of the TOPAS). Before the generation of 310 nm light the second harmonics of the
output of the TOPAS (620 nm) is compressed in a double-pass compressor based on two
BK7 prisms. In addition to the pulse shortening, the compressor allows spatial separation of
different spectral components of the parametric light (signal and idler beams). Polarization of

the pump beam is changed by using a λ/2 plate.
Transient absorption is probed in two ways: either transients of photo-induced absorption are
monitored at different probe wavelength by using photodiodes and sample and hold device,
or the development of the whole pump-probe spectrum is recorded by using a polychromator
and a double array OMA system (Princeton Instruments). In the latter case the transient
spectra in the spectral region 380-620 nm are measured by probing the sample with white-
light continuum pulses generated in a standing 1cm doubly distilled water cell. The pump

beam is opened/closed every two seconds in order to obtain difference spectra (∆OD). Since
the white light pulses have a large temporal dispersion of ~0.8 ps, correction for which is

rather complicated, the early time ∆OD spectra are constructed from pump-probe kinetics
measured by probing the transient absorption with short pulses originating from a home-built
non-collinearly pumped optical parametric amplifier (NOPA).30

The NOPA based on a 1 mm type I BBO crystal is pumped by the second harmonic of the
output of the laser system generated in a 0.5 mm Type I BBO crystal. Pump pulses of energy

~10µJ centered at 400nm are tilted by using a 45° fused silica prism and focused to the
crystal by using a spherical mirror of r = 40 cm. As a seed source for the NOPA a white light
continuum generated in 2 mm sapphire plate is used. Before amplification the white light is
precompressed in the compressor based on a 1200 mm-1 grating and curved mirror (Light
Conversion LTD) designed to compensate for an enhanced dispersion of the grating at the red
side of the spectrum. The compressor introduces a negative chirp, which is compensated
afterwards by the BBO crystal and dispersive optics placed in the path of the probe beam.
The slit placed in the compressor allows spectral shaping of the probe pulse. The NOPA

produces ~0.5 µJ pulses tunable in the spectral region 460-860 nm. By generating second

harmonics in a 150 µm BBO crystal the tunability can be extended to the UV spectral region
(230-430 nm).
The time resolution of the experiments is different at different probe wavelength. In the case
when the probe light is located in the spectral region 500-750 nm (duration of the probe
pulses is ~20 fs) the time resolution is mainly determined by the duration of the pump pulse.
The cross-correlation function of the pump pulse centered at 310 nm and the probe pulse
centered at 600 nm and of duration ~20 fs (the autocorrelation function of the probe pulse is

measured by using a 20 µm BBO crystal) is measured by monitoring two-color two-photon

absorption in a 100 µm glass plate31 and has a width of ~70 fs FWHM. In the case when

probe pulses are produced by generating second harmonics from the NOPA output in 150 µm
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BBO crystal the probe pulses are slightly stretched because of the spectral filtering in the
BBO crystal. A time resolution of the experiments is degraded substantially in the case of the
probe at wavelength 380-430 nm (second harmonics from 760-860 nm light) because of
strong spectral phase distortion of white light around carrier wavelength 800 nm.
The transients of the photoinduced absorption are measured in standard pump-probe
geometry. The probe pulse before the sample is split into two: probe and reference. The probe
pulse is delayed with respect to the pump pulse by using a computer-controlled delay stage
while the reference pulse is set to reach the sample before pump and probe pulses arrive. The

pump, probe and reference pulses after attenuation are focused into a 200 µm flow cell
containing the sample by using a spherical mirror of r = 25 cm. During the measurements,
every second pump pulse is chopped using a chopper that is synchronized with the laser.

Optical density changes (∆OD) in absolute units are calculated for every single pair of probe
pulses. Points in the transients are averages over 50 measurements. In order to monitor zero
delay between pump and probe pulses a crosscorrelation function of pump and probe pulses

is measured for every probe wavelength. The possibility to measure ∆OD in absolute units
and knowledge of the zero-delay position between the pump and probe pulses give the
possibility to construct pump probe spectra at various delay times from pump-probe
transients measured at different probe wavelengths.

General procedure for the Suzuki-reactions starting from 1:

1,2-Bis(5’-boronyl-2’-methylthien-3’-yl)cyclopentene (4.9): Compound 1 (1.75g, 5.3
mmol) was dissolved in anhydrous THF (12 ml) under a nitrogen atmosphere, and n-BuLi
(4.5ml of 2.5M solution in hexane, 11.2 mmol) was added at once using a syringe. This
solution was stirred for 30 min at r.t., and B(n-OBu)3 (4.3 ml, 15.9 mmol) was added at once.
The resulting solution was stirred for 1 h at room temperature and was used directly in the
Suzuki cross coupling-reaction without any workup because boronic acid 4.9 is hydrolysed
during isolation.

1,2-Bis(5’-phenyl-2-yl)-2’-methylthien-3’-yl)cyclopentene (4.1): 2-Bromobenzene (1.12
ml, 9.29 mmol) was dissolved in THF (12 ml) and after addition of Pd(PPh3)4 (0.37 g, 0.3
mmol), the solution was stirred for 15 min at r.t.. Then aqueous Na2CO3 (23 ml, 2M) and 6
drops of ethylene glycol were added, and the resulting two-phase system was heated in an oil
bath till reflux (60°C). The solution of 4.9 was added dropwise by a syringe in a few minutes.
After addition was complete, the reaction mixture was refluxed for 2 h, and then allowed to
cool to r.t.. Diethyl ether (50 ml) and H2O (50 ml) were added, and the organic layer was
collected and dried (Na2SO4). After evaporation of the solvent the product was purified by
column chromatography (SiO2, hexane) to gave a brown/yellowish solid (1.03 g, 47%). m.p.

85°C, 1H NMR (300MHz, CDCl3) δH 1.98 (s, 6H), 2.03-2.13 (m, 2H), 2.84 (t, J = 7.2, J = 7.8
Hz, 4H), 7.03 (s, 2H), 7.19-7.25 (m, 1H), 7.32 (t, J = 6.9 Hz, J = 7.5 Hz, 2H), 7.49 (d, J = 7.2

Hz, 2H); 13C NMR (75.4 MHz, CDCl3) δC 14.43 (q), 23.00 (t), 38.48 (t), 123.88 (s), 125.19
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(d), 126.82 (d), 128.67 (d), 134.40 (s), 134.51 (s), 136.55 (s), 139.53 (s); anal. calcd. for
C27H24S2: C, 78.60, H, 5.86. Found: C, 78.65, H, 5.90.

1,2-Bis[5’-(4’’-methoxyphenyl)-2’-methylthien-3’-yl]cyclopentene (4.2): The same
procedure was followed as described for 4.1, starting from 1 (0.74 g, 2.25 mmol), and n-BuLi
(1.9 ml of 2.5M solution in hexane, 4.7 mmol), B(n-OBu)3 (3.1 ml, 11.5 mmol), 4-
bromanisole (0.56 ml, 4.5 mmol), Pd(PPh3)4 (0.310 g, 0.25 mmol), aqueous Na2CO3 (15 ml,
2M) and 6 drops of ethylene. Purification of the product by column chromatography (SiO2,
hexane/CH2Cl2 1.1:1) gave a brown/yellowish solid (0.43 g, 40%). 1H NMR (CDCl3,

300MHz): δH 1.97 (s, 6H), 2.01-2.11 (m, 2H), 2.82 (t, J = 7.2 Hz, J = 7.8 Hz, 4H), 3.81 (s,
6H), 6.90 (s, 2H), 6.86 (d, J = 8.7 Hz, 4H), 7.41 (d, J = 9.0 Hz, 4H); 13C NMR (CDCl3, 75.4

MHz): δC 14.35 (q), 23.01 (t), 38.45 (t), 55.35 (q), 114.18 (d), 122.98 (d), 126.58 (d), 127.50
(s), 133.44 (s), 134.57 (s), 136.55 (s), 139.46 (s), 158.80 (s); HRMS calcd for C29H28O2S2

472.153, found 472.153.

1,2-Bis[5’-(4’’-cyanophenyl)-2’-methylthien-3’-yl]cyclopentene (4.3): The same procedure
was followed as described for 4.1, starting from 1 (0.74 g, 2.25 mmol), and n-BuLi (1.9 ml of
2.5M solution in hexane, 4.7 mmol), B(n-OBu)3 (3.1 ml, 11.5 mmol), 4-bromobenzonitrile
(0.81 ml, 4.5 mmol), Pd(PPh3)4 (0.310 g, 0.25 mmol), aqueous Na2CO3 (15 ml, 2M) and 6
drops of ethylene glycol. Purification of the product by column chromatography (SiO2,
hexane/CH2Cl2 1:4) gave a a brown/yellowish solid (0.37 g, 35%). 1H NMR (CDCl3,

300MHz): δH 2.01 (s, 6H), 2.05-2.15 (m, 2H), 2.84 (t, J = 7.8, J = 7.2, 4H), 7.12 (s, 2H), 7.54

(d, J = 8.4, 4H), 7.59 (d, J = 8.4, 4H); 13C NMR (CDCl3, 75.4 MHz): δC 14.58 (q), 22.95 (t),
38.42 (t), 109.95 (s), 118.88 (s), 125.34 (d), 125.99 (d), 132.62 (d), 134.78 (s), 137.11 (s),
137.14 (s), 137.56 (s), 138.53 (s); HRMS calcd for C29H22N2S2 462.121, found 462.122.

1,2-Bis[5’-(4’’-chlorophenyl)-2’-methylthien-3’-yl]cyclopentene (4.4): The same
procedure was followed as described for 4.1, starting from 1 (1.0 g, 3.04 mmol), and n-BuLi
(5.0 ml of 1.6M solution in hexane, 8 mmol), B(n-OBu)3 (2.25 ml, 8.3 mmol), 4-
bromochlorobenzene (2.2 g, 11.5 mmol), Pd(PPh3)4 (0.4 g, 0.3 mmol), aqueous Na2CO3 (17
ml, 2M) and 6 drops of ethylene glycol. Purification of the product by column
chromatography (SiO2, hexane) gave a white solid (0.94 g, 68%). m.p. 114°C, 1H NMR

(300MHz, CDCl3) δH 1.97 (s, 6H), 2.05 - 2.10 (m, 2H), 2.81 (t, J = 7.8 Hz, J = 7.2 Hz, 4H),
6.97 (s, 2H), 7.27 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 9.0 Hz, 2H); 13C NMR (75.4 MHz, CDCl3)

δC 14.42 (q), 23.00 (t), 38.40 (t), 124.32 (d), 126.43 (d), 128.88 (d), 132.61 (s), 132.95 (s),
134.66 (s), 134.91 (s), 136.73 (s), 138.37 (s); HRMS calcd for C27H22Cl2S2 480.054, found
480.050.

1,2-Bis[5’-(4’’-bromophenyl)-2’-methylthien-3’-yl]cyclopentene (4.5): The same
procedure was followed as described for 4.1, starting from 1 (1.0 g, 3.04 mmol), and n-BuLi
(5.0 ml of 1.6M solution in hexane, 8 mmol), B(n-OBu)3 (2.25 ml, 8.3 mmol), 1,4-
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dibromobenzene (3.4 g, 14.4 mmol), Pd(PPh3)4 (0.4 g, 0.3 mmol), aqueous Na2CO3 (17 ml,
2M) and 6 drops of ethylene glycol. Purification of the product by column chromatography
(SiO2, hexane) gave a yellowish solid (1.30 g, 76%). m.p. 48°C, 1H NMR (300MHz, CDCl3)

δH 1.97 (s, 6H), 2.02 - 2.10 (m, 2H), 2.81 (t, J = 7.5 Hz, J = 7.5 Hz, 4H), 6.98 (s, 2H), 7.32

(d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 Hz, 2H); 13C NMR (75.4 MHz, CDCl3) δC 14.44 (q),
23.00 (t), 38.40 (t), 124.36 (d), 126.73 (d), 131.83 (d), 133.40 (s), 133.58 (s), 134.68 (s),
135.00(s), 136.77 (s), 138.37 (s); HRMS calcd for C27H22Br2S2 567.953, found 567.951.

General procedure for the Suzuki reactions starting from 2:

1,2-Bis(5’-boronyl-2’-methylthien-3’-yl)perfluorocyclopentene (4.10): The same
procedure was used as described for 4.9, starting from 2 (0.2 g, 0.5 mmol) and n-BuLi (0.66
ml of 1.6M solution in hexane, 1.1 mmol), and B(n-OBu)3 (0.41 ml, 1.5 mmol). The resulting
solution was also used directly in the Suzuki cross coupling-reaction without any workup
because boronic acid 4.10 is hydrolysed during isolation.

1,2-Bis(5’-phenyl-2’-methylthien-3’-yl)perfluorocyclopentene (4.6): 2-Bromobenzene (0.1
ml, 1.0 mmol) was dissolved in THF (8 ml) and after addition of Pd(PPh3)4 (35 mg, 0.03
mmol), the solution was stirred for 15 min at room temperature. Then aqueous Na2CO3 (1 ml,
2M) and 6 drops of ethylene glycol were added, and the resulting two-phase system was
heated in an oil bath till reflux (60°C). The solution of 4.10 was added dropwise by a syringe
in a few min. After addition was complete, the reaction mixture was refluxed for 2 h, and
then allowed to cool to r.t.. Diethyl ether (50 ml) and H2O (50 ml) were added, and the
organic layer was collected and dried (Na2SO4). After evaporation of the solvent the product
was purified by column chromatography (SiO2, hexane) to gave greenish solid (16 mg, 7%).
1H NMR (300 MHz, CDCl3) δH 1.96 (s, 6H), 7.28 (s, 2H), 7.29 (d, J = 6.9 Hz, 2H), 7.38 (t, J

= 7.2 Hz, J = 7.5 Hz, 2H), 7.53 (d, J = 7.5 Hz, 2H); 13C NMR (75.4 MHz, CDCl3) δC 14.53
(q), 120.49 (d), 122.35 (d), 125.57 (d), 127.87 (d), 128.97 (d), 133.27 (s), 141.25 (s), 142.19

(s); 19F NMR (188.2 MHz, CDCl3): δF –111.26 (s, 4F), -133.03 (s, 2F). HRMS calcd. for
C27H18F6S2 520.075, found 520.075.

1,2-Bis[5’-(4’’-methoxyphenyl)-2’-methylthien-3’-yl]perfluorocyclopentene (4.7): The
same procedure was followed as described for 4.6, starting from 2 (0.10 g, 0.32 mmol), and
n-BuLi (0.32 ml of 1.6M solution in hexane, 0.51 mmol), B(n-OBu)3 (0.22 ml, 0.78 mmol),
4-bromanisole (0.08 ml, 0.64 mmol), Pd(PPh3)4 (40 mg, 0.04 mmol), aqueous Na2CO3 (10
ml, 2M) and 6 drops of ethylene glycol. Purification of the product by column
chromatography (SiO2, CH2Cl2/hexane 1:2) gave a blue/grey solid (31mg, 22%). 1H NMR

(CDCl3, 200 MHz): δH 1.93 (s, 6H), 3.82 (s, 6H), 7.14 (s, 2H), 6.90 (d, J = 9.2 Hz, 4H), 7.45

(J = 9.0 Hz, 4H), 13C NMR (CDCl3, 125.7 MHz): δC 14.48 (q), 55.38 (q), 114.35 (d), 116.18
(s), 118.22 (s), 121.25 (d), (125.72 (s), 126.19 (s), 126.89 (d), 135.97 (s), 140.29 (s), 142.05

(s), 159.42 (s); 19F NMR (CDCl3, 188.2 MHz): δF –111.16 (t, J = 4.5 Hz, J = 5.6 Hz, 4F), -
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132.96 (p, J = 2.6 Hz, J = 5.6 Hz, J = 5.6 Hz, J = 5.6 Hz, 2F); HRMS calcd for C29H22F6O2S2

580.097, found 580.095.

1,2-Bis[5’-(4’’-cyanophenyl)-2’-methylthien-3’-yl]perfluorocyclopentene (4.8): The same
procedure was used as described for 4.1, starting from 2 (0.10 g, 0.32 mmol), and n-BuLi
(0.32 ml of 1.6M solution in hexane, 0.51 mmol), B(n-OBu)3 (0.22 ml, 0.78 mmol), 4-
brombenzonitrile (1.17ml, 0.64mmol), Pd(PPh3)4 (40mg, 0.04mmol), aqueous Na2CO3 (10
ml, 2M) and 6 drops of ethylene glycol. Purification of the product by column
chromatography (SiO2, first EtOAc/ hexane 1:2, then CH2Cl2/hexane 1:2) gave a blue/grey

solid (30mg, 23%). 1H NMR (CDCl3, 200 MHz): δH 1.97(s, 6H), 7.37 (s, 2H), 7.58-7.68 (m,

8H); 13C NMR (CDCl3, 125.7 MHz): δC 14.71 (q), 111.18 (s), 115.97 (s), 118.54 (s), 124.32
(d), 125.32 (s), 125.81 (d), 126.21 (s), 131.84 (s), 132.84 (d), 137.28 (s), 140.13 (s), 143.43

(s); 19F NMR (CDCl3, 188.2 MHz): δF –111.23 (t, J = 5.6 Hz, J = 5.6 Hz, 4F), -132.90 (p, J =
4.5 Hz, J = 5.6 Hz, 2F); HRMS calcd for C29H16F6N2S2 570.066, found 570.066.

2-Methyl-5-phenyl-thiophene (4.18): K2CO3 (0.78 g, 5.6 mmol) was dissolved in H2O (5
ml) and dimethoxyethane (DME) (10 ml), 2-bromo-5-methylthiophene 4.16 (1.0 g, 5.6
mmol), phenylboronic acid 4.17 (0.76 g, 6.2 mmol) and Pd(OAc)2 (38 mg, 0.17 mmol) were
successively added. This suspension was heated to reflux, and immediately the suspension
turned brown. This mixture was refluxed for 2 h. After cooling to room temperature DME
was removed in vacuo. The water layer was extracted with diethyl ether (4 x 50 ml). The
organic layers were combined and washed with aqueous HCl (2M, 100 ml). The combined
organic layers were dried (Na2SO4) and the solvent was evaporated. Purification of the
product by column chromatography (SiO2, hexane) gave a white solid (0.83 g, 85%). m.p.

48°C, 1H NMR (CDCl3, 300MHz) δH 2.50 (s, 1H), 6.76 (d, J = 2.7 Hz, 1H), 7.15 (d, J = 3.9
Hz, 1H), 7.29 (d, J = 7.2 Hz, 1H), 7.39 (t, J = 7.8 Hz, 2H), 7.49 (t, J = 7.5 Hz, 1H), 7.59 (d, J

= 6.0 Hz, 2H), 7.66 (dd, J = 1.2 Hz, 1H); 13C NMR (CDCl3, 125.7 MHz): δC 15.40 (q),
122.91 (d), 125.45 (d), 126.15 (d), 126.94 (d), 127.02 (d), 128.72 (d), 128.77 (d), 134.68 (s),
139.45 (s), 150.93 (s); HRMS calcd. for C11H10S 174.050, found 174.050.
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Chapter 5

Dithienylethenes for Non-Destructive Readout,
Towards Single Molecule Switching

5.1 Single molecule switching

Single molecule spectroscopy1 allows the observation of optical spectra of individual
complexes without the ensemble averaging over static intercomplex disorder, thus directly
revealing the properties of the electronic structure of the excited states. Up to now, processes
in which the behavior of single molecules can be controlled are very rare. Basché et al.
reported single molecule optical switching of terrylene embedded in a p-terphenyl host
crystal.2 They were able to induce controlled frequency jumps of single terrylene molecules
by light. The controlled manipulation and switching of single atoms and molecules evokes
the prospect of ultra high-density data storage. However, photochemical switching between
two states of a single molecule has not yet been demonstrated. To accomplish single
molecule switching first the molecule must be addressed selectively within an array of
molecules. This can be achieved by embedding the molecules in polymers, crystals, or by
dispersion as isolated molecules on surfaces. Single molecule switching also requires: (a)
photochemical switching between two states; (b) a non-destructive readout procedure. For a
practical optical memory the wavelength required for read-out should not interfere with the
switching process, because otherwise the stored information would be erased. In other words
a nondestructive read-out is required. One possible way to accomplish this is by gated
reactivity. This has already been discussed in Chapter 2.4.3. Another way is to use
fluorescence as non-destructive read-out method. Fluorescence is highly sensitive. For this
end single molecule fluorescence spectroscopy is a method that has been successfully applied
in recent years for the detection of single guest molecules in crystalline and amorphous
matrices.1 Single molecules are usually detected by this straightforward technique, introduced
by Orrit et al.,3 which has become a standard method in the field of high-resolution optical
spectroscopy. It is possible to use our dithienylethenes for single molecule switching, if (a)
there is a difference in fluorescence emission between the open and closed form of the
diarylethene, and (b) the fluorescence excitation wavelength does not interfere with the
switching process of the diarylethene.

In this chapter the photochromic properties and the synthesis of dithienylethenes
functionalized with oligothiophenes combined with pyridines will be discussed. These were
initially developed for single molecule spectroscopy in collaboration with physicists from the
University of Leiden.
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5.2 Synthesis

Lehn and coworkers synthesized two potential switches functionalized with
oligothiophenes with pyridinium ion tails (5.1 and 5.2, Scheme 5.1) that were strongly
fluorescent in their open form.4 The closed form of these compounds, however, emitted only
weakly. The absorption bands used for the fluorescence excitation are inactive with respect to
the opening-closing photoreactions. This behavior was not observed for the non-methylated
derivatives of 5.1 and 5.2.

5.2
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Scheme 5.1 Fluorescent dithienylethenes with pyridinium ion tails.

This looked promising for non-destructive read-out for single molecule switching. In order to
achieve some fast results we decided to synthesize a series of dithienylcyclopentenes in
which the conjugated system has been extended by use of an oligothiophene and pyridine
combination (Scheme 5.3). These compounds were all prepared via the Suzuki reaction, as
described in chapter 3, starting from 1 and the corresponding aryl bromides (Scheme 5.2).
The analytical data for these compounds are in accord with those described in literature.5,6

The aryl bromides were obtained via a straightforward synthesis. First thiophene 5.3 was
lithiated by n-butyllithium at room temperature and quenched with tributylborate in THF at
ambient temperature to provide 2-thienylboronic acid 5.4 after acidic work-up.5 The 4-
bromopyridine HCl-salt 5.5 and compound 5.4 were coupled via a Suzuki coupling with
Pd(PPh3)4 as palladium source and sodium carbonate as base in a mixture of H2O and DME
to provide 5.6 in 95% yield.5 Bromination of this compound afforded 5.7 in 93% yield. This
bromide derivative was used in order to synthesize 5.8. Another Suzuki reaction under the
same conditions (vide supra) with 5.4 and 5.7 resulted in 2,2’-bisthiophene-5-(pyridin-4’-yl)
5.8 in 93% yield. After bromination6 of the latter compound, 5.9 was obtained in 57% overall
yield starting from 5.3.
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Scheme 5.2 Synthesis of the aryl bromides.

The desired diarylethenes were synthesized via the Suzuki-reaction (Scheme 5.3). First, 1
was lithiated with BuLi in THF at room temperature, and then allowed to react with B(OBu)3

to provide a bis-boronic ester 3.44. This compound was used directly in the Suzuki reaction
without any work-up because it was found that these boronic acids easily hydrolyse during
isolation. For this Suzuki cross coupling reaction Pd(PPh3)4 was added as a palladium source,
Na2CO3 as base, THF as solvent and several drops of ethylene glycol were added as
cosolvent. Afterwards the compounds were purified by column chromatography and obtained
in a yield ranging from 12 to 60 %. The low yields were due to the difficulties in purification.
Especially 5.13 was very hard to purify, because the Suzuki reaction did not proceed
completely. Therefore the aryl bromide 5.9 and 5.13 had to be separated, which turned out to
be very difficult. In the Suzuki reaction the amount of mono-substituted compounds was less
than 5%.
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Scheme 5.3 Synthesized series of dithienyl oligothiophene derivatives.



Chapter 5

108

5.14

5.13
CF3SO3CH3

CH2Cl2,r.t.
 98%

S
SS

S
S S

NN

CF3SO3
- CF3SO3

-

Scheme 5.4 N-methylation of 5.13.

The pyridine moieties of compound 5.13 were methylated with methyl
trifluoromethanesulfonate at ambient temperature to provide 5.14 in almost quantitative yield
(Scheme 5.4). This compound was synthesized to determine the influence of N-methylation
on the photochemical behavior. The diarylethene derivatives were characterized by 1H, 13C
NMR and mass (EI).

5.3 Photochromic properties

The synthesized compounds (Scheme 5.3) were examined with UV-Vis spectroscopy
before and after irradiation in order to elucidate their photochromic behavior. Therefore
solutions (~10-5M) of all the compounds (Scheme 5.3) were prepared in various solvents. The
absorption spectrum of a solution of 5.13 in benzene (2.15 x 10-5M) is shown in Figure 5.1.
The molecule has a very strong absorption band at 399 nm. The absorption band with a
maximum at 402 nm arises chiefly from the 2,2’-bisthiophene-5-(pyridin-4’-yl) group
attached to the diarylethene unit in 5.13. The chromophore alone, as in compound 5.8 in

benzene (1.32 x 10-4M) showed the same broad absorption band with λmax = 351 nm as a

result of a π-π*-transition.7 Compound 5.13 has an extra thiophene compared to 5.8, resulting

in an extended π-conjugated system. As a consequence λmax of the absorption band showed a
red shift compared to 5.8.
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Figure 5.1 UV-Vis spectra of 5.13 in benzene before () and after irradiation (---) (photo

stationary state, PSS) at λ > 380 nm.
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Irradiation of a benzene solution of 5.13 at λ = 313 nm with a high pressure mercury lamp

(200W) did not result in any change in the absorption spectrum, nor did irradiation at λ = 405

nm, λ = 365 nm or λ = 340 nm lead to any change in our experimental setup. Only when λ >

380 nm is used as exciting wavelength did an absorption in the visible region appear (λmax =
609 nm). Compared to other ring-closing reactions of dithienylcyclopentenes, the quantum
yield for ring closure was low. Attempts to accomplish ring-opening of 5.13 failed, as

prolonged irradiation at λ > 520 nm did not result in any change of the UV-Vis spectra.
Apparently the switch stayed in the ring-closed from. This was also confirmed by 1H NMR

studies of 5.13 in benzene-d6. After irradiation with λ > 380 nm a second singlet for the
methyl groups appeared at 2.35 ppm, which was assigned to the closed form. After irradiation
with various filters in the visible region, also no change could be observed in the 1H NMR
spectrum. This phenomenon has been observed before by Martin et al. (5.15)8 and Irie et al.9

(5.16), who showed that the quantum yield for ring-opening dramatically decreased with

increasing π-conjugation length (Scheme 5.5).
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Scheme 5.5 Diarylethene derivatives, which showed a dramatically decrease in the quantum

yield of the ring opening reaction.

In case of the diarylethenes described by Martin (5.15) there is no ring-opening reaction

observed when n ≥ 4. These observations were explained as follows: (a) The excited-state
lifetime of the closed form decreases with increasing conjugation length or (b) the excitation
density at the central switch scaffold is reduced, which should lead to a decrease in the
reaction rate.

Compound 5.12 with one thiophene less than 5.13 was examined next. A degassed
solution in benzene (1.21 x 10-5M) showed absorptions at 303 nm and 367 nm (Figure 5.2,

left). After irradiation at λ = 313 nm a new absorption band with λmax at 589 nm appeared

(Figure 5.2, left). The ring-opening reaction proceeded smoothly on irradiation with λ > 540
nm. This process is fully reversible and can be repeated several times without observable
degradation. Compound 5.11 showed similar behavior. The absorption spectrum of 5.11 in
degassed benzene (8.2 x 10-5M) showed a maximum at 285 nm and a shoulder at 320 nm

(Figure 5.2, right). After irradiation at λ = 313 nm an absorption with λmax at 546 nm

appeared in the visible region due to the closed form. Upon irradiation with λ > 540 nm this
546 nm band completely disappeared, indicating that the ring opening of the closed form is
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quantitative. Apparently, the switching cycle of 5.11 is also fully reversible because it could
be repeated several times without noticeable degradation of the closed or open form.
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Figure 5.2 (left) Absorption spectra of 5.12 in benzene before () and after irradiation (---)

at λ = 313 nm for 10 min. (right) UV-Vis spectra of 5.11 in benzene before () and after

irradiation (---) at λ = 313 nm for 5 min.

Finally bisthiophene switch 5.10 in cyclohexane (1.86 x 10-4M) was subjected to the
same irradiation measurements. The UV-VIS spectra of the open and closed from of 5.10 are
depicted in Figure 5.3. The absorption maxima of the open form are 290 nm and 322 nm,

whereas after irradiation at λ = 313 nm the closed form has an absorption maximum of 543

nm. Ring opening with λ > 520 nm proceeded also in this case without any problems.
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Figure 5.3 UV-Vis spectra of 5.10 in cyclohexane before () and after irradiation (---) at λ
= 313 nm for 8 min.

From these experiments it appears that in case of extended π-conjugation length, as in
compound 5.13, both the ring closure reaction and the ring opening reaction proceed
sluggishly if at all. In the case of 5.13 the ring closure reaction takes place, though under
more strenuous irradiation conditions than usually applied. The ring closure reaction does not
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proceed anymore, an observation which is in agreement with earlier findings (vide supra).
Only one thiophene less in the side chain provides the right conditions for smooth ring
opening and ring closing reactions, as in the case of compounds 5.12, 5.11 and 5.10. The

influence of the π-conjugation length is also evident when the absorption maxima of the open

and closed forms are considered. A longer π-conjugated system results in an increased red
shift of the absorption maximum.

5.4 Fluorescence behavior

The highly fluorescent solution of 5.13 and earlier findings by Lehn et al.4 (vide supra)
prompted us to investigate the fluorescence properties of this compound. The measurements
were performed with a degassed benzene solution (2.2 x 10-6M). Fluorescence measurements

showed that the open form has a strong emission at 464 and 495 nm when excited at λ = 399

nm, i.e. at its absorption maximum. However, the closed form of 5.13 (λ > 380 nm, pss)
showed hardly any fluorescence irrespective of the excitation wavelength (Figure 5.4). The
fluorescence of 5.13 can thus photochemically be changed from a pronounced to almost zero
emission. This is similar to the observations that were made by Lehn.4 It is not clear at the
moment which structural or conjugation effects are responsible for this dramatic change in
fluorescence. This change in fluorescence could be used in order to achieve nondestructive
read-out when the excitation does not induce a ring opening- or ring closure reaction.
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Figure 5.4 Emission spectra of 5.13 in benzene before () and after irradiation (---) (pss) at

λ > 380 nm (λexc = 402 nm).

The fluorescence spectrum of a degassed benzene solution of compound 5.12 (1.21 x
10-6M) is depicted in Figure 5.5. The open form of compound 5.12 showed very weak

fluorescence (λexc = 367 nm) compared to compound 5.13 (Figure 5.4) and, moreover, the
closed form showed almost the same fluorescence emission. The ring-closure reaction,
however, competes with the fluorescence emission, because after excitation the solution of
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the sample was slightly blue colored, indicative of the closed form. This was indeed
confirmed by UV-Vis spectroscopy.
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Figure 5.5 Emission spectra of 5.12 in benzene before () and after irradiation (---) (pss) at

λ = 313 nm (λexc = 367 nm).

Excitation of compound 5.11 (8.2 x 10-6M) did not give emission at all, and apparently

compound 5.11 only undergoes a ring closure reaction after excitation at λ = 285 nm or 320
nm. Also the ring-closed form was non-fluorescent. The same was found in case of
compound 5.10. After excitation the compound gave ring closure and did not show any
emission. A solution of 5-methyl-2,2’-bisthiophene (2.0 x 10-5M) in benzene showed an

absorption maximum at 312 nm. In contrast to compound 5.10, after excitation at λ = 312 nm

fluorescence was observed with an emission maximum at λmax = 372 nm (Figure 5.6).
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Figure 5.6 Absorption (2.0 x 10-4M) () and emission spectrum (2.0 x 10-5M) (---) of 5-

methyl-2,2’-bisthiophene in benzene (λexc = 312 nm).
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In conclusion, photocyclization is favored for diarylethenes with shorter chains of aryl

groups. This means a less extended π-conjugated system and therefore the absorption
maximum of the open form shifts to the blue. Fluorescence is favored for more highly

substituted analogues with a more extended π-conjugated systems and a red-shifted excitation
wavelength.

5.5 Photochromic and fluorescence behavior of N-methylated and N-protonated
pyridine substituted-diarylethene molecular switches

For pyridine-containing dithienylcyclopentenes it has been shown that there are large
differences in the electronic and fluorescence spectra.4,7 Compared to compound 5.13, the
absorption maximums of the methylated derivative 5.14 in MeOH (2.6 x 10-5M) is shifted by

68 nm to λ = 467 nm for the open form of 5.14 (Figure 5.7).
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Figure 5.7 Absorption spectrum () and emission spectrum (---) of 5.14 in methanol (λexc =

467 nm).

Irradiation of this solution did not result in a ring-closure reaction, irrespective of the
wavelength used. The reason for the fact that 5.14 does not show any switching behavior is
probably due to the lower excitation density at the central ring scaffold further enhanced by
the N-methylated pyridine, making fluorescence more favored. Excitation of this compound

at λ = 467 nm resulted in a very weak emission, compared to 5.13 at λ = 620 nm at the same
concentration (Figure 5.7). For compounds 5.10 – 5.13 a decrease in photocyclization was

observed in favor of the fluorescence in that order, in other words with increasing π-
conjugation. For compound 5.14 a decrease in photocyclization does not give a big increase
in fluorescence emission.

In order to get a quick insight into the photochromic and fluorescence behavior of
compounds 5.12 and 5.11 when they are positively charged, the compounds were protonated
in situ with excess trifluoroacetic acid (TFA). A drop of TFA was therefore added to the
solution of 5.12 in benzene (1.21 x 10-6M) in a quartz cuvet. The absorption maximum of the
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open form shifted from 367 nm to 433 nm (Figure 5.8, left). When the solution was

subsequently irradiated at λ > 460 nm, the ring-closed form appeared with λmax = 661 nm.
Apparently, although protonation of 5.12 with TFA caused a pronounced red shift of the
absorption maxima of the open and the closed form, it does not inhibit the photochemical
ring-closing reaction as has been observed for the N-alkylated derivative of 5.13. Protonation
of 5.12 has also a pronounced effect on the fluorescent properties. A proton is now directly
bound to the nitrogen atom through the lone pair and this results in further increase of the
intensity of the emission, but without a clear shift in wavelength.7 Emission from the open
form of 5.12 is enhanced by protonation, but after conversion to the closed form by

irradiation at λ = 313 nm, the emission intensity was reduced by a factor of 2 compared to
that of the open form, but was still more pronounced than the non-protonated closed form.
The presence of the closed form probably reduced the emission intensity.
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Figure 5.8 (left) Absorption spectra of 5.12 in benzene before () and after addition of TFA

(---), and of a protonated 5.12 after irradiation at λ = 365 nm for 2 min. (···) (right).

Emission spectra of 5.12 at λexc = 367 nm before () and after irradiation (---) at λ = 313

nm for 10 min., and protonated 5.12 (TFA) at λexc =433 nm before (···) and after irradiation

(·–·–) at λ = 365 nm for 2 min.

Protonation of 5.11 with TFA also resulted in a red shift of the absorption maxima of the

open form to 323 nm and 367 nm (Figure 5.9). After irradiation of 5.11 at λ = 365 nm the

protonated closed form was obtained with λmax = 643 nm. The absorption maximum of the
closed form is shifted almost 100 nm on protonation. In contrast to 5.12 for which
protonation gave a significant increase in emission intensities, both the open and closed form
of 5.11 remain essentially non-fluorescent after protonation. The open form mainly
underwent ring closure after excitation, this was confirmed by UV-Vis.
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Figure 5.9 Absorption spectra of 5.11 in benzene before () and after addition of TFA (---),

and protonated solution irradiated at λ = 365 nm for 4 min. (···).

Rather than using protonated pyridines for which the degree of protonation cannot be
determined with certainty, it is recommended to synthesize the N-methylated versions of 5.11
and 5.12. This would make it possible to perform some coloring-bleaching cycles, which is
not possible for the protonated compound because of the excess of TFA. The protonation of
the pyridines is also an equilibrium, thus it can also be that non-protonated species are
switching back to the open form.

The N-methylated form of 5.13 and 5.14, showed no ring closure whatsoever, but
showed also hardly any fluorescence emission. The protonated forms of 5.12 and 5.11 do
undergo ring closure after irradiation, but at the moment no clear conclusions can be drawn
about the ring opening reaction, because the presence of an excess of TFA caused
degradation of the compounds during prolonged irradiation and therefore the ring opening
reaction did not proceed completely. Compound 5.12, showed more pronounced fluorescence
emission compared to its non-protonated form. Compound 5.11, however, did not show any
fluorescence emission upon excitation but only ring closure was found. The same trend is

observed for the protonated species as with the non-protonated species. An extended π-
conjugated system leads to preferentially fluorescence emission or solely fluorescence
emission as in case of compound 5.14.

5.6 Effective single molecule switching

Fluorescence can be used as a nondestructive readout for single molecule switching if (a)
there is a difference in fluorescence emission between the open and closed form of the
diarylethene, and (b) the fluorescence excitation wavelength does not interfere with the
switching process of the diarylethene. Compound 5.13 showed a pronounced difference in
fluorescence emission in the open and closed form. The question remained if the compound
also met the second requirement e.g. separate absorption bands for excitation and ring
closure. Therefore the wavelength dependence for fluorescence and ring closure upon
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excitation of the main absorption band in the visible region has been investigated in Leiden.

The following things were observed. Irradiation in the range λ = 300-380 nm only resulted in
fluorescence emission and did not result in the ring closure of 5.13. Ring closing is most

effective when irradiation occurs in the range λ = 420-470 nm. Furthermore it was
established that the molecules underwent degradation, on average after 7 switching cycles.
This means that on an average only 7 fluorescence events can take place. For single molecule
switching at least 1000 fluorescence events have to be collected in order to achieve a
reasonable signal to noise ratio, before switching or degradation might occur. It can thus be
concluded that 5.13 is not suitable for single molecule switching.

Another approach to switches that can be independently be addressed for switching or
fluorescence was reported by Effenberger.10 A novel dithienylethene-bridged donor-acceptor
system (5.17o) was developed which is capable of reversibly ON/OFF photoswitchable
(photo-induced) charge separation (Scheme 5.6). The methylene spacer effectively decoupled
both the donor and the acceptor. This allows one to address individually either of these
chromophores.
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Scheme 5.6 Photoswitchable (photo-induced) charge separation.

In the open form (5.17o) photoexcitation of the anthracene resulted in a complete
intramolecular electron transfer from the donor (anthracene) to the acceptor (pyridinium
unit). However, after photoexcitation of the donor in the closed form (5.17c) no charge
separation was observed. This transformation is reversible. The fact that no charge separation
was observed in the closed form demonstrated that improved conjugation due to the closed
form was not decisive for an intramolecular photo-induced electron transfer. The model of a
“conjugation switch” can therefore not be used for this system. Compound 5.17o showed
fluorescence behavior, whereas 5.17c displayed no fluorescence, indicating complete
quenching of the anthracene fluorescence. This system would be more effective in single
molecule switching.



Dithienylethenes for Non-Destructive Readout, Towards Single Molecule Switching

117

5.7 Conclusions

In symmetrically-substituted dithienylcyclopentenes described in this chapter photo-
cyclization or fluorescence takes place upon excitation to the lowest excited state S1. The
processes that can occur, are depicted in Scheme 5.7. This is a simplified scheme in order to
visualize the processes. After excitation of the compound it can either undergo ring closure to
the closed form or go back to the ground state of the open form after fluorescence emission.
The process depends on the nature of the aryl groups attached to the dithienylcyclopentene
scaffold. Photocyclization is favored for dithienylcyclopentene derivatives possessing fewer

aryl groups thus a system with a less extended π-conjugated system, blue-shifting the
wavelength needed for cyclization. Fluorescence is favored for more highly substituted

analogues with a more π-conjugated system and a red-shifted excitation wavelength. TFA-

protonated analogues with a more π-conjugated system show more pronounced fluorescence
emission than their non-protonated analogues. Also the absorption maximum after
photocyclization of these TFA-protonated analogues showed a tremendous redshift.
Compound 5.13 cannot be used for single molecule switching due to too fast degradation of
the system.

S1

Closed form FluorescenceOpen form

S2

S0

S0FC
S0

S1FC

Scheme 5.7 Simplified Jablonski diagram for excitation behavior of the synthesized switches.
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5.9 Experimental section

All measurements have been carried out at room temperature. The samples were
irradiated in a 1cm quartz cuvet for UV-Vis measurements and in 5 mm pyrex tubes for NMR
experiments, using a 200W mercury lamp (Oriel) with the appropriate band-pass or high-pass
filters (Andover corporation). The fluorescence measurements were performed on a SPF-
500C spectrofluorometer manufactured by SLM Aminco. The determination of an exact mass
of 5.12 and 5.13 appeared impossible due to the problems with the ionization of the
compounds. For more general remarks see Chapter 3.6.

2-Thienylboronic acid (5.4): Thiophene (17 g, 0.2 mol) and anhydrous THF (150 ml) were
placed in a 1l three-neck flask. After cooling to –6°C n-BuLi (100 ml, 0.16 mol, 1.6M) was
added very carefully via a syringe. The mixture was allowed to stir at r.t. for 45 min. Then the
mixture was cooled to –65°C and B(OnBu)3 (54 ml, 0.2 mol) was added at once via a
syringe. The temperature rose to –30°C. The mixture was warmed to r.t. and H2O was added.
The organic layer was separated from the aqueous layer and washed with saturated NH4Cl (2
x 25 ml). A significant fraction of product could be recovered form the aqueous layer by
extraction with diethyl ether (3 x 50 ml). These organic layers were combined and washed
with saturated NH4Cl (2 x 25 ml). The product was then extracted form the organic layer by
cold 2M aqueous NaOH (3 x 70 ml), and the combined aqueous layers were acidified at 0°C
to pH = 1 by slow addition of conc. HCl. The product precipitated as a white powder, which
was collected on a glass filter and dried under vacuum at r.t. A white solid was finally

obtained (17 g, 83%). m.p. 115°C (lit 123°C sol. Pet ether);11 1H NMR (300MHz, CD3OD) δH

7.04 (s, 1H), 7.51 (s (br), 2H); 13C NMR (75.4 MHz, CD3OD) δC 128.79 (d), 132.15 (d),
136.52 (d); MS (EI): 128 [M+].

4-Thiophen-2-yl-pyridine (5.6): Na2CO3 (8.5 g, 80 mmol) was dissolved in H2O (20 ml)
and DME (30 ml) and 4-bromopyridine-HCl-salt (7.76g, 40 mmol) were successively added,
upon which a white precipitate was formed. This suspension was heated to reflux while 2-
thienylboronic acid 5.4 (7.04 g, 55 mmol) was added. Immediately the suspension turned
brown where upon Pd(PPh3)4 (0.5 g, 0.4 mmol) was added. This mixture was refluxed for 3
h. After cooling to r.t. the DME was removed in vacuo. The aqueous layer was extracted with
diethyl ether (4x). The organic layers were combined and the product was extracted from
these layers with 1M aqueous HCl (150 ml). The acidic aqueous layer was then adjusted to
pH ~ 10 by addition of aqueous NaOH (33%) solution while cooling in an ice-bath. The
product was recovered from the basic water layer by extraction with diethyl ether (4 x 50 ml).
The combined organic layers were dried (Na2SO4) and after evaporation of the solvent a
white solid (6.13g, 95%) was obtained. m.p. 88°C (lit 87-88°C);6 1H NMR (300MHz, CDCl3)

δH 7.10 (dd, J = 4.2 Hz, 1H), 7.38 (dd, J = 0.9 Hz, 1H), 7.43-7.48 (c, 3H), 8.56 (d, J = 5.1 Hz,

2H); 13C NMR (75.4 MHz, CDCl3) δC 119.79 (d), 125.26 (d), 127.13 (d), 128.36 (d), 141.06
(s), 141.27 (s), 150.27 (d); MS (EI): 161 [M+].
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2-Bromothiophene-5-(pyridin-4’-yl) (5.7): 5.6 (4.0 g, 24.8 mmol) was dissolved in DMF
(40 ml) and NBS (4.4 g, 34.7 mmol) in DMF (15 ml) was added dropwise at 0°C together
with a few drops of Br2. After 8h aqueous HCl (1M) was added and the mixture was
extracted with EtOAc. After an acid-base extraction the organic layers were dried (Na2SO4).
After evaporation of the solvent a light-brown solid (4.43g, 95%) was obtained. m.p. 148°C

(lit 152-154, sol. EtOH);12 1H NMR (300MHz, CDCl3) δH 7.03 (d, J = 3.9 Hz, 1H), 7.19 (d, J

= 4.2 Hz, 1H), 7.31 (d, J = 6.3 Hz, 2H), 8.54 (d, J = 6.0 Hz, 2H); 13C NMR (75.4 MHz,

CDCl3) δC 114.29 (s), 119.26 (d), 125.46 (d), 131.19 (d), 140.32 (s), 142.36 (s), 150.37 (d);
HRMS calcd. for C9H6NS81Br 240.938, found 240.939.

4-[2,2’-Bisthiophene-5-(pyridin-4’-yl)] (5.8): This reaction was carried out as described for
5.6, starting with 5.7 (0.5g, 2.08 mmol), 2-thienylboronic acid (5.4) (0.43 g, 3.33 mmol),
Pd(PPh3)4 (0.5 g, 0.4 mmol), Na2CO3 (0.32g, 3 mmol), DME (4 ml) and H2O (2 ml). The

product was obtained as a yellow solid (0.47 g, 93%). 1H NMR (300MHz, CDCl3) δH 7.03
(dd, J = 3.6 Hz, 1H), 7.16 (d, J = 4.2 Hz, 1H), 7.23 (dd, J = 1.2 Hz, 1H), 7.26 (dd, J = 1.2 Hz,
1H), 7.39 (d, J = 3.6 Hz, 1H), 7.42 (d, J = 6.0 Hz, 2H), 8.56 (d, J = 6.3 Hz, 2H); MS (EI): 243
[M+].

5’-Bromo-[2,2’-bisthiophene-5-(pyridin-4’-yl)] (5.9): This reaction was carried out as
described for 5.7, starting with a solution of 5.18 (3.0 g, 12.3 mmol) in DMF (20 ml), and
NBS (2.85 g, 17.6 mmol) in THF (20 ml). An orange-brown solid was obtained (3.25 g,

82%). m.p. 150°C (lit 153°C, sol EtOH)6 1H NMR (300MHz, CDCl3) δH 6.97 (d, J = 3.9 Hz,
1H), 7.00 (d, J = 3.6 Hz, 1H), 7.11 (d, J = 3.9 Hz, 1H), 7.26 (dd, J = 1.2 Hz, 1H), 7.39 (d, J =
3.6 Hz, 1H), 7.42 (d, J = 6.0 Hz, 2H), 8.56 (d, J = 6.3 Hz, 2H); 13C NMR (75.4 MHz, CDCl3)

δC 111.96 (s), 119.43 (d), 124.42 (d), 124.94 (d), 126.12 (d), 130.80 (d), 138.08 (s), 139.86
(s), 140.80 (s), 150.35 (d); HRMS calcd. for C18H8NS2Br 320.928, found 320.927.

General procedure for the Suzuki-reactions:

1,2-Bis(5’-boronyl-2’-methylthien-3’-yl)cyclopentene (3.44): Compound 1 (70 mg, 0.2
mmol) was dissolved in anhydrous THF (8 ml) under a nitrogen atmosphere, and n-BuLi
(0.31 ml of 1.6M solution in hexane, 0.5 mmol) was added at once using a syringe. This
solution was stirred for 30 min at r.t., and B(n-OBu)3 (0.18 ml, 0.6 mmol) was added at once.
The resulting solution was stirred for 1 h at r.t. and was used directly in the Suzuki cross
coupling-reactions without any workup because boronic acid 3.44 is hydrolysed during
isolation.

1,2-Bis(5’-(thiophen-2-yl)-2’-methylthien-3’-yl)cyclopentene (5.10): 2-Bromothiophene
(0.04 ml, 0.4 mmol) was dissolved in THF (5 ml) and after addition of Pd(PPh3)4 (15 mg,
0.012 mmol), the solution was stirred for 15 min at r.t.. Then aqueous Na2CO3 (1 ml, 2M)
and 6 drops of ethylene glycol were added, and the resulting two-phase system was heated in
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an oil bath till reflux (60°C). The solution of 3.34 was added dropwise by a syringe in a few
min. After addition was complete, the reaction mixture was refluxed for 2 h, and then allowed
to cool to r.t.. Diethyl ether (50 ml) and H2O (50 ml) were added, and the organic layer was
collected and dried (Na2SO4). After evaporation of the solvent the product was purified by
column chromatography (SiO2, hexane) to gave a purple solid (32 mg, 38%). 1H NMR

(300MHz, CDCl3) δH 1.95 (s, 6H), 2.01-2.11 (m, 2H), 2.80 (t, J = 7.5 Hz, 4H), 6.88 (s, 2H),
6.96 (dd, J = 3.9 Hz, J = 3.3 Hz, 2H), 7.04 (dd, J = 0.6 Hz, 2H), 7.14 (d, J = 5.1 Hz, 2H); 13C

NMR (75.4 MHz, CDCl3) δC 14.30 (q), 22.93 (t), 38.47 (t), 122.90 (d), 123.66 (d), 124.48
(d), 127.64 (d), 133.00 (s), 133.98 (s), 134.50 (s), 136.25 (s), 137.74 (s); HRMS calcd for
C23H20S4 424.045, found 424.042.

1,2-Bis(5’-(pyridin-4’’-yl)-2’-methylthien-3’-yl)cyclopentene (5.11) The same procedure
was used as described for 5.10, starting from 1 (1.97g, 5.97 mmol), and n-BuLi (9.3 ml of
1.6M solution in hexane, 0.15 mol), B(n-OBu)3 (4.83 ml, 1.8 mmol), 4-bromopyridine.HCl
(2.32 g, 0.12 mol), Pd(PPh3)4 (0.41 g, 0.35 mmol), aqueous Na2CO3 (15 ml, 2M) and 6 drops
of ethylene glycol. Purification of the product by column chromatography (SiO2, methanol/

CH2Cl2 = 1/20) gave a green solid (1.48 g, 60%). 1H NMR (CDCl3, 300MHz) δH 2.04 (s,
6H), 2.06-2.16 (m, 2H), 2.87 (t, J = 7.2 Hz, J = 7.8 Hz, 4H), 7.36 (d, J = 5.7 Hz, 4H), 8.53 (d,

J = 5.1 Hz, 4H); 13C NMR (75.4 MHz, CDCl3) δC 14.45 (q), 22.77 (t), 38.24 (t), 119.08 (d),
126.20 (d), 134.60 (s), 136.35 (s), 136.91 (s), 137.20 (s), 141.22 (s), 149.81 (d); HRMS calcd
for C25H22N2S2 414.122, found 414.121.

1,2-Bis(5’-[2-thienyl-5-(pyridin-4’-yl)]-2’-methylthien-3’-yl)cyclopentene (5.12): The
same procedure was used as described for 5.10, starting from 1 (70 mg, 0.2 mmol), and n-
BuLi (0.31 ml of 1.6M solution in hexane, 0.5 mmol), B(n-OBu)3 (0.18 ml, 0.6 mmol), 5.7
(0.064 g, 0.4 mmol), Pd(PPh3)4 (0.014 g, 0.12 mmol), aqueous Na2CO3 (1 ml, 2M) and 6
drops of ethylene glycol. Purification of the product by column chromatography (SiO2,

hexane/ ethyl acetate = 1/2) gave a green solid (60 mg, 52 %). 1H NMR (300MHz, CDCl3) δH

2.01 (s, 3H), 2.03-2.13(m, 2H), 2.83 (t, J = 7.2 Hz, J = 7.8 Hz, 4H), 6.98 (s, 2H), 7.09 (d, J =
3.9 Hz, 2H), 7.46 (d, J = 3.6 Hz, 2H), 7.52 (d, J = 6.0 Hz, 4H), 8.55 (d, J = 5.4 Hz, 4H); 13C

NMR (75.4 MHz, CDCl3) δC 14.40 (q), 33.53 (t), 38.39 (t), 119.32 (d), 123.93 (d), 125.21
(d), 126.10 (d), 132.40 (s), 134.66 (s), 135.13 (s), 136.52 (s), 138.68 (s), 139.60 (s), 141.10
(s), 150.22 (d); MS (DEI): 578 [M+].

1,2-Bis(5’-[2,2’-bisthiophene-5-(pyridin-4’-yl)]-2’-methylthien-3’-yl)cyclopentene (5.13):
The same procedure was used as described for 5.10, starting from 1 (107 mg, 0.33 mmol), n-
BuLi (0.52 ml of 1.6M solution in hexane, 0.83 mmol), B(n-OBu)3 (0.27 ml, 1 mmol), 5.9
(0.21g, 0.66 mmol), Pd(PPh3)4 (0.023 g, 0.20 mmol), aqueous Na2CO3 (1 ml, 2M) and 6
drops of ethylene glycol. Purification of the product by column chromatography (SiO2,
methanol/ CH2Cl2/Et3N = 1/20/1%) and subsequent trituration in CH2Cl2/ hexane gave a

yellow solid (30 mg, 12 %). m.p. decomp. > 210°C, 1H NMR (300MHz, CDCl3) δH 2.00 (s,
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6H), 2.02-2.12 (m, 2H), 2.83 (t, J = 7.2 Hz, J = 7.8 Hz, 4H), 6.92 (s, 2H), 7.00 (d, J = 3.6 Hz,
2H), 7.16 (d, J = 3.6 Hz, 2H), 7.19 (d, J = 3.9 Hz, 2H), 7.50 (d, J = 4.2 Hz, 2H), 7.57 (d, J =

5.4 Hz, 4H), 8.58 (d, J = 6.6 Hz, 4H); 13C NMR (75.4 MHz, CDCl3) δC 14.35 (q), 22.91 (t),
38.34 (t), 105.32 (d), 119.31 (d), 123.56 (d), 124.41 (s), 124.77 (d), 124.92 (d), 126.22 (d),
132.40 (s), 134.53 (s), 134.59 (s), 134.66 (s), 136.39 (s), 137.51 (s), 139.10 (s), 141.03 (s),
150.10 (d); MS (DEI): 742 [M+].

1,2-Bis(5’-[2,2’-bisthiophene-5-(pyridin-4’-yl)]-2’-methylthien-3’-yl)cyclopentene (5.14):

Compound 5.13 (5.4 mg, 7.3 µmol) was dissolved in CH2Cl2 (3 ml) and methyl

trifluoromethane sulfonate (2.1 µl, 19µmol) was added. The solution immediately turned red
and a solid precipitated. After stirring for 1 h at room temperature the suspension was filtered
over a glass filter and the solid material rinsed with CH2Cl2 and dried in vacuo to gave a red

solid (7.7 mg, 98%). 1H NMR (300MHz, CDCl3) δH 1.91 (s, 6H), 2.01-2.11 (m, 2H), 2.79 (t,
J = 6.9 Hz, J = 7.5 Hz, 4H), 4.21 (s, 6H), 7.02 (s, 2H), 7.07 (d, J = 4.2 Hz, 2H), 7.33 (d, J =
4.2 Hz, 2H), 7.37 (d, J = 4.5 Hz, 2H), 7.98 (d, J = 3.9 Hz, 2H), 8.10 (d, J = 6.9 Hz, 4H), 8.60
(d, J = 6.9 Hz, 4H).
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Chapter 6

Photocontrolled Self-assembly of Molecular Switches

6.1 Introduction

The self-assembly of small functional molecules into supramolecular structures
comprises a powerful approach towards the development of new materials and devices of
nanoscale dimensions.1,2 The control of these organizational processes by chemical or
physical processes is a major challenge. A promising approach towards such responsive or
smart materials is the integration of an addressable function, e.g. photochromic moieties,3,4

into the supramolecular building blocks, which would offer the possibility to alter the self-

assembly  process of the individual molecules or change the properties of the supramolecular
arrays by means of light. A number of photoresponsive host-guest systems and receptors,5 a
model system for self-assembling biomaterials such as DNA or proteins,6 photoresponsive
polypeptides7,8 and double- and triple-helix formation by oligonucleotides9 have been
reported but studies of self-assembling photoswitchable systems, in which the macroscopic
properties are affected by light, are limited to switchable organogels,10 and self-assembling
peptide tubes (Scheme 6.1).11

Scheme 6.1 Photoswitchable hydrogen bonding in self-organized cylindrical peptide

systems.11

Ghadiri and coworkers examined a covalent dimeric system in which two cyclic peptides
are connected through an azobenzene spacer (Scheme 6.1). The peptides were further
modified by N-methylation of alternate amides, restricting the hydrogen bonding capacity to
one face of each flat ring. Modeling indicated that only the Z conformation of the azobenzene

                                                
Part of this chapter has been published in: Lucas, L.N.; Esch, J. van; Kellogg, R.M.; Feringa, B.L.
Chem. Commun. 2001, 759.
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would permit intramolecular hydrogen bonding between two linked peptides to form a
cylindrical dimer, whereas the E conformation would prevent close intramolecular
interactions, which would result in the formation of oligomers. In practice this turned out to
be the case. Intramolecular hydrogen bonding enhanced the stability of the Z form, resulting
in a rare quantitative photochemically induced E to Z transition. Furthermore, kinetic
experiments revealed that the thermal isomerization in the dark from Z to E was 7.5 times
slower in the peptide system than in case of 4,4’-dimethylazobenzene. Switchable organogels
developed by Shinkai et al.10 will be discussed in Chapter 7.

In this chapter a new self-assembling system is described based on diarylethene
photochromic switches,3 which form extended aggregates in solution the viscosity of which
can be changed by light. All examples discussed above make use of azobenzene-derivatives
as the photochromic system. The major drawback of this system is the thermal reversibility of
the Z to E isomerization. Therefore in this project a dithienylcyclopentene-switch12 has been
used. Diarylethene and particularly dithienylcyclopentene molecular switches are a distinct
class of photochromic compounds that can undergo a reversible ring-closure reaction upon
irradiation with respectively UV- and visible-light. This is accompanied by a pronounced
change of the electronic properties and conformational flexibility: in the open form (6.3o) the
two thienyl moieties are not conjugated and can rotate around the bond connecting them with
the cyclopentene ring, whereas in the ring-closed form (6.3c) the conjugation extends
throughout the molecule and the rotational freedom is lost (Scheme 6.2).

S SHB HBSS HBHB

UV

VIS

Open (o)
6.3o

Closed (c)
6.3c

HB = Hydrogen Bonding unit

Scheme 6.2 Photoswitching of a dithienylethene-switch bearing hydrogen bonding groups

and a cartoon which represents both forms.

Recently, this change in conjugation has been used to control the electron transfer between
donor-acceptor pairs covalently attached to a diarylethene.13 Furthermore, these compounds
combine excellent switching properties and are fatigue resistant, and finally both forms are
thermally stable.

Hydrogen bonding14 motives are, because of their high selectivity and directionality (see
also Chapter 1) especially suited for the design of novel molecular building blocks which will
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self-assemble into supramolecular assemblies with a well-defined structure. In our group the
one-dimensional hydrogen bonding properties of urea moieties have been exploited for the
design of supramolecular building blocks, which in solution self-assemble into elongated
fibres and on solid substrates form one-dimensional arrays.15
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Scheme 6.3 Hydrogen bonding patterns formed by amides: (a) linear arrays and (b)

dimers.16c

Amide-amide interactions are also frequently used in order to obtain supramolecular
structures. Amides are also well-known low molecular weight organogelators.16 Amides form
one-dimensional patterns as well as eight-membered ring hydrogen bonded dimers, and they
form linear arrays of hydrogen bonded molecules in the solid state (Scheme 6.3). When
hydrogen bonding groups like amides or ureas are attached to the switch, it is expected that
the geometrical transformation of the switch from a flexible to a more rigid scaffold will
result in a change of the self-assembly properties in solution. Therefore also changes in the
macroscopic properties of the system can be expected.
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Scheme 6.4 Directionality of hydrogen bonding of bis-urea compounds with a flexible linker

(a) and with a conformationally constrained linker (b).
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This conformational concept has already been demonstrated for bisureas (Scheme 6.4). The
hydrogen bonded structures are less regular in case of a flexible spacer (linear alkyl chain),
whereas the aggregates are forced along one direction when the spacer is more rigid as
exemplified by a cyclohexane or benzene ring.17,18

Here the amide-bond was chosen as hydrogen bonding group because of its easy
accessibility. The synthesis of a diamide should be readily achievable starting from the diacid
dithienylcyclopentene switch 3.35 that was already discussed in Chapter 3.

6.2 Synthesis

In order to promote the formation of supramolecular assemblies in solution by hydrogen
bonding, the dithienylcyclopentene-switch had to be extended with two amides as hydrogen
bonding groups (Scheme 6.5). Two amide derivatives were synthesized, one with a dodecyl
chain and one with a more sterically demanding t-butyl chain. The 1,2-bis(5’-
[(alkylamino)carbonyl]-2’-methyl-thien-3’-yl)cyclopentenes (6.1 and 6.2) were synthesized
in one step starting from 3.35. An initial attempt was to synthesize the amide starting from an
acid chloride. However, to make the acid chloride of 3.35 harsh conditions were required, i.e.
excess thionyl chloride, which resulted in a low yield. Furthermore the acid chloride was not
very stable, and had to be prepared fresh every time. In order to avoid this, it was decided to
use a coupling method well known in peptide chemistry.19 This reaction proceeds in one pot
under mild conditions, starting from 3.35. The carboxylic acid was first deprotonated by N-
methylmorpholine (NMM) and subsequently activated by 2-chloro-4,6-dimethoxytriazine
(6.5), followed by a reaction of the activated ester with the corresponding amine. Compounds
6.1 and 6.2 were obtained in 53% and 48% yield, respectively, after column chromatography.
The compounds were identified as the desired amide-derivatives according to 1H- and 13C
NMR, mass and IR spectroscopy. These compounds turned out to be very good switches, as
will be discussed in the following paragraph.

N

N

N

Cl

H3CO OCH3

1) NMM, 

2) RNH 2

CH2Cl2, 0ºC

6.5

3.35

SS
N

R
N

R

O O

H H

SS
OHHO

OO

6.1 R = C 12H25   53%
6.2 R = t-Bu         48%

Scheme 6.5 Synthesis of amide-functionalized switches.

Also an attempt was undertaken to synthesize a bisurea switch (Scheme 6.7). Ureas can
most easily be prepared by an addition of an amine to an isocyanate (Scheme 6.6a). The
direct coupling of an urea group to a dithienylcyclopentene switch thus requires a
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thienylamine or a thienyl isocyanate. Because thienylamines are known to be very unstable,
some attempts were undertaken to prepare an isocyanate-substituted dithienylcyclopentene
switch. Isocyanates can be easily synthesized from a carboxylic acid. In this approach the
acid is first converted in an acylazide derivative, which can then undergo a Curtius
rearrangement at elevated temperatures to form an isocyanate (scheme 6.6b).20

+ N N R'R

H H

O

R' NH2R N C O

R OH

O

R N3

O

R N C O
Et3N, DPPA

CH2Cl2

∆

(a)

(b)

Scheme 6.6 Synthesis of an urea (a) and synthesis of an isocyanate via the Curtius-

rearrangement (b).

The diacid 3.35 was allowed to react conform a literature procedure for the formation of
5-methyl-2-thiophenecarbonyl azide.21 Compound 3.35 was converted to the more reactive
mixed anhydride by a reaction with butyl chloroformate, and the mixed anhydride was then
converted to the acyl azide by reaction with aqueous NaN3. The product was extracted from
the aqueous reaction mixture into dichloromethane, and this solution was subsequently heated
for several hours to form the isocyanate. However, quenching of the reaction mixture with an
amine did not result in the formation of the corresponding bis-urea. It is not clear what kind
of products have formed instead. The NMR looks rather messy. Acyl azides can also be
prepared by reaction of a carboxylic acid with diphosphorylazide (Scheme 6.6b),22 but also
application of this method to diacid 3.35 did not result in the formation of the corresponding
bis-urea after quenching of the isocyanate with excess amine (Scheme 6.7). Probably the di-
isocyanate of 3.35 is too unstable. The best way to proceed is to introduce a spacer between
the thiophene of the switch and the isocyanate. Fortunately the synthesis of the amide
derivatives goes without any problems.

1) R'N3

2) ∆
3) RNH 2

SS
OHHO

OO

SS NN N

O O

N RR

H H H H3.35 6.4

Scheme 6.7 Attempted synthesis of a dithienylcyclopentene bis-urea switch.
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6.3 Physical properties

6.1c R = C12H25

6.2c R = t-Bu
6.1o R = C 12H25

6.2o R = t-Bu

SS
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O

H
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RS SR

H

O

N

Scheme 6.8 The open and closed forms of diarylcyclopentene amides that were studied.

The gelation behavior17b of both 6.1o and 6.2o was tested via the testtube-tilting method
in various solvents of different polarity (Table 6.1). The compounds are sparingly soluble at
room temperature in most of the solvents investigated, but upon heating they gradually
dissolve. Upon cooling to room temperature, a viscous solution (vs), a precipitate (p) or a
clear solution (s) was observed, depending on the solvent used. It was found that 6.1o did not
form gels with any of the solvents investigated, but with apolar solvents, like cyclohexane,
dodecane, and benzene, clear viscous solutions were formed at concentrations well above 5
mM, indicating that aggregation of 6.1o occurs.23 The formation of viscous solutions instead
of gels has been reported before by Hanabusa et al. for cis-1,3,5-cyclohexanetricarboxamides
with long alkyl chains in non-polar solvents.24 When the dodecyl chain is replaced by the
more sterically demanding t-butyl group, as in 6.2o, dissolution does not result in any visible
form of aggregation.

Table 6.1 Dissolution properties of switches 6.1o and 6.2o.

Solvents Switch 6.1o Switch 6.2o
Cyclohexane vs (1.46) p

Dodecane vs (0.73) p
1-Phenyloctane vs (1.46) p

Benzene vs (1.17) s
1,4-Dioxane p s

n-Butyl acetate p s
1,2-Dichloroethane s s

2-Octanol s s
Ethanol s s

Symbols: vs = viscous solution; p = precipitate; s = solution; ( ) = concentration in 10-1M.

Several features of 1H NMR spectra can be used in order to elucidate structural aspects
of hydrogen bonding aggregates. In case of amide self-assembly structures much information
can be obtained from the NH proton. The peak width is an important indicator. This peak is
broad in case of hydrogen bonding aggregates and is normally sharp and split if the molecule
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is not associated. The hydrogen bonded NH protons resonate in this case in the region
between 6 – 5 ppm and the location is consistent with the order of the aggregate in solution.
If the assembly is deaggregating the NH protons will shift upfield. Variable temperature
NMR can reveal dynamic processes that are fast (or slow) on the NMR time scale at room
temperature. At higher temperatures the hydrogen bonds are broken and as a consequence
deaggregation occurs, leading to an upfield shift of the NH proton.

The 1H NMR spectra of 6.1o in C6D6 show a gradual downfield shift of the δ value of the
NH absorption and an increase of the line width with increasing concentration, indicating that
6.1o forms highly dynamic aggregates through hydrogen bonding between the amide groups
at higher concentrations (Figure 6.1).25 In contrast the 1H NMR spectra of 6.2o in C6D6 show
only minor shifts (< 0.05 ppm) upon increasing the concentration from 2 to 22 mM,
indicating that the sterically more demanding t-butyl groups effectively prevent aggregation
of 6.2o by intermolecular hydrogen bonding (Figure 6.1).26
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Figure 6.1 Concentration dependence of the chemical shift of the NH protons.

This concentration dependence of the chemical shifts of the NH protons could not be
described by a dimerization model,27 indicating that higher order aggregates are formed.
Previous studies on the self-association of mono-28 and bis-ureas29 also have indicated the
formation of higher-order aggregates, and in these cases it was found that the association of
these compounds could be adequately described by a model that includes both the formation
of dimers and higher-order aggregates.30

Self-association of 6.1 :       S + S           S  2
                                    
                                           S + S   n-1          A n

                                            

K2

Kn

With  K2 = K3 = K4 =                 = K n

Scheme 6.9 Cooperative model for a self-associating system (S).
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The chemical shifts of the NH protons were analyzed by this model,30 assuming that all but
the first association constant K2 are the same. The concentration dependence can then be
described with Equation (1)30,31 A plot can be made of ‘Y’ against ‘X’ in order to determine
the corresponding K’s (Figure 6.2).
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Indeed, the concentration dependence of the chemical shift for 6.1o in benzene (Figure 6.1)
could well be described by this model, and it was found that the dimerization constant K2 =
81 M-1, and the association constant for the formation of higher order aggregates Kn = 787
M-1 (Figure 6.2). These values could be obtained from Figure 6.2, K2 could be derived from
the intercept and Kn from the slope of the graph (R = 0.99). Apparently, the formation of
higher order aggregates by bisamide 6.1o is highly favored over the formation of dimers in
apolar solvents like benzene, and the self-assembly of 6.1o is a highly cooperative process.
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Figure 6.2 The concentration dependent chemical shifts of 6.1 analyzed by the cooperative

aggregation model.

Viscosity is the main property of a fluid that characterizes its flow behavior.32 Liquid
flow can occur under the action of gravity or another externally applied force, and the viscous
behavior is caused by the internal friction between molecules of a fluid. When a part of the
fluid is caused to move, neighboring parts tend to move along. This resistance to the
development of velocity differences within a fluid is the essential feature of viscosity.
Viscosity can be measured with capillary, rotational or falling body types of viscometers. In
this case a rotational cone and plate viscometer is chosen, due to the fact that only small
amounts of material are required in order to carry out a measurement (Scheme 6.10). The
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feature of this type of instrument is that, provided the angle between the cone and plate is
very small, the rate of shear is essentially uniform throughout the sample.

x

y

τ  =  η 
Shear stress

Shear rate
dVx
dy

Sample

Cone

Spring

Scheme 6.10 Cone and plate viscosimeter.

When the cone rotates at a certain speed (V), the velocity gradient is the same throughout the
whole sample, so it is defined as dVx/dy (shear rate). Some friction of the fluid has to be
overcome to be able to maintain that same speed. The spring therefore is subjected to a

certain torque (τ), also called shear stress. Shear rate (dVx/dy) times viscosity (η) equals the

shear stress (τ). The unit of viscosity is Pa.s, but also the old unit poise is frequently used (1
Pa.s = 10 poise).
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Figure 6.3 Viscosity measurements at different shear rates.

Viscosity measurements32 were performed with a 14.6 mM solution of 6.1o in benzene at
different shear rates. As is clear from the data shown in Figure 6.3, the viscosity decreases
with increasing shear rate, indicating that solutions of 6.1o behave as a non-Newtonian liquid.
The molecular interpretation of this phenomenon is not yet clear, and probably the aggregates
are oriented in the flow direction and hence slide more freely past each other. Similar shear-
thinning effects have been observed by Meijer et al. in helical self-assembled polymers
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consisting of small hydrogen bonding subunits.23 It should be noted that a 21.8 mM solution
of 6.2o does not cause a significant increase of the viscosity of the solvent, within the
detection limit of the instrument used.33

The photochromic behaviour of benzene solutions of 6.1 was studied by UV-Vis

spectroscopy and 1H NMR. Irradiation at λ = 313 nm of a dilute solution of 6.1o in benzene
(0.29 mM), i.e. at a concentration that 6.1o is mainly present as monomer, resulted in the
formation of a new absorption band at 514 nm due to the formation of the conjugated closed
form 6.1c (Figure 6.4). From 1H NMR data it was deduced that the photostationary state
consists of a mixture of 6.1o and 6.1c and that the mole fraction 6.1c is 0.7 (determined from
the integration of the CH3-signals of 6.1o and 6.1c at respectively 1.76 and 2.16 ppm).

Irradiation at λ > 520 nm causes a complete conversion to the initial state consisting of pure
6.1o, and this switching process between 6.1o and 6.1c could be repeated several times
without any measurable degradation. Dilute solutions of 6.2o exhibit similar photochromic
behavior, and a maximum also appeared at 514 nm after irradiation at 313 nm.
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Scheme 6.11 Formation of intramolecular hydrogen bonds.

It is interesting to note that switching between 6.1o and 6.1c is not prohibited by formation of
intramolecular hydrogen bonds (Scheme 6.11) as has previously been reported for carboxylic
acid derivatives of diarylethene switches,34 although it cannot be excluded that such an
intramolecular hydrogen bond between the two amide groups is present.
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Figure 6.4 UV-Vis spectra of a solution of 6.1o in benzene (0.29 mM) before () and after

irradiation (---) at 313nm for 20 min and of a viscous solution of 6.1o in benzene (11.7 mM)

after irradiation (⋅⋅⋅) for 10 min at 313 nm.
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Also irradiation of a concentrated viscous solution of 6.1o in benzene (11.7 mM) leads to the
appearance of an absorption band at longer wavelength, characteristic for the formation of the
closed form (Figure 6.4). The absorption maximum of 6.1c shows a small red shift to 524 nm
and is slightly broadened compared to the measurements at low concentrations, indicative of
a weak exciton coupling between the chromophores in the aggregates. The switching process
is also fully reversible in these concentrated solutions and can be repeated several times,
although at very long irradiation times (> 20h) some decomposition (< 5%) takes place.35 The
viscous solution needs, however, considerably longer irradiation times (6 h) to reach the
photo-stationary state compared to monomeric solutions of 6.1o ( < 0.5 h). Quantitative
analysis of the kinetics is not yet possible in our experimental set-up due to inner filter effects
and an inhomogeneous optical field.
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Figure 6.5 Viscosity of 14.6 mM solution of 6.1o in benzene before () and after irradiation

(⋅⋅⋅) (mole fraction 6.1c = 0.2).

Most remarkably, even at relatively low conversions of 6.1o to 6.1c (mole fraction 6.1c =
0.2) there is a clear decrease of the viscosity compared to benzene solutions of pure 6.1o,
demonstrating that the viscosity of solutions of 6.1 can be controlled by light (Figure 6.5).36

The viscosity measurements did not reveal a significant change of the viscosity due to
photoswitching of 6.2o.

In order to determine whether this photo-induced viscosity change is due to a change of
the aggregate properties such as stiffness or to a change of the extent of aggregation of 6.1,
the photoconversion of viscous benzene solutions of 6.1o (7.32 mM in C6D6) was followed
by 1H NMR (Figure 6.6). Irradiation of a solution of 6.1o at 313 nm caused the appearance of
a second set of NH and CH3 signals, which are assigned to the closed form 6.1c. After 50 min
irradiation the NH-signal of 6.1c appears as a shoulder upfield from the NH-signal of 6.1o
(mole fraction 6.1c = 0.13). After longer irradiation times both the NH-signals of 6.1o and
6.1c are shifted upfield compared to the NH-signal of pure 6.1o (5.53 ppm) and after 6h they
appear at the same position at 5.39 ppm.
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Figure 6.6 1H NMR irradiation experiment with 6.1 in benzene-d6.

Although these results do not rule out mesoscopic changes of the aggregates due to
irradiation, they clearly indicate that photoconversion of 6.1o to 6.1c causes a decrease of the
extent of aggregation. This is visualized in a cartoon (Scheme 6.12). After 6h irradiation a
photostationary state was reached with the ratio 6.1o /6.1c = 0.5, which is comparable to the

photostationary state of monomeric 6.1. Irradiation at λ > 520 nm causes a complete
conversion to 6.1o with the NH-signal again appearing at 5.53 ppm. Apparently, both the
photoswitching and the aggregation of 6.1 are completely reversible.

Scheme 6.12 A cartoon that shows the extent of self-assembly of the system, which can be

controlled by photochemical switching.

For comparison, similar experiments were carried out with C6D6 solutions of 6.2o
(Figure 6.7). Irradiation of 22 mM solutions of 6.2o also resulted in two NH signals at 5.37
ppm and 5.44 ppm, which can be assigned to 6.2o and 6.2c respectively, but for this
compound the NH signals did not shift with increasing conversion of 6.2o to 6.2c. Also the
viscosity measurements did not reveal significant changes of the viscosity due to
photoswitching of 6.2.
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Figure 6.7 1H NMR irradiation experiment with 6.2 in benzene-d6.

In conclusion, the bis-amide photochromic switch 6.1 undergoes self-assembly in apolar
solvents through a cooperative association mechanism, and forms extended aggregates,
resulting in highly viscous solutions. Most remarkably, the reversible photoswitching of 6.1
from the open form to the closed form causes a change of the extent of aggregation, which is
accompanied by a decrease of the viscosity. These changes can be attributed to different
molecular properties like shape and conformational freedom of the open and closed form of
diarylethene switch 6.1, and it is expected that this feature of diarylethene switches can be
employed to control other macroscopic properties like gel formation by light as well.
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6.5 Experimental section

Viscosity measurements were performed on a Brabender Rheotron, with a cone/plate
geometry (cone angle 3°), and 1H NMR experiments were performed on a Varian VXR-300
spectrometer, using 0.15-22 mM benzene solutions of 1 or 2. All measurements have been
carried out at room temperature. The samples were irradiated in a 1mm quartz cuvet for UV-
Vis measurements and in 5 mm pyrex tubes for NMR experiments, using a 200W mercury
lamp with a 313 nm band-pass or a 520 nm high-pass filter. Exact masses or elemental
analyses of these compounds could not be obtained.

1,2-Bis(5’[(dodecylamino)carbonyl]-2’-methyl-thien-3’-yl)cyclopentene (6.1): Compound
3.35 (200 mg, 0.6 mmol) was suspended in CH2Cl2 (5 ml) and placed in an ice bath.
Subsequently N-methylmorpholine (0.13 ml, 1.2 mmol) was added and suspension became a
solution. Then 2-chloro-4,6-dimethoxytriazine (0,20 g, 1.2 mmol) was added, and a white
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precipitate was formed immediately after this addition. The reaction mixture was stirred for
2h at 0°C , and then another two equivalents of N-methylmorpholine (0.13 ml, 1.2 mmol)
were added followed by dodecylamine (0.26 ml, 1.2 mmol). Stirring was continued for 1h at
0°C, and subsequently overnight at r.t.. CH2Cl2 (50 ml) was added and the solution was
washed with respectively 1M HCl (2 x 20 ml), brine (1x 20 ml), saturated aqueous
bicarbonate solution (1 x 20 ml) and H2O (1 x 20 ml). The organic phase was dried (Na2SO4)
and after evaporation of the solvent gave a solid product. After purification by column
chromatography (CH2Cl2/MeOH = 40:1) a sticky off white solid was obtained (0.22 g, 53%).

m.p. 102°C, 1H NMR (300 MHz, CDCl3) δH 1.41 (t, J = 6.6 Hz, 3H, CH3), 1.24 (m,18H),
1.56 (m, 4H), 1.92 (s, 6H), 1.97-2.07 (m, 2H), 2.77 (t, J = 7.5 Hz, 4H), 3.35 (m, 4H), 5.77 (t,

2H, NH), 7.17 (s, 2H); 13C NMR (75.4 MHz, CDCl3) δC 14.09 (q), 14.64 (q), 22.65 (t), 22.82
(t), 26.78 (t), 26.93 (t), 29.31 (t), 29.43 (t), 29.52 (t), 29.61 (t, 2x), 31.86 (t), 38.42 (t), 39.99

(t), 129.26 (d), 134.41 (s), 134.70 (s), 136.24 (s), 139.51 (s), 161.75 (s); IR: ν 1535, 1561,
1618, 2852, 2922, 3298 cm-1; MS (DEI): 682 [M+].

1,2-Bis(5’[(t-butylamino)carbonyl]-2’-methyl-thien-3’-yl)cyclopentene (6.2): This
compound was prepared as described above for 6.1, starting from 3.35 (0.5 g, 1.44 mmol)
and t-butylamine (0.32 ml, 3.0 mmol). After column chromatography (CH2Cl2/MeOH = 25:1)

an off white solid was obtained (0.32 g, 48%). m.p. 143°C, 1H NMR (300 MHz, CDCl3) δH

1.41 (s, 18H), 1.92 (s, 6H), 1.99-2.09 (m, 2H), 2.76 (t, J = 7.5 Hz, 4H, CH3), 5.56 (s, 2H,

NH), 7.09 (s, 2H); 13C NMR (75.4 MHz, CDCl3) δC 14.73 (q), 28.92 (q), 38.42 (t), 51.83 (t),

123.95 (s), 128.82 (d), 134.71 (s), 135.67 (s), 136.17 (s), 139.36 (s), 161.14 (s); IR: ν 1535,
1559, 1622, 2851, 2913, 2958, 3291 cm-1; MS (DEI): 458 [M+].
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Chapter 7

Dithienylcyclopentene Amide Switches as Gelling Agents for
Organic Solvents: Towards Photocontrolled Gelation

7.1 Smart gels

There is a strong interest in using organogelators1 in practical applications particularly in
the design of specific material properties. One potential target, for instance, would be
materials that can be used to form dynamic gels, which respond to various stimuli in the bulk
phase (smart gels). Some of these applications have already been mentioned in Chapter 1, for
example, efficient charge transport within bis-urea organogels due to the incorporation of
thiophene and bis-thiophene in the spacer between the urea groups.2 Another example was
the polymerization of bis-urea gels by photo-irradiation, which transformed a physical gel
into a chemical gel. This results in a dramatic improvement of the long-term and thermal
stability at the expense of its reversible character. After removal of the solvent by freeze-
drying, a highly porous material of very low density (< 0.005 kg/dm3) was obtained.3

Although these systems represent examples of functional gels, they are not “smart” gels; a
definition that implies the ability to respond to changes of their environment. One approach
to such smart gels could be the incorporation of a photochromic moiety, which would allow a
reversible change of properties of the gels on irradiation with light (see Chapter 6).
There are only two systems that have been reported to undergo photocontrolled gelation. The
first involves the well-known cholesterol-azobenzene derivatives reported by Shinkai and
coworkers (Scheme 7.1).4
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Scheme 7.1 Photocontrolled organogelator.

Trans-7.1 is a gelator, whereas after irradiation, the cis-trans mixture provided a solution.
The cis/trans ratio of 7.1 at the photostationary state (PSS) was determined to be 38/62. The
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cis-trans isomerization of the butanol gel was fully reversible and was repeated several times
without observable degradation. Tgel for a gel of trans-7.1 is higher than the Tgel of the PSS.
Between these two temperatures this system can be reversibly changed from the gel to the
solution state by light. A second example is the recently reported photochemically-controlled
gelation system based on cis-trans isomerization around the double bond in trans-fumarides.5

The aim of the research described in this chapter was to synthesize suitable optical
switches and demonstrate that these could be used to construct photoswitchable
organogelators. The dithienylcyclopentene switch has been used as photochromic unit,
because of its pronounced change in conformational flexibility after irradiation and the
thermal stability of both the open and the closed form. This stands in contrast to azobenzenes.
The switch has been extended with primary amide moieties to enforce self-assembly into one
dimensional aggregates in apolar solvents through the formation of intermolecular hydrogen
bonds, ultimately leading to the formation of gels. It is anticipated that the open and closed
forms will form aggregates with different structures and properties because of their different
conformations, and it is expected that this change will also be reflected in the properties of
these gels (see also Chapter 6.1).

7.2 Synthesis

In Chapter 6 amide derivatives of 3.35 were described. Aggregation obviously occurred,
for they form highly viscous solutions with apolar solvents, but gelation did not take place
even at very high concentrations. This prompted us to synthesize other dithienylcyclopentene
amide derivatives, which would hopefully provoke gelation. Following the synthetic route
that has already been described in Chapter 6 (Scheme 7.2), the amide derivatives were
prepared in one step starting from 3.35. The carboxylic acid was first activated by 2-chloro-
4,6-dimethoxytriazine (7.2), followed by a reaction of the activated ester with the
corresponding amine.6
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Scheme 7.2 Synthesized dithienylcyclopentene amide derivatives.
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In this case the following amines were used in order to obtain the corresponding amide
derivatives: aniline (7.3); benzylamine (7.4); (R)-phenylethylamine (7.5); (R)-
cyclohexylethylamine (7.6); octadecylamine (7.7) and (S)-citronellamine (7.8). All amines
were commercially available except for citronellamine. The corresponding amides were
obtained in yields ranging from 23 to 45% after purification. The diarylethene derivatives
were characterized by 1H, 13C NMR and mass spectra (EI, DEI or HRMS).

In order to obtain (S)-citronellamine, first oxime 7.10 was synthesized in 92% yield by a
reaction of commercially available (S)-citronellal 7.11 with hydroxylamine and aqueous
sodium hydroxide in ethanol at elevated temperatures. Without further purification compound
7.10 was reduced with LiAlH4 in THF to yield (S)-citronellamine (7.11) in 54% yield. The
yield is rather low due to difficulties during purification, which arise from the alumina-salts.

LiAlH4

THF, ∆, 54%

NH2OH.HCl
NaOH

EtOH/ H2O
60ºC, 92%

NH2

N OHO

7.9 7.10

7.11

Scheme 7.3 Synthesis of (S)-citronellamine.

7.3 Gelation behavior

The gelation behavior of 7.3 – 7.8 was tested via the test tube-tilting method;7 and the results
are summarized in Table 7.1. For cases where viscous solutions were formed the minimum
concentration at which the solution did not flow at once to the bottom after tilting the tube is
given. Compounds 7.3 – 7.8 are sparingly soluble at room temperature in most of the solvents
investigated, but upon heating at 50 – 150°C they gradually dissolve. Cooling to room
temperature resulted in many cases in the formation of a gel or a large increase of the
viscosity was observed. From the table it is clear that the amide-based switches 7.3, 7.5 and
7.6 are very potent gelators for aliphatic and aromatic hydrocarbons, tetralin, and n-butyl
ether. On the other hand, these amide-appended switches were not effective for gelation of
solvents like the lower alcohols. This suggests that the formation of intermolecular hydrogen
bonds is a major driving force for aggregation. If gelation occurred the concentration was
lowered until this behavior disappeared. In all cases the minimum gelation concentration is
very low. The gelation process is thermally reversible since after heating the gel becomes a
solution and after cooling to room temperature the gel is formed again.
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Table 7.1 Gelation behavior of the amide derivatives.

Solvents 7.3 7.4 7.5 7.6 7.7 7.8

Hexadecane P P P G (1) VS (10) G (< 2)
Cyclohexane P P G (4) G (1) S VS (< 2)

1-Phenyloctane G (< 3) P G (2) G (1) VS (10) VS (< 2)
Toluene G (3) P G (1) G (1)/P - -

n-Dibutylether G (3) P G (2) G (5) VS (12) -
Benzene G (< 3) P G (2) G (3) VS (10) VS (4)
Tetralin G (3) G (2)/P G (4) G (3) S VS (8)

1,4-Dioxane S S S G (8) P S
n-Butylacetate S S S G (8) P S

1,2-Dichloroethane S S S P P S
2-Octanol S S S P S S
Ethanol S S S S P -

Symbols: G = gel; VS = viscous solution; P = precipitate; S = solution; ( ) = minimum
gelation concentration in mg/ml.

It is interesting to note that the nature of the peripheral substituent on the amide group has a
marked influence on the gelation ability. For instance, replacement of the aromatic
substituent in 7.5 by the analogous saturated unit as in 7.6 renders this compound into a
potent gelator for more polar sovents like n-butyl acetate and 1,4-dioxane. Although the
reason for this different behavior is not clear, an explanation might be that the change in
gelation ability is due to solvophobic effects arising from the presence of cyclohexyl groups.
These could be important in stabilizing the gel. In this respect it is also worthwhile to
mention that compound 7.4, which lacks only a methyl group compared to 7.5, does not act
as a gelator, with the exception of tetralin in which only temporarily stable gels are formed.
Compound 7.4 always forms a homogeneous solution upon heating, but upon cooling the
compound slowly precipitates in apolar solvents, indicating that aggregation occurs to some
extent. Probably the introduction of the methylene spacer between the hydrogen bonding
group and the phenyl leads to a system too flexible for long term aggregation. In this respect
it would, of course, be interesting to synthesize also the cyclohexylamide and
methylenecyclohexylamide derivatives to see whether they follow the same trend as observed
for the phenyl derivatives. Compounds 7.7 and 7.8 both lack a cyclic group in the N-amide
substituent, and it is observed that they do not gelate any of the solvents investigated with the
exception of hexadecane. On cooling viscous solutions are formed, indicating that higher
order aggregates are formed. These viscous solutions are all optically transparent. The
appearance of the viscous solutions in this case is no surprise for this is behavior analogous to
that observed for the dodecylamide derivative described in Chapter 6.

The properties of the gels formed by 7.3-7.6 depend markedly on the nature of the
substituents. Compound 7.3 forms exclusively opaque gels, whereas compound 7.5 gives
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optically transparent gels with all of the solvents investigated. In case of 7.6 mostly opaque
gels were obtained with the exception of the gels in aromatic solvents, which were
transparent. In all cases mentioned above, the gels are soft, and more viscous-like, instead of
the rigid gels formed by the bis-urea gelling agents, which are often easily disrupted by
mechanical agitation, especially at lower concentrations. In contrast to gels of these bis-urea
gelling agents, thixotropic behavior was not observed for any of the gels mentioned in Table
7.1.8 This behavior means that when the gel is shaken or stirred thoroughly, a viscous liquid
is formed, which turns into a gel again after leaving it at rest for some time.

Most of the gels and viscous solutions can be stored for months in the dark without
showing any sign of decomposition. A notable exception are the toluene gels of 7.6, which
turned into a crystalline precipitate after some time. When these gels were slowly (30°C/h)
heated to 80°C, a crystalline precipitate was formed also. Such kinetic instability due to slow
crystallization is a common problem with organogels.1d,e On the basis of preliminary
experiments with compound 7.6 it appears that the long term stability decreases from > 24 h
at low concentrations and temperature (C = 3 mg/ml, T = 5°C) to less then 30 min at higher
concentration and temperature (C = 20 mg/ml, T = 30°C), which suggests that this kinetic
instability is due to Ostwald ripening.9

7.4 CD measurements

Circular dichroism (CD) spectroscopy is a technique based on the different absorption of

left- and right-handed circularly polarized light by chiral molecules (εL ��εR) and can be used
to differentiate between enantiomeric species.10 CD spectra of gels consisting of chiral

compounds often show remarkably strong peaks, because the difference between εL and εR is
strongly enhanced in chiral aggregates due to exciton coupling between the chromophoric
groups. CD spectroscopy can therefore often be used as a diagnostic tool for the formation of
chiral aggregates, and to study the equilibrium between the aggregated and non-aggregated
states. The CD effect orginates thus from a chiral aggregate and not from a chiral
conformation of the compound. This was observed for the cholesterol based gelators (Scheme
7.1),4 but also for amide-organogelators derived from trans-1,2-diaminocyclohexane.11

Gelators 7.5 and 7.6 bear chiral non racemic groups, and could thus be investigated with CD.
During these investigations it turned out that the toluene gels of 7.6 were too unstable (vide

supra), so it was decided to perform all the measurements with compound 7.5 in toluene. It
was found that gels of 7.5 in toluene showed a very pronounced temperature dependent CD

effect at λmax = 321 nm (θ = -154 mdeg) (Figure 7.1). The curves illustrated in Figure 7.1 are

the first Cotton effects. Most likely a second Cotton effect is present at λ < 300 nm, due to
the fact that the open form has a maximum UV absorption there. In toluene this maximum is
not visible but in other solvents, for instance, n-hexane (see Chapter 4) always an absorption
maximum of the open form is present around 280-290 nm in the UV-region. When the
temperature was gradually increased, the intensity of the 321nm CD band decreased until at
65°C a CD effect could no longer be observed. At this temperature the gel had turned into a
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solution and therefore it was concluded that also in this case the CD effect is a result of the
formation of chiral aggregates rather than a result of the chirality of the compound itself.
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Figure 7.1 CD spectra of a toluene gel of 7.5 (1.8mM) at different temperatures.

The influence of π-stacking between the phenylpart of the amide substituents for the
formation of the aggregates is only small, because a toluene gel of 7.6 (1.8mM) gave a CD
effect comparable to that observed for the toluene gel of 7.5 (1.8mM). Cooling to 15°C gave
again a pronounced CD effect, but there was some hysteresis. This gel was then irradiated at

room temperature at λ = 313 nm until the photostationary state (PSS) was reached and a
deeply purple colored gel was obtained (Scheme 7.4). The mole fraction of the closed form of
7.5 in the PSS was 0.6, as was determined by 1H NMR.
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Scheme 7.4 The open and closed form of compound 7.5.

The UV-Vis spectra of the open forms of a toluene gel (1.8mM) and of a solution of 7.5 in
toluene (3.5 x 10-5M) are depicted in Figure 7.2-(a), whereas the closed forms are depicted in

Figure 7.2-(b). In solution the open form has a maximum of 284 nm (ε = 1.74 x 104 cm-1M-1)

and the closed form has absorption maxima (shoulder) at 343 nm (ε = 8.85 x 103 cm-1M-1)

and 518 nm (ε = 8.48 x 103 cm-1M-1) (Figure 7.2-(b)). CD effects were observed for neither
the open nor closed form of a solution of 7.5 (0.35mM). This in contrary to the
dithienylperfluorocyclopentene phenylethylimine derivatives that did give a CD effect after

irradiation of a diluted solution.12 The absorption maximum at 536 nm (ε = 8.82 x 103 cm-1
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M-1) of the closed gel (PSS) showed a red shift of 18 nm compared to the measurements at
low concentrations, indicative of an exciton coupling between the chromophores in the gel

(Figure 7.2-(b)). The CD spectrum also included new absorption bands with λmax = 361 nm (θ
= -220 mdeg) and λmax = 382 nm (θ = 69 mdeg)in the UV region, and a new band in the

visible region around λ =550 nm (θ = 70 mdeg) (Figure 7.2-(d)). The CD effect of 7.5 in the
gel at the PSS is even stronger than in the gel solely in the open form. The gel displays a
positive first Cotton effect and a negative second Cotton effect, which suggest positive
chirality as defined by the exciton chirality for a binary system.13 Positive chirality means that
the binary system has a right-handed (P)-helix. After recording the spectrum of this PSS gel
(Figure 7.2-(d)), the sample was melted, but this did not result in a ring-opening reaction of
the closed switch as was confirmed by UV-Vis spectroscopy.
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Figure 7.2 (a) UV-Vis spectra of 7.5 in toluene of a solution (0.35 mM) () and of a gel

(1.8mM) (---). (b) UV-Vis spectra of 7.5 in toluene after irradiation at λ = 313nm of a

solution of (0.35 mM) () and of a gel (---). (c) CD spectra at 15 °C of a toluene gel of 7.5

(1.8 mM) () and of a solution (0.35 mM) (---). (d) CD spectra at 15 °C of a toluene gel of

7.5 (1.8 mM) after irradiation at λ = 313 nm (), and after heating and cooling (---) and of

a diluted solution after irradiation at λ = 313 nm (⋅⋅⋅) (PSS)

After cooling to room temperature a CD spectrum was taken of this gel (Figure 7.2-(d)). Most
remarkably, the reformation of a gel of the closed form results in a drastic change of the CD
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spectrum. The maxima of the absorption bands are found at λmax = 380 nm (θ = 327 mdeg)

and at λmax = 362 nm (θ = -430 mdeg). This behavior can be explained as follows: irradiation
of a gel with all molecules in the open state causes the transformation at the molecular level
to the ring closed form, but the intermolecular arrangement in the aggregates is preserved. It
can be compared with the stereochemical effects often observed in photochemical reactions
in the solid (crystalline) state. Melting of the gel of the closed form followed by cooling
allows the switch molecules in the closed form to reassemble into the most favorable
arrangement. It should be noted that in this preferred arrangement of the closed form also the
Cotton effect has inverted, which means that the chirality of the aggregates has changed. A
negative first Cotton effect and a positive second Cotton effect suggest negative chirality for
this binary system.13 Negative chirality means that the binary system has a left-handed (M)-
helix.
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Figure 7.3 CD spectra at 15 °C of a toluene gel of 7.5 (1.8mM) (PSS, gelII(c)) before (---)

and after (⋅⋅⋅) irradiation at λ > 520 nm and after heating and cooling (gelI(o)) (⋅-⋅-⋅).
Starting point ().

When this gel was irradiated at λ > 520 nm, it was found that the gel turned into a solution of
the ring-open form of 7.5. On standing at 15°C, this solution turned into a gel, which has an
CD spectrum identical to that of the open form before any irradiation experiments. After
heating and subsequently cooling, the CD effect was nearly as large as at the start of the
experiments (Figure 7.3). This has probably to do with the aging of the gel.

One may conclude that by irradiation and heating/cooling operations, a cyclic
transformation between different states of the gel can be performed (Figure 7.4). In this
scheme, the starting point is a gel of the open form of 7.5, denoted as gelI(o), with the

corresponding CD spectrum 1. Irradiation of gelI(o) at λ = 313 nm causes the formation of
gelI(c), with CD spectrum 2. This gel can be melted to form a solution of the closed form of
7.5, which is in thermal equilibrium with a different type of closed gel (gelII(c) and spectrum
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3). Closed gelII(c) can then be transformed to a solution of the open state (sol(o)) by

irradiation at  λ > 520 nm. Finally, this solution is in thermal equilibrium with gelI(o).
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Figure 7.4 Gel transformation scheme and the corresponding CD spectra. The numbers in

the gel transformation scheme correspond to the numbers next to the CD spectra. (❅ means
cooling).

It was tempting to investigate whether gelation could be induced by photo-irradiation,
e.g. by irradiation of a solution of the open form (sol(o)), as it was found that sol(o) turns into

a gel rather slowly. Indeed, irradiation of a 1.8 mM solution of sol(o) for 10 min at λ =313
nm (this is the time required to attain the PSS at this concentration) causes gelation of the
sample, whereas another sample kept in the dark did not gelate during these 10 min.
Remarkably, a solution of the toluene gel (1.8mM) after irradiation went directly into gel
state gelI(c), instead of the expected gel state gelII(c). Apparently, there are already aggregates
of the open form present in the solution sample, otherwise one might expect that it would
have turned into gel state gelII(c). Similar observations were made by irradiation of solutions
of the toluene gel (1.8mM) at 50°C and 60°C, which all resulted in the formation of gelI(c). It
is expected that irradiation at higher temperatures, above Tm of gelI(o) and below Tg of
gelII(c) (see thermotropic behavior section 7.6), would directly lead to the formation of
gelII(c) state.

7.5 Morphology of the gels

The CD spectra show large differences for the different gel types (Figure 7.5). The
appearance of both positive and negative exciton coupling bands show that these aggregates
possess a helical structure. Although the gels with (R)- or (S)-chirality in the CD spectra are
not necessarily twisted, it may well be that in this system some twisted fibers are present. To
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obtain insight into the fibers, transmission electron microscopy (TEM) was performed with
samples of gelI(o), gelI(c) and gelII(c) of compound 7.5 in toluene (5.4 mM). The fibers of
gelI(o) are thin (Figure 7.5, left) and form an entangled network.

  

Figure 7.5 Electron micrographs of gels of 7.5 in toluene, (left) gelI(o), (middle) gelI(c) and

(right) gelII(c). In all cases the concentration is 5.4 mM, Pt shadow 45°, bar = 500 nm).

The diameter of the smallest entities that can be distinguished is 20-25 nm. The regular shape
of the fibers must arise from a strong anisotropic growth process, indicating that the fibers
have a well-ordered molecular packing. The chirality is also expressed at the supramolecular
level.14,15 In several fibers a right-handed twist can be observed (Figure 7.6a). This twist is not
regularly observed. From the electron micrographs it is clear that switching to the closed
form has a large effect on the morphology of the fibers (Figure 7.5, middle). The fibers of
gelI(c) are much thicker than those of gelI(o). They also fuse easily into large sheets.
Sometimes a right-handed twist can be observed in the fibers, but the frequency of this is
rather low. This right-handed twist is in agreement with the positive chirality of the fibers.
Figure 7.5 right shows the electron micrographs of gelII(c). The morphology of the fibers
looks the same as for gelI(c), but also fibers fusing into larger sheets are observed. In this
case, however, a left-handed twist is observed in a number of fibers (Figure 7.6b). This left-
handed twist is in agreement with the negative chirality of the fibers. (Figure 7.2-(d)), and it
seems that this change in chirality is also expressed at the supramolecular level.

(a)  (b)

Figure 7.6 Enlarged electron micrographs of (a) gelI(o) and (b) gelII(c). The arrows point to

twisted fibers, bar = 500 nm.
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7.6 Thermotropic behavior

As a prerequisite for successful switching between solution and gel state, the phase

diagram of these systems should be known. Therefore the concentration dependence of the

melting temperatures of the toluene gels of 7.5 (gelI(o)) was investigated by the dropping ball

method (Figure 7.7).16 Here also a linear correlation between Tm
-1 and the logarithm of the

mole fraction of gelator is observed as one would expect for the concentration dependence of

the melting temperatures for ideal solutions of solids in liquids, and which indeed has been

observed for some low molecular weight gel systems (Figure 7.7, right).4b From the slope of

the linear fit (R = -0.998) ∆Hf can be derived which is determined to be 57.5 kJMol-1. This

value is rather high to be attributed solely to Van der Waals forces, and supports the fact that

hydrogen bonds are necessary for aggregation.
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Figure 7.7 (left) Dropping ball experiments with toluene gels of 7.5 at different

concentrations. (right) Van ‘t Hoff plot of the dropping ball experiments and the linear fit.

In order to determine the phase transition temperatures (Tm and Tg) of the closed gels, gelI(c)
and gelII(c), in toluene a different strategy had to be followed, because it was found to be
impossible to irradiate completely a large gel volume in a vial due to the high absorbance of
the sample. Therefore we used CD to determine these phase transition temperatures. It was
shown that when the temperature increased, the gel melted and also that at that point there
was no longer any CD effect. The CD effect at one wavelength was monitored during
increase (Tm) or decrease (Tg) of the temperature. When the CD effect disappeared or
reappeared the corresponding melting (Tm) or gelation temperatures (Tg) could be
determined. For the open form 349 nm was chosen as wavelength for CD detection, because

one should avoid being to close to λmax as otherwise ring closing of the switch will occur after
prolonged irradiation during the measurements. For the closed form 592 nm has been used as
monitoring wavelength. In Figure 7.8 an example of a plot of such a temperature scan is
given.
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Figure 7.8 Temperature scan of a toluene gel of 7.5 (open form, gelI(o)) (3.6mM) monitored

by CD at λ = 340 nm, (�) represents the heating curve and (ο) represents the cooling curve.

The arrows indicate the melting (Tm) or gelation temperature (Tg).

The temperature trajectory over which gelation or melting occurs is rather broad, and the
melting and gelation temperatures were therefore defined as the onset of (dis)appearance of
the CD signal (see figure 7.8).17 These measurements were performed for toluene gels of 7.5
at the concentrations of 1.8, 3.6, 5.4 and 9.0 mM for both gelI(o) and gelII(c). The samples
were aged 18h at 4°C before the CD measurements were performed. GelI(o) was irradiated at

λ = 313 nm until the PSS was reached, after that this gel was heated in order to obtain
gelII(c). The molar fraction of the closed form of 7.5 in the PSS of these gels was determined
by 1H-NMR and, the results are shown in Table 7.2. It is not clear why the molar fraction of
the closed form at a concentration of 3.6mM is so much larger than in the other cases.

Table 7.2 Molar fraction of the closed form of 7.5 present in the PSS.

Concentration of the
toluene gel of 7.5 (mM)

1.8 3.6 5.4 9.0

Molar fraction of the
closed form in the PSS

0.6 0.75 0.65 0.44

The results of the temperature measurements are shown in Figure 7.9Both the Tm and Tg of
gelII(c) are much higher than those of gelI(o). The difference is about 40°C in each case. The

∆Hf values were determined for these cooling and melting curves in the same way as for the
dropping ball experiments and were 53.5 kJMol-1 and 98.2 kJMol-1 for gelI(o) and gelII(c),
respectively. The amount of closed form is rather low at a concentration of 9.0mM, which
explains why the Tm and the Tg of both 5.4mM and 9.0mM are very close together. It would
also be very informative to perform these measurements at one concentration, but with a
different molar fraction of the closed form.
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Figure 7.9 (left) The melting and cooling curves of gelI(o) and (right) the melting and cooling

curves of gelII(c), determined via temperature dependent CD.

The melting temperature determined by the dropping ball experiments is lower than the
one determined by CD. This is because gels are only formed when the fiber concentration
exceeds a critical concentration depending on the aspect ratio of the fibers. The melting point
determined by the dropping ball method is the temperature at which the total fiber
concentration becomes less than this critical fiber concentration for network formation, but
the remaining fibers still present at this temperature give rise to a CD effect. The CD
measurements therefore monitor the equilibrium between monomers in solution and in

aggregation. For the same reason also the ∆H values are not the same. The ∆Hf for gelI(o)
determined by the dropping ball experiments is 57.5 kJ/mol, and in case of the CD

measurements this value was 53.5 kJ/mol. The ∆Hf values of gelII (c) are rather high
compared to those of other amide systems. Indicating that strong hydrogen bonds are present

in these aggregates. The ∆Hf for the sol to gel transition of compound 7.1211 in toluene is 65

kJMol-1 and for compound 7.13 ∆Hf was reported to be 22.6 kJMol-1 for methanol and 24.7
kJMol-1 for cyclohexane (Scheme 7.5).18
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NHCOC11H23
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N
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Scheme 7.5 Examples of gelators for which the Tg has been reported in the literature.

In conclusion we have succeeded in preparing photoswitchable organogelators with which we
can switch by light between the solution and the gel state. The dithienylcyclopentene amide
derivatives 7.3, 7.5 and 7.6 are excellent gelators for mostly apolar solvents. Toluene gels of
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7.5 showed a pronounced CD effect, whereas the isotropic solution was CD silent. This CD
effect thus originated from chiral aggregates of the compound and not from the chiral
conformation of the compound. The chirality is also expressed at the supramolecular level as
could be observed by electron microscopy. Remarkably light and temperature control 5 states

including three different gel states. Tm and Tg and the corresponding ∆Hf values were

determined for both gelI(o) and gelII(c). The ∆Hf values for gelII(c) were much higher both for
melting and for gelation than in case of gelI(o).
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7.8 Experimental section

Gelation experiments:
In a typical gelation experiment, a carefully weighed amount of the dithienylcyclopentene
derivative under investigation and 1 ml of the solvent are placed in a test tube, which is
sealed and then heated until the compound is dissolved. The solution is allowed to cool to
room temperature. Gelation was considered to have occurred when a homogeneous solid
substance was obtained, which exhibited no gravitational flow. For the determination of the
melting points a steel ball (63 mg, diameter 2.5 mm) was placed on top of the gel and the vial
was sealed again. A series of these samples were placed in a heating block that was slowly
heated (30°C/h) while observing the positions of the steel balls with a video camera and
simultaneously monitoring the temperature with the aid of a thermocouple in the heating
block. The melting point of a particular sample was taken as the temperature at which the
steel ball reaches the bottom of the vial.

Electron microscopy:
For electron microscopy a piece of gel was placed on colloid/carbon-coated copper grid (400
mesh). After the specimens had been dried at low pressure (> 10-5 Torr), they were shadowed
at an angle of 45° with platinum. The specimens were examined in a Jeol 1200 EX
transmission electron microscope operating at 80kV. In studying the specimens, we first
searched for patches of the gel to be sure that the observed pictures were taken from
structures at the periphery of the gel patches because here the fibers are deposited in a layer
thin enough to be observed by transmission electron microscopy.

The CD measurements were performed at a Jasco spectropolarimeter J-715 at various
temperatures. The irradiation experiments were performed with a high pressure mercury lamp
(200W, Oriel) at room temperature (T = 23°C). Optical rotations were determined with a
Perkin Elmer 241 polarimeter.
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1,2-Bis(5’-(anilinocarbonyl)-2’-methyl-thien-3’-yl)cyclopentene (7.3): Compound 3.35
(0.5 g, 1.44 mmol) was suspended in CH2Cl2 (5 ml) and placed in an ice bath. Subsequently
N-methylmorpholine (0.31 ml, 2.9 mmol) was added and the suspension became a solution.
Then 2-chloro-4,6-dimethoxytriazine (0,48 g, 2.9 mmol) was added, and a white precipitate
was formed immediately after this addition. The reaction mixture was stirred for 2h at 0°C,
and then another two equivalents of N-methylmorpholine (0.31ml, 2.9 mmol) were added
followed by aniline (0.28ml, 2.9 mmol). Stirring was continued for 1h at 0°C, and the
reaction mixture was then stirred overnight at room temperature. CH2Cl2 (50 ml) was added
and the solution was washed with, respectively, 1M HCl (2 x 20ml), brine (1x 20 ml),
saturated aqueous bicarbonate solution (1 x 20ml) and H2O (1 x 20ml). The organic phase
was dried (Na2SO4) and after evaporation of the solvent gave a solid product. After
purification, refluxing in CH2Cl2/diethylether (excess), filtration (G4-glassfilter) and drying
under vacuum at 50°C, a white solid was obtained (0.27g, 37%), mp. 150°C decomp.; 1H

NMR (300MHz, CDCl3) δH 2.01 (s, 6H), 2.04-2.14 (m, 2H), 2.82 (t, J = 7.5 Hz, 4H), 7.12 (t,
J = 7.2 Hz, 4H), 7.33 (t, J = 7.2 Hz, 4H), 7.51 (s, 2H), 7.56 (d, J = 7.8 Hz, 2H); 13C NMR

(75.4 MHz, CDCl3) δC 14.73 (q), 22.85 (t), 38.43 (t), 43.89 (t), 127.59 (d), 127.91 (d), 128.74
(d), 129.48 (d), 134.02 (s), 134.71 (s), 136.30 (s), 138.05 (s), 140.07 (s), 161.61 (s); MS
(DEI): 498 [M+].

1,2-Bis(5’-[(benzylamino)carbonyl]-2’-methyl-thien-3’-yl)cyclopentene (7.4): This
compound was prepared as described above for 7.3, starting from 3.35 (0.5 g, 1.44 mmol)
and benzylamine (0.31 ml, 2.9 mmol). After purification, refluxing in CH2Cl2/diethylether
(excess), filtration (G4-glass filter) and drying under vacuum at 50°C, a white solid was

obtained (0.18g, 23%), mp. 204°C decomp.; 1H NMR (300MHz, CDCl3) δH 1.92 (s, 6H),
1.99-2.07 (m, 2H), 2.75 (t, J = 7.5 Hz, 4H), 4.57 (d, J = 5.4 Hz, 4H), 6.02 (t, J = Hz, 2H),

7.19 (s, 2H), 7.28-7.36 (m, 10H); 13C NMR (75.4 MHz, CDCl3) δC 14.82 (q), 22.90 (t), 38.35
(t), 120.13 (d), 124.44 (d), 129.01 (d), 130.15 (d), 134.49 (s), 134.91 (s), 136.57 (s), 137.67
(s), 140.94 (s), 159.861 (s); MS (DEI): 526 [M+].

1,2-Bis(2’-methyl-5’-{[((R)-1-phenylethyl)amino]carbonyl}thien-3’-yl)cyclopentene
(7.5): This compound was prepared as described above for 7.3, starting from 3.35 (0.5 g, 1.44
mmol) and (R)-phenylethylamine (0.37 ml, 2.9 mmol). After purification by (CH2Cl2/MeOH
= 60:1), stirring in MeOH/ diethyl ether (excess) and filtration (G4-glass filter), a white solid

was obtained (0.28g, 35%), mp. 207°C decomp.; [α]D = -83.5° (c = 0.99, MeOH); 1H NMR

(300MHz, CDCl3) δH 1.55 (d, J = 6.9 Hz, 6H), 1.90 (s, 6H), 1.97-2.07 (m, 2H), 2.74 (t, J =
7.2 Hz, J = 7.5 Hz, 4H), 5.19-5.29 (m, 2H), 7.18 (s, 2H), 7.26-7.38 (m, 10H); 13C NMR (75.4

MHz, CDCl3) δC 14.73 (q), 21.70 (q), 22.83 (t), 38.46 (t), 49.13 (d), 126.25 (d), 127.45 (d),
128.71 (d), 129.37 (d), 134.24 (s), 134.66 (s), 136.27 (s), 139.91 (s), 142.95 (s), 160.83 (s);
HRMS calcd. for C33H34N2O2S2 554.206, found 554.205.
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1,2-Bis(2’-methyl-5’-{[((R)-1-cyclohexylethyl)amino]carbonyl}thien-3’-yl)cyclopentene
(7.6): This compound was prepared as described above for 7.3, starting from 3.35 (1.34 g,
3.85 mmol) and (R)-cyclohexylamine (1.1 ml, 7.7 mmol). After purification by stirring in
CH2Cl2/MeOH (60/1), filtration (G4-glass filter) and drying under vacuum at 50°C, a white

solid was obtained (0.59g, 44%), mp. 209°C decomp.; [α]D = +2° (c = 1.01, MeOH); 1H

NMR (300 MHz, CDCl3) δH 1.15-1.46 (m, 8H), 1.62-1.77 (m, 12H), 1.94 (s, 6H), 2.00-2.10
(m, 2H), 2.78 (t, J = 6.9 Hz, J = 7.5 Hz, 4H), 3.93-4.02 (m, 2H), 5.52 (d, J = 9.0 Hz, 2H),

7.17 (s, 2H); 13C-NMR (74.5 MHz, CDCl3) δC 14.74 (q), 17.89 (q), 26.17 (t), 26.38 (t), 29.11
(t), 38.43 (t), 43.21 (d), 49.84 (d), 129.14 (d), 134.61 (s), 134.76 (s), 136.25 (s), 139.42 (s),
161.03 (s); HRMS calcd. for C33H46N2O2S2 566.300, found 566.299.

1,2-Bis(2’-methyl-5’-octyldecylcarbonylthien-3’-yl)cyclopentene (7.7): This compound
was prepared as described above for 7.3, starting from 3.35 (0.5 g, 1.44 mmol) and
octyldecylamine (0.77 g, 2.9 mmol). After column chromatography (CH2Cl2/MeOH = 40:1) a

white solid was obtained (0.55g, 45%). m.p. 116°C, 1H NMR (300 MHz, CDCl3) δH 0.86 (t, J

= 6.3, 6H), 1.24 (m,60H), 1.29 (m, 4H), 1.91 (s, 6H), 1.99-2.08 (m, 2H), 2.76 (t, J = 7.5 Hz,
4H), 3.35 (q, J = 6.6 Hz, 4H), 5.77 (t, J = 5.1 Hz, J = 5.4 Hz, 2H), 7.18 (s, 2H); 13C NMR

(75.4 MHz, CDCl3) δC 14.11 (q), 14.68 (q), 22.69 (t), 22.94 (t), 29.32 (t), 29.36 (t), 29.55 (t),
29.70 (t, m), 31.91 (t), 38.47 (t), 39.99 (t), 129.26 (d), 134.40 (s), 134.71 (s), 136.25 (s),
139.52 (s), 161.71 (s);HRMS calcd. for C53H90N2O2S2 850.644, found 850.636.

3,7-Dimethyl-6-octenal oxime (7.10): (S)-citronellal (5 ml, 28 mmol), NH2OH.HCl (1.92 g,
28 mmol) and NaOH (1.1 g, 28 mmol) were added to a mixture of ethanol (75 ml) and H2O
(30 ml), and stirred at 60°C for 20h. Subsequently the ethanol was evaporated, the water-
layer was acidified with 2M HCl, and extracted with diethyl ether (2 x 100ml), drying
(Na2SO4) and evaporation of the solvent yielded a colorless oil (4.34 g, 92%). 1H NMR (300

MHz, CDCl3) δH 0.94 (dd, J = 6.9 Hz, 3H), 1.14-1.27 (m, 2H), 1.30-1.42 (m, 2H), 1.59 (s,
3H), 1.67 (s, 3H), 1.71 (m, 1H), 1.94-2.09 (m, 2H), 2.16-2.25 (m, 2H), 2.28-2.38 (m, 2H),
5.07 (t, J = 5.7 Hz, 1H), 6.79 (t, J = 6.5, 1H, trans), 7.42 (t, J = 6.3, 1H, cis), 13C NMR (75.4

MHz, CDCl3) δC 17.52 (q), 19.62 (q), 25.34 (t), 25.58 (q), 30.85 (d), 31.91 (t), 36.52 (t),
124.23 (d), 131.34 (s), 151.31 (d); MS (EI): 169 [M+].

3,7-Dimethyl-6-octene-1-amino (7.11): LiAlH4 (2.25g, 59.5 mmol) was added to THF (100
ml) under nitrogen, and the mixture was stirred for 10 min. Then 7.10 (2.01 g, 11.9 mmol),
dissolved in THF (20 ml) was added dropwise in 15 min to this suspension. The mixture was
refluxed for 20h and the excess LiAlH4 was cautiously destroyed with MeOH. Then the
mixture was filtrated over a glass filter (G4) filled with celite and rinsed with THF. After
evaporation of the solvent the compound was stirred in diethyl ether to get rid of the last
alumina-salts and filtered (paper). Removal of the solvent under vacuo yielded a colorless oil

(0.99g, 54%). 1H NMR (300 MHz, CDCl3) δH 0.87 (d, J = 6.3 Hz, 3H), 1.12-1.50 (m, 4H),
1.59 (s, 3H), 1.67 (s, 3H), 1.90-2.05 (m, 2H), 2.68-2.78 (m, 2H), 5.08 (t, J = 6.3 Hz, 1H), 13C
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NMR (75.4 MHz, CDCl3) δC 17.59 (q), 19.50 (q), 25.42 (t), 25.67 (q), 30.10 (d), 37.14 (t),
39.99 (t), 76.58 (t), 124.74 (d), 131.34 (s); MS (CI): 156 [M+H]

1,2-Bis(2’-methyl-5’-[(3,7-dimethyl-6-octenyl)amino]carbonylthien-3’-yl)cyclopentene
(7.8) : This compound was prepared as described above for 7.3, starting from 3.35 (0.25 g,
0.7 mmol) and 3,7-dimethyl-6-octene-1-amino (0.22g, 1.4 mmol). After column chromato-
graphy (CH2Cl2/MeOH = 25:1) a slightly yellow sticky solid was obtained (0.51g, 42%).

m.p. 90°C; [α]D = +8.3° (c = 1.08, MeOH); 1H NMR (300 MHz, CDCl3) δH 0.89 (d, J = 6.3
Hz, 6H), 1.09-1.51 (m, 8H), 1.56 (s, 6H), 1.63 (s, 6H), 1.88 (s, 6H), 1.91-2.10 (m, 8H), 2.73
(t, J = 7.5 Hz, 4H), 3.28-3.39 (m, 4H), 5.02 (t, J = 6.5 Hz, 2H), 5.95 (t, J = 5.4 Hz, 2H), 7.17

(s, 2H), 13C NMR (75.4 MHz, CDCl3) δC 14.58 (q), 17.59 (q), 19.32 (q), 22.78 (t), 25.29 (t),
25.62 (q), 30.25 (d), 36.54 (t), 36.86 (t), 38.00 (t) 38.40 (t), 124.48 (d), 129.14 (d), 131.23 (s),
134.43 (s), 134.61 (s), 136.15 (s), 139.43 (s), 161.65 (s); MS (DEI): 622 [M+].
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Chapter 8

SwitchABall

8.1 Introduction1

In 1985 a new field of research started when Smalley, Curl and Kroto did the completely
unexpected discovery that, besides graphite and diamond, the element carbon can also exist
in the form of very stable spheres.2 They termed these new carbon balls fullerenes and were
awarded the Nobel prize for this discovery in 1996. The prototype is buckminsterfullerene
C60 (8.1), which is the most abundant fullerene obtained from macroscopic preparation
procedures (Scheme 8.1). Its chemical and physical properties were established in a very
short time period after the compound became available in research quantities in 1990.3

8.1

8.2 8.3

Scheme 8.1 C60 and the cyclohexatriene and radialene subunits of C60.

Due to the sperical shape of the unsaturated carbon network the C-atoms are
pyramidalized, and this introduces a large amount of strain energy. Therefore these
buckyballs, as the C60 carbon spheres are often called, are thermodynamically less stable than
graphite and diamond. Furthermore, the conjugated C-atoms of a fullerene respond to the

deviation from planarity by rehybridization from the sp2 σ and π orbitals implied in drawing

8.1, since pure p character of π orbitals is only possible in strictly planar situations. This
results in localization of the double bonds, in contrast to benzene, and the lengths of the
carbon-carbon double and single bonds are therefore unequal, again in contrast to benzene.
The bonds at the junctions of two hexagons, [6,6]-bonds, are shorter than the bonds at the
junction of a pentagon and a hexagon, [5,6] bonds. In other words topologically C60 has a
localized structure in which the hexagons resemble cyclohexatriene (8.2) and the pentagons
display [5]-radialene character (8.3). The C60 molecule has some unique physical and
chemical properties, such as electronic absorption bands throughout the entire UV-Vis
spectrum, strong electron accepting character, sensitizer for the generation of singlet oxygen
and superconductivity on doping with alkali metals, which make it an attractive component to
be incorporated in functional molecular assemblies and supramolecular arrays.
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8.2 Functionalization of C60

In order to be able to modify the buckyball chemically, it is easier to have it in solution.
Unfortunately the solubility of C60 is rather poor.1b In polar and/or protic solvents like
acetone, tetrahydrofuran, diethyl ether or methanol, C60 is essentially insoluble (< 0.001
mg/ml). The solvents of choice are aromatics like 1,2-dichlorobenzene (27 mg/ml),
chlorobenzene (7 mg/ml) and toluene (2.8 mg/ml). Suitable non-aromatic solvents are carbon
disulfide (7.9 mg/ml) and decalines (4.6 mg/ml). The main type of derivatization reactions of
C60 involve 1,2-additions to [6,6] double bonds, including nucleophilic, radical and
cycloadditions. Some general examples of C60 functionalization are depicted in Scheme 8.2.

-N2

1R R2
1R

N

R2

N

1R R2

N
N

2R

1R

N

Me

H

1R

N
Me

1R H
C60

RO2C CO2R

RO2C CO2R

H X
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Scheme 8.2 Some common examples of methods of C60 functionalization.

One of the most frequently employed nucleophilic addition reactions to C60 includes the

base-induced addition of α-halo malonates. This SNi type of reaction yields the
cyclopropanated adduct and was first described by Bingel.4 Other commonly used addition
reactions include 1,3-dipolar cycloadditions of azomethine ylides5 and diazo compounds.6

The azomethine ylide [3+2] cyclo-addition to C60 is normally performed in a one-pot
procedure in which the reactive 1,3-dipole is generated in-situ from an aldehyde (ketones are
used less frequently) and usually N-methyl glycine (sarcosine). Although the scope of this
process is very large, the stereochemical consequence of these additions is the formation of a
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chiral C1-symmetrical fulleropyrrolidine (except for formaldehyde). Diazoalkane addition to
C60 can also be performed in situ by starting from a p-tosylhydrazone salt, which liberates the
diazo compound upon heating.7. The addition of diazoalkanes to C60 occurs in a 1,2 fashion at
a [6,6] bond yielding a labile diazoline intermediate that extrudes nitrogen upon mild heating,

which is accompanied by rearrangement. The product is a so-called fulleroid (a 60π electron
species) in which the bridging fragment is formally located at a 1,6 junction. In turn,

fulleroids rearrange to thermodynamically stable methanofullerenes (58π electron species)
upon strong heating and/or irradiation.8 In contrast to fulleropyrrolidines, methanofullerene
formation is not accompanied by introduction of steroisomerism and the product retains much
higher symmetry (Cs for R ��������C2v for R = R’).

A general drawback of C60 functionalization includes the formation of bis- (bis-
adducts) and poly-functionalized species (poly-adducts) together with mono-functionalized
C60 (mono-adduct). In most cases the mono-adduct is the compound of interest, and in such
cases a straightforward chromatographic purification is sufficient. An early study on the
formation of bis-adducts has been reported by the group of Hirsch.9 An useful stereochemical
denotation for bis-adducts has been developed to describe the different possible types of
regioisomerism. If the first addition occurred at A1 (Scheme 8.3), there are nine sites
available for the second attack at a [6,6] double bond.

A1

e''
e'

A1

cis-2

cis-1

cis-3

trans-4

trans-1
trans-2

trans-3

e' e''

EtOOC COOEt

8.4

8
isomers

BrCH(COOEt)2, NaH

Toluene, r.t.

Scheme 8.3 Positional relationships of [6,6] double bonds relative to the first addend A1 in a

1,2-monoadduct of C60.

Hence, nine regioisomeric bisadducts are in principle possible for two different addends,
whereas for identical (symmetrical) addends only eight regioisomers can be considered, since
attack at the e’ and e” positions leads to the same product. In a thorough study,9 the Bingel
addition onto mono-adduct 8.4 (Scheme 8.3) was studied in which seven (out of a possible
eight) different isomeric bis-adducts were separated by HPLC and characterized by NMR
spectroscopy.

The lack of availability of C60 in macroscopic quantities as well as the difficult progress
in covalent fullerene functionalization, especially regio- and stereoselective multiple
functionalization, delayed the construction of functionalized supramolecular architectures.
Examples of such C60 supramolecular compounds10 are, for instance, rotaxanes (Scheme
8.4a),11 catananes,12 crown ethers (Scheme 8.4b)13 and supramolecular diads14 and triads15 that
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can be used to model the photo-induced electron-transfer processes in photosynthesis15 as
well as for practical applications, such as photovoltaic devices for solar energy conversion.16

(a)          (b) 

Scheme 8.4 Supramolecular C60 compounds: (a) rotaxane and (b) crown ether.

The aim of the work described in this chapter was to synthesize a dithienylcyclopentene
switch that incorporates two C60 molecules attached to each side of the molecule (Scheme
8.5). This was originally carried out as a preliminary study to determine if the combined
photophysical behavior of the switch and the buckyball was in principle suitable for practical
applications, such as photocontrolled molecular wires.

8.3 Incorporation of C60 in the dithienylcyclopentene switch

For obvious synthetic reasons it seemed a logical strategy to incorporate two C60 units in
the dithienylcyclopentene moiety. Because known examples containing two C60 units tend to
display rather low solubility,17 a suitable target compound can better contain a certain amount
of solublizing alkyl chains. Because the introduction of two C60 units via azomethine ylide
chemistry would result in a mixture of diastereomeric fulleropyrrolidines (meso + d,l pair)
and therefore we settled for a synthetic strategy based on diazoalkane chemistry (Scheme
8.5). The synthesis started from readily available dithienylcyclopentene 3.25 (see Chapter 3)
that was double acylated with hexyl 5-chloro-5-oxovalerate to afford diketone 8.5. The
diketone was transformed into bis-tosylhydrazone 8.6 that served as the starting material for
in situ generation7 of the bisdiazoalkane 8.7, which underwent cycloaddition with C60.
Reaction of 8.6 with NaOMe in pyridine at room temperature and subsequently with a large
excess C60 at 75-80°C in 1,2-dichlorobenzene (ODCB), followed by purification by
chromatography on silica gel afforded two components that were isolated as homogeneous
materials according to HPLC analysis after thermal equilibration. The major reaction product
lacked any resemblance to a dihydrofullerene as judged from UV-Vis spectroscopy. In fact
the UV-Vis data pointed strongly to the formation of cis-3 bisadduct 8.8b with typical low
intense absorptions at 660 and 730 nm (Figure 8.1).18 Bisadduct formation was also supported
by MALDI-TOF mass spectroscopy, which showed a parent peak at m/z = 1343.3.
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Scheme 8.5 Synthesis of a dithienylcyclopentene switch incorporating two C60 units.

This shows that the dithienylcyclopentene unit preferably acts as an effective
intramolecular tether for C60 even in presence of a large excess of C60.

19,20 A molecular model
of 8.8b suggested a C2-symmetrical compound with an antiparallel orientation of the thienyl
rings which was in complete agreement with the data obtained both from 1H- and 13C NMR
spectroscopy. The minor component was identified as the desired bis-methanofullerene 8.8a

as ascertained from UV-Vis (λmax: 330, 435 and 700 nm, Figure 8.1), 1H- and 13C NMR, and
MALDI-TOF mass spectroscopy (m/z=2063.4). However, the yield obtained was low
(13.5%).
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Scheme 8.6 The obtained products in the synthesis of the bucky-switch.

400 450 500 550 600 650 700 750 800

0

100

200

300

400

500

A
bs

or
ba

nc
e 

(A
U

)

Wavelength (nm)

Figure 8.1 UV-Vis spectra of 8.8a () and 8.8b (---).

8.4 Photochromic behavior of 8.8a and 8.8b.

The photochromic behavior of both 8.8a and 8.8b was investigated on mg scale to be
able to investigate the products by NMR. By means of 1H NMR it was soon established that
cis-3 bis-adduct 8.8b was photochemically inert on irradiation with a high pressure mercury

lamp at λ = 313 nm for 66 h in degassed benzene-d6. From these experiments we conclude
that probably the highly rigid orientation of the dithienylcyclopentene moiety in 8.8b
prevents a photochemical rearrangement towards the corresponding ring-closed isomer. A
similar irradiation experiment with bis-methanofullerene 8.8a revealed the formation of a
new component. This conclusion was confirmed by HPLC-analysis,21 which indicated a
mixture of 8.8a and a new component in a ratio of ~75/25. The UV-Vis spectrum of that of
the new component (obtained from HPLC diode array detection) was markedly different from
8.8a. Surprisingly, a similar result was obtained by irradiation of 8.8a with a sodium lamp

source at 589 nm, using a Kapton filter.22 Since it is expected that irradiation at λ = 589 nm
would lead to selective excitation of the fullerene units in 8.8a, it seemed highly unlikely that
the new product was the hypothetical “switched” bis-methanofullerene 8.8c.
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Scheme 8.7 Hypothetical structure of switched bis-methanofullerene 8.8c and UV-Vis

spectrum of 8.8a () and of the product obtained after irradiation of 8.8a (---).

It is more likely that some sort of reaction involving the C60 units had occurred, as is
confirmed by comparing the UV-Vis spectrum of the new component with the spectrum of
8.8a (Scheme 8.7).23 Irradiation of degassed 8.8a� ���	�
�����	���������nm on a preperative
scale (80 mg) for 48 h led to 88% conversion according to HPLC. After removal of the
remaining starting material and minor impurities by column chromatography on silica gel, a
sufficient amount of material was obtained for complete characterization by 1H- (Scheme 8.8)
and 13C NMR spectroscopy (Scheme 8.9).

1234567

Scheme 8.8 1H NMR spectrum of the unknown product.
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Scheme 8.9 13C NMR spectrum of the unknown product, inset fullerene sp3 carbon atoms.

The 500 MHz 1H NMR spectrum recorded in carbon disulfide displayed two singlets for the
two thienyl protons at 7.02 and 6.04 ppm (Scheme 8.10). The thienyl methyl groups were
also observed as two singlets with different chemical shifts (2.56 and 1.91 ppm). Other
signals including the hexylbutyrate moieties showed a similar non-equivalence, which must
be attributed to a non-symmetrical structure. The 1H-decoupled 13C NMR spectrum recorded
in carbon disulfide showed 23 signals (out of a possible 25) for the “non-fullerene” sp3

carbon atoms (0-65 ppm), which is again consistent with a structure lacking symmetry.
Interestingly, 8 signals were observed for the “fullerene” sp3 carbon atoms between 70 and 82
ppm. In case of a non-symmetrical structure this indicates the presence of a total of 4 single
bonds on two fullerene spheres. As compared to the starting methanofullerene 8.8a this
indicates that 2 additional single bonds have been incorporated into the product during
irradiation, most likely one on each C60 unit.23 Control experiments revealed that the
photochemical transformation of 8.8a was much slower when non-degassed solutions were
used.24 This behavior is a strong indication for a process involving the long-lived triplet
excited state of the C60 units.25 Another observation included slow conversion of the unknown
product back into starting material 8.8a upon heating.26 The combined data strongly suggest
that the unknown product arises from a [2+2] cycloaddition (photodimer) between the two
C60 units.27 This process requires a correct orientation of a set of double bonds on each C60

unit and is depicted in scheme 8.10. Because in case of intramolecular [2+2] cycloaddition of
8.8a the addition pattern of each C60����	���

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

to a ��������	������ ���
��	�����!����������	�����������	���"#�Vis spectrum are expected
and are indeed observed (see Scheme 8.7). For this reason we looked for a possible match of
the present UV-Vis spectrum with available UV-Vis data on bis-adducts in the literature.18a,b

This investigation revealed that a reasonable match exists with cis-2 regiochemistry, which is
based on weak absorption features observed at ~450 and ~620 nm.18b However, this
comparison can only make sense if the dimerization site is the same on both C60 units
(“homo-photodimerization”).
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Scheme 8.10 Schematic drawing of the [2+2] cycloaddition reaction between two molecules

of C60.

A closer look at molecular models implies that beside “homo-dimeric” structures the
possibility of “hetero-dimeric” structures with a different bis-addition pattern on the two C60

units cannot be ruled out. In fact such a hetero-dimeric (non-symmetrical) structure could
easily account for the complex 1H- and 13C NMR spectra observed (see Schemes 8.8 and 8.9).
Due to problems of unambiguous structural assignment we have made attempts to obtain
suitable single crystals for X-ray analysis. Unfortunately these attempts have been
unsuccessful so far.

8.5 Lack of switching

In a number of cases the dynamics of switching of diarylethenes has been studied by
using pico- and femtosecond laser photolysis (see also Chapter 4).28,29,30,31 These experiments
reveal that the switching process is fast and can take place in less than a few picoseconds. In
case of 8.8a, irradiation at 313 nm is expected to lead to simultaneous excitation of both the
dithienylcyclopentene (DTC) and the C60 units in 8.8a. The fact that no switching was
observed during irradiation of 8.8a indicates that the required excited (S1) state of the DTC
moiety collapses before the actual switching process takes place. This deactivation must be
caused by the C60 units through the competitive process of intramolecular singlet energy
transfer,32 which quenches the DTC(S1) state and yields a C60(S1) state.33 The latter C60(S1)
state most likely converts into a triplet (C60(T1)) state via efficient intersystem crossing.25

This means that irradiation of 8.8a will yield the C60(T1) state regardless of the excitation
wavelength.

In conclusion we have synthesized a dithienylcyclopentene-C60 derivative that was not able to
act as an optical switch, but instead the two C60 units underwent a [2+2] cycloaddition
reaction to a non-symmetrical bis-adduct. The exact structure of this bis-adduct is still not
elucidated.
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8.7 Experimental section

General information: 1H NMR and 13C NMR spectroscopy was performed on Varian Unity
Plus (500 MHz) and Varian VXR-300 (300 MHz) instruments at 298 K. Spectra recorded in

CS2 employed a D2O insert as external lock and 1H reference (δ = 4.67 ppm relative to the

TMS scale) and CS2 as internal 13C reference (δ = 192.3 ppm relative to the TMS scale). FT-
IR spectra were recorded on Mattson Galaxy 4020 and Nicolet Nexus® instruments. UV-Vis
spectra were recorded on a Hewlett Packard HP 8452 UV-Vis spectrophotometer. MALDI-
TOF-MS measurements were performed on a Micromass TofSpec E® apparatus (negative-ion
reflector mode) by using elemental sulfur as a matrix.34 Measurements were performed on 1/1
(v/v) aliquots of the analyte (8.8a or 8.8b: 1 mg/ml in CS2) and the matrix (elemental sulfur:
20 mg/ml). HPLC analyses were performed on a Hewlett Packard HP LC-Chemstation 3D
(HP 1100 Series) using an analytical Cosmosil Buckyprep® column (4.6 x 250 mm), unless
noted otherwise. HPLC conditions: eluent: toluene/cyclohexane 50/50, flow: 1 ml/min,
pressure: ~75 bar, detection: DAD at 360 nm. Column chromatography was performed with
Kieselgel Merck Type 9385 (230-400 mesh). Analytical thin layer chromatography (TLC)
was performed using aluminum coated Merck Kieselgel 60 F254 plates. Photochemical

experiments were performed with a high pressure mercury lamp (200W, Oriel) at λ = 313 nm

or with a high pressure sodium lamp (150W) at λ = 589 nm.
Materials: C60 (99.5+%) was purchased from MTR-ltd. Sodium methoxide (95%), pyridine
(99.8%, anhydrous) and 1,2-dichlorobenzene (HPLC-grade) were purchased from Aldrich
and used without purification. Hexyl 5-chloro-5-oxovalerate was prepared according to the
literature procedures.35 All other reagents and solvents were used without purification unless
stated otherwise.

1,2-Bis(5’-(5-oxoundecanoyl)-2’-methylthien-3’-yl)cyclopentene (8.5): To a solution of
3.25 (Chapter 3) (3.10 g, 11.9 mmol) and hexyl 5-chloro-5-oxovalerate (5.6 g, 23.8 mmol) in
CS2 (90 ml) at 0°C was added AlCl3 (3.5g, 26.2 mmol) in three portions. After addition the
icebath was removed and the mixture was stirred at r.t. for 2 h. The mixture was then
cautiously quenched with ice water and the water layer was extracted with diethyl ether (2 x
75 ml). The combined organic layers were washed with saturated bicarbonate solution (2 x 50
ml) and brine (1 x 50 ml). The organic layer was dried over Na2SO4 and evaporated to leave a
dark oil. The oil was purified by column chromatography (SiO2, CH2Cl2/MeOH = 40:1) to

afford the pure product as a colorless oil (1.04g, 14%), 1H NMR (CDCl3, 300MHz) δH 0.87
(t, J = 6.6 Hz, 3H), 1.29 (s, 6H), 1.5-1.64 (m, 2H), 1.94-2.05 (m, 2H), 1.96 (s, 6H), 2.0-2.13
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(m, 2H), 2.38 (t, J = 7.2 Hz, 2H), 2.80 (t, J = 7.8 Hz, 4H), 2.84 (t, J = 7.2 Hz, 2H), 4.05 (t, J =

6.8 Hz, 4H), 7.38 (s, 2H), 13C NMR (CDCl3, 125MHz) δC 13.92 (q), 15.01 (q), 19.74 (t),
22.45 (t), 22.80 (t), 25.50 (t), 28.49 (t), 31.35 (t), 33.25 (t), 37.71 (t), 38.37 (t), 64.53 (t),
132.79 (s), 134.76 (d), 136.76 (s), 139.87 (s), 144.25 (s), 173.13 (s), 191.82 (s); HRMS calcd
for C37H52O6S2 656.321, found 656.319.

Bis-tosylhydrazone (8.6): A solution of diketone 8.5 (1.016 g, 1.545 mmol), tosylhydrazide
(1.73 g, 9.28 mmol) in 1,2-dichloroethane (10 ml) was stirred and refluxed for 22 h in the
dark. After cooling to room temperature the solvent was evaporated and the remaining
residue was triturated with toluene (~75 ml) and the resulting suspension was filtered and the
solid (excess tosylhydrazide) was thoroughly washed with cold toluene. The filtrate was
evaporated to dryness and the remaining residue was purified by column chromatography
(SiO2, toluene/diethyl ether: 9/1) to afford a somewhat sticky yellowish solid (1.03 g, 67%)
as a mixture of geometrical isomers of 8.6. This material was used without further
purification in the next step. An analytically pure sample of 8.6 (E,E-isomer) was obtained by
recrystallization from methanol as pale yellow crystals, m.p. 156 °C (Knofler block). FT-IR

(KBr) ν (cm-1): 3233 (m), 2930 (m), 2855 (w), 1729 (s), 1346 (m), 1168 (s), 1064 (m), 669

(m), 550 (m) 1H NMR (300 MHz, CDCl3) δH 0.91 (t, J = 6.6 Hz, 6H), 1.24-1.42 (m, 12H),
1.52-1.70 (m, 8H), 2.02 (m, 2H), 1.97 (s, 6H), 2.21 (br. t, 4H), 2.42 (s, 6H), 2.44 (br. t, 4H)
2.73 (t, J = 7.3 Hz, 4H), 4.16 (t, J =7.0 Hz, 4H), 6.76 (s, 2H), 7.29 (d, J = 8.1 Hz, 4H), 7.89

(d, J = 8.1 Hz, 4H), 9.01 (s, 2H); 13C APT (75 MHz, CDCl3) δC 174.34, 150.05, 143.54,
138.10, 137.46, 135.76, 135.55, 134.51, 129.25, 127.97, 127.50, 65.45, 37.88, 31.99, 31.31,
28.41, 26.11, 25.43, 22.86, 22.42, 21.50, 21.18, 14.51, 13.89; MS (ES): Calcd for
C51H68N4O8S4: 

m/z = 992.4, found: m/z = 1015.4 (M+Na+)(100), 993.4 (M+H+)(20); Anal.
calc. for: C51H68N4O8S4: C 61.67, H 6.90, N 5.64, S 12.91; found: C 61.70, H 6.90, N 5.42, S
12.83.

Bis-methanofullerene (8.8a): A solution of bis-tosylhydrazone 8.6 (340.5 mg, 0.343 mmol)
and sodium methoxide (36.7 mg, 0.679 mmol) in dry pyridine (10 ml) was stirred for ~30
min. at room temperature in the dark under an atmosphere of dry nitrogen, after which a
solution of C60 (3 g, 4.16 mmol) in HPLC-grade o-dichlorobenzene (ODCB) (125 ml) was
added. The remaining solution was stirred and heated in the dark at 75-80 °C for 48 h. After
cooling to room temperature the mixture was concentrated at a rotary evaporator to
approximately 75 ml and subsequently diluted with an extra portion of 1,2-dichlorobenzene
to secure complete dissolution of the excess C60. The latter solution was entered on a silica
gel column and elution with pure 1,2-dichlorobenzene yielded the excess of C60. Further
elution with pure ODCB afforded a small initial product fraction (Rf ~ 0.5), followed by a
larger second fraction (Rf ~ 0.35). The solution containing the first fraction was concentrated
in vacuo to approximately 50 ml and heated at ~150 °C for 24 h to facilitate isomerization of
fulleroid- to methanofullerene-species. Minor impurities were removed by column
chromatography (SiO2, CS2/toluene = 3/1�1/1) to afford the product, which was sufficiently
pure (>98.5%) according to HPLC analysis (eluent: toluene). The solution was evaporated to
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dryness and the remaining residue was transferred to a centrifugal bottle in a minimal amount
of ODCB. After precipitation with methanol (50 ml) the solid was washed with methanol (2 x
50 ml) and dried in vacuo at ~55 °C to obtain a brown powder (95.4 mg, 13.5%) identified as

bis-methanofullerene 8.8a: FT-IR (KBr) ν (cm-1): 2949 (s), 2924 (s), 2852 (m), 1734 (s),
1463 (m), 1428 (m), 1187 (m), 1168 (m), 573 (w), 560 (w), 526 (s). UV-Vis (HPLC

DAD/eluent: toluene) λmax (nm): 330, 435, ~480 (sh.), 700. 1H NMR (500 MHz, CS2) δH 1.08
(t, J = 6.3 Hz, 6H) 1.40-1.55 (m, 12H), 1.75 (m, 4H), 2.25-2.35 (m, 6H+4H+2H), 2.59 (t, J =
7.1 Hz, 4H), 2.98 (m, 4H), 3.09 (t, J = 7.3 Hz, 4H), 4.14 (t, J = 6.6 Hz, 4H), 7.28 (s, 2H); 13C

NMR (125 MHz, CS2) δC 170.96, 148.15, 147.20, 145.43, 145.07, 145.03, 144.93, 144.61,
144.55, 144.48, 144.36, 144.33, 144.19, 143.63, 142.93, 142.85, 142.79, 141.97, 141.94,
141.83, 140.80, 140.60, 138.05, 138.01, 135.40, 134.71, 134.51, 134.46, 132.57, 79.72,
64.23, 46.13, 39.03, 33.75, 33.49, 31.92, 29.15, 26.12, 23.75, 23.23, 22.64,15.18, 14.58.
MALDI-TOF (S8 as matrix, negative mode): Calcd for C157H52O4S2: 

m/z = 2064.3, found: m/z

= 2063.4.

Cis-3 bis-adduct (8.8b): The previously obtained larger 2nd fraction obtained after
chromatography was concentrated to a volume of ~50 ml and heated for 24 h at 150 °C.
Minor impurities were removed by flash chromatography (SiO2, CS2/toluene 3/1�1/1) to
afford the pure product. The solution was evaporated to dryness, redissolved in a minimal
amount of ODCB and transferred to a centrifugal bottle. Precipitation with methanol (50 ml)
and two additional washes with methanol (2 x 50 ml) afforded a black solid that was dried in

vacuo at ~55 °C (yield 127.2 mg, 27.3%) identified as bis-adduct 8.8b: FT-IR (KBr) ν (cm-1):
2950 (s), 2925 (s), 2854 (m), 1733 (s), 1459 (m), 1433 (m), 1178 (m), 1147 (m), 562 (w), 556

(w), 525 (s). UV-Vis (HPLC DAD/eluent: toluene/cyclohexane: 50/50) λmax (nm): ~420 (sh.),

660, 730. 1H NMR (500 MHz, CS2) δH 1.07 (t, J = 7.3 Hz, 6H), 1.40-1.55 (m, 12H), 1.73 (m,
4H), 2.22 (m, 4H + 2H), 2.52 (t, J = 7.3 Hz, 4H), 2.68-2.78 (m, 6H + 4H), 3.33 (m, 2H), 2.84

(m, 2H), 4.12 (t, J = 6.8 Hz, 4H), 6.64 (s, 2H); 13C NMR (125 MHz, CS2) δC 170.80, 146.33,
146.14, 145.22, 145.15, 144.93, 144.80, 144.62, 144.33, 144.19, 144.00, 143.86, 143.30,
143.07, 142.79, 142.49, 142.45, 141.54, 140.97, 140.84, 140.02, 137.90, 137.10, 136.42,
136.22, 135.16, 133.99, 133.15, 132.82, 131.69, 130.38, 127.42, 79.89, 76.58, 64.10, 41.89,
37.46, 33.75, 32.70, 31.90, 29.10, 26.09, 24.25, 23.22, 22.43, 15.68, 14.55; MALDI-TOF (S8

as matrix, negative mode): Calcd for C97H52O4S2: 
m/z = 1344.33, found: m/z = 1343.3.

Irradiation of bis-methanofullerene 8.8a: A single Schlenk vessel containing a solution of

8.8a (80 mg, 38.7 µmol) in dry toluene (75 ml) was degassed (freeze/pump/thaw, 3 cycles)
and the vessel was wrapped in Kapton foil and immersed in a cooling (water) bath. The
solution was stirred and irradiated with a 150W sodium lamp for 48 h at bath temperature of
~18 °C. At this stage the reaction mixture was analyzed by HPLC, which indicated that 88%
(uncalibrated conversion) of 8.8a had been converted into a new component. The solvent was
evaporated in vacuo and the residue was purified by column chromatography on silica gel. A
mixture of carbon disulfide/toluene 3/1 was used to elute unreacted 8.8a, after which the
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product was eluted with carbon disulfide/toluene 2/1. The product solution was evaporated to
dryness and transferred to a centrifuge bottle (V = 50 ml) with a small amount of carbon
disulfide. The product was precipitated with n-pentane (50 ml) and washed with n-pentane
(50 ml) and methanol (50 ml) and finally dried in vacuo at ~50°C. Yield: 48 mg (68% based

on given conversion). UV-Vis (HPLC DAD/eluent: toluene/cyclohexane: 50/50) λmax (nm):

~315 (sh.), ~450 (sh.), ~620 (sh.). 1H NMR (500 MHz, CS2) δH 1.02 (t, J = 6.5 Hz, 3H), 1.06
(t, J = 6.5 Hz, 3H), 1.24-1.62 (m, 14H), 1.62-1.78 (m, 4H), 1.91 (s, 3H), 2.02-2.26 (m, 7H),
2.33 (m, 1H), 2.51 (t, J = 7.0 Hz, 2H), 2.56 (s, 3H), 2.63-2.78 (m, 3H), 2.86-3.02 (m, 2H),
3.16 (m, 1H), 4.06 (t, J = 6.8 Hz, 2H), 4.12 (m, 2H), 6.04 (s, 1H), 7.02 (s, 1H); 13C NMR

(500 MHz, CS2) δC 171.02, 170.84, 153.96, 153.67, 152.31, 151.84, 149.67, 149.10, 148.64,
148.51, 148.32, 148.09, 148.05, 147.97, 147.86, 147.40, 147.27, 147.16, 146.84, 146.74,
146.65, 146.59, 146.54, 146.32, 146.28, 146.11, 146.05, 145.96, 145.83, 145.69, 145.65,
145.62, 145.57, 145.54, 145.16, 144.97, 144.92, 144.80, 144.71, 144.66, 144.43, 144.41,
144.24, 144.20, 144.10, 143.95, 143.86, 143.81, 143.65, 143.62, 143.50, 143.43, 143.40,
143.25, 143.19, 143.12, 142.83, 142.74, 142.42, 142.37, 142.31, 142.13, 142.09, 141.84,
141.80, 141.60, 141.53, 141.33, 141.22, 141.12, 141.08, 140.94, 140.18, 139.46, 138.44,
137.63, 136.50, 136.07, 135.97, 135.34, 135.32, 135.18, 135.09, 134.84, 134.69, 134.66,
134.44, 133.83, 132.42, 131.43, 125.23, 80.06, 78.71, 78.23, 77.11, 76.79, 75.42, 73.98,
70.99, 64.16, 64.02, 47.50, 43.15, 38.13, 37.04, 34.08, 33.45, 32.56, 32.39, 31.88, 31.85,
29.10, 26.07, 26.04, 23.79, 23.19, 23.13, 22.49, 22.18, 14.70, 14.50, 14.06.
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Addendum to Chapter 3

Attempted synthesis of 2,3-bis([5-(1,3-dioxolan-2-yl)-2-
methyl-3-thienyl])maleic anhydride

The starting point for the development of a new synthetic route was based on the
synthesis of a known diaryl maleic anhydride switch.1 An aldehyde was chosen as the
functional group, because it has been demonstrated in our group, that the
diarylperfluorocyclopentene-imine derivatives showed excellent photochromic behavior.2

The synthesis started from 2-methylthiophene 3.22, which was converted into 5-methyl-2-
thiophenecarbaldehyde 3.15
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Scheme 3.1 Attempted synthesis of 2,3-bis([5-(1,3-dioxolan-2-yl)-2-methyl-3-thienyl])maleic

anhydride.

by means of a Vilsmeier-Haack reaction. The compound has a nice smell contrary to what
one might expect from thiophenes. To quote Mr. Crocker: “None were of the perfume type,
but the odors were not as bad as might be expected from the presence of sulfur atoms.”3

Compound 3.15 was reacted further with chloromethyl methyl ether in an unsuccessful
attempt to obtain 4-(chloromethyl)-5-methyl-2-thiophenecarbaldehyde 3.48. A successful
attempt was a reaction with HCl gas, trioxane, zinc chloride in carbon tetrachloride; fine
white needles were obtained.4 The aldehyde group was protected in the next step with
ethylene glycol, resulting in compound 3.49. The chlorine atom was then substituted by a
cyano group by means of NaCN in DMF in a fair yield.5 Then two of these molecules were
coupled to a stilbene-type molecule 3.51. The problem here is that both the cis and the trans

isomers of 3.51 are formed. Only the cis isomer can undergo cyclization to the ring closed
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form. Unfortunately the undesirable trans isomer is formed predominantly. Sometimes these

forms can be separated by dissolving the mixture in acetonitrile and irradiating at λ >
350nm.1 The trans-form goes to the cis-form and this precipitates out of the solution, because
it is less soluble. Unfortunately this straightforward procedure did not work in this case, but
both the forms could be separated by column chromatography to some extent. The separation
was not optimized completely because the final step to make the maleic anhydride, in which
the nitriles are hydrolysed to the acid followed by formation to the anhydride, provided a
complex reaction mixture.

Experimental section

2-Methyl-5-thiophenecarbaldehyde (3.15): 2-Methylthiophene (24.2 ml, 0.25 mol) and
DMF (25.6 ml, 0.33 mol) were cooled to 0°C. Then POCl3 (29.4 ml, 0.32 mol) was added
dropwise very slowly. After the addition the mixture was heated and at about 70°C a
vigorous reaction occurred. Immediately an ice bath was put under the vessel until no HCl
gas evolved anymore. Then the mixture was heated for 1 h at 110°C. After cooling to r.t. the
mixture was poured into ice water (200 ml) and was neutralised with sodiumbicarbonate. The
mixture was extracted with diethyl ether (3 x 100ml) and dried (NaSO4). Evaporation of the

solvent afforded 3.15 (27.3 g, 87%) as a brown liquid. 1H NMR (300MHz, CDCl3): δH 2.49
(s, 3H), 6.83 (d, J = 3.6, 1H), 7.53 (d, J = 3.6, 1H), 9.73 (s, 1H); 13C NMR (75.4 MHz,

CDCl3): δC 16.00 (q), 126.93 (d), 137.20 (d), 150.85 (s), 151.43 (s), 182.41 (d); MS (EI): 126
[M+].

4-Chloromethyl-5-methyl-thiophene-2-carbaldehyde (3.48): Into a mixture of 3.15 (12.5
g, 99 mmol), trioxane (5.0 g, 56 mmol), zinc chloride (5.0 g, 37 mmol) in CCl4 (50 ml), a
stream of dry HCl gas from a cylinder was purged for 45 min at r.t. and for another 45 min at
45°C. The resulting solution was diluted with H2O ( 150 ml) , and subsequently the organic
layer was separated. The organic layer was washed with H2O (100 ml), Na2CO3 (5%, 100
ml), H2O (100 ml) and dried (NaSO4). After removal of the solvent, a black solid was
obtained (17.3 g, 98%). The solid was subjected to a bulb to bulb distillation (3 mm, 105°C)

to afford fine white needles (10.2 g, 58%). m.p. 50-51°C,  1H NMR (300 MHz, CDCl3): δH

2.38 (s, 3H), 4.38 (s, 2H), 7.50 (s, 1H), 9.62 (s, 1H); 13C NMR (75.4 MHz, CDCl3): δC 13.96
(q), 38.00 (t), 135.29 (s), 137.84 (d), 140.02 (s), 150.91 (s), 182.19 (d); HRMS: calcd. for
C7ClH7O3S 174.008, found 174.009.

2-[4-(Chloromethyl)-5-methyl-2-thienyl]-1,3-dioxolane (3.49): Under Dean-Stark
conditions 3.48 (4 g, 22.6 mmol), ethylene glycol (2.5 ml, 45.2 mmol) and p-TsOH (catalytic
amount) were refluxed in benzene (200 ml). After 18 hr the solution was poured into NaOH
(3M, 150 ml), and the organic layer was separated and subsequently washed with NaOH
(3M, 2 x 50 ml), H2O (100 ml) and dried (NaSO4). A white solid was obtained (4.81 g, 96%).
1H NMR (300 MHz, CDCl3): δH 2.32 (s, 3H), 3.82-4.02 (m, 4H), 4.38 (s, 2H), 5.87 (s, 1H),
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6.92 (s, 1H); 13C NMR (75.4 MHz, CDCl3): δC 12.75 (q), 38.60 (t), 64.90 (t), 99.73 (d),
127.49 (d), 132.64 (s), 137.74 (s), 138.91 (s); MS (EI): 218 [M+].

2-[5-(1,3-Dioxolan-2-yl)-2-methyl-3-thienyl]acetonitrile (3.50): 3.49 (2.35 g, 10.6 mmol),
NaCN (1.21 g, 21.2 mmol) and K2CO3 (1.25g, 23.4 mmol) were suspended in DMF (30 ml)
and heated at 85°C for 1 h. After cooling to r.t. the mixture was poured into NaOH (3M, 80
ml), and the aqueous layer was extracted with diethyl ether (4 x 50 ml) and finally washed
with brine (50 ml). After drying (NaSO4) and evaporationof the solvent, the mixture was
purified by column chromatography (SiO2, hexane/ethyl acetate = 2/1 + 1% Et3N) to afford a

white solid (1.58 g, 70%). 1H NMR (300 MHz, CDCl3): δH 2.38 (s, 3H), 3.53 (s, 2H), 3.95-

4.11 (m, 4H), 5.97 (s, 1H), 6.99 (s, 1H); 13C NMR (75.4 MHz, CDCl3): δC 13.09 (q), 16.75
(t), 65.14 (t), 99.80 (d), 117.20 (s), 124.39 (s), 126.96 (d), 137.19 (s), 138.56 (s); HRMS:
calcd. for C10H11NO2S 209.051, found 209.050.

1,2-Dicyano-1,2-bis(2’-[5-(1,3-dioxolan-2-yl)-2’-methyl-3’-thienyl])ethene (3.51): A
mixture of 3.50 (1.0 g, 4.74 mmol) and CCl4 (0.46 ml, 4.74 mmol) was added at 40°C to a
solution of NaOH (50%, 5 ml) in H2O, containing triethylammonium chloride (catalytic
amount). The solution was stirred for 5 h at 45°C. After cooling to r.t. the reaction mixture
was poured into H2O (20 ml) and the aqueous layer was extracted with diethyl ether (3 x 20
ml). After drying (NaSO4) and evaporation of the solvent, a mixture of the cis and trans

isomer was isolated (1.28 g, 65%). This mixture was purified by column chromatography
(SiO2, hexane/ ethyl acetate = 2/1 + 1% Et3N) to afford the pure trans isomer (0.40 g, 10%)

and the pure cis isomer (0.20g, 5%). 1H NMR (300 MHz, CDCl3): trans δH 2.64 (s, 6H),

4.00-4.14 (m, 8H), 6.05 (s, 2H), 7.30 (s, 2H); 1H NMR (300 MHz, CDCl3): cis δH 2.26 (s,
6H), 3.94-4.04 (m, 8H), 5.89 (s, 2H), 6.67 (s, 2H); HRMS: calcd. for C20H18N2O4S2 414.071,
found 414.071.
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Samenvatting

Dithienylcyclopenteen Optische Schakelaars
Op zoek naar licht gecontroleerde supramoleculaire materialen

De zelf-assemblage van kleine moleculaire bouwstenen tot grotere supramoleculaire
systemen is een belangrijke benadering om nieuwe materialen met nanodimensies te maken.
Een bekend voorbeeld zijn de organogelatoren. Dit zijn moleculen die aggregeren in
oplossing, bijvoorbeeld via waterstofbruggen, en zo een netwerk vormen dat in staat is om de
oplosmiddelmoleculen vast te houden, waardoor er een gel is gevormd. Organogelatoren en
andere supramoleculaire aggregaten gebaseerd op waterstofbruggen worden uitvoerig
besproken in hoofdstuk 1.

Het controleren van zowel de vorming als de eigenschappen van deze aggregaten met
behulp van chemische of fysische processen is een grote uitdaging. Een veelbelovende
benadering om deze zogenaamde “slimme” gelen te maken is door gebruik te maken van
optische moleculaire schakelaars. Dit zijn moleculen die met behulp van licht van
verschillende golflengtes in elkaar omgezet kunnen worden (Schema 1). De twee toestanden
A en B waarin de schakelaar kan voorkomen, verschillen niet alleen van elkaar in hun
absorptie spectra, maar kunnen ook verschillen in hun brekingsindex, dielectrische constante,
geometrische structuur en oxidatie/ reductie potentiaal. Een bekende optische schakelaar is
retinal, een molecuul dat een cruciale rol speelt in het proces van het zien.

A Bλ2

λ1

Schema 1 Optische schakelaar.

Het doel van het in deze dissertatie beschreven onderzoek was het maken van een optisch
schakelbare gel, dat wil zeggen een gel waarvan de eigenschappen reversibel met licht
veranderd zouden kunnen worden. Een van de mogelijkheden om “slimme” gelen te maken is
door optisch schakelaars in te bouwen in de moleculaire bouwstenen die het gelnetwerk
vormen. De achterliggende gedachte is dat indien de eigenschappen van de schakelaar
veranderen door deze met behulp van licht van de ene toestand naar de andere toestand te
schakelen, dit ook een effect moet hebben op het zelf-assemblerende vermogen van de
organogelatoren waarin de schakelaar is ingebouwd of zelfs de eigenschappen van het
supramoleculaire systeem opgebouwd uit deze moleculen.
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Er zijn verschillende optische schakelaars voorhanden die gebruikt zouden kunnen
worden, zoals azobenzenen, fulgides, spiropyranen en dithienylethenen. In hoofdstuk 2
worden deze verschillende schakelaars behandeld en er wordt een overzicht gegeven van hun
stabiliteit en schakeleigenschappen. De optisch schakelaar die wij gebruikt hebben in dit
onderzoek is gebaseerd op de dithienyletheen structuur (Schema 2), de keuze is bepaald op
grond van de volgende eigenschappen: ze hebben goede schakeleigenschappen, zijn
thermisch stabiel en bovendien hebben de twee toestanden waarin de schakelaar kan
voorkomen, duidelijk verschillende ruimtelijke eigenschappen.

Vis

UV

S S

R1

R4 R6

R5R2

R3R4

S R6

R5

R1

R2

R3 S

( open, kleurloos ) ( gesloten, gekleurd )

A B

Schema 2 Moleculaire schakeling van de dithienylethenen.

Na bestraling met UV licht ondergaat de open vorm van de schakelaar (A) een ringsluiting en
in overeenstemming met de Woodward-Hoffman regels komen de methyl groepen trans ten
opzichte van elkaar (Schema 2). Dit molecuul (B) heet de gesloten vorm en deze is thermisch
stabiel dit in tegenstelling tot de meeste andere optische schakelaars, zoals de azobenzenen.
Bestraling van de gesloten vorm met zichtbaar licht veroorzaakt een ringopening naar de
open vorm. Dit kan bij een goede schakelaar eindeloos herhaald worden. De open vorm (A)
is zeer flexibel doordat zij vrij draaibaar is om de thienyl-cyclopenteenring binding. De
gesloten vorm (B) daarentegen is star. Het schakelen tussen de twee toestanden gaat dus
gepaard met een duidelijke verandering van de ruimtelijke en dynamische eigenschappen van
het molecuul.

Normaliter heb je maar een hele kleine hoeveelheid van een optische schakelaar nodig
om alle fotofysische eigenschappen te bestuderen. Een oplossing van ~ 10-5M is genoeg,
hetgeen neerkomt op zo’n 1mg per 100 ml oplosmiddel. Als de syntheseroute om deze
schakelaars te maken inefficiënt is en niet op zo’n grote schaal uit te voeren is, is dat geen
probleem. In ons geval, waarbij we schakelbare gelsystemen willen bestuderen, zijn grotere
hoeveelheden een vereiste. Gelen worden namelijk meestal gevormd met een aantal
milligrammen verbinding per ml oplosmiddel. De diarylethenen die voornamelijk gebruikt
worden in de literatuur zijn de dithienylperfluorocyclopentenen. Aangezien de syntheseroute
die tot dan toe gebruikt werd om deze schakelaars te maken lage opbrengsten gaf en
bovendien één van de uitgangsstoffen erg duur was en zeer moeilijk te verkrijgen, leek het
ons praktisch om eerst een andere synthese route te ontwikkelen. Deze nieuwe synthese route
voor diarylperfluorocyclopentenen wordt beschreven in hoofdstuk 3. Tijdens dit proces
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hebben we bovendien een nieuw, nog niet bestaand lid van de dithienylethenen ontdekt: de
dithienylcyclopenteen schakelaar (1) (Schema 3). Het bleek dat verbinding 1 niet alleen erg
eenvoudig te synthetiseren was, maar ook gemakkelijk gederivatiseerd kon worden. Het
allerbelangrijkste is natuurlijk dat derivaten van 1 ook nog goede optische schakelaars blijken
te zijn. De schakeleigenschappen worden ook besproken in dit hoofdstuk. Schakelaars 1 en 2
zijn de basisverbindingen, waaruit alle schakelaars die in dit proefschrift beschreven staan,
gesynthetiseerd zijn. We hebben voor ons onderzoek alleen schakelaars gebruikt die
gebaseerd zijn op basisschakelaar 1, op één uitzondering na die beschreven wordt in
hoofdstuk 4.

F2

F2

F2

SSCl Cl

21

SS ClCl

Schema 3 De basis dithienyletheen schakelaars in dit proefschrift.

Een molecuul dat gelerende eigenschappen heeft wordt vaak bij toeval ontdekt zonder dat er
enige ontwerp principes aan vooraf gaan. In onze groep is dit fenomeen uitvoerig bestudeerd
en zijn ontwerpregels voor gelatoren ontwikkeld. Met name is ontdekt dat bis-urea derivaten
goede gelatoren zijn, omdat deze verbindingen door middel van waterstofbruggen zelf-
assembleren tot oneindige één dimensionale ketens in oplossing. Vanwege deze successen
werd eerst een poging gedaan om een dithienyletheen bis-urea derivaat te synthetiseren. Dit is
niet gelukt. De relatief eenvoudige synthese van verschillende dithienylamide derivaten
(schema 4) leidde uiteindelijk wel tot de vorming van gelen in voornamelijk apolaire
oplosmiddelen.

SS
N

R
N

R

O O

H H

3 R = 

4 R =
        

5 R = 

Schema 4 Amide derivaten die als organogelatoren fungeren.

Verbindingen 4 en 5 zijn chiraal en het aggregatiegedrag werd bestudeerd met circulair
dichroism (CD) spectroscopie. Dit is een techniek die gebaseerd is op het verschil in
absorptie van links- en rechtshandig circulair gepolarizeerd licht door chirale moleculen en
kan gebruikt worden om een onderscheid te maken tussen de verschillende enantiomere
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moleculen of aggregaten. Gelen van verbinding 4 in tolueen werden vervolgens bestudeerd
met behulp van CD spectroscopie. De gelen gaven een groot CD effect te zien, maar na
smelten van de gelen was het CD effect verdwenen. Dit betekent dat de chiraliteit
veroorzaakt wordt door een pakking van de aggregaten en dat het CD effect niet door de
aanwezigheid van de chirale groep zelf wordt veroorzaakt. Vervolgens is met behulp van CD
spectroscopie het schakelgedrag van gelen van deze verbindingen met behulp van licht
bestudeerd. De dithienylcyclopenteen eenheid in deze gelen kon zonder probleem geschakeld
worden, en bovendien bleken daarbij de eigenschappen, en met name de thermische
stabiliteit, van de gelen sterk te veranderen. De gelen van de schakelaar in de gesloten vorm
hebben een sterker CD effect dan die van de open vorm; bovendien is hun smeltpunt met zo’n
40° verhoogd. De morfologie van de verschillende gelstadia werd met behulp van
electronenmicroscopie bekeken, en daarmee werden inderdaad helixvormige fibers
aangetroffen. Door nu te schakelen bij een temperatuur die ligt tussen het smeltpunt van de
gel gevormd door de open en de gesloten schakelaar is het mogelijk om een vloeistof in een
gel te veranderen en visa versa, met behulp van licht. Opmerkelijk is dat de overgangen
tussen de verschillende toestanden van de gel niet volledig reversibel zijn. Maar met de
tolueen gel kan een soort cyclus uitgevoerd worden, waarin een aantal verschillende gelstadia
doorlopen worden om uiteindelijk weer bij de oorspronkelijke gel met de open schakelaar uit
te komen. Het is dus daadwerkelijk gelukt om schakelbare gelen te maken, waarvan de
eigenschappen anders zijn voor en na bestralen.

Het dodecylamide derivaat (Scheme 4, R = C12H25) bleek geen gelen te vormen in
oplossing maar bleek de viscositeit van apolaire oplosmiddelen sterk te verhogen. In
hoofdstuk 6 staan de resultaten van een studie van dit systeem met behulp van 1H NMR en
rheologie. Het bleek dat na bestraling van de schakelaar tot de gesloten vorm, de viscositeit
van het systeem duidelijke verminderde. Dit bleek het gevolg te zijn van deaggregatie van de
gelator.

Aangezien een eenvoudige synthese ontworpen was voor het maken van de dithienyl-
ethenen werden naast het ontwikkelen van schakelbare gelen ook nog een aantal andere
potentiële toepassingen en eigenschappen onderzocht. De vraag die we ons stelden na het
ontdekken van de dithienylcyclopenteen schakelaar 1, was de volgende: “Zijn de fotofysische
eigenschappen van derivaten van 1 net zo goed als die van derivaten van 2, zodat we
voortaan derivaten van 1 kunnen gebruiken?” De route naar 1 en derivaten is namelijk veel
eenvoudiger en de synthese op grotere schaal te realiseren. In hoofdstuk 4 hebben we daarom
verschillende para-gesubstitueerde fenyl derivaten van 1 (6) en 2 (7) gesynthetiseerd en de
eigenschappen van deze verbindingen zijn met elkaar vergeleken (Schema 5). Bovendien is
het fenylderivaat van 1 (Schema 5, R = H) onderzocht met tijdsopgeloste spectroscopie. Dit
is de eerste keer dat een dithienylcyclopenteen op met tijdsopgeloste spectroscopie
bestudeerd is.
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Schema 5 De vergeleken cyclopenteen (6) en perfluorocyclopenteen (7) schakelaars.

Als een oplossing van optische schakelaars bestraald wordt met UV licht dan worden
ontzettend veel moleculen naar hun gesloten vorm geschakeld. Uiteindelijk zien we dan het
gemiddelde gedrag van deze moleculen. Het zou erg mooi zijn als we specifiek één
schakelmolecuul zouden kunnen schakelen, zodat we precies kunnen zien wat het gedrag van
één molecuul is. Dit staat bekend onder de naam “single molecule switching”, maar is tot op
de dag van vandaag nog door niemand gerealiseerd. In hoofdstuk 5 wordt de synthese
beschreven van een serie schakelaars, waarmee dit gerealiseerd zou kunnen worden (Scheme
6, verbinding 8).
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Schema 6 (links) Schakelaars voor single molecule spectroscopy en (rechts) de schakelaar

gebonden aan twee buckminsterfullerenen.

Een ander uitstapje was het synthetiseren van een dithienylcyclopenteen derivaat gebonden
aan twee buckminsterfullerenen (C60) (Schema 6, verbinding 9). Dit molecuul werd gemaakt
om de fotofysische eigenschappen van de schakelaar in combinatie met C60 te bekijken om
dit soort systemen eventueel toe te kunnen passen als moleculaire draadjes. Na bestralen van
het molecuul bleek deze niet geschakeld te zijn, maar waren de twee C60 moleculen
gekoppeld door een [2+2] cycloadditie.


