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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

7.13

NHCOC11H23

NHCOC11H23

7.12 trans (1R, 2R) 

N

O

H

O

O C15H31

O

NO2

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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