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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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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
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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
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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.
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Scheme 4.4 Synthesized para-phenyldithienylethenes.
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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
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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.

0.0027 0.0028 0.0029 0.0030

-14.5

-14.0

-13.5

-13.0

-12.5

-12.0

Ln
 k

T -1 (K -1)

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
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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



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

101

(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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